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Fig. S1. Isomers of CH4O4

These represent all possible covalently bound configurations (structural isomers) of the CH40O4
system. Each of these structures were considered at the CCSD(T)/CBS//®B97X-D/aug-cc-
pVTZ+ZPVE level of theory to determine both relative energies (kJ mol™) and adiabatic ionization
energies (eV). Relative energies (Erel) shown in black are given with respect to CO> + 2H>O,
whereas relative energies shown in blue are with respect to the most stable conformer in each
isomeric group. lonization energies presented are as calculated and do not include any corrections.
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Fig. S2. Additional configurations of CH4O4
These represent all possible dissociated configurations of the CH4Os system. Each of these
structures were considered at the CCSD(T)/CBS//owB97X-D/aug-cc-pVTZ+ZPVE level of theory

to determine both relative energies (kJ mol™') and adiabatic ionization energies (eV). Relative
energies shown in black are given with respect to CO2 + 2H>0.
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Fig. S3. Photoionization energies of structural isomers of methanetetrol
The low ionization energy of 6-9 means that these molecules, whether intact or otherwise, would

be observable at 10.87 eV, though no signal is detected during experiments in which this photon
energy was used to investigate irradiated CO>—H>O ices.

CH,(OH)(O,H) (8)
9.53-9.93 eV
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Fig. S4. Stability of methanetetrol neutral

This potential energy surface (PES) shows the structures in proximity to the methanetetrol (1)
minima and relevant dissociation/formation processes considered in this investigation. This
provides greater detail of the same area of the PES as Fig. 1A.

S5



Fig. S5. Reactions of carbonic acid towards methanetriol

Scheme 1 depicts radical reactions toward methanetriol (5), and here the effects of conformational
isomerism and transition state energies are detailed for reaction to form the minimum energy
conformer of 5.
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Fig. S6. Reactions of carbonic acid toward methanetetrol
Scheme 1 depicts radical reactions toward methanetetrol (4), and here the effects of conformational
isomerism and transition state energies are detailed for reaction to form the minimum energy
conformer of 4.
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Fig. S7. Stability of methanetetrol cation

This potential energy surface (PES) shows the structures in proximity to the methanetetrol radical

cation (1*) minima and relevant dissociation processes considered in this investigation. This
provides greater detail of the same area of the PES as Fig. 1B.
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Fig. S8. Carbonic acid dimer cannot lead to protonated carbonic acid

The enhanced stability of the double donor—acceptor configuration of the neutral carbonic acid
dimer makes it by far the most likely configuration of this structure. Efficient vertical ionization
is inaccessible at all photon energies employed in these investigations. However, adiabatic
ionization is energetically possible. If carbonic acid dimers were present in the gas phase, they
would be detectable as intact proton-bound dimers rather than the C(OH);" fragment. Furthermore,
because the strong intramolecular bonding and its subsequent covalent-like behavior demonstrated
by its non-fragmentary ionization process this is the most likely non-covalent structure to be
present in an abundance of gas-phase 1. The lack of detection of these dimers shows that they are
not present in the gas phase in detectable concentrations. This is a particularly strongly bound
representative of non-covalent gas-phase species its. Its absence shows that TPD and sublimation
as conducted here and, in this ice, appears to permit only sublimation of covalently-bound species.
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Fig. S9. Infrared spectra of CO2-H2O ice
This infrared spectrum was measured using the Surface Scattering Machine described in the
Materials and Methods section on which Fourier transform infrared (FTIR) spectroscopy is
available. The CO>—H»O ice was prepared using the same methods as implemented in SVUV-PI-
ReToF-MS experiments. The resulting infrared spectrum agrees with spectra of carbonic acid
prepared in prior space-simulation experiments. (A & B)Assignments for H,O, CO., and CO are
provided! and (C) all peaks observed at 200 K can be assigned to known vibrations of carbonic
acid (1).2
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Table S4.

Parameters of the National Synchrotron Radiation Laboratory, Combustion and Flame Beamline
light source (Beamline BLO3U).

Source Undulator

Acceptance angle 1(H) x 1 (V) mrad? - 4Xsigma
Photon energy range 7-20 eV

Energy resolving power 2000 (E/AE)

Photon flux 5x 102 sec! (4.5 eV, 300 mA)
Vacuum 5 x 10"° Torr

Light spot area at samples | 1.6 x 0.5 mm?
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Table S5.

Experiments conducted and relevant parameters employed over the course of this investigation.

Ice Composition Irradiation  Irradiation  Photon
Date (Relative Partial Current Duration Energy
Pressure) (nA) (minutes) (eV)
1 6/8/2024 H>0:CO2 (2:1) 0 0 11.26
2 6/10/2024 H>0:CO2 (2:1) 1000 60 11.26
3 6/11/2024 H>0:CO» (2:1) 1000 60 11.08
4 6/12/2024 H>0:CO2 (2:1) 1000 60 10.87
5 6/13/2024 H>0:CO, (2:1) 1000 60 11.45
6  6/14/2024 H>0:CO» (2:1) 1000 60 11.26
7 6/14/2024 H>0:CO, (2:1) 1000 60 11.08
8 6/16/2024 H>0:CO» (2:1) 1000 30 11.45
9 6/17/2024 H>0:CO, (2:1) 1000 10 11.45
10 6/20/2024 H>0:COs (2:1) 0 0 11.45
11 7/14/2024 H,'%0:CO; (2:1) 1000 60 11.26
12 7/21/2024 D,0:CO2 (2:1) 1000 60 11.26
13 7/22/2024 D,0:CO2 (2:1) 1000 60 11.26
14 7/23/2024  H»'*0:C0, (2:1) 1000 60 11.26
15 7/23/2024 H>0:CO; (2:1) 1000 60 11.26
16 7/24/2024 H>0:CO; (2:1) 1000 60 11.26
17 7/11/2024 H>0:CO, (2:1) 4000 60 *

* This experiment was conducted to infrared spectra of ices made the same way as those studied
in experiments 1-10. The data is reported in Fig. S9.
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Table S6.

Irradiation parameters used in CASINO?® simulations and dose received by ice.

Irradiated area 3.4+0.3 cm? 1.6 £ 0.1 cm?
Initial kinetic energy of e 5.000 keV 5.000 keV
Irradiation current 3000 nA 1000 nA
Irradiation time 3600 s 3600 s
Electron incident angle 15° 70°
Total number of e 6.75 x 106 225 x 106
Total molecules irradiated 4.02 x 108 1.28 x 108
Water—Carbon Water—Carbon Water-'80— Water-d>— Water—Carbon

dioxide dioxide Carbon dioxide  Carbon dioxide dioxide-*C
Approximate density of mixed ice* 0.93 g cm™ 0.93 gcm™ 0.97 gcm™ 0.97 gcm™ 0.94 g cm™
Average Penetration depth 496 + 10 nm 335+ 10 nm 322+ 10 nm 321 £ 10 nm 333+ 10 nm
Fraction of backscattered e 0.08 0.378 0.378 0.377 0.375
Average energy of backscattered e 2.8 keV 3.4 keV 3.4 keV 3.4 keV 3.4 keV
Fraction of Transmitted e’ 0.02 0.002 0.001 0.001 0.001
Average energy of transmitted e 0.88 keV 0.68 keV 0.66 keV 0.59 keV 0.66 keV
Dose per molecule of water 70+ 10 60+ 10 60 + 10 60 + 10 60+ 10
Dose per molecule of carbon dioxide 140 + 20 110 +20 110 +20 110 +20 120 + 20
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Table S7.

Bond lengths and angles for methanetetrol (S4 and D24 point groups), carbonic acid (syn-syn conformer), and carbonic acid dimer (D1)
using different density functionals (wB97X-D, B3LYP, B2PLYP-D3, M06-2X) for geometry optimization with the same (aug-cc-pVTZ)

basis set throughout.

a b o B 04
(pm) | (pm) | (degrees) | (degrees) | (degrees)
wBI7X-D 96.0 | 1384 | 1074 113.7 107.7
B3LYP 96.4 | 139.2 | 1073 113.8 107.8
B2PLYP-D3 96.4 | 1389 | 1073 113.8 107.4
W' ol M06-2X 96.3 | 1383 | 107.5 113.5 107.7
a b o B 0
(pm) | (pm) | (degrees) | (degrees) | (degrees)
wBI7X-D 96.0 | 138.5| 103.4 112.5 106.7
B3LYP 96.4 | 139.3 | 103.5 112.5 106.8
B2PLYP-D3 96.3 | 139.1 103.4 112.6 106.4
+9 kJ mol!
. Dag M06-2X 96.3 | 138.5| 103.9 112.3 106.7
a b c B Y
(pm) | (pm) | (pm) | (degrees) | (degrees)
®B9I7X-D 120.0 | 133.1| 96.1 125.5 106.7
B3LYP 120.3 | 134.0 | 96.6 125.7 106.8
B2PLYP-D3 | 120.5 | 1339 | 96.5 125.8 106.4
M06-2X 119.8 | 133.2 | 96.4 125.5 106.9
a b c d e f
(pm) (pm) (pm) (pm) (pm) | (pm)
®B97X-D 122.2 129.8 132.6 96.2 99.6 163.2
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B3LYP 122.6 130.4 133.4 96.6 100.2 | 162.8
B2PLYP-D3 122.8 130.5 133.4 96.6 100.0 | 162.3
M06-2X 122.3 129.6 132.7 96.5 100.4 | 159.3
a B v 0 €
(degrees) | (degrees) | (degrees) | (degrees) | (degrees)
®B97X-D 109.7 107.1 126.6 122.2 124.8
B3LYP 109.8 107.3 126.7 122.2 124.7
B2PLYP-D3 109.3 106.8 126.8 122.3 124.8
M06-2X 109.6 107.4 126.5 121.9 125.7

Table S8.

Adiabatic ionization energies (eV) for methanetetrol (4, Sy) using different functionals (wB97X-D, B3LYP, B2PLYP-D3, M06-2X)
with the aug-cc-pVTZ basis set for geometry optimization followed by CCSD(T) and CCSD(T)-F12 single-point energy calculations
for two-point complete basis set extrapolation.

CCSD(T)/ CCSD(T)/ | CCSD(T)/ | CCSD(T)-F12/ | CCSD(T)-F12/ | CCSD(T)-F12/
aug-cc-pVTZ | aug-cc-pvVQZ CBS cc-pVTZ-F12 | cc-pVQZ-F12 CBS
B3LYP 10.96 11.02 11.07 11.04 11.06 11.07
B2PLYP-D3 10.97 11.03 11.08 11.05 11.07 11.08
M06-2X 10.95 11.02 11.06 11.03 11.05 11.06
oB97X-D 10.96 11.02 11.07 11.04 11.06 11.07
Table S9.

Methanetetrol (1, D24 and Cs) energies (kJ mol™!) relative to the S4 conformer using different functionals (wB97X-D, B3LYP, B2PLYP-
D3, M06-2X) with the aug-cc-pVTZ basis set for geometry optimization followed by CCSD(T) and CCSD(T)-F12 single-point energy
calculations for two-point complete basis set extrapolation.

4 (D2q)

CCSD(T)/
aug-cc-pVTZ

CCSD(T)/
aug-cc-pVQZ

CCSD(T)
/CBS

CCSD(T)-F12/
cc-pVTZ-F12

CCSD(T)-F12/
cc-pVQZ-F12

CCSD(T)-F12
/CBS
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B3LYP 7.0 7.3 7.6 7.5 7.5 7.5
B2PLYP-D3 7.4 7.7 8.0 7.9 7.9 7.9
MO06-2X 7.1 7.5 7.7 7.6 7.6 7.6
oB97X-D 8.3 8.6 8.8 8.8 8.8 8.8

4 (Cy)
B3LYP 9.5 9.7 9.8 9.8 9.7 9.7
B2PLYP-D3 9.6 9.7 9.9 9.9 9.8 9.8
MO06-2X 9.9 10.1 10.2 10.2 10.1 10.1
oB97X-D 9.4 9.6 9.7 9.7 9.7 9.6

Table S10.

Adiabatic ionization energies (eV) for syn-syn-carbonic acid using different functionals (wB97X-D, B3LYP, B2PLYP-D3, M06-2X)
with the aug-cc-pVTZ basis set for geometry optimization followed by CCSD(T) and CCSD(T)-F12 single-point energy calculations
for two-point complete basis set extrapolation.

CCSD(T)/ CCSD(T)/ | CCSD(T)/ | CCSD(T)-F12/ | CCSD(T)-F12/ | CCSD(T)-F12/ | CCSD(T)-F12/
aug-cc-pVTZ | aug-cc-pvVQZ CBS cc-pVTZ-F12 | cc-pVQZ-F12 CBS cc-pVTZ-F12?
B3LYP 11.20 11.26 11.30 11.28 11.30 11.31
B2PLYP-D3 11.20 11.27 11.31 11.28 11.30 11.32 11.19
M06-2X 11.20 11.26 11.31 11.28 11.30 11.31 '
oB97X-D 11.20 11.26 11.31 11.28 11.30 11.31

* CCSD(T)-F12/cc-pVTZ-F12 optimization, vibrational analysis, and single-point energy calculation

Table S11.

Adiabatic ionization energies (eV) for syn-anti-carbonic acid, anti-anti-carbonic acid), and carbonic acid dimer (D1) using the ®B97X-
D functional for geometry optimization with the aug-cc-pVTZ basis set for geometry optimization followed by CCSD(T) and CCSD(T)-
F12 single-point energy calculations for two-point complete basis set extrapolation.

CCSD(T)/ CCSD(T)/ | CCSD(T)/ | CCSD(T)-F12/ | CCSD(T)-F12/ | CCSD(T)-F12/ | CCSD(T)-F12/
aug-cc-pVTZ | aug-cc-pVQZ CBS cc-pVTZ-F12 | cc-pVQZ-F12 CBS cc-pVTZ-F12
syn-anti-1 11.12 11.19 11.23 11.21 11.22 11.24 11.12°
anti-anti-1 10.98 11.05 11.09 11.07 11.08 11.10 10.98 °
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 CCSD(T)-F12/cc-pVTZ-F12 optimization, vibrational analysis, and single-point energy calculation

Table S12.

Vertical ionization energies (eV) for syn-anti-carbonic acid, anti-anti-carbonic acid, and carbonic acid dimer (D1) using the ®B97X-D
functional for geometry optimization with the aug-cc-pVTZ basis set for geometry optimization followed by CCSD(T) and CCSD(T)-

F12 single-point energy calculations for two-point complete basis set extrapolation.

CCSD(T)/ CCSD(T)/ | CCSD(T)/ | CCSD(T)-F12/ | CCSD(T)-F12/ | CCSD(T)-F12/ | CCSD(T)-F12/
aug-cc-pVTZ | aug-cc-pvVQZ CBS cc-pVTZ-F12 | cc-pVQZ-F12 CBS cc-pVTZ-F12

syn-syn-1 11.61 11.68 11.73 11.70 11.72 11.74
D1 11.59 11.66 11.72 11.68 11.71 11.72 11.89 +0.04°

® The geometry is taken from J. Phys. Chem. A 2021, 125, 4589—4597

Table S13.

Syn-anti-carbonic acid and anti-anti-carbonic acid energies (kJ mol!) relative to syn-syn-carbonic acid using different functionals
(wB97X-D, B3LYP, B2PLYP-D3, M06-2X) with the aug-cc-pVTZ basis set for geometry optimization followed by CCSD(T) and
CCSD(T)-F12 single-point energy calculations for two-point complete basis set extrapolation.

CCSD(T) | CCSD(T)/ CCSD(T)- | CCSD(T)- CCFSB(/T)'
syn-anti-1 aug-cc- aug-cc- CCSD(T)/CBS F12/ F12/ CCSD(T)/CBS
pVTZ pVQZ cc-pVTZ-F12 | ce-pVQZ-F12 cc-pVTZ-F12
B3LYP 6.5 6.5 6.5 6.5 6.5 6.6
B2PLYP- 6.5 6.5 6.5 6.5 6.5 6.5
D3 6.5
M06-2X 6.6 6.6 6.6 6.6 6.6 6.7
©BITX-D 6.5 6.5 6.5 6.5 6.5 6.6
anti-anti-1
B3LYP 0.6 40.7 40.7 208 40.9 40.9
B2PLYP- 40.7 408 408 40.7 208 41.1
il 40.9
M06-2X 417 418 418 419 1.0 0.1
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Table S14.

Carbonic acid dimer (D1a, D1b, D2, D3, and D4) energies (kJ mol™!) relative to carbonic acid dimer (D1) energies using different
functionals (wB97X-D, B3LYP, B2PLYP-D3, M06-2X) with the aug-cc-pVTZ basis set for geometry optimization followed by
CCSD(T) and CCSD(T)-F12 single-point energy calculations for two-point complete basis set extrapolation.

Dla CCSD(T)/ CCSD(T)/ | CCSD(T)/ | CCSD(T)-F12/ | CCSD(T)-F12/ | CCSD(T)-F12/
aug-cc-pVTZ | aug-cc-pvVQZ CBS cc-pVTZ-F12 | cc-pVQZ-F12 CBS
B3LYP 3.4 34 34 34 3.5 3.5
B2PLYP-D3 34 34 34 3.5 3.5 3.5
M06-2X 4.2 4.2 4.2 4.2 4.2 4.3
oB97X-D 33 33 33 33 33 33
D1b
B3LYP 6.0 6.1 6.1 6.1 6.1 6.1
B2PLYP-D3 6.1 6.1 6.1 6.1 6.1 6.2
M06-2X 6.4 6.4 6.5 6.5 6.5 6.5
oB97X-D 6.0 6.0 6.0 6.0 6.1 6.1
D2
B3LYP 29.6 29.8 30.0 29.9 29.9 29.9
B2PLYP-D3 294 29.7 29.9 29.8 29.8 29.8
M06-2X 29.9 30.1 30.2 30.1 30.1 30.1
oB97X-D 29.6 29.8 30.0 29.9 29.9 30.0
D3
B3LYP 35.0 35.2 354 354 354 354
B2PLYP-D3 34.9 35.1 35.3 353 353 353
M06-2X 354 35.6 35.7 35.7 35.7 35.7
0B97X-D 35.1 354 35.6 35.5 35.6 35.6
D4
B3LYP 54.1 54.6 55.0 54.9 54.9 54.9
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B2PLYP-D3 53.8 54.4 54.8 54.6 54.7 54.7

Mo06-2X 54.8 55.2 55.6 554 554 554

0B97X-D 54.1 54.6 55.0 54.8 54.9 54.9
Table S15.

Zero-point vibrational energies (ZPVE; kJ mol™!) for methanetetrol (4: S, D24, and Cs) and the methanetetrol ion (4*, S4) using different

functionals (wB97X-D, B3LYP, B2PLYP-D3, M06-2X) with the aug-cc-pVTZ basis set for geometry optimization

4(Sa) ZPVE
B3LYP 170.7654
B2PLYP-D3 | 171.8400
Mo06-2X 174.8533
oB97X-D | 174.3851
4" (S4)
B3LYP 165.5951
B2PLYP-D3 | 168.5949
Mo06-2X 169.6942
oB97X-D | 169.8477
4 (D2q)
B3LYP 171.0994
B2PLYP-D3 | 172.6150
M06-2X 175.2479
0B97X-D | 176.0192
4 (Cy)
B3LYP 169.3487
B2PLYP-D3 | 170.5280
M06-2X 173.7961
oB97X-D | 172.9283
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Table S16.

Total electronic energies (hartree) for methanetetrol (4: Sa, D24, and Cs) and the methanetetrol ion (4", S4) using different functionals
(wB97X-D, B3LYP, B2PLYP-D3, M06-2X) with the aug-cc-pVTZ basis set for geometry optimization followed by CCSD(T) and
y calculations for two-point complete basis set extrapolation.

CCSD(T)-F12 single-point ener

4 (Ss) CCSD(T)/ CCSD(T)/ CCSD(T)/ | CCSD(T)-F12/ | CCSD(T)-F12/ | CCSD(T)-F12/
aug-cc-pVTZ | aug-cc-pVQZ CBS cc-pVTZ-F12 | cc-pVQZ-F12 CBS
B3LYP -341.0143092 | -341.1054485 | -341.1686782 | -341.1339255 | -341.1508551 | -341.1626004
B2PLYP-D3 | -341.014422 | -341.1056247 | -341.1688985 | -341.134121 -341.1510566 -341.162806
M06-2X -341.0142829 | -341.1056351 | -341.1690124 | -341.1341751 | -341.1511288 | -341.1628908
oB97X-D | -341.0142177 | -341.1056313 | -341.1690513 | -341.1341793 | -341.1511381 | -341.1629035
4" (S4)
B3LYP -340.6096325 | -340.6983462 | -340.7598931 | -340.7261195 | -340.7424062 | -340.7537054
B2PLYP-D3 | -340.6101137 | -340.698884 | -340.7604701 | -340.726673 -340.7429677 | -340.7542725
Mo06-2X -340.6098682 | -340.698846 | -340.7605761 | -340.7266948 | -340.7430205 | -340.7543469
oB97X-D | -340.6097973 | -340.6988196 | -340.7605806 | -340.7266663 | -340.7429907 -340.754316
4 (D2q)
B3LYP -341.0117828 | -341.1027879 | -341.1659244 | -341.1311826 -341.148116 -341.1598639
B2PLYP-D3 | -341.0119054 | -341.102973 | -341.166153 | -341.1313893 | -341.1483284 | -341.1600803
M06-2X -341.0117105 | -341.1029471 | -341.1662443 | -341.131417 -341.1483773 | -341.1601438
0B97X-D | -341.0116948 | -341.1029803 | -341.1663114 | -341.1314512 | -341.1484149 | -341.1601838
4 (GCy)
B3LYP -341.01016 | -341.1012282 | -341.1644086 | -341.1296561 | -341.1466022 | -341.1583589
B2PLYP-D3 | -341.0102846 | -341.1014175 | -341.1646427 | -341.1298661 | -341.1468179 | -341.1585786
M06-2X -341.0100912 | -341.1013931 | -341.1647356 | -341.1298936 | -341.1468663 | -341.1586415
0B97X-D | -341.0100746 | -341.1014236 | -341.1647988 | -341.1299267 | -341.1469025 | -341.1586798
Table S17.

Zero-point vibrational energies (ZPVE; kJ mol™) for carbonic acid (syn-syn-1, syn-anti-1, and anti-anti-1) and their ions using different
functionals (wB97X-D, B3LYP, B2PLYP-D3, M06-2X) with the aug-cc-pVTZ basis set for geometry optimization

syn-syn-1

ZPVE

B3LYP

103.5986
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B2PLYP-D3 | 103.9911
M06-2X 105.7161
®B97X-D | 105.8628
syn-syn-1*
B3LYP 97.5970
B2PLYP-D3 | 98.8501
M06-2X 100.2659
®B97X-D | 100.2125
syn-anti-1
B3LYP 102.8619
B2PLYP-D3 | 103.2222
M06-2X 105.1410
®B97X-D | 105.1362
syn-anti-1*
®B97X-D | 100.6300
anti-anti-1
B3LYP 99.2463
B2PLYP-D3 | 99.8953
M06-2X 102.5835
®B97X-D | 101.5086
anti-anti-1*
®B97X-D | 99.1793
Table S18.

Total electronic energies (hartree) for carbonic acid (syn-syn-1, syn-anti-1, and anti-anti-1) and their ions using different functionals
(wB97X-D, B3LYP, B2PLYP-D3, M06-2X) with the aug-cc-pVTZ basis set for geometry optimization followed by CCSD(T) and
y calculations for two-point complete basis set extrapolation.

CCSD(T)-F12 single-point ener

cmsomt | CCSD(TY | CCSD(TY [ CCSD(T)/ | CCSD(T)-F12/ [ CCSD(T)-F12/ | CCSD(T)-F12
VI aug-cc-pVTZ | aug-cc-pVQZ CBS cc-pVTZ-F12 | cc-pVQZ-F12 /CBS

B3LYP | -264.6785942 | -264.7489719 | -264.7977979 | -264.7714985 | -264.784279 | -264.7931458
B2PLYP-D3 | -264.6786564 | -264.7490166 | -264.7978304 | -264.7715389 | -264.7843172 | -264.7931825
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M06-2X -264.6783368 | -264.7488958 | -264.7978476 | -264.7714789 | -264.7842795 | -264.7931601
oB9I7X-D | -264.6783709 | -264.7489402 | -264.7978991 | -264.7715222 | -264.7843234 | -264.7932045
syn-syn-1*

B3LYP -264.264881 | -264.3329049 | -264.3800979 | -264.3547749 | -264.3668571 | -264.3752393

B2PLYP-D3 | -264.2650701 | -264.3330728 | -264.380251 | -264.3549364 | -264.3670157 | -264.3753959

M06-2X -264.2648273 | -264.3329581 | -264.3802253 | -264.3548567 | -264.3669525 | -264.3753443
oBI7X-D | -264.2647614 | -264.3329547 | -264.3802651 | -264.3548665 | -264.3669672 | -264.3753623
syn-anti-1

B3LYP -264.6758288 | -264.7462085 | -264.7950358 | -264.7687281 | -264.7815057 | -264.7903703

B2PLYP-D3 | -264.6758943 | -264.7462579 | -264.7950741 | -264.7687733 | -264.7815486 | -264.7904117

M06-2X -264.6755999 | -264.7461568 | -264.7951071 | -264.7687326 | -264.7815296 | -264.7904077
oBI7X-D | -264.675611 | -264.7461804 | -264.7951394 | -264.7687551 | -264.7815531 | -264.7904319
syn-anti-1*
oB9I7X-D | -264.2651994 | -264.3333441 | -264.3806208 | -264.3552384 | -264.3673432 | -264.3757412
anti-anti-1

B3LYP -264.6614711 | -264.7318313 | -264.7806451 | -264.7542842 | -264.7670462 | -264.7759002

B2PLYP-D3 | -264.661581 | -264.7319163 | -264.7807128 | -264.7543663 | -264.7671232 | -264.7759735

M06-2X -264.6612772 | -264.7317947 | -264.7807177 | -264.7543102 | -264.7670856 | -264.7759488

oBI7X-D | -264.6612826 | -264.7318231 | -264.7807619 | -264.7543323 | -264.7671128 | -264.7759795

anti-anti-1*

oB9I7X-D | -264.2567837 | -264.3249234 | -264.3721967 | -264.346762 -264.3588654 | -264.3672624
Table S19.

Zero-point vibrational energies (ZPVE; kJ mol ™) for carbonic acid dimers (D1, D1a, D1b, D2, D3, and D4) and the D1" ion using

different functionals (wB97X-D, B3LYP, B2PLYP-D3, M06-2X) with the aug-cc-pVTZ basis set for geometry optimization

D1 ZPE
B3LYP 212.6531
B2PLYP-D3 | 213.7451
M06-2X 215.4246
oB97X-D | 217.2809
D1*
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oB9I7X-D | 209.7932
Dla
B3LYP 212.0131
B2PLYP-D3 | 213.1064
M06-2X 215.5591
oB9I7X-D | 216.4905
D1b
B3LYP 211.4105
B2PLYP-D3 | 212.5144
M06-2X 214.3727
oB9I7X-D | 215.9975
D2
B3LYP 211.6635
B2PLYP-D3 | 212.6366
M06-2X 215.1154
oB9I7X-D | 216.2138
D3
B3LYP 211.0096
B2PLYP-D3 | 211.9824
M06-2X 214.5816
oB9I7X-D | 215.7095
D4
B3LYP 210.2880
B2PLYP-D3 | 211.1524
M06-2X 214.1641
oBI7X-D | 214.7671

Table S20.

Total electronic energies (hartree) for carbonic acid dimers (D1, D1a, D1b, D2, D3, and D4) and the D1" ion using different functionals
(wB97X-D, B3LYP, B2PLYP-D3, M06-2X) with the aug-cc-pVTZ basis set for geometry optimization followed by CCSD(T) and
CCSD(T)-F12 single-point energy calculations for two-point complete basis set extrapolation.
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D1 CCSD(T)/ CCSD(T)/ CCSD(T)/ | CCSD(T)-F12/ | CCSD(T)-F12/ | CCSD(T)-F12/
aug-cc-pVTZ | aug-cc-pVQZ CBS cc-pVTZ-F12 | cc-pVQZ-F12 CBS
B3LYP -529.3876188 | -529.5276578 | -529.6248128 | -529.5722026 -529.597675 -529.6153471
B2PLYP-D3 | -529.3877841 | -529.5278083 | -529.6249529 | -529.5723445 | -529.5978153 | -529.6154863
M06-2X -529.3870957 | -529.5274573 | -529.6248359 | -529.5720748 | -529.5975883 | -529.6152887
wB97X-D | -529.3872905 | -529.5276893 | -529.6250937 | -529.5723376 | -529.5978493 | -529.6155485
D1*
wBI7X-D | -529.0026699 | -529.141047 | -529.2370489 | -529.1851758 -529.210035 -529.2272816
Dla
B3LYP -529.3860712 | -529.5261083 | -529.6232618 | -529.5706449 | -529.5961137 | -529.6137832
B2PLYP-D3 | -529.3862322 | -529.5262569 | -529.6234019 | -529.5707852 | -529.5962525 -529.613921
M06-2X -529.3855525 | -529.5259054 | -529.6232779 | -529.5705119 | -529.5960214 | -529.6137192
oB97X-D | -529.385748 | -529.5261433 | -529.6235454 | -529.5707832 | -529.5962909 | -529.6139873
D1b
B3LYP -529.3848452 | -529.5248757 | -529.6220247 | -529.5694074 -529.594873 -529.6125402
B2PLYP-D3 | -529.3849979 | -529.5250185 | -529.6221606 | -529.5695423 | -529.5950064 | -529.6126727
M06-2X -529.3842693 | -529.5246103 | -529.6219747 | -529.5692074 | -529.5947136 -529.612409
oBI7X-D | -529.3845226 | -529.5249109 | -529.6223081 | -529.5695447 | -529.5950494 | -529.6127438
D2
B3LYP -529.3759856 | -529.5159332 | -529.6130247 | -529.5604306 | -529.5858998 | -529.6035695
B2PLYP-D3 | -529.3761619 | -529.5160802 | -529.6131514 | -529.5605627 | -529.5860283 | -529.6036956
MO06-2X -529.3756025 | -529.5158924 | -529.6132213 | -529.5604871 | -529.5859965 | -529.6036941
®oB97X-D | -529.3756273 | -529.5159301 | -529.613268 | -529.5605284 | -529.5860363 -529.603733
D3
B3LYP -529.3736639 | -529.5136107 | -529.6107016 | -529.5581009 | -529.5835654 | -529.6012319
B2PLYP-D3 | -529.3738364 | -529.5137558 | -529.6108278 | -529.5582315 | -529.5836925 | -529.6013565
M06-2X -529.3732984 | -529.5135829 | -529.6109081 | -529.5581701 | -529.5836744 | -529.6013686
®oB97X-D | -529.373307 | -529.5136084 | -529.6109453 | -529.5581999 | -529.5837031 | -529.6013965
D4
B3LYP -529.3661139 | -529.5059529 | -529.602969 | -529.5504066 | -529.5758721 | -529.5935394
B2PLYP-D3 | -529.3663064 | -529.5061098 | -529.6031012 | -529.5505424 | -529.5760031 | -529.5936669
M06-2X -529.3657603 | -529.505941 | -529.6031941 | -529.5505005 | -529.5760041 | -529.5936977
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| ©B97X-D | -529.3657414 | -529.5059397 | -529.6032051 | -529.5504916 | -529.5759963 | -529.5936907 |
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