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1. Experimental procedures
1.1. Sample preparation

Samples were prepared from commercially available MClI: salts, where M=Cr, Mn, Fe,
Co, Ni, Cu, Zn, and oxalic acid (Sigma-Aldrich). Solutions of oxalic acid (1 mM) and
metal (1) chloride (2 mM) in pure methanol were introduced to the electrospray ion source
by direct injection using a laboratory syringe pump.

1.2. API 3000 Triple quadrupole mass spectrometer

The collision-induced dissociation (CID) experiments and carboxylation reaction
experiments were performed with an APl 3000 triple quadrupole mass spectrometer
(TQMS) from Applied Biosystems. Model spectra are presented in the main text. The
instrument is equipped with a TurbolonSpray source operated in negative ion mode. For all
measurements, source parameters were as follows: capillary voltage: 4,5 kV, nebulizer gas:
8, curtain gas: 8 (arbitrary units). For each measurement, ion declustering potential (DP)
and focusing potential (FP) were ramped between 5-100V and 150-300V, respectively, in
order to produce the optimal intensity.

All representative CID spectra presented in the main text were recorded at one arbitrary
value of collision energy (CE) of 15 eV and collision cell exit potential (CXP) was set at
15eV (lab frame). Nominal pressure of the collision gas (N2) was set at 6 (arbitrary units),
which according to the manufacturer’s specification, corresponds to a pressure of approx.
2.3x107° mBar.

In order to perform bimolecular gas-phase reactions, we introduced CO> gas from
a bottle (analytical purity) into the collision cell by an in-house gas inlet system.
Appropriate m/z values corresponding to the MCI™ ions were filtered by the first quadrupole
(Q1) and focused in the linear quadrupole collision cell (Q2), where the carboxylation
reactions proceeds. All of the spectra presented in the main text were collected for 50-240
min at nominal carbon dioxide pressure of 3.5x107> mBar. lon trap parameters were ramped
between CE = 4-5eV and CXP = 4-6 eV in the lab frame.

Original spectra from Analyst® Software 4.2 (ABSciex) are presented below.



1.2.1 Reaction spectra recorded with API 3000 (TQMS) spectrometer.
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Figure S 1 Mass spectrum of the reaction between CrC1™ (m/z 87) and CO- recorded at a collision energy
of 1.89 eV (CM) with CO; at nominal pressure of 3.5x10°* mBar. Comment: Spectrum peaks correspond
to: m/z 75 unidentified, m/z 87 [CrCl1]~, m/z 131 [CICrCO.]".
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Figure S 2 Mass spectrum of the reaction between MnCI™ (m/z 90) and CO> recorded at
a collision energy of 1.23 eV (CM) with CO2 at nominal pressure of 3.5x10°% mBar. Comment:
Spectrum peaks correspond to: m/z 90 [MnCl]~, m/z 134 [CIMnCO2]".
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Figure S 3 Mass spectrum of the reaction between FeCl™ (m/z 91) and CO-, recorded at a collision energy
of 1.8 eV (CM) with CO; at nominal pressure of 3.5x10~° mBar. Comment: Spectrum peaks correspond
to: m/z 61 unidentified, m/z 91 [FeCl]~, m/z 135 [CIFeCO,]".
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Figure S 4 Mass spectrum of the reaction between CoCI™ (m/z 94) and CO recorded at

a collision energy of 1.79 eV (CM) with CO; at nominal pressure of 3.5x1073 mBar.

Comment: Spectrum peaks correspond to: m/z 76 [CoOH]~, m/z 94 [CoCl]~, m/z 110 [CICoO],
m/z 138 [CICoCO2]~, m/z 154 [CICoOCO.]".



B -MS2 (92,90) CE (-6) 3655 MCA scans from Sample 3 (3) of NiCI+CO2 wiff (Turbo Spray) Max. 6,0e7 cps.
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Figure S 5 Mass spectrum of the reaction between NiCI™ (m/z 93) and CO> recorded at
a collision energy of 1.8 eV (CM) with CO2 at nominal pressure of 3.5x10~3 mBar. Comment:
Spectrum peaks correspond to: m/z 93 [NiCl]~, m/z 137 [CINiCOz]~
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Figure S 6 Mass spectrum of the reaction between CuCI™ (m/z 98) and CO> recorded at
a collision energy of 1.45 eV (CM) with CO2 at nominal pressure of 3.5x10~% mBar. Comment:
Spectrum peaks correspond to: m/z 98 [CuCl]~, m/z 142 [CICuCO2]”
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Figure S 7 Mass spectrum of the reaction between ZnCIl™ (m/z 99) and CO> recorded at
a collision energy of 1.44 eV (CM) with CO_ at nominal pressure of 3.5x10°2 mBar. Comment:
Spectrum peaks correspond to: m/z 99 [ZnCl1]~, m/z 125 [HOZnCO2]~, m/z 143 [CIZnCO2]”



1.2.2 Model CID spectra recorded with APl 3000 (TQMS) spectrometer
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Figure S 8 Fragment ion mass spectrum of [CICrCO2]™ (m/z 131) recorded at center of mass
energy of 2.64 eV (CM) with nitrogen as the collision gas at nominal pressures of 2.30x103
mBar. Comment: Spectrum peaks correspond to: m/z 87 [CrCl]~, m/z 1073[CICrO]~, m/z 131

[CICICO,]".
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Figure S 9 Fragment ion mass spectrum of [CIMNCO.]~ (m/z 134) recorded at center of mass

energy of 2.59 eV (CM) with nitrogen as the collision gas at nominal pressures of 2.30x10>

mBar. Comment: Spectrum peaks correspond to: m/z 89 [MnCl]~, m/z 106 [CIMnO]~, m/z 134
[CIMNCO;]".
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Figure S 10 Fragment ion mass spectrum of [CIFeCO2]~ (m/z 135) recorded at center of mass

energy of 2.58 eV (CM) with nitrogen as the collision gas at nominal pressures of 2.30x10*

mBar. Comment: Spectrum peaks correspond to: m/z 91 [FeCl]~, m/z 107 [CIFeO]~, m/z 135
[CIFeCO]".
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Figure S 11 Fragment ion mass spectrum of [CICoCO2]™ (m/z 138) recorded at center of mass

energy of 2.53 eV (CM) with nitrogen as the collision gas at nominal pressures of 2.30x10>

mBar. Comment: Spectrum peaks correspond to: m/z 94 [CoCl]~, m/z 110 [CICoO]~, m/z 138
[CICoCO:]".



B _MS2 (136,90) CE (-15): 0,202 to 5,261 min from Sample 5 (15) of NICI(CO2)_frag wiff (Turbo Spray)
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Figure S 12:Fragment ion mass spectrum of [CINICO2]~ (m/z 137) recorded at center of mass energy of
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2.55 eV (CM) with nitrogen as the collision gas at nominal pressures of 2.30x103 mBar. Comment:
Spectrum peaks correspond to: m/z 93 [NiCl]~, m/z 109 [CINiO]~, m/z 147 [CINiICO-]".
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Figure S 13 Fragment ion mass spectrum of [CICuCO:]™ (m/z 142) recorded at center of mass

energy of 2.47 eV (CM) with nitrogen as the collision gas at nominal pressures of 2.30x10>
mBar. Comment: Spectrum peaks correspond to: m/z 98 [CuCl]~, m/z 142 [CICuCOz]".
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B -MS2 (143,00) CE (-15): 0,234 to 8,054 min from Sample 10 (15) of 143_frag wiff (Turbo Spray) Max. 1,2e4 cps
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Figure S 14 Fragment ion mass spectrum of [CI1ZnCO:]™ (m/z 143) recorded at center of mass
energy of 2.46 eV (CM) with nitrogen as the collision gas at nominal pressures of 2.30x103
mBar. Comment: Spectrum peaks correspond to: m/z 99 [ZnCl]~, m/z 143 [CIZnCO-]".
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1.3 Micromass/Waters Q-ToF 2 mass spectrometer

In order to determine the onset energies for each decarboxylation reaction, collision-induced
dissociation (CID) was performed with a modified Micromass/Waters Q-ToF 2 spectrometer. This
instrument is a three-sector mass spectrometer with a quadrupole/hexapole/time-of-flight (ToF)
geometry. The quadrupole served as a mass filter, the hexapole as the collision cell, and the time-
of-flight part as the final mass analyzer. lons were generated by the equipped ESI source operating
in the negative ion mode. For the CID experiments, the collision gas (Ar) was introduced into the
collision cell using an in-house gas inlet system.

Breakdown Curves

Collision spectra were recorded by varying the collision energy in incremental steps. Collision
mass spectra were recorded with an energy resolution of 2-30 eV in the lab frame and 20-40
minutes of collection time at each step. Additionally, in order to avoid statistical biases, the
experiments were repeated twice. Plotting of the total breakdown curves was performed using
absolute peak heights. Breakdown curves at five different argon pressures are presented below.

Extrapolation Procedure

In order to determine the onset/threshold energies (at each gas pressure), so as to enable a
comparison of the energetics of the observed processes, we used a simple extrapolation procedure.
By performing a linear fitting of the approximately linearly rising section of the breakdown curve,
we defined the onset energy at each gas pressure by calculating the energy (X value) at zero
intensity (Y = 0). In order to compare the experimental and theoretical energy values, we opted
also for gas pressure extrapolation. We used the energies taken from extrapolation at five different
gas pressures to define the onset energy by calculation of the energy (Y value) at zero gas pressure
(X =0). All breakdown curves and summaries are presented below. We also attempted to apply
kinetic extrapolation using the L-CID softwarel!! in order to determine onset energies from
calculated cross-section values. Unfortunately, due to low intensity of the parent ions, the obtained
results were unsatisfactory — please see Chapter 1.4 in this document.

Determination of experimental error

Direct determination of uncertainties for the experimentally measured energy values is not
a straightforward task. There is a number of possible combinations of the experimental data points
in the linear part of the breakdown curves that can be taken into account during the linear
extrapolation procedure. Each data selection gives a slightly different slope of the extrapolation
curves, which could lead to different onset energies at each gas pressure. Thus, the overall error
cannot be determined uniformly for all measurements. In the second step of energy determination
we are using the onset energies from five different gas pressures to find the value in the vacuum
approximation (0 mBar). In this manner, we usually obtain reasonable, if not perfectly fitted
extrapolation lines, with coefficient of determination R2€(0.76;0.99). Overall, we estimate that the
experimental error is ca. 40% for each experimental energy value.
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Breakdown curves

1.3.1 Caollision-induced dissociation (CID) of CICr(CO2)~ (m/z 131)
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Figure S 15 Breakdown curve for CICr(CO2)~ (m/z 131) (left) and extrapolation procedure for
the decarboxylation of CICr(CO2)~ (m/z 131) (right) recorded at argon collision gas pressure of
3.67 x 104 mBar.
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Figure S 16 Breakdown curve for CICr(CO2)~ (m/z 131) (left) and extrapolation procedure for
the decarboxylation of CICr(CO2)~ (m/z 131) (right) recorded at argon collision gas pressure of
2.91 x 10 mBar.
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Figure S 17 Breakdown curve for CICr(CO2)~ (m/z 131) (left) and extrapolation procedure for
the decarboxylation of CICr(CO2)~ (m/z 131) (right) recorded at argon collision gas pressure of
1.90 x 10" * mBar.
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Figure S 18 Breakdown curve for CICr(CO2)™ (m/z 131) (left) and extrapolation procedure for
the decarboxylation of CICr(CO2)~ (m/z 131) (right) recorded at argon collision gas pressure of
1.03 x 10~ * mBar.
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Figure S 19 Breakdown curve for CICr(CO2)~ (m/z 131) (left) and extrapolation procedure for
the decarboxylation of CICr(CO2)~ (m/z 131) (right) recorded at argon collision gas pressure of
8.04 x 10" °> mBar.

Table S 20 Summary of the values from the extrapolation procedure for decarboxylation of CICr(CO,)~

(m/z 131).
XatY=0
Pressure [mBar]: Slope Intercept [eV] [kJ/mol]
8.04E-05 0.451 -0.713 1.581 151.8
1.03E-04 0.404 -0.657 1.627 156.2
1.90E-04 0.434 -0.611 1.408 135.2
2.91E-04 0.585 -0.790 1.351 129.7
3.67E-04 0.404 -0.509 1.261 121.1
Y at X=0
Extrapolated pressure [mBar]:  Intercept Slope [eV] [kd/mol]
0 1216.057  1.696 1.696 162.8
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Figure S 21 Extrapolation procedure for the decarboxylation of CICr(CO2)™ (m/z 131) at a gas
pressure of 0 mbar.

1.3.2 Collision-induced dissociation (CID) of CIMn(COz2)~ (m/z 134)
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Figure S 22 Breakdown curve for CIMn(CO2)~ (m/z 134) (left) and extrapolation procedure for
the decarboxylation of CIMn(CO2)~ (m/z 134) (right) recorded at argon collision gas pressure of
3.85 x 10~ *mBar.
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Figure S 23 Breakdown curve for CIMn(CO2)~ (m/z 134) (left) and extrapolation procedure for
the decarboxylation of CIMn(CO2)~ (m/z 134) (right) recorded at argon collision gas pressure of
2.81 x 10 *mBar.
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Figure S 24 Breakdown curve for CIMn(CO2)™ (m/z 134) (left) and extrapolation procedure for
the decarboxylation of CIMn(CO2)~ (m/z 134) (right) recorded at argon collision gas pressure of
1.79 x 10~ mBar.
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Figure S 25 Breakdown curve for CIMn(CO2)~ (m/z 134) (left) and extrapolation procedure for
the decarboxylation of CIMn(CO2)~ (m/z 134) (right) recorded at argon collision gas pressure of
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Figure S 26 Breakdown curve for CIMn(CO2)~ (m/z 134) (left) and extrapolation procedure for
the decarboxylation of CIMn(CO2)™ (m/z 134) (right) recorded at argon collision gas pressure of

7.19 x 10> mBar.
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Table S 27 Summary of the values from the extrapolation procedure for decarboxylation of
CIMn(CO2)~ (m/z 134).

XatY=0
Pressure [mBar]: Slope Intercept [eV] [kJ/mol]
7.19E-05 1.113 -0.937 0.842 80.8
9.02E-05 0.894 -0.679 0.759 729
1.79E-04 0.732 -0.523 0.715 68.6
2.81E-04 1.022 -0.672 0.658 63.2
3.85E-04 0.846 -0.464 0.548 52.6
Y at X=0
Extrapolated pressure [mBar]:  Intercept  Slope [eV] [kJ/mol]
0 -703.394  0.835 0.835 80.2
022 1 y =-703.394x + 0.835
R?=0.966
0.80 A
0.75 &
§0.7o \
Ig 0.65 i

0.60 A

0.55 A *

0.50 T T T T 1

0.E+00 1.E-04 2.E-04 3.E-04 4.E-04 5.E-04

Pressure [mBar]
Figure S 28 Extrapolation procedure for the decarboxylation of CIMn(CO2)™ (m/z 134) at a gas
pressure of 0 mbar.
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1.3.3 Caollision-induced dissociation (CID) of CIFe(CO2)~ (m/z 135)
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Figure S 29 Breakdown curve for CIFe(CO2)~ (m/z 135) (left) and extrapolation procedure for
the decarboxylation of CIFe(CO2)~ (m/z 135) (right) recorded at argon collision gas pressure of
3.45 x 104 mBar.
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Figure S 30 Breakdown curve for CIFe(CO2)~ (m/z 135) (left) and extrapolation procedure for
the decarboxylation of CIFe(CO2)~ (m/z 135) (right) recorded at argon collision gas pressure of
2.80 x 10 mBar.
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Figure S 31 Breakdown curve for CIFe(CO2)~ (m/z 135) (left) and extrapolation procedure for
the decarboxylation of CIFe(CO2)~ (m/z 135) (right) recorded at argon collision gas pressure of
1.97 x 10* mBar.
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Figure S 32 Breakdown curve for CIFe(CO2)™ (m/z 135) (left) and extrapolation procedure for
the decarboxylation of CIFe(CO2)~ (m/z 135) (right) recorded at argon collision gas pressure of
1.07 x 10~ mBar.
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Figure S 33 Breakdown curve for CIFe(CO2)~ (m/z 135) (left) and extrapolation procedure for
the decarboxylation of CIFe(CO2)~ (m/z 135) (right) recorded at argon collision gas pressure of
7.66 x 10° mBar.

Table S 34 Summary of the values from the extrapolation procedure for decarboxylation of
CIFe(CO2)™ (m/z 135).

XatY=0
Pressure [mBar]: Slope Intercept [eV] [kJ/mol]
7.66 x 10° 0.716 -0.848 1.184 113.7
1.07 x 10* 0.415 -0.474 1.143 109.7
1.97 x 10* 0.500 -0.559 1.118 107.4
2.80 x 10°* 0.428 -0.447 1.046 100.4
3.45x10* 0.468 -0.456 0.974 93.5
Y at X=0
Extrapolated pressure [mBar]:  Intercept  Slope [eV] [kJ/mol]
0 -720.066  1.238 1.238 118.8
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Figure S 35 Extrapolation procedure for the decarboxylation of CIFe(CO2)™ (m/z 135) at a gas
pressure of 0 mbar.

1.3.4 Collision-induced dissociation (CID) of CICo(CO2)~ (m/z 138)
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Figure S 36 Breakdown curve for CICo(CO.)~ (m/z 138) (left) and extrapolation procedure for
the decarboxylation of CICo(CO2)~ (m/z 138) (right) recorded at argon collision gas pressure of
3.13 x 10 mBar.
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Figure S 37 Breakdown curve for CICo(CO.)~ (m/z 138) (left) and extrapolation procedure for
the decarboxylation of CICo(CO2)~ (m/z 138) (right) recorded at argon collision gas pressure of
2.40 x 104 mBar.
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Figure S 38 Breakdown curve for CICo(CO2)~ (m/z 138) (left) and extrapolation procedure for
the decarboxylation of CICo(CO2)~ (m/z 138) (right) recorded at argon collision gas pressure of
1.46 x 10~ mBar.
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Figure S 39 Breakdown curve for CICo(CO.)~ (m/z 138) (left) and extrapolation procedure for
the decarboxylation of CICo(CO2)~ (m/z 138) (right) recorded at argon collision gas pressure of
1.14 x 10* mBar.
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Figure S 40 Breakdown curve for CICo(CO2)~ (m/z 138) (left) and extrapolation procedure for
the decarboxylation of CICo(CO2)~ (m/z 138) (right) recorded at argon collision gas pressure of
7.01 x 107> mBar.
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Table S 41 Summary of the values from the extrapolation procedure for decarboxylation of

CICo(CO2)™ (m/z 138).

Pressure [mBar]: Slope Intercept  XatY=0[eV] [kd/mol]
7.01x10° 0.667 -0.845 1.267 121.6
1.14 x 10™* 0.379 -0.466 1.231 118.2
1.46 x 10°* 0.628 -0.750 1.193 114.6
2.40x 10" 0.578 -0.675 1.169 112.2
3.13x10* 0.500 -0.555 1.109 106.5
Extrapolated pressure [mBar]:  Intercept  Slope Y at X=0[eV] [ki/mol]
0 -598.747  1.300 1.300 124.4
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1.10

y =-598.747x + 1.300
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Figure S 42 Extrapolation procedure for the decarboxylation of CICo(CO2)~ (m/z 138) at a gas
pressure of 0 mbar.
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1.3.5 Collision-induced dissociation (CID) of CINi(COz2)~ (m/z 137)
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Figure S 43 Breakdown curve for CINi(CO2)~ (m/z 137) (left) and extrapolation procedure for
the decarboxylation of CINi(CO2)~ (m/z 137) (right) recorded at argon collision gas pressure of
3.79 x 104 mBar.
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Figure S 44 Breakdown curve for CINi(CO2)~ (m/z 137) (left) and extrapolation procedure for
the decarboxylation of CINi(CO2)~ (m/z 137) (right) recorded at argon collision gas pressure of
3.08 x 10 mBar.
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Figure S 45 Breakdown curve for CINi(CO2)~ (m/z 137) (left) and extrapolation procedure for
the decarboxylation of CINi(CO2)~ (m/z 137) (right) recorded at argon collision gas pressure of
2.08 x 104 mBar.
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Figure S 46 Breakdown curve for CINi(CO2)™ (m/z 137) (left) and extrapolation procedure for
the decarboxylation of CINi(CO2)~ (m/z 137) (right) recorded at argon collision gas pressure of
1.78 x 10~ mBar.
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Figure S 47 Breakdown curve for CINi(CO2)~ (m/z 137) (left) and extrapolation procedure for
the decarboxylation of CINi(CO2)™ (m/z 137) (right) recorded at argon collision gas pressure of
9.67 x 10° mBar.

Table S 48 Summary of the values from the extrapolation procedure for decarboxylation of
CINi(CO2)™ (m/z 137).

XatY=0
Pressure [mBar]: Slope Intercept [eV] [kJ/mol]
9.67 x 10° 0.461 -0.650 1.410 135.3
1.78 x 10* 0.508 -0.713 1.404 134.8
2.08x10* 0.430 -0.596 1.387 133.2
3.08 x 107 0.466 -0.646 1.385 133.0
3.79x10* 0.430 -0.588 1.368 131.4
Y at X=0
Extrapolated pressure [mBar]:  Intercept  Slope [eV] [kJ/mol]
0 -140.723  1.422 1.422 136.5
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Figure S 49 Extrapolation procedure for the decarboxylation of CINi(CO2)™ (m/z 137) at a gas
pressure of 0 mbar.

1.3.6 Collision-induced dissociation (CID) of CICu(COz2)~ (m/z 142)
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Figure S 50 Breakdown curve for CICu(CO.)~ (m/z 142) (left) and extrapolation procedure for
the decarboxylation of CICu(CO2)~ (m/z 142) (right) recorded at argon collision gas pressure of
3.16 x 10 mBar.
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Figure S 51 Breakdown curve for CICu(CO2)™ (m/z 142) (left) and extrapolation procedure for
the decarboxylation of CICu(CO2)~ (m/z 142) (right) recorded at argon collision gas pressure of
2.96 x 10 mBar.
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Figure S 52 Breakdown curve for CICu(CO.)~ (m/z 142) (left) and extrapolation procedure for
the decarboxylation of CICu(CO2)~ (m/z 142) (right) recorded at argon collision gas pressure of
1.97 x 10* mBar.
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Figure S 53 Breakdown curve for CICu(CO2)~ (m/z 142) (left) and extrapolation procedure for
the decarboxylation of CICu(CO2)~ (m/z 142) (right) recorded at argon collision gas pressure of
1.46 x 10* mBar.
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Figure S 54 Breakdown curve for CICu(CO.)~ (m/z 142) (left) and extrapolation procedure for
the decarboxylation of CICu(CO2)~ (m/z 142) (right) recorded at argon collision gas pressure of
9.10 x 107° mBar.
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Table S 55 Summary of the values from the extrapolation procedure for decarboxylation of
CICu(CO2)~ (m/z 142).

Pressure [mBar]: Slope Intercept  XatY=0[eV] [kd/mol]
9.10x10° 1.227 -0.697 0.568 545
1.46 x 10°* 1.056 -0.562 0.532 51.1
1.97 x 10™* 0.964 -0.478 0.496 47.6
2.96 x 10 0.886 -0.360 0.406 39.0
3.16 x 10* 0.716 -0.268 0.374 36.0
Extrapolated pressure [mBar]:  Intercept  Slope Y at X=0[eV] [ki/mol]
0 -0.051 0.629 0.629 60.4
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Figure S 56 Extrapolation procedure for the decarboxylation of CICu(CO2)~ (m/z 142) at a gas
pressure of 0 mbar.
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1.3.7 Collision-induced dissociation (CID) of CIZn(CO2)~ (m/z 143)
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Figure S 57 Breakdown curve for Cl1Zn(CO2)~ (m/z 143) (left) and extrapolation procedure for
the decarboxylation of CIZn(CO2)~ (m/z 143) (right) recorded at argon collision gas pressure of
3.30 x 10* mBar.
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Figure S 58 Breakdown curve for Cl1Zn(CO2)~ (m/z 143) (left) and extrapolation procedure for
the decarboxylation of CIZn(CO2)~ (m/z 143) (right) recorded at argon collision gas pressure of
1.91 x 10 mBar.
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Figure S 59 Breakdown curve for Cl1Zn(CO2)~ (m/z 143) (left) and extrapolation procedure for
the decarboxylation of CIZn(CO2)~ (m/z 143) (right) recorded at argon collision gas pressure of
7.81 x 10° mBar.
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Figure S 60 Breakdown curve for Cl1Zn(CO2)™ (m/z 143) (left) and extrapolation procedure for
the decarboxylation of CIZn(CO2)~ (m/z 143) (right) recorded at argon collision gas pressure of
6.39 x 107> mBar.
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Figure S 61 Breakdown curve for Cl1Zn(CO2)~ (m/z 143) (left) and extrapolation procedure for
the decarboxylation of CIZn(CO2)~ (m/z 143) (right) recorded at argon collision gas pressure of
4.82 x 10> mBar.

Table S 62 Summary of the values from the extrapolation procedure for decarboxylation of
CIZn(CO2)™ (m/z 143).

XatY=0
Pressure [mBar] Slope Intercept [eV] [kJ/mol]
4.82x10° 1.213 -0.288 0.238 22.8
6.39 x 10°° 0.983 -0.222 0.226 21.7
7.81x10° 0.988 -0.222 0.225 21.6
1.91x 10 0.740 -0.105 0.142 13.6
3.30E-04 0.897 -0.080 0.090 8.6
Extrapolated pressure Y at X=0
[mBar]: Intercept Slope [eV] [kJ/mol]
0 -543.23 0.261 0.261 25.1
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Figure S 63 Extrapolation procedure for the decarboxylation of CIZn(CO2)™ (m/z 143) at a gas
pressure of 0 mbar.
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1.4 L-CID simulations

In order to apply the L-CID softwarel!! for T-CID (threshold collision-induced dissociation)
measurements, the ion kinetic energy distribution (IKED) was calculated on the basis of
retardation curve measured as a function of parent ion intensities and ion energies, in the lab frame
[eV] (Figure S64). The ion source parameters and ion optics were adjusted to afford a narrow
Gaussian distribution with FWHM at 0.213 eV. The experimental breakdown curves of model
ClZnCO2™ ion, recorded at five different argon pressures were introduced into the L-CID
simulations. The reactive cross-sections for each data set were calculated using methodology
described elsewhere.[*? Data inputs containing the calculated cross-sections and collision energies
were used for further L-CID simulations, including a number of other parameters required by the
software: number of reaction channels: CH=1, no transition state TS1=0, parent ion weight: M_p
= 142.8, collision gas weight: M_t = 39.9628, polarizability of collision gas atoms (argon):
polar=1.6e-24, fwhm_Kkinetic= 0.213, temperature: T=298.15, number of degrees of freedom of
the parent ion: s=9, number of free rotors in the parent ion structure: rotors=0, number of ions used
in simulations: mxions=100000, number of interactions: mxint=25. The simulations were repeated
four times for each data set in order to avoid the numerical and statistical errors.

Simulated energy values for each gas pressure are summarized in Table S69. In order to impose
single-collision conditions, extrapolation to zero-pressure was also performed (Figure S68).

Comment:

Final analysis leads us to the conclusion that for breakdown curves recorded for ions of
such low abundance, the methodology does not apply well. It can be seen on Figures S65, S66 that
simulated curves (black lines) do not follow properly the experimental data points and bend at
irregular places, indicating wrong onset energies. In this respect, also the zero-pressure
extrapolation shown in Figure S67 is encumbered with a significant error. We assumed that for
such simulations, the experimental curves have to be smooth and possess more or less ideal
sinusoidal shape, with well described front and back plateaus. Due to very low intensity of the
[CIM(CO2)]™ ions, we decided to use a very straightforward method for energy extrapolation,
which reproduced correctly the theoretical predictions presented in the main part of this paper. The
procedure and results are presented above in Chapter 1.3.
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Figure S 64 lon intensity (lo) of CIZnCO;™ as function of ion energy in the lab frame [eV] (left),

lon Energy [eV]
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and ion kinetic energy distribution (blue points) with Gaussian fit (black) (right).
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Figure S 65 Experimental (blue points) and simulated (black line) reactive cross-sections at the
pressure of 3.3 x 10~* (left) and 1.91 x 10~* mBar (right) as a function of collision energy in the
center-of-mass frame [eV].
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Figure S 66 Experimental (blue points) and simulated (black line) reactive cross-sections at the
pressure of 7.81 x 107° (left) and 6.39 x 10> mBar (right) as a function of collision energy in the
center-of-mass frame [eV].
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Figure S 67 Experimental (blue points) and simulated (black line) reactive cross-sections at the
pressure of 4.82 x 10~° mBar as a function of collision energy in the center-of-mass frame [eV].
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Figure S 68 Extrapolation procedure for the decarboxylation of CIZn(CO2)™ (m/z 143) at a gas
pressure of 0 mbar.

Table S 69 Summary of the values from the simulation procedure for decarboxylation of
CIZn(CO2)™ (m/z 143).

Extrapolated energies

P[rmesés:rr]e by L-CID software
[eV] [kJ/mol]

4.81x10° 0.69 65.86
6.39x10° 0.73 70.27
7.81x10° 0.73 70.46
1.91x10* 0.67 64.51
3.30x10* 0.65 62.40

0 0.64 61.44
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2. Computational details

The theoretical results were obtained using the Gaussian 09 packagel® and the initial
molecular geometries were created using GaussView 5.0.11 The optimization of the equilibrium
[CIM(COy)]™ structures was performed at 6 different DFT and ab initio levels of theory, listed in
the tables below. No geometry constraints were applied during the optimizations. Energies were
corrected for zero-point vibrational energy. A frequency analysis was performed at the optimized
geometries to ensure that there were no imaginary frequencies. All possible spin states for each
metallic ionic complex were computed and summarized in Tables S70 — S79.

Charge densities of the CO2 moieties in [CIM(CO2)]~ complexes were calculated in
relation to the charge density of the neutral CO, molecule in its *A; electronic state, according to
the equation:

87 (CO2) = [3(CO2)cmcoz)-] — [8(CO2)icoz],

,where

8 (COy) — relative charge density of CO2 moiety in [CIM(CO2)]~;
[67(CO2)cim(co2)-] — charge density of CO2 moiety in [CIM(CO2)];
[67(CO2)[coz] — charge density of neutral CO; in the 1A; electronic state.

Electron density distributions were computed at CAM-B3LYP/AUG-cc-pVTZ level using the
Hirshfeld method™ and the results are shown in Figures S87-S89 and in Table S86.

In addition, potential energy surfaces of !A; and 3B electronic states of neutral carbon
dioxide as a function of bond angle (2OCQ) were calculated at the CASSCF/aug-cc-pVDZ level,
including 16 valence electrons and 12 reactive orbitals. The number of configurations generated
in the full valence space were 122760 and 174240 for the A; and 3B, electronic states,
respectively. The spin state crossover points were estimated using a simple interpolation method,
by solving a system of two linear equations corresponding to the *A; and 3B; potential energy
surface curves (Figures S82, S83).

The electronic energies of the isolated neutral CO, moieties taken from [CIM(CO.)]™
complexes optimized at CAM-B3LYP/AUG-cc-pVTZ level were computed at the single-point
CASSCF/aug-cc-pVDZ level with analogous active space restrictions. The energy distribution of
all “frozen” CO2 moieties was plotted in Figure S84.

[CIM(CO,)|~ ('0"1]“9’(H Neutral CO, moieties

Geometry optimization at Single-point electron energy at
CAM-B3LYP/AUG-cc-pVTZ CASSCF(16,12)/AUG-cc-pVDZ
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2.1. Calculated relative complexation energies

Table S 70 Relative energies in [kJ/mol] for substrates and products (for different spin states), calculated for the reaction between
CISc™and COa. For all methods, the aug-cc-pVTZ basis set was used.

00 + 000 - /:; (a) *9 po

M= Sc Doublet Quartet Sextet Octet | Doublet Quartet Sextet Octet | Doublet Quartet Sextet Octet
MP2 0 206 717 1478 -212 -54 487 - -157 -62 483 -
B3LYP 0 151 655 1508 -219 -68 387 - -176 -83 387 -
M11 0 152 709 1622 -233 -103 392 - -175 -101 398 -
wB97XD 0 95 785 1531 -231 -80 390 - -226 -88 391 -
CAM-B3LYP 0 88 640 1508 -257 -106 360 - -244 -127 366 -
M06-2X 0 185 722 1554 -229 -71 412 - -165 -80 414 -

“-* SCF convergence issues.

Table S 71 Relative energies in [kJ/mol] for substrates and products (for different spin states), calculated for the reaction between
CITi~and COa. For all methods, the aug-cc-pVTZ basis set was used.

00 + 000 . x} (2) °9 po

M=Ti Singlet Triplet Quintet Septet | Singlet Triplet Quintet Septet | Singlet Triplet Quintet Septet
MP2 84 0 1375 1387 -168 -257 -111 - -233 -257 -111 -
B3LYP 86 0 1451 541 -179 -223 -130 349 -174 -257 -123 -
M11 54 0 687 1500 -212 -249 -125 361 -205 -267 -136 -
wB97XD 120 0 1465 582 -185 -221 -97 372 -183 -254 -107 -
CAM-B3LYP 132 0 17 557 -193 -247 -131 339 -185 -275 -139 -
M06-2X 104 0 80 675 -157 -221 -97 384 -139 -237 -105 -

“-* SCF convergence issues.

43



Table S 72 Relative energies in [kJ/mol] for substrates and products (for different spin states), calculated for the reaction between

CIV~and CO:a. For all methods, the aug-cc-pVTZ basis set was used.

09O + 000 "] J/:)@ @J_d‘o

M=V Doublet Quartet Sextet Octet | Doublet Quartet Sextet Octet | Doublet Quartet Sextet Octet
MP2 252 0 18 690 112 -125 -70 - -55 -198 -81 -
B3LYP 203 0 8 536 -68 -143 -95 396 -107 -218 -112 -
M11 208 12 0 549 -153 -214 -147 - -190 -252 -148 -
wB97XD 186 148 0 554 -128 -185 -102 - -179 -198 -117 -
CAM-B3LYP 161 0 19 561 -99 -195 -123 376 -131 -240 -132 -
M06-2X 214 0 46 604 -109 -225 -149 363 -118 -257 -149 -

“-* SCF convergence issues.

Table S 73 Relative energies in [kJ/mol] for substrates and products (for different spin states), calculated for the reaction between
CICr~and CO:a. For all methods, the aug-cc-pVTZ basis set was used.

Q0 + 000 @ J/} (a] S pe

M= Cr Singlet  Triplet Quintet Septet | Singlet Triplet Quintet Septet | Singlet Triplet Quintet Septet
MP2 692 335 52 0 254 225 -79 192 179 99 -119 -
B3LYP 428 238 9 0 176 13 -96 - 80 8 -162 -
M11 490 292 33 0 136 5 -105 143 80 - -155 -
wB97XD 456 376 0 2 329 216 10 272 276 189 -28 61
CAM-B3LYP 486 390 0 7 161 45 -116 - 165 6 -172 -
MO06-2X 597 208 0 32 169 56 -150 112 115 29 -188 -

“-* SCF convergence issues.
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Table S 74 Relative energies in [kJ/mol] for substrates and products (for different spin states), calculated for the reaction between
CIMn™and CO.. For all methods, the aug-cc-pVVTZ basis set was used.

00 -000 o on()  *opo
M= Mn Doublet Quartet Sextet Octet | Doublet Quartet Sextet Octet | Doublet Quartet Sextet Octet
MP2 645 116 73 0 424 41 -170 97 113 -64 -179 -99
B3LYP 323 150 0 145 142 65 -59 39 106 -29 -80 22
M11 393 131 0 96 115 33 -117 125 58 -55 -128 -35
wB97XD 400 344 0 158 151 68 -56 44 56 -48 -76 -
CAM-B3LYP 445 148 0 146 132 54 -79 19 108 -56 -94 5
M06-2X 483 193 0 172 453 129 -78 23 26 60 -75 24

“-* SCF convergence issues.

Table S 75 Relative energies in [kJ/mol] for substrates and products (for different spin states), calculated for the reaction between
ClIFe~and CO:a. For all methods, the aug-cc-pVTZ basis set was used.

00 + 000 o /:; (a) - pe
M= Fe Singlet  Triplet Quintet Septet | Singlet Triplet Quintet Septet | Singlet Triplet Quintet Septet
MP2 248 61 0 4 318 -54 -221 57 -1 -121 -230 -114
B3LYP 212 0 70 116 141 -25 -142 7 -18 -122 -161 -21
M11 303 0 36 85 253 33 -178 72 4 -170 -192 -65
wB97XD 249 76 0 191 139 -3 -101 50 21 -138 -128 28
CAM-B3LYP 307 68 0 174 165 -1 -119 25 20 -145 -142 -1
MO06-2X 613 97 0 179 426 159 -82 31 157 - -96 18

“-* SCF convergence issues.
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Table S 76 Relative energies in [kJ/mol] for substrates and products (for different spin states), calculated for the reaction between
CICo~and CO:a. For all methods, the aug-cc-pVTZ basis set was used.

090 + 000 > a/:.o (a] - pe
M= Co Doublet Quartet Sextet Octet Doublet Quartet Sextet Octet Doublet Quartet Sextet Octet
MP2 3 0 296 781 86 -36 337 - -48 -58 62 -
B3LYP 26 0 305 774 43 -50 100 570 -129 -104 79 589
M11 165 0 234 750 -3 -93 150 546 -140 -131 11 525
wB97XD 0 31 329 862 4 -72 73 - -163 -139 56 -
CAM-B3LYP 77 0 318 769 - -74 169 539 -166 -143 - -
M06-2X 7 0 223 745 61 -101 19 531 - -106 219 525

209,

-9

M= Co Doublet Quartet Sextet Octet
MP2 -28 - - 665
B3LYP -5 -20 - 680
M11 - -112 11 525
wB97XD - -96 - -
CAM-B3LYP -107 -118 78 -
M06-2X - -97 68 561

“-* SCF convergence issues.
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Table S 77 Relative energies in [kJ/mol] for substrates and products (for different spin states), calculated for the reaction between
CINi~and COa.. For all methods, the aug-cc-pVTZ basis set was used.

90 + 000 > a/:.o (=) °-9 oo

M= Ni Singlet  Triplet Quintet Septet Singlet  Triplet Quintet Septet Singlet  Triplet Quintet Septet
MP2 284 0 335 1131 161 70 185 742 - 33 177 -
B3LYP 54 0 293 878 39 -60 275 601 -154 -93 123 605
M11 103 0 280 953 36 -21 112 625 -137 -107 112 627
wB97XD 42 0 306 943 27 -81 249 624 -166 - 119 612
CAM-B3LYP 67 0 493 955 31 -78 128 613 -155 -103 112 634
M06-2X 137 0 255 838 58 -28 89 589 -69 -82 146 591

° o9,

-9

M= Ni Singlet  Triplet Quintet Septet
MP2 B -87 - 0
B3LYP B -83 125 649
Mi11 B -109 112 690
wB97XD B -94 121 752

CAM-B3LYP B -100 112 -

MO06-2X B -83 87 -

“-* SCF convergence issues.
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Table S 78 Relative energies in [kJ/mol] for substrates and products (for different spin states), calculated for the reaction between
CICu~and CO:a. For all methods, the aug-cc-pVTZ basis set was used.

00 + 000 ° J#: HA?,@

M= Cu Doublet Quartet Sextet Octet Doublet Quartet Sextet Octet Doublet Quartet Sextet Octet
MP2 0 506 1406 1847 -87 498 - - -85 564 - -
B3LYP 0 395 1071 1801 -71 350 713 1290 -74 225 719 1279
M11 0 408 1165 2079 -96 217 764 - -98 234 787 -
wB97XD 0 416 1017 2048 -88 234 791 - -80 255 - -
CAM-B3LYP 0 411 1116 1838 -90 218 775 - -89 239 785 -
MO06-2X 0 379 1147 1758 -72 192 746 - -72 206 749 -

>0,

-9

M= Cu Doublet Quartet Sextet Octet

MP2 -92 344 905 -
B3LYP -80 330 882 1325

Mi11 -101 218 804 -

wB97XD -84 234 - -

CAM-B3LYP -94 218 - -

M06-2X -74 192 - -

“-“ SCF convergence issues.
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Table S 79 Relative energies in [kJ/mol] for substrates and products (for different spin states), calculated for the reaction between
ClZn~and COs.. For all methods, the aug-cc-pVVTZ basis set was used.

00000 oo °>o @
9

M= Zn Singlet  Triplet Quintet Septet | Singlet Triplet Quintet Septet | Singlet Triplet Quintet Septet
MP2 0 210 758 1538 11 305 654 - -37 221 698 -
B3LYP 0 227 780 1611 41 184 586 - -20 108 583 -
M11 0 204 749 1602 -18 245 587 - -41 64 671 -
wB97XD 0 246 815 1674 40 129 607 - -13 243 813 -
CAM-B3LYP 0 227 783 1624 20 88 578 - -25 88 579 -
M06-2X 0 214 767 1601 -2 86 593 - -29 75 687 -

“-* SCF convergence issues.
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2.2. CO2 potential energy surfaces for *A; and B, states
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Figure S 80 Potential energy surfaces of 1A; and B; states along bending coordinate of
symmetric CO- (Cav). Calculations were performed at CASSCF/AUG-cc-pVDT level of theory
by including 16 electrons and 12 valence orbitals.

Table S 81 Geometry and energy parameters calculated for neutral CO2 molecule at
CASSCF(16,12)/AUG-cc-pVDT

Rc.o Ro-o

£0CO [7] [A] [A] AE [kJ/mol] ~ Symmetry  Electronic state
&$-0 180 1.174 - 0 Dt 1%
TS 74.2 1.328 1.945 622 Cay A

? 73.5 1.338 1.599 575 Cov A

V 118.2 1.257 2.160 459 Cov *B,

SCO (1) 88.1 . : 607 Cay APB;

SCO (2) 105.1 - - 483 Cav 1A,/°B,
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Figure S 82 Interpolation procedure and estimated spin crossover point SCO(1) between A; and
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Figure S 83 Interpolation procedure and estimated spin crossover point SCO(1) between *B; and

LA1 electronic states.
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Figure S 84 Single point electron energy distribution of CO> moieties from [CIMCO27]
structures, calculated for *A; and 3B electronic states at CASSCF(16,12)/AUG-cc-pVDT level
of theory
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Table S 85 Relative energies and geometry parameters of CO2 moieties taken from [CIMCO27]
structures, calculated for 1A; and °B; electronic states at CASSCF(16,12)/aug-cc-pVDZ level of
theory.

1 3
Structure: [ﬁ/’mﬁﬁ [ﬁ'mgf] £0CO[] d(C-OY[A] d(C-0?)[A]
Co(A) IV | 453 481 | 108.39 1318 1318
Cr (A) V 456 484 | 108.49 1.325 1.325
V (A) IV 444 482 109.56 1.326 1.326
Ti (A) 111 433 484 | 110.96 1.331 1.331
Ni (A) 111 432 484 111.16 1.332 1.332
Sc(A) Il 431 487 | 11166 1.337 1.337
Fe (A) V 414 475 | 11175 1318 1318
Mn(A)VI | 411 474 111.89 1.316 1.316
Zn (A) | 392 467 | 11257 1.298 1.298
sc(B) Ii 296 469 | 12385 1.368 1.208
Ti (B) Il 285 469 | 124.83 1360 1210
V (B) IV 264 470 12641 1.344 1.210
Mn(B)VI | 248 469 | 127.07 1.323 1.213
Fe (B) V 249 470 | 127.30 1.328 1.209
Cr (B) V 218 474 13007 1.306 1.210
Co®) IV | 213 475 | 13050 1.302 1.209
Ni (E) 111 190 481 13183 1.272 1.203
Co®) IV | 188 482 | 13195 1.270 1.204
Cu(E) Il 184 483 | 132.26 1.266 1.205
Ni (B) Il 193 481 132.45 1.289 1.207
Zn (©) | 157 492 | 134.98 1.226 1.226
Cu(D) Il 157 495 135.77 1.254 1.205
Fe (B) Il 166 492 | 135.80 1278 1.205
Co (B) Il 164 493 13619 1.281 1.203
Cu(C) Il 131 508 | 138.98 1.22 1.223
Ni (B) | 140 507 | 139.20 1267 1.200

Relative energy AE was calculated in relation to the *A; linear CO, molecule.
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2.3. Calculated partial charges of CO2 moieties in [CIM(CO2)]~ complexes

Table S 86 Calculated partial charges of CO2 moieties in [CIM(CO2)]~ complexes in relation to
the neutral CO, molecule at *A; electronic state

Isomer:  §(CO:) [Rho]*

Sc (A) I 0.868
Ti (A) I 0.850
V (A) IV 0.837
Cr (A) V 0.900
Mn (A) VI 0.896
Fe (A) V 0.854
Co (A) IV 0.867
Zn (A) | 0.912
Ni (A) 111 0.742
Sc (B) Il 0.815
Ti (B) Il 0.779
V (B) IV 0.736
Cr (B) V 0.742
Mn (B) VI 0.794
Fe (B) V 0.752
Fe (B) Il 0.558
Co (B) IV 0.670
Co (B) II 0.535
Ni (B) I 0.657
Ni (B) I 0.517
Zn (C) | 0.771
Cu (C) II 0.604
Cu(D) Il 0.609
Co (E) IV 0.545
Ni (E) Il 0.574
Cu (E) Il 0.607

#Charge density of the CO, moiety in [CIM(CO,)]~ complexes was calculated in relation to the neutral
CO, molecule in *A; electronic state at CAM-B3LYP/ CAM-B3LYP/AUG-cc-pVTZ level using the
Hirshfeld method.E! 5_(C02)= [S(COZ)[CIM(COZ)]] - [G(COQ)[coz]]

54



0.95

=)
&

0.85

o
&

=]
bt |
»

=]
)
=

o
=
on

o
S

0.55

Partial charge of CO, moiety in [CIM(CO,)]” complexes [Rho]

o
S

0.45

Sc(A)N

Ti (A) I

Cr(A)V

® Zn (A}

Mn (A) VI

* Co(A)IV
* Fe(A)V

V (A) IV

y = -0.00x + 4.30
R? = 0.87

* Sc(B) Nl

® Mn (B} VI
* Ti(B) 1Nl

g

V (B) IV

Zn (C) |

* \to (B) IV
*\Ni (B) Il

Cu (D) Il
Cu(E) 1l »
cu(C)

Ni(E) I Fe (B)
CE)V " J\co(B)n

* Ni(B) I

790 990

1190

1390

V{antisvm]coi [':m _1]

1590 1790 1990

Figure S 87 Partial charge of CO. moieties in [CIM(CO.)]~ complexes as a function of
calculated antisymmetric stretch ViantisymyCO2 [cm 7]

55



0.95

o
&

0.85

o
&

=
oy
LA

=
~
=

=
<
[y

=
2

0.55

Partial charge of CO, moiety in [CIM(CO,)]” complexes [Rho]

=
S

0.45

y=-0.00x + 1.83

R? = 0.72 In(A)l cr(A)V

Mn (A) VI ®
Sc(A) NI
Fe (A) V : . ® Co (A} IV
e )1 Ti (A) 1 ;[A] N
Ti(B) * Mn{B)VI Zn (C) I
 Fe(B)V
* Cr(B)V
v
* Co(B)IV
* Ni(B) N
Cu(E)N  cu(D)n
VA Cu (C) I
Fe (B) llI ® Ni (E)
’ ,  *Ce(®W
* Ni(B)I
D
o E
790 890 990 1090 1190 1290

Vigym)CO; [cm 1]

1390

Figure S 88 Partial charge of CO. moieties in [CIM(CO.)]~ complexes as a function of

calculated symmetric stretch v(sym)CO2 [cm 7]

56



0.95

y =-0.00x + 4.07
2
R"=0.20 Mn (8)VI Cr(A)V e zn (A)I

0.90 . ]
o
< Sc(AHN . ® Co(A}IV
g 0.85 Fe(A)V-® ~T@m
1]
a * Sc(B) Il V(A}V
E 0.80 .M
S n (B) VI
.  Ti(B) I
':?I Zn {C“ s Fe(B)V
o 075 °.Er]IBW
=
S
= 0.70
= Co (B} IV
a a
O .
£ 0.65 * Ni{
S Cu (D) NI Cu (E) Il
5 ®

0.60
€
B o A Culc)n Ni (E) Il
m ]
L
v ™
w 0.5 e Co(E) IV
a * Ni\B) I

0.50 D

L ]
0.45
600 650 700 750 800 850

Vipend)CO5 [cm 7]

900

Figure S 89 Partial charge of CO2 moieties in [CIM(CO2)]~ complexes as a function of
calculated bending stretches Vantisym)CO2 [cm ]

57



2.4. Population Analysis

Table S 90 Natural population analysis of the metal atoms at the [CIM(CO2)]™ structures at the
CASSCF/aug-cc-pVTZ/ICAM-B3LYP/aug-cc-pVTZ level of theory.

Metal Population Analysis

Sc AII: 3d0.95430.604p0.23 BII: 3d1.024sO.794p0.46

Ti BIII: 3d2.41450.654p0.22 AIII: 3d2.314SO.504p0.12

V BIV: 3d3.44430.584p0.29 AIV: 3d3.29450.4l4p0.23

Cr BV: 3d4.53450.594p0.23 AV: 3d4'23430'364p0'26

Mn BVI: 3d5.12450.724p0.40 AVI: 3d5.114SO.384p0.26

Fe BIII: 3d6.56430.884p0.18 BV: 3d6.16450.674p0.35
AV: 3d6.19450.354p0.28

Co BII: 3d7.66450.774p0.17 BIV: 3d7.27450.754p0.32
EIV: 3d7.66480.664p0.16 AIV: 3d7'09430'494p0'24

Ni BI: 3d8.82450.614p0.12 BIII: 3d8.14450.884p0.34
EIII: 3d8'75450'514p0'13 AIII: 3d8.80450.494p0.12

Cu EII: 3d9.73450.464p0.11 C“: 3d9.88450.484p0.13
pD!- 3d9.84480.394p0.11

Zn Cl: 3d10.04sl.214p0.25 AI: 3d10.0450.604p0.23

Table S 91 Main coefficients of the CASSCF configuration states at the CASSCF/aug-cc-
pVTZ/ICAM-B3LYP/aug-cc-pVTZ level of theory of the [CIM(CO2)]~ structures.

Sc
Ti
V
Cr
Mn
Fe

Co

Ni

Cu

Zn

0.983]2+00000000> (A™
0.976[2++0000000> (B
0.973|2+++000000> (B')
0.954|2++++00000> (BY)
0.977|2+++++0000> (BV

0.9802222++0000> (E"")

0.983]2+00000000> (B™)
0.981[2++0000000> (A'")
0.992[2+++000000> (A"
0.971)2++++00000> (AY)
0.996[2+++++0000> (A"

0.908|222++00000> -0.249|220++20000> (B"") 0.980[22++++0000> (BY)
0.990[22++++0000> (AY)
0.920[2222+00000>-0.246|2220+20000> (B") 0.974|222+++0000> (B")
0.971[222+++0000> (E'V) 0.989[222+++0000> (A'Y)
0.919|2222200000>-0.330[2222020000> (B') 0.969]2222++0000> (B'")

0.980[2222++0000> (A"}

0.950[22222+0000> (E')
0.981|22222+0000> (D'")
0.974]2222220000> (C"

0.976[22222+0000> (C")

0.976[2222220000> (A
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Table S 92 Atomic natural population charges of the atoms at the [CIM(CO_)]~ structures at the
CASSCF/aug-cc-pVTZ//ICAM-B3LYP/aug-cc-pVTZ level of theory.

QCI QM QC q01 q02 qc02

Sc(A™h -0.65 +1.11 -0.18 064  -064  -1.46
Sc(B" -0.62 +0.61 +0.33 070 -062  -0.99
Ti(B'") -0.69 +0.62 +0.21 056  -059  -0.94
Ti(A!") -0.69 +0.97 -0.27 050  -050  -1.27
V(B"Y) -0.70 +0.65 +0.32 063  -063  -0.94
V(A -0.70 +0.97 -0.24 052  -052  -1.28
Cr(8Y) -0.68 +0.59 +0.31 058  -063  -0.9
Cr(AY) -0.69 +1.06 -0.25 056  -056  -1.37
Mn(BV)) -0.76 +0.70 +0.36 065  -065  -0.94
Mn(A) -0.72 +1.17 -0.29 059  -059  -147
Fe(B"" -0.76 +0.34 +0.59 054  -062  -0.57
Fe(BY) -0.72 +0.77 +0.21 065 061  -1.05
Fe(AY) -0.72 +1.12 +0.01 070  -070  -1.39
Co(B") -0.76 +0.36 +0.57 059 058  -06
Co(B') -0.73 +0.62 +0.33 066  -057  -0.9
Co(E') -0.75 +0.55 +0.24 047  -057  -0.8
Co(AV) -0.71 +1.13 -0.19 062  -062  -1.43
Ni(B") -0.80 +0.43 +0.49 061  -051  -0.63
Ni(B'") -0.72 +0.61 +0.21 068  -043  -0.9
Ni(E") -0.75 +0.60 +0.23 050 -058  -0.85
Ni(Al!!) -0.81 +0.56 +0.38 056  -056  -0.74
Cu(E") -0.78 +0.68 +0.18 055  -054  -0.91
cu(D") -0.80 +0.65 +0.14 049 050  -0.85
cu(c") -0.73 +0.28 +0.39 047 047  -055
Zn(C') -0.81 +0.50 0.29 056  -043  -0.70
Zn(A') -070 +1.15 -0.14 066  -066  -1.46
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2.5. Prototype species

Table S 93 Calculated geometries and natural population analysis at the CAM-B3LYP/aug-cc-

pVTZ level of theory.

R(C-0O) £20CO qc go go
HCOO- 1.246 130.2 +0.64 -0.80 -0.80
H2CO 1.196 +0.29 -0.50
HCOOH 1.194, 13382 124.8 +0.66 -0.58 -0.682°
CO:2 (*Ax) 1.156 180.0 +1.01 -0.50 -0.50
CO:2 (3B2) 1.234 118.4 +0.60 -0.30 -0.30
COx 1.225 137.6 +0.51 -0.76 -0.76

2 Single C-O bond. ? Total charge on OH is -0.19.

60



2.6. Cartesian coordinates

Structures of [CIM(CO2)]~ ions optimized with CAM-B3LY P/aug-cc-pVTZ.

ClSc(COy):

Complex A (Charge: -1, Multiplicity: 2):

C -0.01705000
) -0.04334400 -0.02507700
@) 1.21028600 -0.02504300
Sc 1.90876800 0.33720900
Cl 3.55392200 1.72482900

-0.20517500

-0.01175700
1.31256600
-0.50989600
1.31297200
2.44417600

Complex B (Charge: -1, Multiplicity: 2):

C 0.00099100 0.03575600 -0.08824900
O -0.01895900 -0.19885700 1.09674900
O 1.12166000 -0.06406700 -0.86584200
Sc -0.19657000 0.50563300 -2.17270600
Cl -1.04381200 -0.28002200 -4.30216400
CITi(CO2x)":

Complex A (Charge: -1, Multiplicity: 3):

C 0.01192200 -0.00037200 0.00848300
O 0.01355200 0.00010200 1.33937100
O 1.25418400 0.00010300 -0.46923700
Ti 1.98899200 0.00122800 1.36350000
Cl 3.93580900 0.00240600 2.69726300
Complex B (Charge: -1, Multiplicity: 3):

C -0.00227600 -0.00000100 -0.00604700
O -0.00089600 0.00000300 1.20375200
0] 1.11323800 0.00000500 -0.78416000
Ti -0.31297100 -0.00001800 -2.05299100
Cl -1.38695500 -0.00032400 -4.16788500
CIV(COy):

Complex A (Charge: -1, Multiplicity: 4):

C -0.00606300 -0.00766600 -0.00443000
O -0.00031900 -0.00231800 1.32126000
@] 1.24117600 -0.00218900 -0.45367300
\% 1.92326200 -0.33866000 1.34504400
Cl 3.81137400 -0.04334500 2.66403200
Complex B (Charge: -1, Multiplicity: 4):

C -0.00214200 0.00000600 0.01086200
@) 0.00689800 -0.00000700 1.22096500
O 1.07381400 -0.00001200 -0.79526700
\Y -0.41446800 0.00003800 -1.97076600
Cl -1.78779300 0.00014300 -3.84994400
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CICr(COy):
Complex A (Charge: -1, Multiplicity: 5):

C 0.01125300 0.00000000 0.00808600
O 0.01525200 0.00000000 1.33308800
O 1.26656300 0.00000000 -0.41599200
Cr 1.93904000 0.00000000 1.38725500
Cl 3.82213200 0.00000000 2.73474600
Complex B (Charge: -1, Multiplicity: 5):

C -0.01178800 -0.00000900 -0.00113600
O 0.00650800 0.00000700 1.20915900
O 0.97484800 0.00001000 -0.85692900
Cr -0.64106600 -0.00004000 -1.91948200
Cl -2.23227200 -0.00018100 -3.59545500
CIMn(COy):

Complex A (Charge: -1, Multiplicity: 6 ):

C

0] 0.00982300 0.00000000 1.32639700
0] 1.23873500 0.00000000 -0.47434200
Mn 2.00942500 0.00000100 1.37124700
Cl 3.90450800 0.00000500 2.66452000
Complex B (Charge: -1, Multiplicity: 6 ):

C -0.00364000 -0.00006400 -0.00519200
0] 0.01250000 0.00017600 1.20773100
0] 1.04126400 0.00001400 -0.81662600
Mn -0.61364000 -0.00057800 -1.94423900
Cl -1.10822900 -0.00117500 -4.19138500
ClFe(COo):

Complex A (Charge: -1, Multiplicity: 5):

C -2.19121200 3.82915900 2.66142600
0] -1.02922800 4.40745800 2.43499400
0] -2.91194900 4.50597400 3.53285200
Fe -1.49152700 5.81748900 3.68407400
Cl -0.81829700 7.70970700 4.65648400
Complex B (Charge: -1, Multiplicity: 3):

C -2.21944400 3.93536300 2.76503600
0] -1.86376400 3.12839700 1.94372100
O -3.23122000 4.07582800 3.53347300
Fe -2.03881900 5.53914100 3.81302700
Cl -0.94553900 7.34077300 4.40470600
Complex B (Charge: -1, Multiplicity: 5):

C -2.15737400 3.87636500 2.67603500
0] -2.09480900 2.92432500 1.93336700
O -3.12233600 4.15782100 3.54428500
Fe -1.82570100 5.57400000 3.69717700
Cl -1.09856500 7.48698900 4.60909900

0.01566700 0.00000000 0.01068700
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CICo(CO2)~:
Complex A (Charge: -1, Multiplicity: 4):

C -2.34044000 0.00000800 0.00005800
O -1.56912100 1.06927300 0.00002400
0] -1.56913200 -1.06926600 0.00006300
Co 0.02729000 -0.00000500 -0.00001000
Cl 2.23533800 0.00000200 -0.00004300
Complex B (Charge: -1, Multiplicity: 2):

C 1.63342500 0.24904400 0.00001000
0] 2.48733500 1.09675400 0.00000300
O 1.60209600 -1.03109700 0.00004900
Co -0.14389500 -0.30023500 -0.00001500
Cl -2.21120500 0.33489900 0.00001800
Complex B (Charge: -1, Multiplicity: 4):

C -1.77698600 -0.18530200 0.00019400
0] -2.85193500 -0.73837800 0.00022500
0] -1.47794800 1.08224500 0.00023500
Co 0.18727000 0.08222000 0.00013200
Cl 2.36424300 -0.18889300 0.00009100
Complex E (Charge: -1, Multiplicity: 4):

C 2.32122700 -0.35868800 0.00000900
O 3.52439800 -0.32520000 0.00001700
0] 1.44658200 0.56154400 -0.00001500
Co -0.39870600 0.14500900 -0.00000800
Cl -2.52530200 -0.21493300 0.00000800
CINi(COy):

Complex A (Charge: -1, Multiplicity: 3):

C -2.25963200 0.00051400 0.00002600
0] -1.50639600 1.09912700 0.00008600
0] -1.50680200 -1.09855800 -0.00001100
Ni 0.01967600 -0.00044500 0.00002800
Cl 2.18308500 0.00028300 -0.00009100
Complex B (Charge: -1, Multiplicity: 1):

C 1.55037100 0.28877300 0.00000000
0] 2.28868300 1.23443500 0.00000000
0] 1.61277000 -0.97621500 0.00000000
Ni -0.13698300 -0.34008600 0.00000000
Cl -2.15529700 0.33997100 0.00000000
Complex B (Charge: -1, Multiplicity: 3):

C -1.77052800 -0.21825100 0.00002600
0] -2.78872100 -0.86626200 0.00001900
0] -1.54728100 1.05153300 0.00008000
Ni 0.17487000 0.12193300 -0.00001800
Cl 2.31392800 -0.22014900 0.00003500
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Complex E (Charge: -1, Multiplicity: 3):

C 2.33867900 -0.36959200 0.00001500
0] 3.53973800 -0.30605900 0.00001500
O 1.44152100 0.53203600 -0.00001600
Ni -0.38410700 0.13882200 -0.00000300
Cl -2.48993000 -0.19730100 0.00000600
CICU(COy):

Complex C (Charge: -1, Multiplicity: 2 ):

C -0.01314100 -1.79683100 0.00000000
O 1.13612800 -2.21626200 0.00000000
O -1.15417400 -2.23424400 0.00000000
Cu 0.00000000 0.21273700 0.00000000
Cl 0.01313100 2.36562700 0.00000000
Complex D (Charge: -1, Multiplicity: 2):

C 2.53885800 -0.16782500 0.00000300
0] 2.84920900 0.99702300 0.00000000
0] 1.46232100 -0.81080100 0.00000400
Cu -0.31942800 -0.19801400 0.00000000
Cl -2.38011600 0.30938600 -0.00000300
Complex E (Charge: -1, Multiplicity: 2 ):

C 2.35062600 -0.35932000 0.00000000
O 3.55192400 -0.26667300 0.00000000
0] 1.43009900 0.50911900 -0.00000200
Cu -0.39892700 0.12116400 0.00000100
Cl -2.49359100 -0.19396500 0.00000000
ClZn(CO,)":

Complex A (Charge: -1, Multiplicity: 1):

C 0.00790000 0.00000200 0.00530300
0] -0.00484200 0.00000000 1.30351400
0] 1.21154800 0.00000000 -0.48124100
Zn 1.97548700 -0.00000500 1.34633600
Cl 3.78555700 -0.00001100 2.57926800
Complex C (Charge: -1, Multiplicity: 1):

C 0.01686700 0.00000000 0.00722000
0] -0.00178200 0.00000000 1.23356300
0] 0.89747100 0.00000000 -0.84646600
Zn -1.89025300 0.00000100 -0.81706300
Cl -3.93103600 0.00000200 -1.69868700
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3. Principal Component Analysis of all (A-E) isomers

The Principal Component Analysis was performed for all [CIM(CO2)]™ structures optimized using CAM-B3LYP/aug-cc-pVTZ. The 15
structural, spectral, and one energetic variable, listed in Tables S86 and S87 were taken into account during the simulation according to
the atomic numbering shown in Figure S90.

(A] DI

Figure S 94 Numbering of the atoms according to the variables presented in Tables S91-S92.
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Table S 95 Variables taken into account for Principal Component Analysis from [CIM(CO,)]~ structures optimized at CAM-
B3LYP/aug-cc-pVTZ level.

AE [kJ/mol] 2£0CO[°] d(C-OYH[A] d(C-0)[A] d(01-02)[A] d(C-M)[A] d(M-CI)[A]

Observation: Var. 1 Var. 2 Var. 3 Var. 4 Var. 5 Var. 6 Var. 7
Sc (A) 11 -257 111.659 1.337 1.337 2.212 2.400 2.431
Sc (B) Il -244 123.849 1.368 1.208 2.274 2.146 2.423
Ti (A) 1N -247 110.964 1.331 1.331 2.193 2.397 2.360
Ti (B) I -275 124.832 1.360 1.210 2.279 2.070 2.372
V (A) IV -195 109.559 1.326 1.326 2.166 2.378 2.322
V (B) IV -240 126.413 1.344 1.210 2.281 2.024 2.328
Cr(A)V -116 108.493 1.325 1.325 2.151 2.370 2.316
Cr(B)V -172 130.072 1.306 1.210 2.282 2.019 2.311
Mn (A) VI -151 111.886 1.316 1.316 2.180 2.414 2.294
Mn (B) VI -164 127.069 1.323 1.213 2.271 2.033 2.301
Fe (A)V -115 111.749 1.318 1.318 2.182 2.343 2.231
Fe (B) V -142 127.299 1.328 1.209 2.274 2.009 2.241
Fe (B) Il -145 135.800 1.278 1.205 2.301 1.924 2.189
Co(A) IV -115 108.391 1.318 1.318 2.139 2.368 2.208
Co(B) IV -183 130.501 1.302 1.209 2.281 1.982 2.194
CoB) 1l -204 136.193 1.281 1.203 2.305 1.860 2.163
Co(E) IV -170 131.951 1.270 1.204 2.259 2.766 2.157
Ni (A) 1l -78 111.155 1.332 1.332 2.198 2.279 2.163
Ni (B) 11 -103 132.446 1.289 1.207 2.285 1.975 2.166
Ni (B) I -155 139.196 1.267 1.200 2.312 1.801 2.130
Ni (E) I -100 131.830 1.272 1.203 2.259 2.770 2.132
Cu((C) 1l -90 138.976 1.222 1.223 2.290 2.010 2.153
Cu (D) Il -89 135.767 1.254 1.205 2.279 2.858 2.122
Cu(E) Il -94 132.258 1.266 1.205 2.259 1.870 2.118
Zn (A) | 20 112.572 1.298 1.298 2.160 2.381 2.190
Zn (C) -25 134.982 1.226 1.226 2.266 2.078 2.223
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Table S 96 Variables taken into account for Principal Component Analysis from [CIM(CO,)]~ structures optimized at CAM-
B3LYP/aug-cc-pVTZ level.

Z/MCO?[]  ZMO'C [] 6[l(q(i](o)]z) vl(ti?rc% _%Oz VZ(E?% S]Oz V3(an[t§)r/;]n_)l]COz Va 'Eﬂ;r(ﬁ]OZ)
Observation: Var. 8 Var. 9 Var. 10 Var. 11 Var. 12 Var. 13 Var. 14
Sc (A) 11 55.834 90.313 0.868 794.85 1167.16 1025.97 484.53
Sc (B) Il 173.593 78.753 0.815 732.04 941.36 1723.58 520.4
Ti (A) 55.460 90.770 0.850 801.69 1188.48 1026.05 488.96
Ti (B) I 171.435 76.555 0.779 742.12 956.83 1724.18 505.91
V (A) IV 55.213 90.903 0.837 803.14 1201.85 1042.84 493.16
V (B) IV 168.674 75.144 0.736 749.75 1006.26 1729.56 539.13
Cr(A)V 54.247 91.785 0.900 820.28 1222.18 1064.58 515.7
Cr(B)V 162.705 74.265 0.742 747.54 1099.73 1734.57 489.98
Mn (A) VI 55.944 91.033 0.896 794.15 1174.57 1148.27 453.81
Mn (B) VI 163.299 72.101 0.794 739.53 1088.41 1703.61 462.09
Fe (A)V 55.883 89.903 0.854 773.15 1165.58 1127.03 470.88
Fe (B) V 165.746 73.658 0.752 736.56 1049.27 1716.32 482.02
Fe (B) Il 154.363 71.199 0.558 743.75 1175.79 1799.56 442.79
Co(A) IV 54.195 91.991 0.867 848.58 1227.43 1105.45 490.74
Co(B) IV 160.529 72.288 0.670 732.1 1109.24 1735.94 431.09
Co(B) 1l 152.382 68.688 0.535 747.94 1173.98 1807.85 442.32
Co(E) IV 167.914 120.825 0.545 786.76 1284.54 1773.00 421.85
Ni (A) 1l 55.566 88.662 0.742 627.35 946.29 997.90 464.49
Ni (B) 11 157.445 71.612 0.657 723.64 1151.91 1753.82 403.92
Ni (B) I 148.420 67.197 0.517 762.48 1179.5 1862.19 539.55
Ni (E) I 166.395 122.703 0.574 791.48 1274.1 1770.95 429.39
Cu(©l 109.675 43.774 0.604 732.35 1288.47 1772.98 354.96
Cu (D) Il 105.524 130.172 0.609 729.97 1305.6 1791.42 450.43
Cu(E) Il 10.017 124.692 0.607 784.76 1301.34 1770.76 420.43
Zn (A) | 56.287 90.676 0.912 853.07 1195.17 1272.14 431.58
Zn (C) 112.515 43.514 0.771 699.31 1254.37 1768.48 357.18
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Table S 97 Mean and standard deviation values of the variables.

Variable Mean Std. deviation
AE [kJ/mol] -148.467 70.169
£20CO[] 124.456 10.695
dc-0![A] 1.302 0.037
dC-0?[A] 1.248 0.055
do-0?2[A] 2.244 0.053
dc-M [A] 2.212 0.285
dM-CI [A] 2.240 0.093
2MCO0?[] 113.433 53.029
£MO!C [] 84.738 21.276
87(CO2) [Rho] 0.730 0.126
Vi(bend)CO2 [cm™!] 761.475 46.555
Va(sym)CO2 [em] 1158.823 105.696
Va(antisym)CO2 [cm] 1528.808 324.253
461.050 47.036

v4M-(CO2) [cm'Y]
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Table S 98 Correlation coefficients between the variables (Pearson matrix). *

AE <20CO dc-0! dc-0? dok-02 dC-M dM-ClI  ZMCO? «MO!C &7(CO2)  Vibend) Vosym)  V3(antisym) V4
AE [kJ/mol] 1
£0CO [] 0.078 1
dc-0![A] -0.605  -0.654 1
dC-02[A] 0.055 -0.926 0.390 1
do-0? [A] -0.208 0.930 -0.361 -0.917 1
dc-M [A] 0.133 -0.382 0.010 0.380 -0.492 1
dM-CI [A] -0.670 -0.516 0.766 0.360 -0.257 -0.003 1
£LMCO? ] -0.328 0.661 -0.015 -0.796 0.780 -0.266 -0.011 1
£LMO'C [] 0.057 -0.222 0.053 0.140 -0.312 0.711 -0.191 -0.323 1
87(CO») [Rho] -0.046 -0.864 0.631 0.750 -0.774 0.209 0.690 -0.497 -0.052 1
Vibend)CO2 [cm] -0.010 -0.439 0.106 0.380 -0.567 0.344 0.155 -0.394 0.379 0.360 1
VasymCO2 [cm] 0468 0189 -0.761  0.028 -0.134 0363 -0521  -0.365 0342  -0277  0.465 1
V3(antisym)CO2 [cm] 0.000 0.954 -0.472 -0.993 0.922 -0.392 -0.391 0.768 -0.191 -0.760 -0.377 0.033 1
vaM-(COz2) [cm?] -0.592 -0.411 0.757 0.222 -0.191 -0.025 0.555 0.044 0.120 0.327 0.210 -0.531 -0.284 1

In bold, significant values (except diagonal) at the level of significance alpha=0,050 (two-tailed test)
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Table S 99 Results from the PCA for all principal components.

F1 F2 F3 F4 F5 F6 F7
Eigenvalue 6.248 3654 1573 0871 0608 0487  0.281
Variability (%) 44.625 26.096 11237 6223 4343 3480  2.010
Cumulative % 44.625 70722 81958 88.181 92524 96.004 98.014
F8 F9 F10 F11 F12 F13 F14
Eigenvalue 0195 0032 0028 0017 0006 0000  0.000
Variability (%) 1395 ~ 0.227 0197 0124 0040 0002  0.001
Cumulative %  99.409 99.636 99.833 99.956 99.997 99.999  100.000
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Figure S 100 Scree plot of the calculated eigenvalues, cumulative variability of the factors.
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Table S 101 Eigenvectors.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14
AE [kJ/mol] 0.052 0.393 -0.328 -0.222 -0.077 0.609 0.022 0.275 -0.274 0.360 -0.010 0.166 0.004 -0.016
£0CO [7] 0.395 0.005 0.066 0.087 0.027 -0.053 0.047 0.210 -0.122 -0.088 0.111 0.051 -0.351 0.788
dC-O![A] -0.256 -0.369 0.117 -0.150 -0.087 0.170 0.180 -0.309 0.103 0.147 0.210 0.693 0.040 0.199
dc-0? [A] -0.368 0.102 -0.186 -0.048 -0.030 -0.266 -0.278 -0.043 -0.269 0.122 0.238 -0.156 0.569 0.418
dot-0? [A] 0.368 -0.173 0.077 0.014 0.026 -0.159 0.108 0.153 -0.407 0.028 0.673 0.067 0.095 -0.367
dCc-M [A] -0.168 0.247 0.428 -0.356 0.522 0.014 -0.314 0.159 -0.164 -0.332 -0.019 0.250 -0.043 -0.049
dM-CI [A] -0.227 -0.350 0.027 0.228 0.447 -0.144 0.273 0.355 -0.270 0.413 -0.330 0.007 -0.012 -0.002
2MCO? 7] 0.272 -0.278 0.187 -0.034 0.335 0.348 -0.436 -0.259 0.193 0.414 0.114 -0.305 0.055 0.065
£MOC [7] -0.108 0.228 0.596 -0.320 -0.191 -0.007 0.479 -0.030 0.023 0.264 0.072 -0.357 0.039 0.086
87(CO2) [Rho] -0.347 -0.083 -0.209 0.071 0.299 0.328 0.274 0.244 0.348 -0.296 0.451 -0.271 -0.038 0.072
Vibend)CO2 [cm] -0.204 0.174 0.302 0.679 -0.059 0.351 -0.022 -0.284 -0.381 -0.128 0.047 -0.029 -0.058 0.000
V2(symCO2 [cm™] 0.051 0.458 0.133 0.397 0.101 -0.224 -0.071 0.207 0.494 0.343 0.192 0.306 0.101 -0.040
Va(antisym)CO2 [cm] 0.377 -0.074 0.139 0.093 0.061 0.241 0.235 0.128 0.090 -0.285 -0.252 0.098 0.722 0.089
v4M-(CO2) [cmY] -0.181 -0.323 0.297 0.053 -0.506 0.142 -0.383 0.584 0.083 -0.019 -0.001 -0.015 0.002 -0.031
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Table S 102 Factor loadings.

F1 F2 F3 F4 F5 F6 F7 F8 F9 FI0  Fl11 FI2  F13  Fl14
AE [kJ/mol] 0130 0752 -0.412 -0.207 -0.060 0425 0012 0122 -0.049 0060 -0.001 0012 0.000  0.000
20CO [] 0987 0009 0083 0081 0021 -0037 0025 0093 -0.022 -0015 0015 0004 -0.006 0.010
dC-O [A] -0.641 -0.705 0147 -0.140 -0.067 0.119 0095 -0.137 0018 0024 0028 0052 0.001  0.002
dC-0? [A] 0919 0196 -0.234 -0.045 -0.024 -0.186 -0.147 -0019 -0048 0020 0031 -0012 0010  0.005
d01-0? [A] 0920 -0.331 0096 0013 0021 -0111 0057 0067 -0.072 0005 0089 0.005 0.002 -0.005
dC-M [A] 0421 0471 0536 -0.332 0407 0010 -0.166 0070 -0029 -0055 -0003 0019 -0.001 -0.001
dM-CI [A] -0.566 -0.668 0034 0213 0349 -0.100 0.45 0.157 -0.048 0069 -0.043 0001 0.000  0.000
ZMCO? [] 0679 -0531 0234 -0031 0261 0243 -0.231 -0115 0034 0069 0015 -0.023 0001  0.001
LMO'C [] -0.269 0436 0748 -0.299 -0.149 -0.005 0254 -0013 0004 0044 0009 -0027 0001  0.001
5-(CO2) [Rho] -0.867 -0.159 -0.262 0.066 0233 0229 0145 0108 0062 -0.049 0059 -0.020 -0.001  0.001
Vi(oenyCO2 [em ] 0511 0332 0379  0.634 -0046 0245 -0012 -0.126 -0068 -0021 0006 -0.002 -0.001  0.000
VaymCO2 [em] 0126 0875 0167 0371 0079 -0.156 -0.038 0092 0088 0057 0025 0023 0002  0.000
VaanigmCO:z [cm?] 0943  -0.141 0174 0087 0047 0168 0125 0056 0016 -0.047 -0.033 0007 0013  0.001
VaM-(CO») [em?] -0453 0617 0372 0050 -0.395 0.099 -0.203 0258 0015 -0.003 0.000 -0.001 0.000  0.000
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Table S 103 Contribution of the variables (%). #

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 Fl4

AE [k3/mol] 0260 15468 10.782 4.929 0587 37.125 0050 7.565 7.483 12955 0.011 2745 0.002 0.026
£0CO [] 15597  0.002 0436 0753 0074 0284 0220 4394 1476 0775 1231 0259 12.343 62.155
dC-O! [A] 6573 13.612 1.376 2255 0749 2.888 3239 9540 1055 2154 4399 48053  0.157  3.950
dC-0? [A] 13508 1050 3471 0232 0091 7.074 7729 0.188 7.219 1493 5668 2448 32.365 17.465
4002 [A] 13560 3.004 0586 0021 0070 2521 1159 2330 16548 0079 45345 0444  0.893 13.440
dC-M [A] 2.833 6078 18279 12.683 27290 0021 9.845 2523 2690 11.023 0.037 6270 0.186  0.243
dM-CI [A] 5134 12222 0075 5217 19977 2062 7.479 12593 7.263 17.077 10881 0005 0.015  0.001
ZMCO? [] 7380 7.730 3.495 0114 11201 12115 19.045 6731 3.726 17.163 1297 9286  0.299  0.417
ZMO'C [] 1.158 5193 35529 10.240 3.657 0.005 22.986 0089 0052 6957 0521 12720 0.149  0.746
5-(CO2) [Rho] 12.037 0689 4357 0498 8951 10.775 7.513 5968 12099 8748 20342 7356 0146 0.521
Vibend)CO2 [cm] 4174 3025 9133 46.142 0348 12305 0.050 8.065 14479  1.634 0222 0082 0341  0.000
VaeymCO2 [cm] 0255 20975 1.765 15767 1016 5026 0506 4287 24411 11758 3706 9350 1.023  0.157
VaaniymCO:z [cm?]  14.234 0547 1920 0867 0367 579 5518 1631 0809 8148 6339 0961 52081  0.783
VaM-(CO2) [cm™] 3.288 10404 8797 0282 25623 2003 14662 3409 0690 0038 0000 0022 0000 0.095

73



Table S 104 Factor scores.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14
Sc (A) 11 -3.706 -0.857 0412 0676 0732 -1430 0238 0.153 -0.345 0.163 0.198 0.002 0.021 0.005
Sc (B) I -0.344 -4.048 0.684 -0.417 0.603 0470 0533 0.288 -0.134 -0.038 -0.216 0.107 -0.002 0.013
Ti (A) 1 -3.593 -0.322 0452 0660 0.296 -1.204 -0.085 -0.075 -0.008 -0.049 0.127 -0.014 -0.028 -0.012
Ti(B) 1 0.032 -3815 0.665 -0.109 0.356 0.112 0421 -0.238 -0.047 -0.294 -0.092 -0.001 0.007 0.017

V (A) IV -3.585 0.268 0.204 0.506 -0.044 -0.630 -0.272 -0.031 0.174 0.091 -0.193 0.033 -0.028 -0.012
V (B) IV 0355 -3.303 0.729 0.142 -0.366 0315 -0.122 0.267 -0.011 -0.148 -0.053 0.015 0.020 -0.036
Cr(A)V -3.953 0750 -0.001 0.620 -0.290 0.443 -0.320 0.538 0.192 0.319 -0.135 0.082 0.007 0.012
cr(B)V 1.059 -1729 0038 0363 0.176 0353 0.071 0493 -0.018 0.207 -0.004 -0.206 -0.038 0.002
Mn@)vi  -3.043 0737 -0303 0.109 0454 -0.149 0205 -0.103 0.018 -0.193 0.072 -0.124 0.009 0.015
Mn (B) VI 0.730 -1.703 -0.374 0.058 0531 0553 0339 0.031 0.223 0.160 0.143 -0.002 -0.004 0.000
Fe (A) V -2.727 0.874 -0.606 -0.414 -0.280 0.040 -0.139 -0.024 0.126 -0.068 0.158 0.015 0.040 -0.016
Fe (B) V 0984 -1.734 -0.309 -0.357 -0.178 0.903 0.047 -0.054 0.104 0.045 0.190 0.077 -0.015 -0.019
Fe (B) I 2798 -0.242 -0.279 0412 -0.385 -0.241 -0.238 -0.216 -0.200 0.302 -0.048 0.063 0.017 0.005
Co (A) IV -3.578 1561 0.054 0.782 -0.630 0.726 -0.505 -0.365 0.281 -0.206 -0.083 0.037 -0.002 0.014
Co(B) IV 1901 -0.923 -0.407 -0.088 0.066 -0.089 0.052 -0.722 0.243 -0.126 0.114 -0.082 -0.008 0.003

Co(B) Il 2950 -0.560 -0.100 0.693 -0.610 -0.741 -0.315 -0.645 0.010 -0.054 0.011 0.018 0.015 0.010
Co(E) IV 1761 1942 2714 -0407 0903 -0.195 -0.368 -0.566 0.031 0.043 -0.204 -0.081 0.017 -0.008
Ni (A) 11 -1.879 -0.245 -2.047 -3.728 -1.035 -0.632 -0.325 -0.153 -0.127 0.047 -0.114 -0.036 -0.008 0.001
Ni (B) 11 2439 0.090 -0.990 -0.310 0.175 0.297 0.159 -0.564 0.117 0255 0.184 0.072 -0.001 0.012
Ni (B) I 3.046 -0.684 0.277 0990 -1.988 0.012 -1.155 0.727 -0.134 -0.079 0.053 -0.071 0.004 0.008
Ni () 111 1.696 2282 2501 -0.647 0.667 0530 -0.348 -0.334 -0.126 0.147 -0.021 -0.010 -0.006 -0.006
cu(©) 1l 3379 1874 -2158 0.894 0.800 -0.804 -0.318 -0.065 -0.168 -0.228 -0.084 0.130 -0.031 -0.006
cu (D) Il 1.851 2764 2244 -1541 0335 -0.217 0.081 1.095 0.095 -0.209 0.198 0.089 -0.009 0.011
Cu(E) Il 1493 2680 0433 0508 -1.851 -0483 2028 0036 0.036 0.022 -0.105 -0.014 0.000 -0.006
Zn (A | -2582 2683 -0918 0402 0.002 2025 0209 -0.250 -0.487 -0.100 0.049 -0.019 -0.006 -0.003
Zn (C) I 2516 1658 -2915 0203 1559 0.036 0.125 0.778 0.154 -0.011 -0.145 -0.080 0.029 -0.004
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Figure S 105 Factor and object distribution for first two principal components.
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Table S 106 Contribution of the observations (%)

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14
Sc (A) Il 8456 0773 0416 2018 3.393 16.144 0.775 0459 14406 3.702 8.729 0.003 5.092 0.560
Sc (B) Il 0.073 17.252 1145 0768 2301 1.743 3886 1629 2162 0.196 10.378 7.866 0.039 4.302
Ti (A) 11 7947 0109 0499 1926 0553 11441 0.098 0.111 0.007 0.332 3576 0.141 9.132 3.445
Ti (B) Il 0.001 15.322 1.082 0.052 0.800 0.099 2418 1112 0.271 12.064 1.891 0.001 0.600 7.149
vV (A) IV 7913 0076 0102 1130 0.012 3.133 1.011 0.019 3.650 1.146 8245 0.768 8.702 3.778
V (B) IV 0.078 11.482 1300 0.089 0.847 0.783 0.202 1405 0.015 3.070 0.633 0.150 4.533 32.905
Cr(A)V 9.619 0593 0.000 1699 0530 1550 1.398 5705 4.469 14178 4.028 4593 0.633 3.817
Cr(B)V 0.691 3.148 0.004 0581 0.19 0983 0.069 4785 0.039 6.001 0.004 29.039 16.517 0.114
Mn(A) VI 5702 0572 0225 0052 1306 0176 0577 0.211 0.040 5219 1.146 10.510 0.887 5.989
Mn@B)VvlI 0328 3.053 0342 0015 1787 2412 1568 0.019 6.018 3574 4542 0.003 0.194 0.001
Fe (A) V 4577 0805 0.898 0.757 0497 0013 0.263 0.012 1916 0.638 5556 0.148 18.440 6.664
Fe (B) V 0.596 3.167 0234 0564 0201 6435 0030 0057 1313 0277 7995 4.059 2430 8.995
Fe (B) 111 4818 0.062 0191 0.749 0936 0457 0772 0919 4861 12760 0509 2705 3.307 0.666
Co(A)IV 7.882 2566 0.007 2700 2514 4156 3.483 2.620 9.582 5905 1541 0958 0.063 4.839
Co(B)IV 2225 0.896 0405 0.034 0028 0.062 0.038 10273 7.162 2201 2886 4561 0.806 0.291
Co(B) Il 5359 0330 0.024 2122 2355 4333 1353 8199 0013 0413 0.029 0218 2536 2.490
Co(E)IV 1909 3971 18.007 0.732 5162 0301 185 6.312 0.118 0.263 9.263 4501 3.252 1.550
Ni (A) 11 2173 0.063 10.241 61.358 6.772 3.151 1442 0462 1954 0312 2902 0893 0.662 0.015
Ni (B) Il 3.664 0.008 239 0425 0193 0.698 0344 6259 1650 9.086 7503 3596 0.010 3.764
Ni (B) I 5711 0493 0.188 4331 25005 0.001 18.230 10397 2179 0.875 0.633 3411 0.192 1.662
Ni (E) 111 1770 5482 15289 1850 2812 2221 1660 2194 1919 3.029 0.099 0.075 0437 0991
Cu(@)nl 7.027 3.695 11.389 3529 4.050 5.097 138 0.082 3431 7220 1566 11563 10.941 1.021
Cu@)ll 2109 8.045 12314 10483 0.711 0372 0.090 23588 1102 6.066 8.693 5424 0911 3.320
Cu(E) Il 1371 7563 0459 1139 21.664 1844 56.238 0.026 0.159 0.065 2432 0134 0.001 0.972
Zn (A) 1 4104 7577 2062 0.713 0.000 32386 0597 1.227 28.695 1389 0544 0.255 0406 0.210
Zn (C) 1 3.897 2896 20.781 0.182 15375 0.010 0.214 11917 2868 0.017 4676 4.425 9279 0.492
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4. Artificial Neural Network Analysis (ANNA).

In order to further analyze the relationship between the stability of the complexes and other physical
factors, an artificial neural network (ANN) was constructed based on calculated Pearson’sl®! correlation
coefficients (p) between the 14 variables describing the full set of 26 structures including all (A-E) isomers
(Figure 6, left, and S103). For a better understanding of the presented results, it needs to be stated that in
the Pearson’s correlation analysis if two variables are positively correlated with each other this means that
if one variable increases the other does also. The strength of the linear relationship is measured between
p€[0,1], with the value of 0 meaning that there is no linear correlation between the given variables. On the
other hand, a negative correlation occurs when one of the variables decreases while the other increases. In
this case, the correlation is measured in the range of p€[-1:0], with -1 indicating a maximum strength of
the negative linear correlation.

Several positive and negative correlations between the complexation energies (AE) and other variables
were found. First, a negative correlation was found between AE and d(C-O') (p=—0.6) and d(CI-M)
(p=—0.7) bond distances, as well as the v4(M-CO>) vibrational frequency (p=—0.6). This means that when
the v4(M-CO2) frequency value and the metal-chloride and carbon-oxygen bond lengths decrease, the
[CIM(CO2)]™ complexes become less stable since AE increases in value and becomes less negative. A
second, weak and positive correlation between AE of all (A-E) isomers and the symmetric vibrational
stretch (p=0.5) of CO, moiety (v.¥™(CO.)) was found. In addition, correlation coefficients were calculated
independently for nine (A) and eleven (B) isomers and artificial neural networks for those connections were
constructed and plotted in Figure 6. A strong positive correlation between AE and the antisymmetric stretch
(p=0.7) for (A)-type isomers was found (See S104, S105). This means that when AFE increases, making the
complexes less stable, the v3*%™(CO,) frequency also increases. A number of strong negative correlations
were identified between the AE of the (A) isomers and four bond distances d(C-O") (p=—0.8), d(C-O?)
(p=—0.8), d(0'-0%) (p=—0.5), d(M-CI) (p=—0.9), as well as one positive correlation with the vibrational
frequency v4(M-CO2) (p=0.6). Furthermore, several correlations were found for the (B)-type isomers.
Significant positive correlations were found between AE and the symmetric stretch of the CO2 moiety
(p=0.8) and the £OCO (p=0.6), LMCO! (p=0.7) valence angles. In addition, four negative correlations
between the AE of the (B)-type isomers and d(C-O") (p=—0.7), d(M-Cl) (p=—0.7), ZMCO' (p=—0.6), v4(M-
CO2) (p=—0.6) were identified.

The neural network analysis shows that there is no strong overall simple linear, two-dimensional
relationship between the energy of complexation (AE) and any other single variable. On the other hand, a
multidimensional relationship between a number of structural and spectral factors and the AE values was
found. The theoretically predicted periodic trend and relationships between the relative stability of the
[CIM(CO2)]™ ions and the vibrational and geometric parameters of the CO; ligand can be related to the
infrared spectroscopy measurements of the first-row transition metal-CO> cluster ions [M(CO2)2s]7,
published in a series of papers by Weber and co-workers!’!. The authors have presented photodissociation
action spectra recorded for [M(CO,)s]™ ions with characteristic spectral features between 1600—1900 cm™'.
The main IR peaks correspond to the antisymmetric stretches of two CO2 molecules bonded to the metal
core in a “butterfly” mode, where both CO2 molecules coordinate to the metal atom in a (B)-type motif.
The key spectral features recorded for manganese containing!’®! cluster ions were located at 1680 and
1724 cm-1, for iron!’¥ at 1699 and 1749 cm™, and for cobalt!’ at ~1750 and ~1780 cm™!. Nickel!”! and
copper!’®l core-CO; clusters were characterized by three spectral features corresponding to overlapping
antisymmetric COz stretches of two very similar cluster isomers at ~1740; ~1770 and ~1790 cm-1 and at
~1750; ~1780 and ~1820 cm!, respectively. It can be seen that experimentally measured band origins of
the main features are clearly red-shifted in the periodic trend Mn<Fe<Co<Ni<Cu. Furthermore, these
authors have suggested that the observed red shift of the antisymmetric stretches of asymmetric, (B)-like
isomers can be correlated to the amount of negative charge deposited on the partially reduced CO:
moiety.’®® It can be seen in the presented connection network constructed for (B)-type isomers (Figure 6,
right) that the partial charges of the CO» ligand in (B)-type isomers are strongly negatively correlated with
the symmetric (p=—0.9) and antisymmetric CO; stretches (p=—0.85). Additionally, a large linear correlation
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coefficient (R?>=0.87) was found between & (CO2) and the latter variable (see S87), showing that highly
negatively charged CO> moieties result in lower antisymmetric vibrational frequencies. The extent of the
experimentally observed red shifts!”®! strongly supports the proposed trend derived from the statistical
analysis and the computed CO; partial charges.
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4.1. Correlation coefficients calculated for all (A-E) isomers

Table S 108 Correlation coefficients between 14 variables for 26 (A-E) isomers (Pearson matrix). #

AE £0CO dc-ot dc-02 dot-02 dC-M dM-ClI 2MCQO? «MO!C 5_(C02) V1(bend) V2(sym) V3(antisym) \'Z

AE [kJ/mol] 1

£20CO [°] 0.078 1

dc-0![A] -0.605  -0.654 1

dc-02 [A] 0.055  -0.926 0.390 1

dol-02 [A] -0.208 0930 -0.361  -0.917 1

dc-m [A] 0.133  -0.382 0.010 0.380  -0.492 1

dM-CI [A] -0.670  -0.516 0.766 0.360  -0.257  -0.003 1

LMCO? [] -0.328 0661  -0.015  -0.796 0.780  -0.266  -0.011 1

£MOIC [ 0.057  -0.222 0.053 0.140  -0.312 0711  -0191  -0.323 1

87(CO2) [Rho] -0.046  -0.864 0.631 0.750  -0.774 0.209 0.690  -0.497  -0.052 1

Vibend)CO2 [cml] -0.010  -0.439 0.106 0.380  -0.567 0.344 0.155  -0.394 0.379 0.360 1

Va(symCO2 [cm™] 0.468 0.189  -0.761 0.028  -0.134 0.363  -0521  -0.365 0.342  -0.277 0.465 1
Va(antisym)CO2 [cm™] 0.000 0954  -0.472  -0.993 0922 0392  -0.391 0.768  -0.191  -0.760  -0.377 0.033 1
VaM-(CO) [cm!] -0592  -0.411 0.757 0222  -0.191  -0.025 0.555 0.044 0.120 0.327 0210 -0531  -0284 1

In bold, significant values (except diagonal) at the level of significance alpha=0,050 (two-tailed test)
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4.2. Correlation coefficients calculated for (A) type isomers

Table S 109 Correlation coefficients between 14 variables for 9 (A) isomers (Pearson matrix). #

AE <20CO dc-0! dc-0? dok-02 dC-M dM-ClI  ZMCO? «MO!C &7(CO2)  Vibend) Vosym)  V3(antisym) V4
AE [kJ/mol] il
£0CO [] 0.144 1
dc-0![A] -0.772  -0.269 1
dC-0?[A] -0.773 -0.271 1.000 1
do-02 [A] -0.500 0.631 0.577 0.575 1
dc-M [A] -0.429 0.070 -0.171 -0.168 -0.079 1
dM-CI [A] -0.865 -0.046 0.563 0.565 0.413 0.666 1
£MCO? [?] 0.098 0.982 -0.251 -0.253 0.631 0.087  -0.009 1
2MOC [?] 0.088 0.009 -0.559 -0.558 -0.445 0.799 0.287  -0.027 1
57(CO2) [Rho] -0.105 -0.607 -0.261 -0.257 -0.724 0.664 0.267  -0.615 0.745 1
Vigpend)CO2 [cml] -0.017 -0.219 -0.489 -0.486 -0.580 0.781 0.283 -0.217 0.897 0.857 1
VaymCO2 [cm?] -0.181 -0.322 -0.339 -0.338 -0.548 0.791 0.405 -0.307 0.859 0.882 0.964 1
V3(antisym)CO2 [cm] 0.690 0.388 -0.973 -0.974 -0.456 0.293  -0.425 0.355 0.659 0.254 0.543 0.387 1
v4sM-(CO2) [cmY] -0.566  -0.822 0.644 0.644 -0.180 0.054 0496 -0.803 -0.046 0.432 0.117 0.302 -0.680 1

In bold, significant values (except diagonal) at the level of significance alpha=0,050 (two-tailed test)
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4.3. Correlation coefficients calculated for (B) type isomers

Table S 110 Correlation coefficients between 14 variables for 11 (B) isomers (Pearson matrix). *

AE <20CO dc-0! dc-0? dok-02 dC-M dM-ClI  ZMCO? «MO!C &7(CO2)  Vibend) Vosym)  V3(antisym) V4
AE [kJ/mol] il
£0CO [] 0.549 1
dc-0![A] -0.710 -0.961 1
dC-0?[A] -0.237  -0.839 0.677 1
do-02 [A] 0.229 0.925 -0.788 -0.924 1
dc-M [A] -0.469 -0.954 0.904 0.811 -0.902 1
dM-CI [A] -0.711  -0.894 0.933 0.681 -0.719 0.901 1
£LMCO? ] 0.711 0.886 -0.946 -0.581 0.684 -0.885 -0.920 1
2MOC [?] -0.629  -0.983 0.982 0.760 -0.855 0.954 0.930 -0.956 1
87(CO2) [Rho] -0.405 -0.968 0.891 0.881 -0.957 0.943 0.872 -0.805 0.930 1
Vigpend)CO2 [cml] -0.185 0454 -0.306 -0.461 0.622 -0.568 -0.178 0.273 -0.395 -0.448 1
V2(sym)CO2 [cm!] 0.746 0.924 -0.989 -0.594 0.724 -0.868 -0.921 0.963 -0.966 -0.847 0.243 1
V3(antisym)CO2 [cm?] 0.271 0.919 -0.777 -0.959 0.983 -0.892 -0.716 0.686 -0.852 -0.932 0.607 0.704 1
v4sM-(CO2) [cmY] -0.570 -0.284 0.460 -0.033 -0.021 0.171 0.503 -0.481 0.370 0.260 0.613 -0.537 0.036 1

In bold, significant values (except diagonal) at the level of significance alpha=0,050 (two-tailed test)
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