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22
23 Figure S1. Free energy profiles of forming a [Ca-CO3]0 ion pair in water at 300K without an 
24 external field. PMFs were plotted with increasing simulation time from 2 ns to 100 ns. Structures 
25 corresponding to different ion pair structures (contact, water-mediated, and non-contact ion pair 
26 or ions) are shown at different Ca-C distances.
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35

36
37 Figure S2. Changes in the differences of free energies of two close contact ion-pairs formed at 
38 Ca-C distances of 2.9 Å and 3.5 Å over time under a series of (a) magnetic and (b) electric fields.
39
40
41
42 Table S1. Error analysis calculated based on the standard deviations of the free energy differences 
43 shown in Fig. S2 by using the last 25 ns of the data.
44

Magnetic field (T) Error (kJ/mol)
0  0.10
1  0.10
3  0.12
5  0.11
7  0.10
10  0.10

Average  0.11
Electric field (V/m) Error (kJ/mol)

1  0.09
3  0.14
5  0.09
7  0.09
10  0.06
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Average  0.10
45
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50

51  
52 Figure S3. Estimated errors of the calculated PMFs under a series of magnetic and electric fields 
53 with increasing block size.
54
55
56
57
58
59
60
61
62 Table S2. Error analysis based on the averaged free energies with block sizes ranging from 2000 
63 to 2500 in Fig S2.
64

Magnetic field (T) Error (kJ/mol)
0  0.18
1  0.17
3  0.15
5  0.15
7  0.16
10  0.16

Average  0.16
Electric field (V/m) Error (kJ/mol)

1  0.18
3  0.16
5  0.16
7  0.16
10  0.19

4



Average  0.17
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72
73 Figure S4. Directly calculated 2D potential of mean force for formation of [Ca-CO3]0 ion-pair at 
74 300 K under 0 T and 10 T. These directly calculated PMFs biased both the Ca-C distance and the 
75 CN of Ca to Owater and used a bias factor of 8, a bias height of 2.5 kJ/mol, and a simulation time of 
76 100 ns.
77
78
79
80 Table S3. Free energy minima of forming contact and solvent-mediated [Ca-CO3]0 ion pairs at 
81 300 K under a series of magnetic fields.

Magnetic 
field 
(T)

Contact
ion-pair 

at 2.9 Å ( 0.16 
kJ/mol)

Solvent shared
ion-pair at

5.0 Å ( 0.16 
kJ/mol)

Solvent 
separated
ion-pair at

7.1 Å ( 0.16 
kJ/mol)

300K
0 -19.15 -5.26 -1.66
1 -19.28 -5.97 -1.85
3 -19.63 -6.03 -1.86
5 -19.91 -6.31 -1.87
7 -19.47 -5.68 -1.51
10 -19.47 -5.61 -1.47
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85 Computing the dissociation constants
86
87 The pKdiss values were calculated based on two methods illustrated by Raiteri et al [1]. The energy 
88 difference method obtained the free energy difference directly from the free energy curves between 
89 the energy of forming the contact ion pair at ~ 3.5 Å and the energy of the fully dissociated ion 
90 pair at 14 Å. The pKdiss was calculated based on:

91                    (Eq. S1)
𝑝𝐾𝑑𝑖𝑠𝑠 =  

Δ𝐹
2.303𝑅𝑇

92 The integration method takes a more rigorous approach based on statistical thermodynamics, 
93 where the free energy profiles were first aligned to the corresponding analytical solution, and then 
94 used the following equation based on Raiteri et al [1] to compute Kdiss:
95

96        (Eq. S2)
𝐾𝑑𝑖𝑠𝑠 = 4𝜋𝐶0

𝑅1

∫
𝑅0

exp ( ‒
𝜙(𝑟)
𝑘𝐵𝑇 )𝑟2𝑑𝑟

97 where C0 is a constant for the conversion of units from atoms/Å-3 to mol/L, R0 is 2.0 Å and R1 is 
98 14 Å. Details regarding the integration methods were reported in reference [1].
99

100
101

102
103
104 Figure S5. Deconvoluting the free energy ( F) into internal energy ( U), internal energy of solvent ∆ ∆
105 ( Usolvent), and entropic terms (- TS) at 300K under (a) 3 T and (b) 7 T.∆ ∆
106
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108
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109   

110  
111 Figure S6. The reweighted 2D potential of mean force for the formation of [Ca-CO3]0 ion pair at 
112 300 K under (a) 3 T, (b) 7 T, (c) 3 V/m, and (d) 7 V/m. Arrows indicated new structures formed 
113 as contact ion-pairs under the external fields.
114
115
116

117
118 Figure S7. Deconvoluting the free energy ( F) into internal energy ( U), internal energy of solvent ∆ ∆
119 ( Usolvent), and entropic terms (- TS) at 300K under (a) 3 V/m and (b) 7 V/m.∆ ∆
120
121
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122
123 Table S4. Free energy minima of forming contact and solvent-mediated [Ca-CO3]0 ion-pairs at 
124 300 K under a series of electric fields.

Electric 
field 

(V/m)

Contact ion-
pair (2.9 Å) 

(kJ/mol)

Solvent mediated 
ion-pair at 5.0 Å 

(kJ/mol)

Solvent mediated 
ion-pair at 7.1 Å 

(kJ/mol)
300K

0 -19.1 -5.3 -1.7
1 -19.8 -6.3 -2.2
3 -20.2 -6.3 -1.9
5 -20.4 -6.2 -2.7
7 -20.4 -6.1 -1.9
10 -19.8 -6.2 -2.2

125

126

127
128 Figure S8. Determination of the free energy components from the linear fit. Fitting of the free 
129 energies calculated under a series of temperatures at (a) 7 T and (b) 5 V/m. R2 values of the 
130 fitting are 0.94 and 0.97, respectively. Error barrs associated with the free energy values are the 
131 standard deviations of the free energy minima at the last 25 ns of simulation (total simulation 
132 time for each free energy obtained at a specific temperature is about 150 ns).
133
134 Table S5. Free energy components (at 300 K) fitted based on Fig. S8. Finite difference refered to 
135 finite-difference temperature derivative method used to obtain most data in the manuscript and the 
136 linear fit referred to the data obtained from Fig. S8.
137

Methods F (kJ/mol) U (kJ/mol)   -TS(kJ/mol)

Experiment* (0 field) -18.0 8.7  2.4 -26.7  2.4
Finite difference (0 field) -21.89 4.02 -25.91

Finite difference (7 T) -22.56 -14.89 -7.67
Linear fit (7 T) -22.47 -12.32 -10.15

Finite difference (5 V/m) -23.31 -20.98 -2.33
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Linear fit (5 V/m) -23.28 -17.78 -5.50

138 *Experimental data from reference [2] by Kellermeier et al.
139
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