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1 Electronic Structure Calculations

For the molecular dynamics simulations, the inter atomic interactions were determined by

density functional theory (DFT) employing the BLYP functionalS1,S2 in a spin unrestricted

setup. The simulations were performed using the CP2K package,S3 using a Gaussian plane

wave basis sets with the Goedecker-Teter-Hutter (GTH) pseudopotentials.S4,S5 The DZV-

MOLOPT-GTH basis set was chosen to describe ruthenium, and all other atom types were

described using the TZV2P-MOLOPT-GTH basis sets. The auxillary plane waves were

expanded upto 280 Ry. The interactions determined by the DFT calculations were supple-

mented with the D3 correctionS6 to account for the long-range dispersion interaction.

To validate the setup of the DFT calculations with the CP2K package, we compared

results for the geometry-optimized structure of the isolated ruthenium compound with results

obtained with the ADF package.S7,S8 For the calculations with the ADF package we used

the same setup: spin-unrestricted DFT with the BLYP functional, supplemented with the

D3 dispersion correction. The QZ4P basis set was used for all atoms.
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Selected distances of the optimized geometries of the reactant (A in Fig. 1) and product

(B in Fig. 1) are shown below and indicate that the CP2K and ADF setup yields almost the

same structure.

Distances (Å) ADF CP2K

Reactant:

Ru-O 1.76 1.79

Ru-N1 (axial) 2.18 2.18

Ru-N2 (axial) 2.13 2.14

Ru-N3 (equatorial) 2.27 2.26

Product:

Ru-O 1.95 1.95

O-O 1.50 1.52

Ru-N1 (axial) 2.18 2.18

Ru-N2 (axial) 2.14 2.15

Ru-N3 (equatorial) 2.19 2.22

Comparing the gas-phase model values of the transition-state barriers of the one-water

WNA mechanism (Mech-1) for the functionals BLYP (10.9 kcal/mol), M06-L (16.8 kcal/mol),

and M11-L (19.5 kcal/mol), provides a qualitative assessment of the effect of different func-

tionals. Here, the M06-L and M11-L values were taken from literature.S9 We determined the

BLYP values using a TZVP basis set for all atoms, supplemented with D3, zero point energy

and 298 K thermal corrections. The correction for presence of aqueous solvent was obtained

using COSMO.S10 These BLYP calculation was performed with the Orca package (version

3.0.3).S11 The values for the different functionals show substantial variation with the BLYP

functional lower than those of the M-family.
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2 Constrained Force Profiles

The ab-inito molecular dynamics simulations were carried out with the Ru catalyst solvated

by 93 water molecules in a periodic cubic box (L = 15 Å). Initially, a NPT simulation using

TIP3P force field was carried out to determine the box size. We verified that for this box size

the intermoleculer radial distribution functions of the water molecules, obtained from the

DFT-MD simulation, were very close to that of liquid water. All calculations were performed

in CP2K with the QUICKSTEP program,S12 in the NVT ensemble with a timestep of 0.5 fs.

An equilibriation run of ≈ 5 ps is performed at 350 K with a CSVR thermostat,S13 followed

by a production run of ≈ 60 ps. For the constrained dynamics simulations, each reaction

coordinate point (Q) was sampled for ≈ 10 ps, until the averaged forces were constant. For

the metadynamics simulations, the width and the height of the gaussians were chosen to be

0.2 Ry and 0.63 kcal/mol, and added every 50 fs.

2.1 Constrained force profiles

Figure S1: Constrained force profiles with statistical errors for the mediated and direct
mechanisms for intramolecular proton transfer

3 Analysis for one-water and two-water states

In order to compute the probabilities of the one-water and two water states, we use the ORu-

CCOO distance as obtained from a ≈ 60 ps simulation of reactant (A) as shown in Figure 2
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in the main text. A probability distribution of the ORu-CCOO distance is shown in Figure

S2. We define the one-water state to correspond to short distances (4 Åor less) and distances

longer than 4 Åcorrespond to the two water state. From Figure S2 A, the probability for the

one-water state can be calculated as the area under the histogram for distances less than 4

Å, and this is around 0.12.

Figure S2: Probability distributions of the ORu-CCOO distance as obtained from (A) uncon-
strained simulation of reactant (A) for ≈ 60 ps and (B) constrained dynamics simulations
of reactant (A)

Figure S3: Free energy profile obtained using ORu-CCOO distance as the reaction coordinate.

Additionally, we also performed constrained dynamics simulations with the reactant (A)
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in solution, using the ORu-CCOO distance as the reaction coordinate in order to have better

sampling of the one-water state. The free energy profile obtained from these simulations is

shown in Figure S3. From this profile, a probability distribution of the ORu-CCOO distance

can be computed using:

probability(d) = e−∆G(d)/kT (1)

The probability distribution is shown in Figure S2 B. The probability of the one-water

state is the area under the obtained curve for distances less than 4 Åand it is around 0.2,

which is close to, but a slight overestimation of the value obtained from an unconstrained

simulation of reactant (A) as mentioned above.

4 Choice of Reaction Coordinate

For the WNA step, the possible choice of reaction coordinates are the O-O bond distance,

the proton transfer coordinate O-H or a combination of the two. We observe that using O-H

as the reaction coordinate resulted in higher barriers (≈16 kcal/mol). We also performed

metadynamics runs with the O-O bond distance as the reaction coordinate (Figure S4),

and the proton transfer was concerted with the O-O bond formation in agreement with the

results presented in the main text, further indicating that the O-O bond distance is a proper

choice for the current study.

Figure S4: Time evolution of the O-O bond distance and the O-H bond distance along a
metadynamics run for both Mech-1 and Mech-2. As the O-O bond is formed, the proton is
also transferred to the dangling carboxylate group.
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5 Quantifying ligand flexibility

A quantitative measure for structural changes due to the ligand flexibility can be the angle

between Ru, Ctpy and CCOO, as shown in Figure S5 below. A smaller angle ( ∼ 90◦-95◦)

corresponds to the one water state, wheras larger angles (>100◦) corresponds to the two

water states.

Figure S5: Quantifying ligand flexibility by the angle indicated in the left panel
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