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Results: association constants and 
mean first passage times

MFPT bonded: average time for CIP to dissociate, (beyond the x1 or x2).
MFPT center: average time for an ion at the center to associate (beyond 
x1 or x2). MFPT in ns. KD in L/mol-1.
MFPT are large compared to typical MD run durations.

The adsorption is quantitative, even for Cesium with a reduced charge.
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Results:  PMF profiles 

charge, even when it is varied within physically sound limits.

Table 3: Association constants (KD) and mean residence times (MRT) for Lithium and
Cesium, two effective charges on deprotonated oxygen and three numbers of silanols per
2.8522 nm2. KD in L mol�1, MRT in ns, both in decimal logarithm. Mean residence times
are illustrated on figure XXXX.

num ion silanols charge Log(KD) Log(MFPT) Log(MFPT)
center bonded

1251 Li 1 -1.0 7.5 0.98 7.1
1250 Li 29 -1.0 8.1 0.97 7.6
1252 Li 57 -1.0 8.7 0.98 8.2
1254 Cs 1 -1.0 2.7 -1.2 1.3
1253 Cs 29 -1.0 2.4 -1.1 1.4
1255 Cs 57 -1.0 2.3 -1.6 1.6
1269 Li 1 -1.5 20.9 -1.6 19.7
1268 Li 29 -1.5 20.5 -1.2 19.6
1270 Li 57 -1.5 22.6 -1.1 20.7
1270 Cs 1 -1.5 5.1 -1.1 3.2
1271 Cs 29 -1.5 5.0 -1.2 3.3
1273 Cs 57 -1.5 3.8 0.89 3.6

All MRT values in Table 3 are in decimal logarithm of nanoseconds because they vary over a

wide range and because nanosecond is a typical duration for our molecular dynamic simulation. If

a system is to be modelled at equilibrium it should last at least 10 times the duration. In the case

of cesium with the reduced charge on oxygen, MRT for a bonded atom is more than 1 ns. This

implies a typical run duration of 10 ns. In all other cases, required run durations are not feasible.

In particular, the existence of an activation barrier not only for unbinding but also for binding.

The association constants indicate very high or quantitative binding. This implies that no dif-

fuse layer can exist. We attribute this result to the the absence of coions in our model.

Conclusion

We have modelled with MD various amorphous silica surfaces in contact with water and cation.

PMF analysis show ion specificity with different trends on Lithium and Cesium. Lithium binds
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• PMF profile are ion specific. The interaction is much stronger with 
Li+. This is an electrostatic size effect.

• PMF profile show the positions of CIP, SSIP. A third minimum can be 
distinguished. 

• For US, the ion is monitored on top of a charged oxygen, with an 
harmonic constant on the surface/ion angle, keeping it close to 90°. 
A constraint close to 45° does not change appreciably the profile.

• There is an activation energy also for binding. This indicates that 
published MD runs can show out of equilibrium free ions. 

• Increasing hydrophilicity impacts ion binding. The impact is ion 
specific. Higher hydrophilicity increases Li+ adsorption. 

MD simulations use periodic boundaries, SPCE water, Dang parameters for ions, Berendsen 
thermostat. All runs last 3ns, with 1ns for equilibration. Each surface owns a single charge on an 
oxygen atom. Hydrophilicity increases with increasing number of silanols, namely 1, 29 and 57  on 
2.8522nm2. All surfaces amorphous and charge defect free. 

Silica surfaces of increasing hydrophilicity, with a single punctual charge (pink)

Side view of the periodic box. 
US is performed by monitoring 
the ion normal to the surface. 

Molecular dynamics simulations

Time for binding or unbinding: mean first passage time (MFPT)
What is the required time for a MD run so that it is 
reprentative of equilibrium? It is good that the run lasts 
« a few » times the slower process in the model. In the 
present case, that means «10 » times for an ion to bind 
and unbinding.
We consider the case of an ion confined between two 
walls.The average time for unbinding is approximately 
the time needed to come from contact ion pair (CIP) over 
the first barrier. The average time for binding is 
approximately the time needed to come from the pore 
center to the CIP position. The ion wall PMF is 
symmetrized

The average time for going from an initial 
position beyond fixed limits is called the mean 
first passage time (MFPT). It results from an 
analysis of diffusion under an external field, 
namely the PMF. For two absorbing barriers, the 
MFPT is

Method for mean residence times

Ions are submitted to thermal motion. This is the origin of diffusion. When ions are in addition

submitted to an external field, the motion of ions is the cumulative result of these two contributions.

We consider an ion in a one dimension potential, at an initial position x, x1 and x2 being two

boundaries, U the external potential. How long statistically will the ion stay within the boundaries ?

This quantity is the mean first passage time or Mean Residence Time (MRT) between x1 and x2.

Boundaries can be reflective or absorbing. In the case where x1 is reflecting and x2 is absorbing,

the MRT �aa reads34,35
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We illustrate the mean residence times in a pore slot. The width of this pore slot is 2 nm. The

externel potential is the sum of 2 symmetric potentials of mean force. This is illustrated in figure

XXXX. We present two series of results : one considering an ion at the pore center, the boundaries

being the maxima of the potential on both sides. These boundaries are absorbing. The MRT is in

this case the average time needed for a free ion to bind on surface. We present also the case of

a bounded ions, namely at the minimum of PMF. In this case, one boundary is reflecting and the

other is absorbing. The MRT is the time needed for a bonded atom to become free.

The mehod for determining association constants has been detailled previously. Table 3 sum-

marizes all the results. For the minored charge, the adsorption constant is a lower bond to the real

value. It is confirmed quantitatively that adsorption is much stronger for Lithium. When comparing

results for different effective charges, we conclude that the association constant is very sensitive to
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We consider the adsoption reaction : 

Association constants

Now, what if we consider that, at high concentration, the PMF is not the only contribution to

free energy? Namely, at high concentration, ions interact, which has an impact on the statistic.

We consider the case where ions and solvent are limited by two silica walls, distant by 2 nm

(figure XXXX), the ion concentration being 1 mol/L. The ion interaction is purely electrostatic.

We solve self-consistently a system of equations including Poisson equation, Boltzmann statistic

with the potential being the sum of PMF and electrostatic interaction, We find the concentration

profiles plotted on Figure 11. These profiles can be compared to non-consistent profiles, in which

the contribution to free energy is just the PMF. The ion binding is so strong that including self-

consistency does not produce any distinguishable difference, even in the Cesium case which is less

bonded. Figure 11 only shows one distribution for each ion type, in the case of 29 silanols.

Association constants and mean residence times

Method for association constant

We consider the association reaction which reads in the case of Lithium, �q being the oxygen

charge (see Table 1):

Li+aq +O�q
C

⇥� LiOc1�q (1)

An association constant can be defined for this reaction. We use a Bjerrum-like association

constant33 to characterize the ion surface degree of association :

K0(d) =
� d

0
dr 2⇥r2 e��Ue f f

(2)

The association constant depends on d, the choosen limit to distinguish associated from dissociated

pairs. We choose the first maximum of the potentials, typically 0.35 and 0.45 nm for Lithium and

Cesium. This maximum is the limit between ions in contact and singly separated pairs. We use 2⇥

instead of 4⇥ in the association constant formula (Eq. (2)) because only half space is available for

the solvent.
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OC, surface oxygen. Association 
constants for this reaction  can be 
estimated in a Bjerrum-like model,  Ueff 
being the PMF

Now, what if we consider that, at high concentration, the PMF is not the only contribution to

free energy? Namely, at high concentration, ions interact, which has an impact on the statistic.

We consider the case where ions and solvent are limited by two silica walls, distant by 2 nm

(figure XXXX), the ion concentration being 1 mol/L. The ion interaction is purely electrostatic.

We solve self-consistently a system of equations including Poisson equation, Boltzmann statistic

with the potential being the sum of PMF and electrostatic interaction, We find the concentration
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Association constants and mean residence times

Method for association constant

We consider the association reaction which reads in the case of Lithium, �q being the oxygen

charge (see Table 1):

Li+aq +O�q
C

⇥� LiOc1�q (1)

An association constant can be defined for this reaction. We use a Bjerrum-like association

constant33 to characterize the ion surface degree of association :

KD(d) =
� d

0
dr 2⇥r2 e��Ue f f

(2)

The association constant depends on d, the choosen limit to distinguish associated from dissociated

pairs. We choose the first maximum of the potentials, typically 0.35 and 0.45 nm for Lithium and

Cesium. This maximum is the limit between ions in contact and singly separated pairs. We use 2⇥

instead of 4⇥ in the association constant formula (Eq. (2)) because only half space is available for

the solvent.
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PMF:Umbrella Sampling
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The PMF results from the 
analysis of statistical 
distribution under external 
(harmonic) constraints. It is 
the free energy versus 
distance profile. (Kumar, 
JCompChem 1992, Souaille, 
CompPhysComm 2001)
With Li+-O interaction, vey 
high harmonic constraints 
are required.

Ionic specificity of adsorption on silica 
surfaces : an analysis with molecular 
dynamics and potential of mean force
B. Siboulet,1 S. Hocine, 1 M. Duvail,1 B. Coasne,2 P.Turq,3 J.-F. Dufrêche,1 (1ICSM,2MIT,3UPMC)

Mesoporous silicas are ideal material for retention of actinides and fission products. The efficiency of retention depends on selectivity. Selectivity of surface 
ion adsorption in contact with ions and water depends on the interplay between partial dehydration and adsorption, two high terms which can almost cancel 
each other. As a result, selectivity is difficult to predict. Ions interact with charged surfaces. When the surface charge is not in contact with the solvent, such 
as in substituted clays, the ion surface interaction is weak. In the case of silica, naked surface charges result from silanol deprotonation. The interaction is 
very high and specific. We tackle this point with two “limiting” ions ions (Cs+ and Li+) and two “limiting” charges on surfaces. We present potential of mean 
force (PMF) profiles based on molecular dynamics (MD) simulations. 

Conclusions
•PMF can be estimated for ion surface interaction
•Hydrophilicity has an impact on ion adsorption. This impact is ion specific.
•Ion adsorption is very strong with naked charges, often making MD dynamics simulations out of 
reach. This is in contrast with systems including burried charges (clays). Mesosopic simulations are 
required. Many published MD results are questionable.  
•Modelling potential of mean forces for ion silica surfaces interactions, to be published.
•Hydrophobic transition in porous amorphous silica, B. Siboulet B. Coasne, J.-F. Dufrêche, P. Turq, 
Journal of Physical Chemistry, 115, 2011
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