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Abstract

Hydroxyapatite (HAP) is the principal phase of bones, where the presence of
ions in the fluids within HAP pores is critical to important phenomena such as
bone remodeling, mineralization and fossilization. Classical molecular dynamics
simulations of HAP pores ranging from 2 to 120 nm, containing pure water and
aqueous solutions of CaCly and of CaFsq, were conducted to quantify the effect
of confinement and solution composition on the dynamic properties of water and
ions. Diffusion coefficients were obtained from formulations adapted to diffusion
processes parallel and perpendicular to the HAP walls. A change in diffusion
mechanism is observed in the direction perpendicular to the HAP walls: after a
transition period proportional to the pore size, the mean squared displacement
(MSD) scales with the square-root of the time instead of being linear. The
presence of CaCly and CaFs decelerates water and ion dynamics and changes
in ion concentration modify the in-plane dynamics more strongly than the out-
plane dynamics of ions in HAP pores.
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Highlights
e The anisotropic nature of water and ions dynamics is quantified

e The deceleration effects of confinement on electrolyte dynamics are com-

puted
e Jon concentration affects the electrolyte dynamics on an ion specific way

e Collisions of particles on HAP walls are crucial to determine out-of-plane

diffusion

1. Introduction

Attainting a fundamental understanding of the dynamics of water solvated
ions in contact with hydroxyapatite (HAP) based materials is critical to im-
portant phenomena involving mineralized tissues such as bone adaptation or
remodelling processes [I} 2], nutrition of osteocytes that are not directly in con-
tact with the vascular supply [3], de- and re-mineralization processes occurring
in tooth enamel and dentin in response to changes in the oral fluids [4, 5, 6], and
diagenetic changes and fossilization of bones [7] [§]. Artificial HAP is currently
used as a substitute material for damaged bones and teeth in orthopaedic and
dental applications [9]. Additionally, in situ formation of HAP is recognized as
a method for the conservation of cultural heritage, including sulphated stones,
gypsum stuccoes, concrete, wall paints, archaeological bones and paper [10]. In
all these cases, a fundamental understanding of the diffusion processes in HAP
nanometric pores can contribute to improving the durability and effectiveness
of HAP restoration and consolidation treatments.

HAP ([Ca10(PO4)s(OH)2]) is the principal phase of mineralized tissues found
in mammalian bone and tooth enamel and dentin, where HAP is present in the
form of thin plates with colloidal size 25-50 nm in the a-direction, 15-25 nm in
the b-direction and 2.5 nm in the c-axis [I1]. HAP platelets are stacked along

c-direction and the interlayer space is filled with body fluid, which is rich in
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ions. The thickness of the resulting pores ranges from 2 to 24 nm [12], which
correspond to mesopores (2-50 nm) according to TUPAC classification.

Water and ion structuration adjacent to HAP walls is recognized to impact
the biomechanical response of bones [13]. Confined fluids are well-known to be-
have differently from bulk fluids (e.g. Brovchenko and Oleinikova [I4]), notably
in what concerns transport properties [I5]. Additionally, specific (or Hofmeister)
ions effects, which usually manifest at concentration above 0.01 molar [16], may
be associated with the concentrations of dissolved salts found in HAP pores.
The confinement of electrolyte solutions in micro- or mesopores may therefore
resonate into the macroscopic behavior of HAP-rich materials.

Experimental evaluation of ion effects on water dynamics within bone as well
as ion dynamics per se may be challenging [I7]. This aspect justifies the choice
of in silico strategies to quantify the dynamic properties of water molecules and
charged particles in bone mesopores [I7]. Molecular Dynamics (MD) simulation
is a particularly powerful tool to understand in detail the mechanisms of dif-
fusion and quantify the interactions of aqueous solutions in contact with ionic
surfaces [I8], and unlike thermodynamic properties, self-diffusion coefficients
can only be evaluated by means of a MD simulation [19].

In this context, recent MD simulations conducted by some authors of this
work have provided molecular-level detail about the transport of water within
HAP nanopores[20} 211,22, 23]. Di Tommaso et al. [23] showed that solvated ions
in HAP pores slows the dynamics of water molecules compared to bulk liquid by
enhancing the rigidity of H-bonds networks. However, the role of confinement on
the mechanism of fluid and solute diffusion is still poorly understood [24] 25, [26].
For example, confinement may induce super- and sub-diffusion regimes and
in the case of nanoporous HAP this change in diffusion mechanism is still to
be identified. Moreover, the self-diffusion of ions as a function of the level of
confinement within HAP nanopores is also to be quantified and the studies
conducted so far have not provided an estimate of the in- and out-of-plane
diffusion coefficient of ions [27], 20, 2], 22, 23]. Finally, because of periodic

boundary conditions and finite size of the simulation box, it is imperative to
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have an estimate of these effects on the dynamics of fluid and solutes using
recently proposed corrections for MD simulation in slit pores [28] [29].

In this article, we examine the self-diffusion (named simply diffusion here-
after) of water and ions confined in HAP pores ranging from 2 to 120 nm by
means of classical molecular dynamics simulations. In particular, a numerical
analysis of the finite-size effects in MD simulation has been conducted. The
anisotropic nature of water and ion diffusion in HAP mesopores has been quan-
tified in terms of the ensemble averaged Mean Squared Displacement (MSD) and
analyzed according to various salinities. Diffusion coefficients were obtained by
means of formulations adapted to dynamic processes parallel and perpendicular
to HAP walls. The effects of confinement in affecting the diffusion mechanisms,
leading to subdiffusion, have also been quantified. Aqueous solutions of CaCly
and CaFs were considered to determine the effect of specific ions because of their
biological interest. In particular, Fluoride (F~) is known to have a fundamental
physicochemical role in bone cells. The results obtained in confined conditions

were confronted with those of bulk solution.

2. Material and Methods

2.1. Molecular model and force field

The atomic structure of HAP was derived from the cell parameters and
crystallographic data of Sudarsanan and Young [30]. The resulting unit cell was
hexagonal with P63 /m space group. This unit cell was replicated 3 times in each
in-plane direction and 4 times in out-of-plane direction (Fig. . The resulting
total number of atoms in the HAP solid layer is Ny p = 1584 atoms. HAP
platelets were stacked with a surface-to-surface spacing along c-direction varying
from 2 to 12 nm. The surface of HAP considered as basal plane is {0001},
which is reported to be the dominant surface in the thermodynamically-stable
morphology [31].

The space in-between HAP platelets was filled with water molecules following

the simulation protocol detailed in the next section.
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Solid layer: Plan ab

Figure 1: At left, snapshot of configuration of HAP-aqueous solution system with H = 2 nm
at CaCly concentrations C (in mol/kg) considered in this article. At right, view of the HAP
solid layer from ab plan. Ca?t and Cl~ ions are depicted as purple and green van der Waals
spheres, respectively. In HAP layer and water molecules, O atoms are red, H white and Ca
cyan small spheres; P atoms are depicted as tetrahedra. For reference the orthogonal (x,y, z)

and crystallographic (a, b, c¢) frames are also reported.

The interactions between the species within HAP platelet as well HAP and
electrolyte were described by the force fields developed by de Leeuw and co-
workers [32] [33] together with the extended single-point charge (SPC/E) water
model [34].

Tons resulting from CaCly; or CaF, dissolution were added to the system
according to four concentrations C' listed in Tab. [[ The dynamics of ions is
reported to be concentration dependent [35] [36]. Solutions resulting from both
salts have the same ionic strength I = (1/2) ", 22¢;, for a given concentration
¢; (in mol per unit of volume), since chloride and fluoride ions own the same
valence z;. The Debye length 1/ is the characteristic length associated with

electrostatic interactions in colloids. This length can be directly computed from

2Ie?

T where e is the elementary charge, k is the

the ionic strength with x? =
Boltzmann constant, 7' is the temperature, € is the dieletric constant of the

medium and ¢q is the vacuum permittivity.
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Table 1: Concentrations, ionic strength I and Debye length 1/ at 310 K of calcium chloride

and calcium fluoride.
C (mol/kg) | M (mol/L) | I (mol/L) | 1/k (nm)
0.1 0.104 0.311 0.926
0.5 0.519 1.557 0.414
1.0 1.038 3.114 0.293
1.5 1.583 4.748 0.237

2.1.1. Molecular dynamics simulations

MD simulations were performed using DL_POLY 4.05.1 code [37]. After fill-
ing the pore with water at 1 g/cm?, which is close to the density of SPC/E water
at ambient conditions. The system was first equilibrated in the microcanonical
(NVE) ensemble for 1 ns. Then, a first isothermal-isobaric (NPT) run for 1 ns
was performed to equilibrate the system under a pressure of 1 atm at 310 K
to mimic the environment of in vivo human bone. In previous studies [20] 22],
simulations in the microcanonical ensemble (NVE) were performed to ensure
that the rescaling of the dynamics by the thermostat did not affect significantly
the dynamics. In the production phase, the system was sampled for 2 ns in
NPT ensemble. The Nosé-Hoover thermostat and barostat, at relaxation time
0.5 ps for both, were employed. The long range electrostatic interactions were
computed using the Smoothed Particle Mesh Ewald (SPME) method with the
acceptable relative error of 107%. This MD methodology was adopted in our
previous studies of HAP nanopores [21], 22] 23].

Table |2| shows the number of water molecules NV, for each target pore size
H. The pore size H is defined as the projection of ¢ vector on z-direction minus
the effective thickness hgap of the solid HAP. This effective thickness hyap is
defined as the distance between the center of the out-most oxygen (the out-most
species in HAP surface) in each exposed HAP surface projected on z-direction
plus twice the van der Waals radius of oxygen ro =0.152 nm. Accordingly, the
average pore size (H)y pp, sampled during the second NPT run, is computed

by: (H) = (c.z2) ypp — (hmAP) ypp. Similar definitions of effective thickness
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Table 2: Details of HAP-water systems (no salt), for a system with Ny p = 1584 atoms in
HAP solid layer.

H (um) | (H) (m) | N,
2 1.86 455
3 2.98 682
4 3.83 910
6 6.11 1363
8 7.97 1823
10 10.09 2276
12 12.16 2732

and pore size were used for other layered materials such as clays [38].

2.2. Quantification of self-diffusion coefficients under confinement
The dynamics of fluids can be quantified in terms of the ensemble averaged
(i.e. an average over the number of particles, denoted (.) hereafter) of the Mean

Squared Displacement (MSD):

(ri(t)*) =~ Dyt™ withi=z,y or z (1)

where r; are the components of the displacement vector r(t) = p(¢t)—p(0), which
is function of the position p of the particle at time ¢. This equation holds for
systems with orthogonal symmetry (see Prakash et al. [21] for a general formula-
tion). The mechanism of diffusion can be characterised in terms of the anoma-
lous diffusion exponent a: « = 1 corresponds to Fickean diffusion and other
values are associated with a subdiffusion (0 < oo < 1) or superdiffusion (o > 1)
regimes. The diffusion coefficient D;; has dimension [length?.(time~%)]. In the
Fickean diffusion regime it is implicitily assumed [25] (1) the independence of
individual particles, (2) the existence of a sufficiently small timescale beyond
which individual displacements are statistically independent, and (3) the par-
ticle displacement (during this timescale) corresponding to a typical mean free

path distributed symmetrically in positive or negative directions. In anomalous
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diffusion, one or more of these assumption are violated and lead to the break
of ergodicity in the behavior of the system [25]. Models such as the Continuous
Time Random Walk (CTRW) [39] 40], scaled and fraction Brownian motion,
and Langevin motion are often employed to describe anomalous diffusion [25].

In isotropic systems showing Fickean dynamics, the diffusion coefficient can

be computed using the Einstein-Kubo equation:

(2)
where d,, is the (space) dimension of the system and the operator | . | denotes
the module of a vector. According to this equation, the diffusion coefficient is
the long-time limiting slope of the mean squared displacement. Therefore, a
sufficiently long sampling time in MD simulations is necessary to capture such
long-time limit reponse [41} 42]. However, one must also consider a sufficiently
short sampling time in MD simulations to prevent dwindling statistical accuracy
as the sampling time approaches the simulation duration [41].

Under confinement, the motion of particles in certain directions are not
allowed leading therefore to an anomalous diffusion [24] 43| 25, 26]. For a
reference orientation with the (x,y) axis parallel to the walls of a slit pore, MD
simulations [2I] have shown that the tensor representation of the self-diffusion
tensor is diagonal. Consequently, the analysis of diffusion in HAP slit pores can
be decoupled with respect to the diffusion along the wall (x- and y combined

directions) and the diffusion perpendicular (z-directions) to the walls.

2.2.1.  Diffusion parallel to the walls in a slit pore
Given the decoupled nature of the anisotropic diffusion, parallel to the walls

the diffusion coefficient can be computed using the 2D Einstein-Kubo equation:

pE = L (I + [y (1))%)
4 t—oo t

(3)
Even if the diffusion along the walls remains Fickean, the dynamic of fluid

can be drastically changed under nanoscale confinement due to the discrete
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nature (granularity) of matter and the interaction of fluid with the surface [28].
It can be shown that the diffusion coefficient along the surface of the wall in a
slit pore decreases with respect to the bulk value according to the leading order
o/d, where o is the diameter of the diffusing particle and d is its distance to the
surface [44], [45]. From the Stokes equation and after averaging over the width
of the slit pore H, the diffusion along the wall in a slit pore with infinite lateral

dimension L — oo is given by the following expression [28]:

Djf(H, 00) ~ Dyuir {1 n %% In (2)] (4)
where Dy, 1s the diffusion coefficient in a bulk fluid. This reduction in the dif-
fusion coefficient have been associated with the suppression of long-wavelength
modes due to confinement [46]. In this work, this expression has been used to
determine the effect of confinement.

The dynamics of fluids and solutes in MD simulations are affected by the
periodic boundary conditions (PBC). The origin of this artifact is due to the
viscous couplings of the atoms with their periodic images, which reduces the
dynamics [28, 7). In a cubic supercell of lenght L, the diffusion coefficient
Dj(o0) (with L — oo0) can be obtained from the diffusion coefficient DfBC
computed from a MD simulation with periodic boundary conditions using the

following expression [48] 49, 50, [51]:

kT¢

_ nPBC
Dyo0) = Dy ™" + o

(bulk (isotropic)) (5)

where £ =~ 2.837298 is the self-term for a cubic lattice at the room temperature,
and 7 is the viscosity of the fluid. It is noteworthy that the computations
of the viscosity of SPC/E water were reported to be insensitive to simulation
cell size [49]. SPC/E water viscosity at 310 K (n= 5.95x107* Pa.s) can be
interpolated from the results of Medina et al. [52]. Note that the finite-size
correction (second term in Eq. is temperature dependent, which introduces
a temperature dependence in Dj(oco) that is not necessarily identical to the

temperature dependence in Df BC 53).
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For anisotropic systems, new formulations have been proposed that depend
on the aspect ratio H/L of the simulation box. For the HAP slit pore, we have
applied the corrected versions for the parallel diffusion coefficient proposed by

Simonnin et al. [28]:

KT |3 H In(1+v2)
PBC o4 mitTve)
012 1oL (elongated box) (6)

1T H

Dy(H < L,00) ~ D["P¢ + 51 0 L2 (flat box) (7)

These expression have been used in this work to determine corrected values of

the in-plane diffusion coefficients.

2.2.2. Diffusion perpendicular to the walls in a slit pore

The diffusion in the z-direction (perpendicular to the wall in a slit pore) is
subjected to collisions with the walls of the pore as well as the effects of the
confinement potential V(z). The confinement potential V'(z), or potential of
mean force, is related to the energy along the minimum free energy path, which
is the path in phase-space that most likely the system will follow [54]. Tt is
possible to provide estimations of V'(z) from the density profiles in micropores
[54].

At short times, the dynamic of a single particle is expected to be Fickean
since the particle does not experience reflection on the confining walls or the
restoring force from the confinement potential [55]. Fickean diffusion regime
holds for scales of time in which D, t < H? [55]. The transition to a regime
with subdiffusion depends on the confining potential.

In order to account for the interface, the strategy adopted here is to consider
only regions within a certain distance from the surface of the nanopore, where
the confinement potential V(z) can be considered as constant [54]. The solution
of the Smoluchowski equation for a constant potential V'(z) gives the following

expression for the MSD in the direction perpendicular to the nanopore walls

10
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[56]:

(o) =280 Lo (5]
n=1(odd)

where the diffusion coefficient D, can be obtained by fitting the MSD <[rz(t)]2>
profile computed from the MD simulation. With this expression, the diffusion
mode is equivalent to free Brownian diffusion within an infinitely high square
well potential [56]. The coefficient D has the dimension of a normal diffusion
coefficient (i.e. [Length?.(time1)]) but with the phenomenology of Eq. |8} the
resulting scaling of the MSD <[7“Z (t)]2> is anomalous. Indeed, at time ¢ = 0, the
slope of the MSD profile is proportional to D, as in the Fickean case. However,
the curve asymptotically approaches H?/6, which characterises a subdiffusion
regime [50].

In this work, the out-of-plane diffusion coefficients of water and ions have
been evaluated according to Eq. [§ but also applying the Einstein-Kubo Eq. [B}
1 (o)

t

pr _ L
bI™ =35l

(9)
No finite-size or PBC corrections have been considered for the out-of-plane
diffusion coefficients because of the lack of adequate corrections for the direction

perpendicular to the wall.

3. Results and Discussion

3.1. Finite size effects on the dynamics of water and ions

The finite size effects (periodic boundary conditions and confinement) on
the dynamics of water and ions were investigated by replicating 2, 3 and 4
times (see Fig. [2)) in the x- and y-directions the simulation cells of the 0.1
mol/kg CaCly (aq) and CaFq (aq) solutions (see Fig. [1)). The isotropic diffusion
coefficients of the water molecules and ions obtained using the Einstein-Kubo

formula (see Eq. [3]) are reported in Supporting Information.

11
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Figure 2: Snapshots of the four different simulation supercells (with H = 2 nm and C = 0.1
mol/kg) used to study the finite size dependence of water and ion dynamics in HAP nanopores.

From left to right, the systems contain 3888, 15552, 34992 and 62208 atoms, respectively.

Figure (3| displays the in- and out-of-plane diffusion coefficients of water and
ions for the CaCly, and CaFy solutions as a function of the system size. The
in-plane diffusion coefficient Dl“EK was computed from Eq. using the x and y
MSDs. The elongated (see Eq. @ and flat (Eq. E[) corrections of Eq. |§| or Eq.
[7] were applied to the diffusion coefficients computed from the MD simulations
and the corresponding diffusion coefficients D) (H,o00) are also reported in the
figure. Figure [3] shows that PBC corrections do not significantly change the
values of the in-plane diffusion coefficients.

The in-plane diffusion coefficients are larger than the out-of-plane diffusion
coefficients. The dynamics on both directions is affected by the confinement as
the values of the in-plane and out-of-plane diffusion coefficients are significantly
smaller than in the bulk.

The diffusion coefficient perpendicular to the HAP walls DEX was computed
using Einstein-Kubo relation (see Eq. [9) and by fitting Kusumi et al. [56]
formula to obtain D, (see Eq. , which takes into account the reflection of
particles on the confining HAP walls. As can be seen in Fig. [4 the density of
water is almost constant at distances exceeding circa 4 A from the center of the
out-most atom (oxygens) in HAP surface. Given that the Lennard-Jones (LJ)
diameter of oxygen in SPC/E water model is 3.55 A, we can infer that after the
first adsorbed water layer, the fluid within the pore can be approximated by

bulk fluid (with constant density and confinement potential). In the following,

12
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we restricted our analysis of the diffusion coefficient perpendicular to HAP walls
to the regions beyond the first hydration layer where the confinement potential
V(z) considered to be constant.

The dynamics of water perpendicular to HAP walls in the CaF2 0.1 mol/kg
solutions is shown in Fig[f] Similar results were obtained for the CaCly solution
and are reported in Supporting Information (see Fig. S3). The scaling behavior
of the MSDs (see Fig. [5[ (a)) changes from normal diffusion (MSD <[rz(t)]2>
scales with t) to subdiffusion (MSD <[7’Z (t)]2> scales with v/t). The time for the
transition to the subdiffusion regime depends on the pore size H but in gen-
eral the smaller the pore size, the smaller the transition time. The curves with
dashed lines in Fig. 5| (b) have been computed from 2., , = [(H — cow)/2)?,
where 00, is the LJ diameter of the oxygen in SPC/E water model. Thus, 7¢qns
corresponds roughly to the average distance travelled by a water molecule that is
not part of the first hydration layer before being reflected on the first hydration
shell of the HAP nanopore surface. Equation [§]fits quite well the MSD obtained
by MD simulations, which indicates that a free Brownian diffusion within an
infinitely high square well potential (i.e. the mode associated with Eq. |8) de-
scribes quite well the effects of confinement on the perpendicular diffusion of
water in HAP slit pores. The time derivatives of the MSD <[rz (t)]2> in Fig.
(c) highlight the changes in the diffusion mechanisms from normal diffusion
to subdiffusion. The sudden variations in these time derivatives, especially in
the case of the smaller pores (roughly three orders of magnitude for H = 2 nm),
show that a Fickean interpretation of the dynamics is not suitable to describe
the dynamic behavior of water in the direction perpendicular to the pore walls.
For comparison purposes, the diffusion coefficients D computed using Eq. [§]
have also been reported.

Figure [6] reports the MSD of the ions in the CaCl; (aq) and CaF; (aq) solu-
tions (C' = 0.1 mol/Kg) confined in the HAP pore with H =2 nm. In Fig. [0 (a),
the MSD computed for the in-plane directions (x and y) show that after few

hundreds of picoseconds, the ions MSD exhibits negative time derivatives, which

13
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Figure 3: Diffusion coefficients of water and ions as a function of the simulation supercell
(in-plane) size L. The quantity Lo corresponds to the in-plane dimensions of simulation cell
with H = 2 nm as reported in Fig. [1] and [2| (left). Full circles represent estimates of the
diffusion coefficient DEK obtained using the Einstein-Kubo formula (see Eq. . The lines
are least-square fits of the corresponding points. At right, the squares represent the estimated
using Eq. to obtain D |, which takes into account the reflection of particle on the confining

walls.
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Figure 4: Density of water oxygen (O.) and hydrogen (H) along z-direction for two pores
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Figure 5: Dynamics of water perpendicular to HAP walls as a function of confinement: (a)
log-log plot of the MSD of water (obtained from MD) for various pore sizes. The scalings
with time ¢ are also shown. (b) MSD obtained from MD simulation compared to the fitting
using Eq.[8] The transition to the subdiffusion regime occurs at a MSD scaling with the pore
size H. (c) Time derivative of the MSD (symbols) and diffusion coefficient D computed
via Eq. |8 (full lines). Only CaF3 solution is considered. See the Supporting Information for

results regarding CaCls solution.
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could be interpreted as a negative diffusion coefficient. In low concentration
regimes and for the systems with the sizes considered here, only few ions are
present in the simulation box, making the study of ions dynamics similar single
particle tracking. In this case, the ensemble average is not enough to counteract
specific random effects in the MSD of single ions. Being a stochastic process,
the profile of the MSD is dependent on the amount of sampled time points [57],
notably in the case of single particle diffusion. Various authors have identified
the errors in the measurements of single particle dynamics (e.g. Burnecki et
al. [58]) and how they may lead to erronenous interpretations of the diffusion
mechanisms [59]. These uncertainties are related to the stochastic nature of dif-
fusion and translate in the difficulty of determining if negative derivatives of the
MSD are the result of systematic transport phenomena or of specific constraints
associated with diffusion [60].

An interpretation of a negative diffusion of ions in salt solution could be the
aggregation of the solvated ions. Nonetheless, this effect would increase with salt
concentration and be more pronounced for salt with low solubility such as CaFs.
However, in Fig. [] the negative time derivative becomes less pronounced for the
solutions at higher concentration and for CaFy (aq). For larger ionic forces,
there are more particles over which ensemble averages are performed and the
unusual effects due to the random nature of individual particle MSD becomes
less significant. Consequently, salt precipitation is unlikely to be the cause of the
negative time derivatives of the MSD observed here. Indeed, even at the higher
concentrations considered in this study (C' =1.0 mol/kg), no aggregation of ions
was observed. These observations are in agreement with the hypothesis of the
negative time derivatives being an artifact induced by the stochastic nature of
MSD.

In single particles dynamic, corrections have been proposed accounting for
the intrinsic variability of the MSD [61} 57]. The black dashed line in Fig. [6] (a)
corresponds to the noise-corrected MSD in the x-direction following the ap-
proach proposed by Kepten et al. [57]. Here, the corrections with respect to

both noise and ensemble heterogeneity are combined to obtain a MSD with

16
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Figure 6: Dynamics of ions under confined conditions (H=2 nm): (a) log-log plot of the
in-plane MSD of Ca ions of a solution (C=0.1) of CaCly. The black dashed line corresponds
to the noise-corrected MSD in x-direction following the Kepten et al. approach [57]. In- and
out-of-plane MSD of ions of confined solutions of CaCly at concentrations (b) C=0.1 and (c)
C=1.0 as well as confined solutions of CaF3 at concentrations (d) C=0.1 and (e¢) C=1.0. In all
cases, the scalings with time ¢ are shown. In all cases, all the ions in the pore were accounted

for in the MSD computation.

fewer random errors. Indeed, the correction to the MSD in Fig. |§| (a) gives a
MSD profile with a larger domain where time derivative remains positive.

At both low (C' =0.1) and higher (C' =1.0) salt concentrations, the MSD of
ions in the direction parallel to the HAP walls scales with ¢ and consequently fol-
lows the Fickean diffusion behavior. On the other hand, at both concentrations,
the MSD of ions in the direction perpendicular to the HAP walls scales approx-
imately with v/¢ (subdiffusion mechanism) and this behavior is not strongly

affected by salt concentration.

3.2. Confinement and salinity effects on the dynamics of water and ions

Figure [7] reports the in- and out-of-plane diffusion coefficients of water and
ions in the CaCly (aq) and CaF3 (aq) solutions with concentration C = 0.1
mol/kg as a function of the HAP pore thickness (2 < H < 12 nm).

For in-plane diffusion, the coefficient D (H,00) computed via the finite-
size corrected formulas (see Eq. |§| and Eq. E[) and the non-corrected diffusion

coeflicient DI?K (see Eq. are compared with the analytical result of Eq.
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which provides the diffusion coefficient DW(H ,00) computed from the diffusion
coefficient of each species in bulk solutions. The results are consistent with
a previous study [2I] showing that the in-plane diffusion coefficient of water
increases with the pore size, reaching a plateau at circa 10 nm, but this plateau is
reached earlier with the corrected diffusion coefficients D)|(H, c0). For the larger
pores, theoretical results of DW(H ,00) (see Eq. [4)) are in a reasonable agreement
with the values obtained from MD simulations, whereas the reduction in the
diffusion coefficient with confinement is more pronounced from MD results. For
all mesopores, the in-plane diffusion coefficients of the ions are smaller than
the isotropic water diffusion coefficient. Due to the limited number of ions
in solution, the diffusion coefficients of Ca?*, Cl~ and F~ are more variable
than the diffusion coefficient of the water molecules, but the overall trend is a
slightly increase with the pore size. Calcium ions show similar in-plane diffusion
coefficients irrespective of the salt concentration and counterion.

In Fig. [7| (right), the out-of-plane diffusion coefficients are shown for all the
species according to the confinement. The diffusion coefficients are computed
according to Einstein-Kubo relation (D¥X in Eq. [3| assuming Fickean diffusion)
as well as Kusumi et al. relation (D, in Eq. 8] accounting for confinement and
resulting subdiffusion). The Kusumi equation takes into account confinement
effects in the evaluation of D and yield slightly larger diffusion coefficients than
the values obtained applying the Einstein-Kubo relation. For both in and out-
of-plane diffusion of water, the diffusion coefficients D can be aproximated by
the expression [62] D(H) &~ Dy (1 — eH/kd), where kg is constant obtained by
fitting the values of the diffusion in the bulk fluid Dy, (Supporting Information,
Fig. S3).

The dynamics of water is slowed down in the presence of CaFs; when com-
pared to CaCly solution. Indeed, the diffusion coefficient of chloride is larger
than fluoride’s, whereas calcium ions exhibit similar diffusion coefficients irre-
spective of the considered counterion. The out-of-plane diffusion coefficients of
water and ions evolve non linearly with the confinement reaching a plateau at

approximately 10 nm. Such behavior is also visible for the in-plane diffusion
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coefficients.

Figure [§| shows for the nanopore with H= 2 nm the influence of salinity on
the diffusion coefficient of water and ions as a function of the salt concentra-
tion. Three salt concentrations were considered and compared to pure water.
Note that the dissolution of HAP solid walls occured at C' =1.5 mol/kg, but
these simulations are not considered here. The corrections for finite-size arti-
facts to in-plane diffusion D) (H, 00) have been applied, and for the out-of-plane
diffusion coefficients both Einstein-Kubo DFX and Kusumi et al. D, formula-
tions were considered. The in- and out-of-plane diffusion coefficients of water
decreases with the concentration of CaCly; and CaFy. This observation is in
agreement with NMR measurements or ultrafast spectroscopy results as dis-
cussed by Marcus [63]. Moreover, thsese results are consistent with previous
simulation results [23] reporting that the presence of ions in HAP pores slows
the dynamics of water molecules compared to bulk liquid, enhancing the rigidity
of H-bonds networks. The variability of the diffusion coefficients of ions in the
more dilute solutions is likely to be related to the size of the simulated systems.

Our results suggest that the in-plane diffusion coeflicients of ions decrease
with salt concentration. On the other hand, the concentration does not have a
significant influence on the dynamics in the direction perpendicular to the HAP

walls.

4. Conclusions

Classical MD simulations of HAP nanopores (2 nm< H <120 nm) in con-
tact with aqueous electrolyte solution were conducted to obtain an atomistic
description of the anisotropic dynamics of water and ions in HAP nanopores.
Corrections due to PBC and finite size effects were also considered to provide
confidence in the diffusion coefficients computed from MD simulations. We ob-
served that these effects on the dynamics of water are negligible in elongated
simulation boxes with the out-of-plane size not exceeding twice the average in-

plane size.
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Figure 7: Diffusion coefficient of water and ions species in both in- and out-of-plane directions
as a function of the pore size for a salt concentration C =0.1 mol/kg. At left are reported the
in-plane diffusion coefficients D, (H,00) (computed via the finite-size corrected formulas Eq.
|§|0r Eq. ﬁ), D"ng (computed with Eq. and Dﬁ (H,o0) (theoretical result of Eq. H) At
right, regarding out-of-plane diffusion, the diffusion coefficient D, (computed via Kusumi et

al. Eq. [8) as well as the Einstein-Kubo estimate DFX (Eq. EI) are shown.
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Figure 8: Diffusion coefficient of water and ions as a function of the salinity for H= 2 nm.

Diffusion coefficients defined as in Fig. 7.
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The quantification of the change in the diffusion mechanism in the direction
perpendicular to HAP nanopore walls shows that after a certain transition time,
proportional to the pore size, the MSD scales with t*, with o ~ 0.5 (instead
of o = 1 for a Fickean regime). This scaling is characteristic of a subdiffusion
regime. We provided the diffusion coefficients of the water and ions according to
the formulation of Kusumi et al. [56], which accounts for reflection of molecules
on the confining walls in a mode corresponding to a free Brownian diffusion
within an infinitely high square well potential. Our results suggest that this
mode can describe quite well the effects of confinement on the perpendicular
diffusion of water in HAP slit pores.

The variations of the diffusion coefficient with the concentration are more
pronounced in the in-plane direction. Ion concentration does not show a signifi-
cant influence on the dynamics in the direction perpendicular to the HAP walls.
Regarding specific ion effects, the diffusion coefficient of chloride is larger that
fluoride and calcium diffusion coefficients, and diffusion of calcium ions is slowed
down by the presence of fluoride when compared to the presence of chloride.

Constitutive modelling of bones coping with electro-chemo-mechanical cou-
plings can benefit of the information regarding diffusion coefficients of water and
ions under confinement provided here [2]. The applications include, for instance,
(i) the development of models of bone adaptation and remodeling informed by
physical chemistry aspects of nanoporous HAP behavior at the molecular scale,
(iii) the understanding of HAP de- and re-mineralization processes and dura-
bility according to the pore solution composition and (iii) the development of
models of the ingress of aggressive agents in HAP-rich materials such as teeth

and HAP treated cultural heritage objects.
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