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1. Detailed Simulation Settings

For this work, five different simulation setups are used: (1) MLFF selection (see Table S1) is
used to select suitable ML snapshots with on-the-fly ML.5'"5% The MLFF is refitted from the
ab initio solutions of all selected configurations of the MLFF selection simulations; (2) The
MLEFF is fully utilized in the MLMD simulations (Table S2), producing the main results of
the manuscript; (3) The plain AIMD simulations (Table S3) validate the MLFF performance;
and (4) the classical MD simulations (Table S4) are used to compare self-diffusion coefficients

and electrical conductivities.

Table S1: Simulation setting for the MLFF selection of configurations with on-the-fly
ML. 554 These simulations started from well-equilibrated configurations.

General
Software VASP 6.4.351°58
Number of Simulations/state point 5

State points
Concentration (mol KOH/kg H,O) 6

Number H,O 110
Number K™ and OH~ 12
Temperature (K) Continuous increase 200 to 500
Density (kgm~3) 1240.0
Box size (A) 15.263

Force and Energy Calculations
PAW Basissets PBEH h GW,PBE O GW _ new, PBE K sv GW
GGA method RPBE-D359-512
Number of k-points 1 by 1 by 1 regular Gamma mesh
plane-wave energy cutoff (eV) 550
Gaussian smearing width (eV) 0.3
Convergence criterion (eV) 1x107°
MLFF type On-the-fly
Cutoff 2-body (A) 6
Number basis functions 2-body 10
Cutoff 3-body (A) 6
Number basis functions 3-body 8

Dynamics

Time step size (fs) 0.5
Number of time steps 10000
Integrator NVT Nosé-Hoover Verlet
Thermostat coupling strength 5

S-2



Table S2: Simulation settings of the MLMD simulations. These simulations started from
AIMD equilibrated configurations. The densities and box sizes are computed from the tem-
peratures using experimental relations determined by Gilliam et al.>%. The heavy water
simulations with hydrogen isotopes of 2 (D), and 3u (T) are performed at identical tem-
peratures and box sizes with the same simulation settings. Only the mass of the hydrogen
atoms, and thus the density, has been changed.

General
Software VASP 6.4.351-58
Number of Simulations/state point 6

State points
Concentration (mol KOH/kg H,O) 0.5

Number H,O 110
Number K™ and OH~ 12
Temperatures (K) 288.15, 298.15, 308.15, 318.15, 328.15, and 338.15
Densities (kgm™3) 1023.0, 1020.9, 1017.9, 1013.9, 1009.3, and 1004.2
Box sizes (A) 14.900, 14.910, 14.925, 14.944, 14.967, and 14.992
Force and Energy Calculations
MLEFF type Refitted with SVD solver no on-the-fly error estimation
Cutoff 2-body (A) 13
Number basis functions 2-body 12
Cutoff 3-body (A) 4
Number basis functions 3-body 8
Dynamics
Time step size (fs) 0.5
Number of time steps 2000000
Integrator NV'T Nosé-Hoover Verlet
Thermostat coupling strength 5
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Table S3: Simulation settings of the AIMD simulations used to validate the MLFF. These
simulations started from AIMD equilibrated configurations. The density and box size are

computed from the temperature using experimental relations determined by Gilliam et al.

S13

Software
Number of Simulations/state point

General
VASP 6.4.351°58
120

Concentration (mol KOH/kg H,0)
Number H,O

Number K™ and OH~
Temperature (K)

Density (kgm™3)

Box size (A)

State points
0.5
110
1
288.15
1023.0
14.900

Force and Energy Calculations

PAW basis sets
GGA method
Number k-points

PBE H_h_GW, PBE O_GW_new, PBE K_sv_. GW
RPBE-D359-512
1 by 1 by 1 regular Gamma mesh

plane-wave energy cutoff (eV) 550
plane-wave energy cutoff (eV) 550
Gaussian smearing width (eV) 0.3
Convergence criterion (eV) 1x107°
Dynamics
Time step size (fs) 0.5
Number of time steps 7000
Integrator NVT Nosé-Hoover Verlet
Thermostat coupling strength 5

S-4



Table S4: Simulation settings of the classical MD simulations. These simulations started
from random configurations created with fftool (V1.2.1)51% and PACKMOL (V20.3.1).515
The equilibration of the configurations was performed in NPT. The listed box sizes and
densities are the results of the NPT equilibration.

General
Software LAMMPS (Mar2018)516:517 with the OCTP pluginS'®
Number of Simulations/state point 6

State points
Concentration mol KOH/kg H,O 0.5

Number H,O 1100

Number K™ and OH~ 10

Pressures (atm) 1.00

Temperatures (K) 288.15, 298.15, 308.15, 318.15, 328.15, and 338.15

Resulting densities (kg/m?) 1024.7, 1022.0, 1018.3, 1013.8, 1008.7, and 1003.0

Resulting Box sizes (A) 32.082, 32.111, 32.149, 32.197, 32.251, and 32.312
Force and Energy Calculations

Force Field TIP4P /20055 and DFF/OH 520

LJ cutoff (A) 10, with LJ tail corrections for energy and pressure

Long range interactions PPPM with a relative accuracy of 1.0 x 1073

NPT Equilibration Dynamics

Time step size (fs) 1
Number of time steps 1000 000
Integrator NPT Nosé-Hoover Verlet
Thermostat coupling time (fs) 100
Barostat coupling time (fs) 1000

NVT Production Dynamics
Time step size (fs) 1
Number of time steps 25000000
Integrator NVT Nosé-Hoover Verlet
Thermostat coupling time (fs) 100
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2. Structural Properties

Strucural properties were computed to compare MLMD and AIMD simulations. The radial

distribution function between molecules a and b (g.(r)) was calculated with the potential

mean force technique: 521522

1 Vv No Fi—Fj'I‘j—I‘i
gab(r) = 81ksT N, N, <ZZ ( ,3“3( )Q(T - Tij)> ) (1>

i=1 j=1 ij
where kg is the Boltzmann constant, 7' the absolute temperature, N; the total number of
particles of species i, and V volume of the system. F is the total force on particles ¢ and
J, and r the position vector of particles 7 and j. 7; is the Euclidean distance between the
two particles, and 6 indicates the Heaviside step function. This technique samples more
efficiently than the traditional binning method,?"522 which is especially relevant for the
short AIMD simulations. ng, the coordination number between molecules a and b in the

system was determined using the radial distribution function

4 N Tshell
Nab = 7;/ b/ r2gab(7*)dr, (2)
r=0

with rgen the location of the first minima in gq,(r).

3. Determining Reaction Rates

The OH™ lifetimes (7) were assessed with the stable states picture approach.2*524 The

525 was used to calculate the probability of a stable OH~ molecule to

Lionanalysis software
turn into a stable H,O molecule within a timeshift A¢. For this analysis, a stable water
molecule was defined by having 2 H atoms within 1.1 A of O atom, while a stable hydroxide
has only one H within 1.4 A radius of O atom. The resulting correlation functions C'(At) of

all MLMD simulations are shown in Fig. S1. The OH " lifetimes are determined by fitting

a double exponential, and 7 is computed by taking the weighted average between the two
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C(At) = aexp (—f—f) +(1—a)exp (—f—;), (3)
T=ar + (1 —a)m, (4)

where 71 and 75 are the two timescales and a the weighting factor. The temperature depen-

dence of 7 can be fitted to the Arrhenius equation

1 Ebarr
Lo (), )

where R is the universal gas constant, T the temperature and A the pre-exponential factor
of the Arrhenius equation. Results of this assessment can be found in Table I of the main

manuscript.
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Figure S1: (a)-(c) Hydroxide lifetime correlation functions using ths stable state picture
approach®23524 for the light water, heavy water (D, deuterium), and very heavy water (T,
tritium) simulations, respectively. Here, — is at 15°C, — at 25°C, — at 35°C, — at
45°C, — at 55 °C, and — at 65 °C. The shaded area indicates twice the standard deviation
of the average simulation results at the same temperature. (d) The effective lifetime as
function of inverse temperature. e are the results with H, » the results of D, and = those of T.
The Grotthuss transfer energy barriers are calculated from the temperature dependence of
7 using the Arrhenius equation, of which the results are shown as dashed lines.

4. Transport Properties

The OH  ions are tracked as a function of time and the self-diffusion coefficients are deter-

mined using the Einstein-Helfand relation.526:527 Self-diffusion coefficients D; are corrected

528-S30

for finite-size effects using the Yeh-Hummer correction,

N;

(palto 1) rj,i<to>>2> P RIE g

6mnL  t—oo 6N;t

kgT 1
Di:D}“DJrB—f—lim < :
67nL

j=1
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where D; is the self-diffusion coefficient of species ¢ at the thermodynamic limit, N;
the number of particles of species 7, and r;; indicates the atomic position of atom j of
species i. tp and t are the time origin and time shift, respectively. The finite-size correction
uses the experimentally determined mean shear viscosity 7.5 The viscosities used for the
Yeh-Hummer corrections are listed in Table S5. The box size is indicated by L and the
dimensionless constant for cubic lattices ¢ = 2.837298.528-530,830.832833 The finite-size cor-
rection is the same for all species in the mixture. The electrical conductivity ¢ is computed

using the Nernst-Einstein relation, 534535

. ]Vionsq2
- VkgT

o (Dx+ + Don-) - (7)

This depends on the total number of ion pairs N, the electrical charge, and the finite-size
corrected self-diffusion coefficient of the positive and negative ions, Dy+ and Dgy-. This
equation is valid for infinite dilute mixtures, as ion-ion correlations are neglected. 3¢ While
our simulations are performed close to the infinite dilution limit, direct electrical conductivity

calculations of the Classical MD as well as 3ns MLMD simulations are performed with the

Einstein-Helfand equation,336:537
Ne?
0D :Vk’BT (AK+K+ — 2AK+OH7 + AOH,OHf) , (8)
1 d N; Nj
Ay 6N tllglo dt <; - [ri(t) —r:(0)] - [r;() — rj(O)]> ) (9)

were A;; is the Onsager coefficient of molecule type ¢ to type j. This method includes ion-
ion correlation effects, but requires much longer simulation time and length scales for accurate
results. 53¢ This is because ion-ion correlations are small at low concentrations and there are
no known finite-size corrections for Onsager coefficients.%*° Direct electrical conductivities

of the classical MD simulations computed with the Einstein-Helfands equation are listed

S-9



71

72

73

74

75

76

7

in Table S5 and for MLMD simulations in Table S6. The simulations settings for the 3ns
MLMD simulations are identical to the 1ns MLMD simulations listed in Table S2 with
6 000 000 time steps.

The mean squared displacements of all MLMD and classical MD simulations are shown
below: Fig. S2 illustrates the mean squared displacements (MSD) of the MLMD simulations
with a hydrogen mass of 1u, Fig. S3 the classical MD simulations, and Figs. S4 and S5 the

MSDs of the MLMD simulations with increased hydrogen mass of 2, and 3 u, respectively.
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Table S5: Calculated transport properties of KOH(aq). The self-diffusion is determined
with Eq. (6) and the electrical conductivity with Eq. (7). Both system size depending self-
diffusion as well as the self-diffusion in the thermodynamic limit are presented. The indicated
shear viscosity values are derived using an experimental fit curve®*! (MLMD simulations),
or calculated from the simulation outputs using OCTP5!8(classical MD simulations). Direct
electrical conductivities oMP of the classical MD simulations inclulde ion-ion correlations and
excluding finite-size effects by applying the Einstein-Helfand equation shown in Eq. (8). o
is the electrical conductivity as reported in the main document, computed with the Nernst-
Einstein equation and corrected for finite-size effects. The values between parentheses are
twice the standard deviation of the mean in the least-significant digits.

Temperature (K) 288.15 298.15 308.15 318.15 328.15 338.15

MLMD mg =1u DY (x107%m?s™!)  1.5(2) 1.8(2) 2.5(1) 2.5(3) 2.69(9) 3.4(2)
DYR (x10™°m?s71) 2.7(3) 3.4(5) 3.6(5) 4.8(3) 4.7(7) 5.1(6)
Nexp. (mPas) 1.152  0.933  0.770  0.649  0.558  0.489
Dy+ (x107%m?s71)  1.9(2) 2.3(2) 3.0(1) 3.2(3) 3.78(9) 4.3(2)
Don- (x107°m?2s71) 3.1(3) 3.8(5) 4.2(5) 5.5(3) 55(7) 6.1(6)
o (Sm™1) 9.6(5) 11(1) 13.1(9) 15.2(8)  16(1)  17(1)

MLMD mp =2u  DYP (x10~"m?s™!)  1.3(1) 1.6(3) 2.1(4) 2.4(3) 3.0(1) 3.1(3)
DYR (x10™°m?s71) 2.55(3) 2.7(5) 3.3(4) 3.9(4) 4.3(9) 5.4(3)
Nexp. (MPas) 1152 0.933  0.770  0.649  0.558  0.489
Dy+ (x107%m?s71)  1.7(2)  2.1(3) 2.7(2) 3.1(3) 3.8(1) 4.0(2)
Don- (x107°m?s71) 2.9(3) 3.2(5) 3.94) 4.7(4) 5.1(9) 6.4(3)
o (Sm™1) 8.9(7) 10.0(9) 11.8(9) 13.4(5)  15(1) 17.1(7)

MLMD my =3u DYP (x10~"m?s™!)  1.2(2) 1.7(1) 1.8(2) 2.1(2) 25(2) 29(2)
DYE- (x10™°m?s™1) 2.6(2) 3.1(3) 3.4(3) 3.7(6) 4.0(5) 5.4(9)
Nexp. (MPas) 1152 0.933  0.770  0.649  0.558  0.489
D+ (x107%m?s71)  1.6(2)  2.1(1) 2.4(2) 2.8(2) 3.3(2) 3.8(2)
Don- (x107%m?s71) 2.9(2) 3.5(3) 3.9(3) 4.4(6) 4.9(5) 6.3(9)

o (Sm™1) 8.9(5) 10.7(6) 11.5(5) 13(1) 13.8(8)  16(2)
Classical MD DYP (x1079m?s™1) 1.44(4) 1.79(4) 2.17(6) 2.60(4) 3.00(6) 3.52(4)
DMD (x107%m?s71) 0.77(2) 1.01(3) 1.28(4) 1.57(3) 1.90(4) 2.29(3)
oMP (Sm~1) 3.7(2) 4.3(3) 5.3(1) 6.2(3) 6.7(3) 7.5(5)
Nsim. (mMPas) 1.10(3) 0.87(2) 0.73(2) 0.61(3) 0.53(2) 0.45(2)
Dy+ (x107%m?s™1) 1.61(5) 2.01(4) 2.44(7) 2.93(5) 3.40(6) 4.00(4)
Dor- (x107°m?s71) 0.95(2) 1.23(3) 1.55(4) 1.91(3) 2.30(4) 2.78(3)
o (Sm™1) 50(1) 6.1(1) 7.3(1) 85(1) 9.6(1) 11.03(7)
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Table S6: Calculated transport properties of KOH(aq) using 3ns MLMD simulations. The
superscript MD in the self-diffusion and electrical conductivity results are not corrected for
finite-size effects, unlike the other results. The electrical conductivity results are computed
with the Nernst-Einstein equation (0 and o™MP with Eq. (7). The directly computed elec-
trical conductivities determined with Eq. (8) are indicated with subscript D. The indicated
shear viscosity values are derived using an experimental fit curve™' and used for the Yeh-
Hummer52%939 finite-size corrections. The values between parentheses are twice the standard
deviation of the mean in the least-significant digits.

Temperature (K) 288.15 298.15 308.15 318.15 328.15 338.15

MLMD my =1u DYP (x10~"m?s™!)  1.7(1) 2.0(1) 2.20(3) 2.6(2) 3.2(2) 3.3(2)
DYE- (x10°m?s™1) 3.0(3) 3.5(2) 3.8(4) 4.4(2) 5.4(5) 5.8(3)
oMD (Sm~1) 9.2(8) 10.2(5) 10.8(8) 12.4(4)  14(1) 14.8(8)
oD (Sm~1) 9(2) 10.1(7) 11(1) 12(1) 14(2)  15(1)
Nexp. (MPas) 1.152  0.933  0.770  0.649  0.558  0.489
Dy+ (x107%m?s71)  2.0(1) 2.4(1) 2.76(3) 3.3(2) 4.0(2) 4.3(2)
Don- (x107°m?s71) 3.4(3) 3.9(2) 4.3(4) 5.1(2) 6.2(5) 6.7(3)
o (Sm™1) 10.6(8) 11.9(5) 12.8(8) 14.7(4)  17(1) 17.9(8)
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Figure S2: Mean squared displacements of the MLMD simulations as function of time for
(a) K™ and (b) OH  ions. The colors indicate different temperatures; — is at 15°C, at
25°C, — at 35°C, — at 45°C, — at 55°C, and — at 65°C. Half the box size squared
is indicated with ---. The calculated self-diffusion coefficients and electrical conductivity
are listed in Table S5.
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Figure S3: Mean squared displacements of the classical MD simulations as function of time

for (a) K* and (b) OH™ ions. The colors indicate different temperatures; — is at 15°C,
— at 25°C, — at 35°C, — at 45°C, — at 55°C, and — at 65°C. Half the box
size squared is indicated with ---. The calculated self-diffusion coefficients and electrical

conductivity are listed in Table S5.
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Figure S4: Mean squared displacements of the MLMD simulations of heavy water (mp = 2u)
as function of time for (a) K™ and (b) OH ions. The colors indicate different temperatures;
— is at 15°C, — at 25°C, — at 35°C, — at 45°C, — at 55°C, and — at 65°C.
Half the box size squared is indicated with ---. The calculated self-diffusion coefficients and
electrical conductivity are listed in Table S5.
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Figure S5: Mean squared displacements of the MLMD simulations of heavy water (mr = 3u)
as function of time for (a) K™ and (b) OH ions. The colors indicate different temperatures;
— is at 15°C, — at 25°C, — at 35°C, — at 45°C, — at 55°C, and — at 65°C.
Half the box size squared is indicated with ---. The calculated self-diffusion coefficients and

electrical conductivity are listed in Table S5.
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5. Graph theory analysis

Trajectories have been analyzed using the GaTewAY graph-theoretical tool®3 540 to char-
acterize the time-dependent hydrogen bonding patterns of OH in liquid water. These
graph analyses identified the structural properties of the reactive and nonreactive config-
urations. Topological 2D-MolGraphs®*! are defined at the atomic level of representation,
with the vertices representing the atoms of the molecular system and the edges representing
the bonds and interactions between the atoms. In this work, edges are associated to the
O-H covalent bonds (water and OH ) and to the O-H...O intermolecular hydrogen bonding
interactions.%4%541 Other relationships between intermolecular interactions and graph edges
can be found in previous works.%%5% Hydrogen atoms are not included in vertices of a
2D-MolGraph, instead, their presence is known by directed edges that are associated to a
hydrogen bond. The direction of the arc provides the knowledge of the donor and acceptor
atoms in the H-Bond. With these definitions of the 2D-MolGraphs, the analysis of a given

molecular dynamics simulation proceeds as follows:

1. Read the first snapshot 0 and define the associated 2D-MolGraph Gy,

2. Sequentially read the next snapshots i, one by one, calculate the associated 2D-

MolGraph G},

3. At time step ¢, test if G; is isomorphic to any other G; already identified at previous

snapshots j < i,

4. If yes, assign (G; to the set of conformations already identified; Else, assign G; to the

set of non-isomorphic conformations,

5. Continue with step (i + 1) to read the subsequent snapshot(s).

Thus, a molecular dynamics simulation corresponds to a collection of non-isomorphic

2D-MolGraphs, with their time sequence being well-defined. Specifically, it captures the
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temporal evolution of hydrogen bond formation and breaking, as well as covalent bond
dynamics. This is in particular used to quantify the hydrogen bonding patterns of OH™

before and after the proton transfer reactions.

125

Figure S6: Two consecutive 2D-MolGraphs provided by the GaTewAY tool. The oxygen in
the OH ™ ion is indicated as an orange vertex. (a) 2D-MolGraph captured at a stage prior to
proton transfer. In this configuration, the oxygen atom in the OH ™~ is 020. (b) 2D-MolGraph
after the proton transfer, where the oxygen atom in the OH™ switched to O56.

Figure S6a and Fig. S6b illustrate two 2D-MolGraphs provided by the GaTewAY tool
(for chosen snapshots of the MD trajectories). Figure S6a presents a 2D-MolGraph captured
at a stage prior to proton transfer. The OH™ is colored in orange in the graph through
its vertex (020). One can see that OH  is involved in 2 hydrogen bonds (0 as donor and
2 as acceptor) shown with the 2 directed red dashed edges associated to the 020 vertex.
After the proton transfer arising from the nearby water molecule which vertex is labeled
056, vertex 020 is now colored in red (see Fig. S6b) as this vertex is now associated with
2 hydrogen atoms covalently bonded and forming a water molecule, while the water with
oxygen O56 (now in orange) becomes the OH ™ species with only one O-H covalent bond.

Subsequent to the proton transfer, water/vertex O20 is involved in 3 H-Bonds (1 as donor

S-16



141

142

143

144

145

146

147

148

151

152

153

154

155

156

157

and 2 as acceptor) as nicely seen with the 3 directed edges. In these 2D-MolGraphs, the
potassium cation is associated with a dark blue vertex, and one can see dark dashed edges
associated to that vertex and surrounding red vertices/water molecules. These represent
the electrostatic interactions between K and its first solvation shell of water molecules.
The statistical and time-dependent knowledge of the solvation shell of K™ can also easily be
extracted from the analysis of the 2D-MolGraphs.5*? Figures 3.c and 3.d in the main text
show only a part of the 2D-MolGraphs provided by GaTewAY. The whole 2D-MolGraphs

are shown in figures Fig. S7a and Fig. S7b.

149

Figure S7: Illustration of the origional 2D-MolGraphs corresponding to the sub-graphs in
Fig. 3.c and 3.d in the main text. The figures in the main text show the relevant parts of the
graphs (the hydration of the OH ) in a decluttered manner. The location of the vertices in
the main text are adjusted manually without changing the edges connecting these vertices.
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