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Section S1 Supplementary Methods 

 

Section S1.1 AIMD calculation details 

The incorporated Cm3+ ion species in the calcite-water systems were investigated by using 

AIMD simulations (see the models in Figure S1). We first performed a 5 ps NVT ensemble of 

AIMD simulations at 300 K, followed by a slow anneal to 0 K with a rescaling factor equal to 

0.997 for the annealing rate, and finally a geometry optimization. A time step of 1 fs was set. 

The optimized geometrical parameters were summarized in Table S1. 

For equilibrium state before the detachment of the Cmt/s, the 15 ps NVT AIMD simulations 

at 300 K were performed. For equilibrium state after the detachment of the Cmt/s from its initial 

position to the state of D/D', the 10 ps NVT AIMD simulations at 300 K were performed. The 

structural of the hydrated Cm3+ ion and the water/CaCO3 interface were analyzed by using the 

the above equilibrated AIMD trajectories of 5-10 ps (see Figure S9). The geometrical 

parameters of hydrated Cm3+ ion at equilibrium were summarized in Table S4. 

. 

Section S1.2 Metadynamics simulations  

During ab initio molecular dynamics (AIMD), various geometries are sampled as a function 

of simulation time t and can be described by a generalized coordinate q(t). Metadynamics 

response is to keep adding a bias potential to the original (unbiased) system during the MD 

simulation, with the aim of lifting the potential energy surface until the entire surface is filled 

in. Here, the added bias potential is along the selected geometric parameters (distance, angle, 

dihedral or any parameter that depends on q(t)), and these are called collective variables 

(CV()). Its purpose is to control our enhanced sampling. The metadynamics hamiltonian is 

written as:1  

( , , ) ( , ) ( , )H p q t H p q V t = + ,  

where ( , )H p q  is the Hamiltonian for the original (unbiased) system, ( , )V t   is the time-

dependent bias potential. The bias potential is defined as: 

𝑉̃(𝑡, 𝜉) = ℎ ∑ 𝑒𝑥𝑝 [−
|𝜉(𝑡)−𝜉(𝑖⋅𝑡𝐺)|

2

2𝜔2 ]
|

𝑡

𝑡𝐺
|

𝑖=1
, 

where h is the height of a Gaussian hill,  is the width of the Gaussian hill and the tG sets 

frequency of a bias potential to be added. In this work, we chose coordination numbers as 

collective variables. Thus, the coordination of Cm(III) with a set of oxygen atoms 2-4, i.e., 

CV(Cm, Oset), is defined by:5 

𝐶𝑉(𝐶𝑚, 𝑂set) = ∑ 𝑠𝑖𝑗 = ∑
1 − (

𝑟𝑖𝑗

𝑟0
)

𝑁𝑁

1 − (
𝑟𝑖𝑗

𝑟0
)

𝑁𝐷 

where rij is the inter-atomic distance between atom Cm and atom O, sij(rij) is the switching 

function describing the coordination between atom i and j, r0 is the Cm-O equilibrium distance, 

and the two integer exponents, i.e., NN and ND, determines the curve. The value of r0 for Cm-

OS is 2.50 Å, for Cm-OW is 2.48 Å for terrace surface system and the value of r0 for Cm-OS is 

2.51 Å, for Cm-OW is 2.47 Å for stepped surface system. (OS belongs to the surface of calcite 
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bulk, OW belongs to water molecule in solution aqueous). The ratio NN/ ND determines the 

curvature of the switching function sij and finally control the CV value. The CV describes the 

interaction between Cm atom and the coordinate oxygen atoms from calcite or water molecules. 

It should be approximately zero when the oxygen atoms are far from the curium atom. When 

one or more oxygen atoms are close to the curium atom, it will be greater than zero, but always 

less than 1. The switching function sij is plotted for a given value of r0 and various ratios NN/ND 

to illustrate the effect of those parameters on its shape in Figure S2. Here, a ratio of 4/7 (NN=8, 

ND=14) was chosen in this work, and correspondingly, the CV starts to be greater than zero 

when the Cm-O distance is less than 5 Å. 

The relevant information of the dissolution pathway of Cm from the terrace/stepped surface 

system revealed by ab initio metadynamics simulations was displayed in Figures S3-S8. The 

convergence tests for the free energy surfaces and the error analyses were summarized in 

Figures S5 and S8 and Tables S2 and S3. 

 

Section S1.3 Structural analysis 

 

To show the difference in the atomic density distribution for OW and H, the atomic excess (AE) 

is defined as: 𝐴𝐸 =
2[𝑂𝑊]−[𝐻]

2[𝑂𝑊]−[𝐻] 
  , where  OW] and  H] are atomic density for OW and H, 

respectively. The negative value for AE indicates an excess of H, while the positive one 

indicates an excess of OW. 
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Figure S1. Two surface models of water-calcite system: (a) the terrace–water surface model 

and (b) the stepped–water surface model, respectively. The minerals in the dashed box are fixed. 

The white, red, gray and purple balls indicate hydrogen, oxygen, carbon and curium atoms, 

respectively. 
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Figure S2. Switching function sij for r0=2.5 Å and n/m ratio with NN=8. See the corresponding 

mathematical definition in the text. 
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Table S1. The DFT/PBE calculated Cm-O bond length (in Å) for the first coordination shell of 

the incorporated Cm3+ ion in the calcite bulk, where OC and OW are the coordinated oxygen 

atoms from carbonate groups and water, respectively. Those marked with bold italics are the 

bond distances between Cm3+ ion and the OC from the second layer of calcite. The average bond 

length (in Å) for each type of Cm-O bond is shown in parathesis. 

 

Adsorption 

Surface 

R(Cm-Oc) 
R(Cm-Ow) 

Bidentate mode Monodentate mode 

Terrace Surface 2.45/2.62, 2.44/2.70 (2.55) 2.42 2.37 2.51 (2.43) 2.48 

Stepped Surface 2.43/2.78, 2.49/2.55 (2.56) 2.38 2.44 2.48 (2.43) 2.47 
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Figure S3. Dissolution information of Cmt in the terrace-water surface system: the one-

dimensional free energy profiles with respect to (a) CVW(Cm-OW) and (b) CVC(Cm-OC), 

respectively, and (c) the two-dimensional free energy surface with variables of CVC(Cm-OC 

bond) and CVW(Cm-OW). 
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Figure S4. Dissolution pathway of Cmt from the terrace-water surface system revealed by ab 

initio metadynamics simulations. (a) The change in the distance of dissociated Cmt from 

original site towards aqueous solution along the Z-axis during simulation; (b) The dynamic 

trajectories of Cmt; (c) Time evolution of CVC(Cm-OC) and CVW(Cm-OW) with black line for 

CVC and red line for CVW, respectively, during the whole simulation time. 
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Figure S5. Convergence tests for metadynamics simulations of Cm dissolution: the one-

dimensional free energy profiles with respect to (a) CVC(Cm-OW) and (b) CVW(Cm-OC) for the 

terrace-water system. 
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Table S2. Free energy difference (kJ/mol) between the first and the last basin along CVC or 

CVW on the free energy profile in the terrace-water system and the corresponding standard 

deviation (SD) and standard error (SE).a The free energy profiles are shown in Figure S5. 

Timestep (ps) 31 32 33 34 35 

ΔG(CVC) 46 42 39 33 29 

ΔG(CVW) 52 47 43 39 36 

SD(CVC) 6 

SD(CVW) 6 

SE(CVC) 3 

SE(CVW) 3 
 

aThe standard deviation (SD) is defined by 𝑆𝐷 = √
∑(𝑥𝑖−𝑥̄)

2

𝑛
 , where ix represent each 

ΔG(CVC/W) value in the table, x  is the mean of ΔG(CVC/W), n is the number of ΔG(CVC/W) 

data and equals to 5. The standard error (SE) can be obtained by 𝑆𝐸= 
𝑆𝐷

√𝑛
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Figure S6. Dissolution pathway information of Cms in the stepped-water surface system: the 

one-dimensional free energy profiles with respect to (a) CVW(Cm-OW) and (b) CVC(Cm-OC), 

respectively, and (c) the two-dimensional free energy surface with variables of CVC (Cm-OC 

bond) and CVW(Cm-OW). 
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Figure S7. Dissolution pathway of CmS from the stepped-water surface system revealed by ab 

initio metadynamics simulations. (a) The change in the distance of dissociated CmS from 

original site towards aqueous solution along the Z-axis during simulation; (b) The dynamic 

trajectories of CmS, (c) Time resolution of CVC(Cm-OC) and CVW(Cm-OW) with black line for 

CVC and red line for CVW, respectively, during the whole simulation time. 
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Figure S8. Convergence tests for metadynamics simulations of Cm dissolution: the one-

dimensional free energy profiles with respect to (a) CVC(Cm-OW) and (b) CVW(Cm-OC) for the 

stepped-water system.  
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Table S3. Free energy difference (kJ/mol) between the first and the last basin along CVC or 

CVW on the free energy profile in the stepped-water system system and the corresponding 

standard deviation (SD) and standard error (SE). a The free energy profiles are shown in Figure 

S8. 

Timestep (ps) 36 37 38 39 40 

ΔG(CVC) -135 -139 -144 -149 -152 

ΔG(CVW) -135 -140 -144 -148 -152 

SD(CVC) 6 

SD(CVW) 6 

SE(CVC) 3 

SE(CVW) 3 
 

aThe standard deviation (SD) is defined by 𝑆𝐷 = √
∑(𝑥𝑖−𝑥̄)

2

𝑛
 , where ix represent each 

ΔG(CVC/W) values in the table, x  is the mean of ΔG(CVC/W), n is the number of ΔG(CVC/W) 

data and equals to 5. The standard error (SE) can be obtained by 𝑆𝐸= 
𝑆𝐷

√𝑛
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Table S4. The Cm-O bond length (in Å) in the first coordination shell of Cm3+ ion 

corresponding to the last snapshot of 10 ps equilibrium AIMD simulation after Cm dissolution. 

The OW and OOH are the coordinated oxygen atoms from water and hydroxide, respectively.  

 

Equilibrium state 

after Cm 

dissolution 

R(Cm-OW) R(Cm-OOH) 

Terrace surface 

system 

2.44 2.49 2.49 

2.58 2.55 2.61 
2.20 

Stepped surface 

system 

2.40 2.48 

2.40 2.38 2.80 2.31 
2.35 
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Figure S9. Potential energy plot for the AIMD trajectories of the equilibrium state for (a) 

terrace surface system and (b) stepped surface system after Cm dissolution.
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