Supporting Information:
A New Force Field for OH™ for Computing

Thermodynamic and Transport Properties of H,

and O, in Aqueous NaOH and KOH Solutions

Parsa Habibi,+ Ahmadreza Rahbari,f Samuel Blazquez, ¥ Carlos Vega,ﬂ Poulumi

Dey,* Thijs J. H. Vlugt,” and Othonas A. Moultos* T

T Engineering Thermodynamics, Process & FEnergy Department, Faculty of Mechanical,
Maritime and Materials Engineering, Delft University of Technology, Leeghwaterstraat 39,
2628 OB Delft, The Netherlands
TDepartment of Materials Science and Engineering, Faculty of Mechanical, Maritime and
Materials Engineering, Delft University of Technology, Mekelweg 2, 2628 CD Delft, The
Netherlands
Depto. Quimica Fisica, Fac. Ciencias Quimicas, Universidad Complutense de Madrid,

28040 Madrid, Spain

E-mail: O.moultos@tudelft.nl

S1



Comparison of the Marx! and Vrabec? H, force fields for the prediction of H, self-
diffusivities (finite-size corrected®) and solubilities in pure TIP4P /2005 water (Figure S1);
Influence of OH ™ ion size on densities, and viscosities at 1 bar and 298 K (Figure S2); Radial
Distribution Functions (RDFs) of cation-anion, cation-anion, and anion-anion of NaOH, and
KOH solutions at 1 bar and 298 K (Figure S3); Variation of densities and dynamic viscosities
for a pressure range of 1-100 bar at 298 K for different concentrations of aqueous NaOH and
KOH (Figure S4); Engineering fits for experimental and simulation data for diffusivities of
H, and O, in aqueous NaOH and KOH solutions (Figure S5); Solubilities of H, and O, for a
pressure range of 1-100 bar at 298 K in pure water calculated using Monte Carlo simulations
(Figure S6); Engineering fits for experimental and simulation data for solubilities of H, and
O, in aqueous NaOH and KOH solutions (Figure S7); Force field details for TIP4P /2005
water? (Table S1), Vrabec? H, (Table S2), Marx' H, (Table S2), and Bohn® O, (Table S3);°
Number of Na* (Table S4) and K™ (Table S5) ions used for Molecular Dynamics and Monte
Carlo simulations and the respective electrolyte weight percentages (wt%), molalities, and
molarities (at 298 K and 1 bar); Raw data for densities, viscosities, and self-diffusivities of
H, and O, at various temperatures and concentrations of aqueous KOH at 1 bar (Table S6)
and 100 bar (Table S7); Raw data for densities, viscosities, and self-diffusivities of H, and O,
at various temperatures and concentrations of aqueous NaOH at 1 bar (Table S8), and 100
bar (Table S9); Raw data for excess chemical potentials, Henry coefficients, and solubilities
of H, and O, at various temperatures and concentrations of aqueous KOH (Table S10) and

NaOH (Table S11) at 1 bar;
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Figure S1: Computed H, (a) solubilities and (b) self-diffusivities as a function of tem-
perature in pure water (TIP4P/2005%) at 1 bar. The H, solubilities are calculated using
the single site Vrabec force field? and the three site Marx force field.' The solubilities are
computed based on Henry coefficients computed using Continuous Fractional Component
(CFC)™ 1! Monte Carlo simulations using Equations 3-5 of the main text. The experimental
H, solubilities provided by Walker et al.'? (Triangles), and the experimental fit by Young
et al.’® (shown as a line) are also plotted in (a). The experimental fit of Young et al.'®
provides the solubilities in units of mole fraction. This unit is converted to mol/L using the
Olsson fit'* for densities at different temperatures. Tsimpanogiannis et al.'® have found that
existing experimental data sets for diffusivities of H, in pure water at various temperatures
at 1 bar fall between two distinct correlations. These correlations are referred to as Exp Fit
1 (upper limit) and Exp Fit 2 (lower limit), and are shown as lines. The H, self-diffusivities
in water using the Marx force field! are computed by Tsimpanogiannis et al.'6 The Marx
force field! provides a better prediction of the H, solubilities and is used further for solubility
predictions in aqueous NaOH and KOH solutions. For H, self-diffusivities, both force fields
provide similar results. The Vrabec force field? is used for self-diffusion predictions as it
allows the use of the SHAKE algorithm!” in LAMMPS.!® For the Marx force field! (linear
model with three sites), the SHAKE algorithm in LAMMPS does not work. "
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Figure S2: Computed densities ((a), (b)), and viscosities ((c), (d)) of aqueous NaOH ((a),
(c)), and KOH ((b), (d)) solutions as functions of electrolyte concentrations at 298 K, and
1 bar. The TIP4P /2005 water model,* and the Madrid-Transport Na® and K* models!?
are used for the MD simulations. Three different OH™ models are shown in (a)-(d). FF1
has a total charge of -0.75 [e], with a 0o (Lennard-Jones sigma parameter of the O atom
in OH") of 3.65 A. FF2 has a total charge of -0.85 [e], with a 0oo of 3.85 A, and FF5 has
a total charge of -0.85 [e], with a oo of 3.65 A. All three models have a epo/kg (Lennard-
Jones epsilon parameter of the O atom in OH ") of 30.19 K, a ey /kp (Lennard-Jones epsilon
parameter of the H atom in OH ) of 22.13 K, and a ogn (Lennard-Jones sigma parameter
of the H atom in OH ") of 1.443 A. All the details of the FF1 and FF2 model are shown in
Table 2 of the main manuscript. FF5 has the same go (charge of O atom in OH ) and gn
(charge of H atom in OH ") as the FF2 model. Changing the total charge (qon) from -0.75
to -0.85, while keeping the ooo constant (comparison between FF1, and FF5) leads to a
slight increase in densities, and a significant increase in the computed viscosities. Reducing
the ooo constant from 3.85 A, to 3.65 A at constant gon (and partial charges), also leads to
an increase in the computed densities, and shear viscosities. Decreasing ooo (i.e., shifting
the first hydration shell closer towards the O-atom), and changing gon from -0.75 to -0.85,
lowers the total volume of the system, and increases the interaction energy between the OH ™
and the molecules in its first hydration shell. The experimental correlations of Gilliam et
al.?Y (densities), and Guo et al.?! (dynamic viscosities) are used for aqueous KOH solutions
at 298 K and 1 bar and are plotted as lines. For aqueous NaOH solutions, the experimental
correlations of Olsson et al.'* are used for densities and dynamic viscosities.
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Figure S3: Computed radial distribution functions (g(r)) for (a) Na®(NaOH)—O(NaOH)
and KT (KOH)—O(KOH), and (b) Na*(NaOH)-Nat(NaOH) and K*(KOH)-K*(KOH), and
(¢) O(NaOH)-O(NaOH) and O(KOH)-O(KOH) as functions of radial distance r (A), at
298 K, 1 bar, and a concentration of 5 mol/kg (corresponding to a molarity of 4.98 mol/L
for NaOH, and 4.68 mol/L. KOH). The FF1 OH model (as shown in Table 2 of the main
manuscript), in combination with the TIP4P /2005 water model,* and the Madrid-Transport
Na™, and K™ models'® are used for the MD simulations.
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Figure S4: Computed densities (a)-(b) and dynamic viscosities (c)-(d) of alkaline solutions
as a function of KOH ((a),(c)) and NaOH ((b),(d)) concentrations at 298 K. Three different
pressures are considered, i.e. 1, 50, and 100 bar. The experimental correlations of Gilliam et
al.?Y (densities), and Guo et al.?! (dynamic viscosities) are used for aqueous KOH solutions
at 298 K and 1 bar and plotted as lines. For aqueous NaOH solutions, the experimental
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correlations of Olsson et al.'* are used for densities and dynamic viscosities.
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Figure S5: Fitting of computed H, and O, self-diffusivities as functions of the electrolyte
(KOH and NaOH) concentrations and temperatures at 1 bar. All self-diffusivities are system-
size corrected using the Yeh-Hummer equation.®?272* Equation 7 of the main text is used for
fitting the experimental data (a)-(b) of Tham et al.'?? and the simulation results (c)-(f).
These fits are shown as lines. Tham et al.'** report H, and O, solubilities at different
temperatures as a function of concentrations in units of KOH weight percent (wt%). This
unit is converted to mol/L using the density correlation provided by Gilliam et al.?° The
engineering equations for the self-diffusivities (as discussed in the main text), as shown by
the lines, provide excellent fits for both the experiments and simulation results.
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Figure S6: Computed solubilities of the (a) H, (Marx force field!), and (b) O,(Bohn force
field®) in water (TIP4P/2005%) as functions of H, and O, partial pressure at 298 K. The
solubilities are computed based on Henry coefficients computed using Continuous Fractional
Component (CFC)™ ! Monte Carlo simulations using Equations 3-5 of the main text. Up
to ca. 100 bar, the solubilities can be described using Henry’s law.
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Figure S7: Fitting of computed H,, and O, solubilities as functions of the electrolyte
(NaOH and KOH) concentrations and temperatures at H, and O, partial pressures of 1 bar.
Equations 8-9 of the main text are used for fitting the experimental data (a)-(b) of Walker
et al.'? and the simulation results (c)-(f). These fits are shown as lines. Walker et al.'? show
H, and O, solubilities at different temperatures as a function of concentrations in units of
KOH weight percent (wt%). This unit is converted to mol/L using the density correlation
provided by Gilliam et al.?’ The engineering equations for the solubilities (as discussed in
the main manuscript), indicated by the lines, provide excellent fits for both the experiments
and simulation results.
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Table S1: Force field parameters for the TIP4P /2005 rigid water model. € and o are the
Lennard-Jones parameters and the values of ¢ are the atomic partial charges. lo_p is the
O — H bond length and H-O-H is the H,O bond angle.

H-O-H / [] | 104.52
lo_u / [A] 0.9572
ooo / [A] 3.1589
EOO/k:B / [K] 93.2

qu / [e] 0.5564
qo / [e] -1.1128

Table S2: Force field parameters for the hydrogen (H,) models used. € and o are the
Lennard-Jones parameters and the values of ¢ are the atomic partial charges. For the three-
site Marx model,! the bond length is fixed to 0.74A. L represents the dummy site in the
Marx model, which is placed at the center of the two H atoms.

’ \ Vrabec? \ Marx! ‘

enn /b / [K] | 25.84 | -
oun/ [A] 3.0366 | -

q./ le] - -0.936
qu/ [€] - 0.468
ELL/kB / [K] - 36.7
o/ [A] - 2.958

Table S3: Force field parameters for the two-site Bohn model for O,.° ¢ and o are the
Lennard-Jones parameters and ¢ is the atomic partial charge. The O — O bond length
(lo_o) is fixed at 0.706 A.

lo—o / [A] 0.9572
ooo / [A] 3.2104
600/1{33 / [K] 37.99
qo / [e] 0
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Table S4: Number of Na™ ions (which is equal to the number of OH™ ions) used for Molec-
ular Dynamics (MD) and Monte Carlo simulations (MC) and the corresponding molalities
(mol/kg), electrolyte weight percentages (wt%), and molarities (mol/L, at 298 K and 1 bar).
In MD, the simulation box contains 700 water molecules and in MC there are 300 water
molecules. The complete raw data (with molarities, densities, and viscosities) at different
temperatures is shown in Tables S8 (1 bar) and S9 (100 bar).

No. Na* | Molality (mol/kg water) | Electrolyte wt% | Molarity (mol/L)
25 1.98 0.074 1.98
MD 20 3.97 0.137 3.94
76 6.03 0.194 5.94
101 8.02 0.243 7.80
11 2.04 0.075 2.04
MC 22 4.07 0.140 4.07
32 5.93 0.192 0.87
43 7.96 0.242 7.79

Table S5: Number of K™ ions (which is equal to the number of OH™ ions) used for Molec-
ular Dynamics (MD) and Monte Carlo simulations (MC) and the corresponding molalities
(mol/kg), electrolyte weight percentages (wt%), and molarities (mol/L, at 298 K and 1 bar).
In MD the simulation box contains 700 water molecules and in MC there are 300 water
molecules. The complete raw data (with molarities, densities, and viscosities) at different
temperatures is shown in Tables S6 (1 bar) and S7 (100 bar).

No. K™ | Molality (mol/kg water) | Electrolyte wt% | Molarity (mol/L)
25 1.98 0.100 1.93
MD 20 3.97 0.182 3.75
76 6.03 0.253 5.52
101 8.02 0.310 7.09
11 2.04 0.103 1.99
MC 22 4.07 0.186 3.87
32 5.93 0.250 5.46
43 7.96 0.309 7.09
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