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Free Energy Calculations Using Metadynamics

To calculate the free energy barriers for the bicarbonate formation reactions in Section 2.1
and proton abstraction reactions in Section 2.3, we used metadynamics via the PLUMED plugin!
from Car-Parrinello molecular dynamics simulations within the CPMD code?. In metadynamics,
a bias potential, which is a function of collective variables that describe the progression of the
reaction, is added to the free energy to prevent the system from sampling previous
configurations. These potential hills are then summed to construct the free energy surface with
respect to the chosen collective variables. Here, we used hills of width 0.4 a.u. and height of 1
kcal/mol, which were deposited every 200 timesteps (where each timestep was 0.17 fs) over a
trajectory of 54 ps; a trajectory of 27 ps was used for the OH- + CO, — HCOj; reaction.
Restraining potentials to prevent migration of OH-, HCO;- and CO, away from the (protonated)
amine are listed in Table S1; a spring constant of 0.05 a.u. was employed for each constraint.

In all three systems, there are 29 H,O molecules per OH- molecule. Previous works
examining the solvation structure and diffusivity of OH- in aqueous solution have found that
including more than approximately 30 H,O molecules per OH- does not significantly affect its
behavior, as it is sufficiently solvated.>* However, since we also have a CO, molecule in the
system, we performed further calculations to examine the effect of the system size on the
difference in energies between the final and initial states. We performed classical MD
simulations in the NVT ensemble with the fixed OH+CO, or HCO; molecules (their
configurations corresponding to the initial/final states obtained from the metadynamics-biased
Car-Parinello MD simulations) and 29 (58) H,O molecules in a cubic periodic box of side length
9.92 (12.28) A. Classical MD simulations were used in order to sufficiently sample multiple
hydrogen bond networks which can impact the energies calculated; the total energies were
averaged over a 1.5 ns trajectory. The predicted total energy change between the initial/final
states differed by less than 1 kcal mol! in the two systems.

The revPBE functional was used for the free energy barrier predictions. As previously
reported, BLYP tends to predict the correct 4-fold coordination of OH-, while PW91(revPBE)
and HCTH tend to under or over predict the coordination of OH-, thereby over and under
predicting the structural diffusion, respectively.? Since we do not allow structural diffusion to
keep the hydroxide ion relatively close to CO, and enhance sampling during the metadynamics-
biased Car-Parrinello molecular dynamics simulations, the use of revPBE should not be a
concern; note the OH- is still fully hydrated in our initial state. Regardless, we did perform
further calculations to evaluate the effect of functional on the total energy changes between the
initial, transition, and final states for the OH- + CO, — HCOj5" reaction. The configurations of the
initial/transition/final states are as shown in Figure S2 when structural diffusion is not allowed.
As shown in Table S2, the changes in total energy are predicted to be similar. Furthermore, our
interest is in comparing the free energy barriers between amine-catalyzed hydration of CO, in
aqueous AMP and DEEA, rather than in predicting free energy barriers which can be compared
to experimental values.
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Fig S1. Structures of AMP, DEEA, H,O/OH-, and CO, with corresponding atom notation used
for free energy calculations from metadynamics-biased Car-Parrinello MD simulations. Blue,
red, grey and white balls represent N, O, C and H atoms, respectively.

Table S1. Restraining potentials used in free energy barrier calculations from metadynamics-
biased Car-Parrinello MD simulations.

. . Lower Upper
Reaction Constraint Bound [A] | Bound [A]
N-H distance 1.00 2.17
AMP(DEEA) + H,0 + CO, O-H distance 0.90 2.86
N C-O distance 1.00 2.60
N ) _ | Minimum distance between O and 1.48 na
AMPH(DEEAH") + HCO3™ | pearest H of surrounding H,O )

O-Hg distance n/a 1.30
C-O distance 1.00 3.50
OH- + CO, Distance bej[ween O and nearest H 1 48 n/a

of surrounding H,O
~ O-Hg distance n/a 1.30

HCOy Distance between O¢ and nearest H

. 1.48 n/a

of surrounding H,O
N-H distance 1.00 2.17
AMP(DEEA) + H,O O-H distance 0.90 2.17

— Distance between O and nearest H

. 1.48 n/a

AMPH*(DEEAH") + OH- of surrounding H,O
O-Hg distance n/a 1.30




Table S2. Relative Total Energies (E in kcal mol-!") for the initial (S), transition (7'S) and final
(FS) states of the OH- + CO, — HCOj5" reaction predicted after energy optimization using PW91,
HCTH, BLYP and revPBE functionals. The positions of the IS/TS/FS states are indicated in
Figure S2. For the 7§, the positions of the atoms in OH- and CO, were constrained. Each system
contains 1 OH-, 1 CO, and 29 H,O molecules in a cubic periodic box with side length 9.92 A.
Energy optimizations were performed after annealing at 313 K for approximately 5 ps, followed
by quenching of the ions/electrons.

Functional IS TS FS
PWO1 0.00 0.03 -9.10
HCTH 0.00 0.05 -8.67
BLYP 0.00 0.02 -5.65
revPBE 0.00 0.04 -7.54
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Figure S2. Free energy surface (A in kcal mol!) for the OH- + CO, — HCOj" reaction predicted
from metadynamics-biased Car-Parrinello MD simulations at 313 K. The system contains 29
H,0, 1 OH- and 1 CO, molecules in a cubic periodic box with side length 9.92 A. The distance
between C in CO, and O of OH- (dc.o) was employed as the collective variable (CV), both when
OH- diffusion via H" transfer is not allowed (solid black solid) and is allowed (grey dash-dotted
line). Further details regarding the collective variable to allow structural diffusion of OH- are
provided in previous studies.> The positions of the initial (ZS), transition (7'S) and final (FS) states
are also indicated, with corresponding molecular configurations both when OH- diffusion via H*
transfer is prevented (and allowed). The red, grey, and white balls represent O, C, and H atoms,
respectively. The interatomic distances indicated are given in A.
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Figure S3. Variation in the total energy [eV] during the AMP + H,0 + CO, -» AMPH * +
HCOj; reaction from AIMD simulations at 1000 K with corresponding snapshots. The time given
is in reference to when the reaction event begins; simulations were performed in the NVT
ensemble for approximately 80 ps prior to the reaction event. System contains 21 H,O, 2 AMP,
and 2 CO, molecules in a cubic periodic box of side length 9.91 A, corresponding to
approximately 32 wt% aqueous AMP solution. Due to the small system size, 5 cases with
different initial configurations were considered. Blue, red, grey and white balls represent N, O, C
and H atoms, respectively. Solvent is represented by the white isosurface.
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Figure S4. Variation in the total energy [eV] during the DEEA + H,O + CO, - DEEAH * +
HCOj5  reaction from AIMD simulations at 1000 K with corresponding snapshots. The time given
is in reference to when the reaction event begins; simulations were performed in the NVT
ensemble for approximately 45 ps prior to the reaction event. System contains 20 H,O, 2 DEEA,
and 1 CO, molecules in a cubic periodic box of side length 10.07 A, corresponding to
approximately 38 wt% aqueous DEEA solution. Due to the small system size, 5 cases with
different initial configurations were considered. Blue, red, grey and white balls represent N, O, C
and H atoms, respectively. Solvent is represented by the white isosurface.



Force fields employed in this work

The total energy (Etotal) is the sum of the bond (Ebond), angle (Efmgle), torsion (Etorsion) and
nonbonding energies (Enonbond). The nonbonding energy for each pair includes Colulomb
interaction and van der Waals interaction in the 12-6 Lennard-Jones form. Bond and angle
energies were expressed in the harmonic form. Two different forms were used to express the
torsion energies, depending on the dihedral type.
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A, k9,i, represent the bond and angle force constants, respectively. K Cl, CZ,

3, and

Cy are torsion energy coefficients, n is the periodicity of the torsion, d is the phase offset, and 0

Here,

is the dihedral angle. '0i and B0, are the bond distance and bond angle at equilibrium,

E

respectively. For ~nonbond, i is the partial atomic charge, "ij is the distance between atoms i and

7 €ij and %4/ are the Lennard-Jones parameters which refers to the depth of the potential well and
the distance where the potential is zero, respectively. A flexible version of the EPM2° force field
was used for CO,, as presented previously’. The partial atomic charges for AMP and DEEA
were obtained from QM calculations at the B3LYP/6-311+G(d,p) level of theory and using the
Merz-Singh-Kollman scheme®, and were adjusted such that classical MD simulations could
reproduce the N-Hy,o hydrogen bond interactions observed in AIMD simulations, calculated via
radial distribution functions (RDFs). The rest of the force field parameters were obtained from
the general Amber force field,>!'? with the exception of some dihedral parameters obtained from
a force field parametrized for ethanolamine!'. The Coulomb and L-J energies were calculated
between atoms separated by three or more bonds. Although most force fields scale the 1-4 L-J
and Coulomb energies, in this simulation, they were unscaled as recommended by a previous
study to prevent overestimation of intramolecular hydrogen bonding in the alkanolamine



species.!! The Lorentz-Berthelot combination

€ =\ifiand 0y = (0 T /2

rule was applied for unlike atom pairs where

Figure SS. Structures of AMP and DEEA with corresponding atom types for force field
parameters listed in Tables S2-S6. Blue, red, grey and white balls represent N, O, C and H

atoms, respectively.

Table S3. Nonbonded force field parameters

Species Atom qi ci [A] | &[kcal mol']
N | -1.003 | 3.250 0.0157
Cn | 0.625 | 3.399 0.1700
Co | 0112 | 3399 0.1094
Coms | -0267 | 3.399 0.1094
AMP On | -0.653 | 3.066 0.2104
Ho | 0395 | 0.000 0.0000
He | 0.0435 | 2471 0.0157
He | 0355 | 1.069 0.0157
N | -1.003 | 3.250 0.1700
Cx | 0.180 | 3.399 0.1094
Co | 0.101 | 3.399 0.1094
Com | 0200 | 3.399 0.1094
DEEA Cas | 0.080 | 3.399 0.1094
Ou | -0.653 | 3.066 0.2104
Ho | 0395 | 0.000 0.0000
He | 0030 | 2.471 0.0157
co, 0 1-03256| 3.033 0.1600
c | 06512 | 2.757 0.0560




Table S4. Bond parameters

Species | Bond Type | ky [kcal mol! A 2] | ry[A]
AMP N - Hy 394.1 1.018
N-Cy 320.6 1.470
C-C 303.1 1.535
S}ggi Co- On 314.1 1.426
Oy - Ho 369.6 0.974
C-Hc 335.9 1.093
CO, C-0 1283.38 1.149
Table S5. Angle parameters
Species Angle Type Kq [kcal mol! rad 2] | 6, [°]
Cn-N-Hy 46.0 116.78
AMP Hn- N - Hy 35.0 109.5
Hc-C-Hce 35.0 109.5
C-C-C 40.0 109.5
Hc- C- Oy 50.0 109.5
S]IE\/]IE}X N-C-C 66.2 110.38
Hc-C-C 46.4 110.07
Cn- C- Oy 67.7 109.43
C-0Oy-Ho 47.1 108.16
DEEA Hc-C-N 50.0 109.5
CO, 0-C-O 56.53 180
Table S6. Dihedral parameters (multi-harmonic form)'!
. . Ci G, Cs Cq
Species Dihedral Type [kcal mol'!] | [kcal mol!] | [kcal mol!] | [kcal mol']
AMP Hy- N -Cy-Co 0.59 -3.75 -1.18 3.28
AMP, Op-Co-Cx-N 0.08 -4.487 -0.16 4.6224
DEEA Cn-Co-0y-Hp 0.0 -0.22 0.0 -0.28
Table S7. Dihedral parameters (amber form)®
Species Dihedral Type Ikeal mol] n | d[°]
Hc - Co - Oy - Ho 0.167 3
AMP X-C-C-H¢/C 0.156 3
DEEA C-C-N-C 0.480 2 | 180




Hc-C-N-X | 0300 [3] o |
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