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S1. Density profiles of water
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FIGURE S1. Water density profiles of (a) (010), (b) (110) and (¢) (021) systems. The

mid-plane between surface O atoms and water O atoms was taken as the starting point

of the profile for each system.
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S2. Additional information for pKa calculation

S2.1 pKa calculation method

The pKa values of goethite surface groups were evaluated via the half-reaction
scheme of the vertical energy gap method (Sulpizi and Sprik, 2008; Cheng et al., 2009;
Costanzo et al., 2011; Cheng and Sprik, 2012). With this scheme, the proton of the acid
site (labeled as AH) is gradually transformed into a classical particle with no charge
(i.e. the dummy atom). The free energy change associated with this process is calculated

with the thermodynamic integration relation:

1

ApAuy = Jdﬂ <AdpEAH >r77 (1)

0
11 is the coupling parameter that increased from 0 (reactant) to 1 (product). A4pE is the

vertical energy gap, which is defined as the potential energy difference between the
reactant and product state. This value is obtained from the MD trajectory produced by

sampling the restrained mapping Hamiltonian:
H, =(1-n)H,+nH,+V, )

Here Hr and Hp stand for the reactant and product state respectively. The harmonic
restraint (V) is applied on the dummy atom to keep it in the location resembling the
reactant state:

1 1
Vr:ZEkd(d—do)2+ zike(e—ao)2 3)

bonds angles

This harmonic potential consists of the bond stretching and angle bending terms
whose equilibrium values are dy and 6y, respectively. The equilibrium values used for
each surface group were derived from the simulations without restraints and the force
constants ks and kg were selected according to previous studies (Sulpizi and Sprik, 2008;
Cheng et al., 2009). The parameters of V; are given in Table S1. The 3-point Simpson’s
rule (Eq. 4) was employed to evaluate the integral in Eq. 1 for most of the surface groups.
For =Fe;OuH on (110) surface and =Fe>OH on (021) surface, the 5-point formula (Eq.

5) was used due to the significant nonlinearities of AE in these two systems.

S4



American Mineralogist: November 2021 Online Materials AM-21-117835

Ay = (AE), +(ABY ) +5(4B),. @

My == (OE), +ABY +4CAE) s + (M) + ABY)) (9

With the same procedure, one proton of a hydronium located in the solution region
is transformed into a dummy atom, and the associated free energy is calculated with Eq.

1. The final pKa is calculated according to the formula:
1 1
2.36,TpK, = [dn (A, E ) - jd77<AdpEH30+ >m +h,Tin[ A ] (6)
0 0

¢’ =1mol/L is the unit molar concentration and A1311+ means the thermal wavelength of

the proton (Costanzo et al., 2011). The last term stands for the translational entropy
generated by the acid dissociation and can be approximated by the chemical potential
of a free proton at the standard concentration, which equals to -0.19 eV.

The convergence of the pKa calculation was determined by monitoring the vertical
energy gap. By taking =Fe3;OuH on (110) surface and =FeoOHz on (021) surface as
examples, Figure S2 shows the raw vertical energy gap data and the accumulative
averages, where one can see that the vertical energy gaps were all converged within
0.19 eV in the periods. This is consistent with the observation in our previous
calculations that AE converged on a typical FPMD timescale e.g., (Cheng et al., 2009;
Liu et al,, 2013; Cheng et al., 2014)

S5



American Mineralogist: November 2021 Online Materials AM-21-117835

Table S1. The parameters used in restraining the dummy atoms (harmonic potentials
in Eq. (3)). Hq represents the dummy atom. ns and ng mean the number of restrained
bonds and angles, respectively. dy stands for equilibrium bond lengths (in Bohr), and 6y

stands for equilibrium angles (in radian).

Surface  Group na do ka ne 6o ko
(010) =FeOH, 1 187 1.0 2 1.92(Fe-O-Hg) 0.1
1.83 (H-O-Hg) 0.1
=Fe;,OH 1 1.87 1.0 2 1.86(Fe-O-Hg) 0.1
1.86 (Fe-O-Hq) 0.1
=Fe;,OH, 2 1.87 1.0 3 1.86(Fe-O-Hg) 0.1
1.87 1.0 1.86 (Fe-O-Hq) 0.1
1.94 (H-O-Hg) 0.1
H3;0" 3 1.89 1.0 2 1.94(H-O-Hg) 0.1
1.89 1.0 1.94 (H-O-Hq) 0.1
1.89 1.0
(110) =FeOH 1 1.87 1.0 1 1.95(Fe-O-Hy) 0.1
=FeOH, 2 1.89 1.0 2 1.90(H-O-Hg) 0.1
1.89 1.0 2.09 (Fe-O-Hq) 0.1
=Fe;,OH 1 1.87 1.0 2 197 (Fe-O-Hg) 0.1
1.97 (Fe-O-Hq) 0.1
=Fe;,OH, 2 1.89 1.0 3 2.01 (Fe-O-Hg) 0.1
1.89 1.0 2.01 (Fe-O-Hq) 0.1
1.88 (H-O-Hg) 0.1
=FesOtH 1 1.87 1.0 3 2.23(Fe-O-Hq) 0.1
1.94 (Fe-O-Hq) 0.1
1.94 (Fe-O-Hq) 0.1
=FesOuH 1 1.87 1.0 3 2.09(Fe-O-Hg) 0.1
2.09 (Fe-O-Hg) 0.1
1.99 (Fe-O-Hq) 0.1
=FesOH 1 1.87 1.0 3 1.84(Fe-O-Hg) 0.1
1.84 (Fe-O-Hq) 0.1
1.84 (Fe-O-Hq) 0.1
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H:0* 3 189 1.0 2 1.94(H-O-Hy 0.1
1.89 1.0 1.94 (H-O-Hy) 0.1
1.89 1.0

(021) =FeOuH, 1 189 1.0 2 1.83(Fe-O-Hy 0.1
1.86 (H-O-Hy) 0.1
=FeOH 1 1.85 1.0 1 2.08(Fe-O-Hy 0.1
=FeOH, 1 189 1.0 2 1.93(Fe-O-Hy 0.1
1.83 (H-O-Hy) 0.1
=Fe;0OH 1 189 1.0 2 1.88(Fe-O-Hy) 0.1
1.88 (Fe-O-Ha) 0.1
=Fe;0OH, 2 1.89 1.0 3 1.84(Fe-O-Hy 0.1
1.89 1.0 1.84 (Fe-O-Hyg) 0.1
1.96 (H-O-Hy) 0.1
=Fe;O:H 1 1.89 1.0 2 2.02(Fe-O-Hy 0.1
2.02 (Fe-O-Hy) 0.1
=Fe;OuH, 2 1.89 1.0 3 1.81 (Fe-O-Hy) 0.1
1.89 1.0 1.81 (Fe-O-Hyg) 0.1
1.83 (H-O-Hy) 0.1
H:0° 3 189 1.0 2 194 (H-O-Hy 0.1
1.89 1.0 1.94 (H-O-Hy) 0.1

1.89 1.0
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FIGURE S2. The accumulative averages of vertical energy gaps for (a) =Fe;OuyH on
(110) surface and (b) =Fe.OH» on (021) surface. The statistical error was estimated as

the difference between the first and the second half of the production run.
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Table S2. Calculated vertical energy gaps (in eV), thermodynamic integrals (in eV), and pKa values.

Surface  Group n=0.0 n=0.25 n=0.5 n=0.75 n=1.0 AA pKa
(010)  =FeOH> 14.85+0.06 19.90+0.08 21.21+£0.08 19.28+0.08 10.9+1.8
=Fe;,OH 17.81+0.01 19.69+0.01 20.72+0.04 19.55+0.01 15.4+0.7
=Fe;OH, 17.41+0.01 18.91+0.03 20.40+0.02 18.91+0.02 4.7+0.8
H3;0" 14.04+0.01 19.00+0.03 20.58+0.07 18.44+0.03
(110)  =FeOH, 15.85+0.02 18.75+0.01 19.97+0.03 18.47+0.01 7.3+0.5
=FeOH 16.64+0.11 19.20+0.01 20.14+£0.01 18.93+£0.02 15.0+0.7
=Fe;OH 17.98+0.04 18.82+0.01 19.93+0.02 18.86+0.02 13.9+0.7
=Fe;OH> 14.62+0.19 18.39+0.03 19.84+0.05 18.00+0.06 -0.5+1.3
=FesOcH 15.80+0.05 19.04+0.01 20.08+0.01 18.67+0.01 10.7+0.5
=Fe;OuyH 14.34+0.07 18.35+0.03 18.92+0.02 19.41+£0.01 20.144+0.01 18.61+0.02 9.7+0.7
=Fe;0  16.95+0.01 17.98+0.04 19.41+0.04 18.05+0.03 0.3+0.8
H3;0" 14.36+0.01 18.17+0.02 19.99+0.01 17.84+0.02
(021) =FeOnH> 15.75+0.20 19.05+0.01 20.46+0.01 18.74+0.04 10.0+1.5
=FeOH 16.50+0.08 19.12+0.05 20.23+0.10 18.87+0.05 12.2+1.7
=FeOH, 14.99+0.02 18.62+0.01 20.22+0.07 18.28+0.02 2.3+1.2
=Fe;,OH  15.64+0.04 17.64+0.05 18.67+0.01 19.46+0.04 19.974£0.01 18.45+0.03 5.2+1.3
=Fe,OH, 15.11+0.19 18.41+0.04 19.64+0.05 18.06+£0.07 -1.3£2.0
=Fe,OnH  17.69+0.02 18.97+0.01 19.98+0.02 18.93+0.01 13.2£1.0
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=Fe,OnH>  15.36+0.26 18.45+0.01 19.95+0.01 18.19+0.05 0.8+1.7
H;0" 13.99+0.12 18.38+0.04 20.21+0.05 17.95+0.05
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