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Abstract

Portlandite plays an important role in the hydration phase of the cement-based
materials and influences the strength and durability of the material. This paper
describes a molecular dynamics study of the structure and dynamics of water and ions
confined at ambient temperature in calcium hydroxyl nanopores of width 35 A.
Strong layering of water in the vicinity of the (001) surface of portlandite
demonstrates special structural features such as large density, good orientation
preference, ordered interfacial organization and low diffusion rate. Due to the fixed
vibration and rotation of the hydroxyl groups at the interface, water molecules within
the first adsorbed layer adopt both H-downward and H-upward orientations by

donating H-bonds and accepting H-bonds from the OH bonds in the solid surface. In
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respect of the ions and portlandite interaction, the Na" ions, deeply rooted in spaces of
the surficial hydroxyl groups, are significantly slowed down and remain near the
surface for a long time. On the other hand, due to the weak H-bonds formed by
chloride ions and hydroxyl adsorbed chloride ions near the surface cannot remain for
longer time. In addition, when the water and ions are confined in the nano-pores, the
residence time for the ions-water, ions-ions cluster is lengthened so that the ions
adsorption capability for the porlandite surface is enhanced due to the stable Na-Cl

connections in the electrolyte solution.

1. Introduction

As the ubiquitously utilized construction and building material, concrete
inevitably suffers from the mechanical loading and chemical, physical and biological
attack from the surrounding environment. This results in degradation of the
performance of concrete and may result in the severe damage of the structure. Most
of the durability problems of cement-based materials are closely related to the motion
and transport of water and ions in these materials. For example, in the porous
structure of reinforced concrete, water molecules carry detrimental ions, such as
sulfate or chloride species, that are transported to the surface of the steel by capillary
adsorption or diffusion, the passivation film is destroyed , accelerating corrosion of
the steel. The interaction of ionic species and water molecules with the surfaces of
calcium silicate hydrate and portlandite, which are mainly hydration products, is
central to understanding the chemical and physical behavior of the concrete-water
interface. Therefore, it is particularly important to elucidate the transport mechanism
of water and ionic species through the portlandite crystal. However, the presence of a
solid surface significantly influences the ionic mobility, especially in porous media
such as calcium silicate hydrate, where geometrical ultra-confinement is reinforced by
the interactions between the ionic species and the disordered and charged channels.
Many traditional methods, based on the Fick’ s Law, are not suitable for diffusion
investigation at the molecular level. This is because the water molecules confined in
the nanopores or in the presence of solid surface dramatically demonstrate different

dynamic behavior compared with those in bulk solution and, in particular, exhibit a
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glassy nature as a super-cooled liquid (Youssef, et al., 2011).

Water transport and chloride diffusion behavior in cement-based materials have been
widely investigated by pore solution expression, leaching experiments, sorption
isotherm measurements, and direct EDAX analyses (Castellote, et al., 1999)
(Delagrave, et al., 1998). Most of these experiments involved modifying the physical
and chemical environments of the solid/solution and hence reduced the accuracy in
the investigation. To better quantitatively describe the sorption of chloride ions near
the portlandite surface, *>Cl NMR relaxation methods (Yu & Kirkpatrick, 2001) and a
two-site exchange model have been proposed to study the in situ molecular-scale
structural and dynamical properties of the chloride binding on the Ca(OH), in contact
with the aqueous chloride solution. Furthermore, the structural and dynamic
properties of the water molecules in cement-based materials, including the interlayer
water, surface water and water in the capillary pores, have been probed by 'H nuclear
magnetic resonance (H NMR) (Greener, et al., 2000), quasi-elastic neutron scattering
(QENS) (Bordallo, et al., 2006) and the proton field cycling relaxometry approach
(PFCR) (Korb, et al., 2007). These experimental results suggest that the mobility of
water molecules in cement-based materials is significantly dependent on the local
chemical environment. For instance, unbound water molecules in the pores move at
a fast rate (diffusion coefficient~ 10 m?/s), while the water molecules confined in the

gel pores diffuse slowly (~10"° m%/s) (Bordallo, et al., 2006).

However, investigating the water structure and dynamics by experimentation alone is
challenging, due to certain limitations, such as the material purity and the
measurement accuracy at the relevant lengths and timescales. Computational methods
can help to interpret the experimental results and play a complementary role in
understanding the structural and dynamic properties at the molecular level. Molecular
dynamics (MD) is a computational method that can give a more quantitative
illustration of the structure, dynamics and energy of solid-liquid interfaces. Kalinichev
(2007) (Kalinichev, et al., 2007), whose group developed the ClayFF force field

(Cygan, et al., 2004) , introduced the force field model in a cement system and



Physical Chemistry Chemical Physics

investigated the multi-phases in the cement based material. In light of the mineral
interface properties, MD simulation was performed to study the water confined
between the brucite layers (Wang, et al., 2004). In addition to the water/cement
interface study, they also performed MD simulation to investigate the structure and
dynamic behavior of chloride at the interface between the cement hydrate and the ions
solution (Kalinichev & Kirkpatrick, 2002). Because the ClayFF force field can
characterize the molecular structure and dynamics properties of various phases in
cement hydrate, it is suitable in simulating the cement-based material at nano-level. In
the respect of computational algorithm, for the large scale and longtime statistical
molecular simulation, a model for including electric fields in molecular dynamics has
been developed by using an atomistic-to-continuum framework (Templeton, et al.,
2011). The method has been employed to simulate salt water transport in slab-like
geometries to achieve computational efficiency. Hence, this long-range electric field
solver might play important role in bridging transport simulation between the

atomistic level and micro-level.

In this paper, molecular dynamics is utilized to simulate water and ions transportation
in the nano-pores confined by portlandite crystals. The simulation aims at giving
insights on the molecular structure, dynamic motion and interaction between water
and the portlandite surfaces. Density profiles, atomic trajectories, diffusion
coefficients, pair correlated function and H-bond networks are used to characterize the
structural and dynamic behavior of the water molecules in the nano-pores. In addition,
CI" and associated cations diffusion are also investigated to determine the chemical

and physical reactivity between portlandite surface and ions.

2. Methodology

2.1 Model Construction
The layered structures of calcium hydroxide are constructed by the calcium

octahedrons with calcium atom in the center. Between the calcium layers there are
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hydroxyl groups, the H-bonds of which play a role in layer connection. As shown in
Fig.1a, the calcium hydroxide is cleaved in the [0 O 1] direction and the hydroxyl
groups are left on the surface. Previous research has demonstrated that the first layer
of water near the surface is greatly influenced by hydroxyl groups from the
hydrophilic substrate, such as brucite or gibbsite surface (Wang, et al., 2004). As
shown in Fig. 1b, 1200 water molecules are inserted into the narrow space between
the portlandite substrate to simulate water transport confined in a 35 A crack. In this
simulation, the Ca-O-H angle constraint in ClayFF force field, which is an optional
part, is not fixed in the simulation. This results in more flexible vibration of the

surface hydroxyl and characterizes interactions from the neighboring surface water.

Hydroxyl groups Calcium layer

gL 8 __ 8 __A__8$5__/8__8__90 _
e e o E e S
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(b)
Fig.1 (a) Cleaved structure of calcium hydroxide. (b) Ca(OH), and NaCl solution

interface. Green sticks represent the calcium layers and red and white sticks are the

hydroxyl groups, light green sphere is a Cl ion and the purple one is Na ion.

2.2 Force field and Molecular dynamics algorithm

In this simulation, the ClayFF force field (Cygan, et al., 2004) was employed to
describe the aqueous cation, water solution and portlandite. Due to the good
transferability and reliability, the ClayFF force field has already been used to
successfully model the structures of oxide and hydroxide materials, the interactions of
aqueous species with oxide and hydroxide surfaces, and the behavior of water and
ionic species in the interlayers of layer-structure phases (Kirkpatrick, et al., 2005)
(Kirkpatrick, et al., 2005) (Cygan, et al., 2009). The molecular structure and
mechanical properties of portlandite were first simulated by using the ClayFF force
field. As shown in Table.1, the computed structure of portlandite matches well with

the experimental results (Desgranges, et al., 1993) (Holuj, et al., 1985) and previous
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computational results (Laugesen, 2005) including the cell parameters, chemical bonds

and elastic properties.

Portlandite
ClayFF  DFT* Exp™
alA) 3.567  3.609 3.589
b(A) 3.567  3.609 3.589
c(A) 4908  4.864 4911
a(deg) 90 90 90
f(deg) 90 90 90
y(deg) 120 120 120
vol(A3) 54.08 548  54.8
Ca-OH bond (A) 2.39 238 2.369
K(Gpa) 33.56 314 39.6
G(Gpa) 12.63 183 134

Table 1: ClayFF Computed Lattice Parameters and Elastic Properties for the Studied

Crystals and Their Comparison with DFT Simulations and Experimental Data

a. DFT results from reference (Laugesen, 2005)
b. structural properties from reference (Desgranges, et al., 1993)

c. mechanical properties from reference (Holuj, et al., 1985)

The total potential interaction energy of the simulated system, U, is calculated as the
sum of the electrostatic term for all Coulomb interactions between partial atomic
charges and the Lennard-Jones (12-6) term modeling the short-range van der Waals

dispersive interactions:

12 6
_v. qiqj . 9ij 2y
U=2i {471:601” ey [(Tii> " <r”> ]} v

where r; is the distance between atoms i and j, q; and q; are partial charges centered on
these atoms, ¢ and € are parameters of the Lennard-Jones interaction potential, and &
is the dielectric permittivity of vacuum (equal to 8.85419 x 107> F/m). These
parameters and partial charges are listed in table 2. The Lennard-Jones parameters, a

combination of different ions interaction, can be obtained as follows:
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All long range electrostatic interactions are implemented by the Ewald summation

method.

Species qle o/ A g/kcal/mol

oxide/hydroxide structure

O(portlandite) -0.95 3.166 0.1554
H(hydroxyl group) 0.425 0 0
Ca(portlandite) 1.05 5.56 5.0298x10°°

water and ions

Cr -1 4.4006 0.1

Na® 1 2.35 0.1301
H(water) 0.41 0 0
O(water) -0.82 3.166 0.1554

Table 2: ClayFF force field parameters for different atoms

MD simulation is performed by using LAMMPS software (Plimpton, et al., 2001),
which has high computational efficiency for large scale system simulation. Our
simulation for the transportation consists of energy minimization to eliminate
configurations that have inappropriate atoms coordinates distribution. After energy
minimization, the molecular dynamics was performed as the following procedure:
firstly, the calcium hydroxyl substrates were “frozen” by rigid body algorithm and
only water molecules and ions were relaxed for 100 ps; followed by another 300 ps
MD steps for the whole system to reach thermodynamic equilibrium state ;finally 400
ps to 10000ps equilibrium stage during which the trajectories of atoms are recorded

for statistical analysis. During all the periods, the NVT ensemble was employed. The
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time step was set as 0.1 fs, which can describe the dynamics of H-bonds and every
100 steps, the configuration information was recorded for data analysis.

3. Results and discussion

3.1 Atomic density profile and angular distribution
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Fig. 2 Density profiles for water oxygen and water hydrogen

Atomic density profiles along the direction normal to the substrate surface were
calculated by averaging more than 10000 frames of MD trajectories. Atomic density
oscillation with the distance from the surface on the first step provides insights into
the influence of hydroxide surface on the interfacial water molecules. The surface
plane is defined as the center of the interfacial hydroxyl groups (z=11.2A). For the
Oy-density profile, it can be observed in Fig. 2 that there are four obvious peaks at
13.05, 15.4, 16.9, 19.3 A and smaller variation still exists up to 25.2 A. For the
H-density profiles, the system exhibits three obvious peaks at 12.2, 13.6, 16.1A and
few significant variations exist at 20.2 A. The bulk water distribution is perturbed by
the substrate confinement and the density profiles with different peaks are mainly the

result of the substrate structure, the H-bond network of the interfacial zone as well as

the local charge distribution.
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Fig.3 Water orientation: dipole angle and HH angle;

The orientation profiles, describing the water angle distribution, are defined by two
specific angles: @ and @y As illustrated in Fig.3, the former is the angle between
the dipole vector (vq) of single water and the normal vector (v,) for the surface, while
the latter is the angle between vy, (the vector from one H to the other in the same
water) and v,. Those instantaneous orientations of water molecules in different layers

have different characteristic that can be utilized to analyze the surface influence.
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Fig.4 Orientation profiles (a) dipolar angle distribution; (b) HH angle distribution

Combined with the density profiles, the averaged orientation profiles play
supplementary roles in better explaining the water structure. The dipole angle, defined
as the dipole vector with [001] direction and the HH angle, the HH vector with [001]
direction can provide useful information about the angle distribution. Water molecules
contributing to the first density peak in the O,, profile are decomposed into 4 layers
(0.5 A for each layer). As shown in Fig. 4a, three obvious peaks can be observed in
the 1% and 2™ layers (dipole 1 and 2), indicating multiple minima in the potential
energy surface. On average, the dipole angles show peak values at 30°, 90°and 175°,
which are defined arbitrarily as type 1, type 2 and type 3 water molecules for
distinguishing in following analysis. In the lower layer (dipole lin Fig. 4a), the water
molecules orientation has two preferences from 60° to 90° and from 120° to 180°. The
former orientation corresponds to water molecules with O-H vector pointing slightly
upward to the surface, while the later one is contributed by those with two OH bonds
pointing downward to the surface. In the layer with a mean distance 1.6 A from the
surface (dipole 2 in Fig. 4a), another small peak occurs at 30° in the dipole

distribution, indicating a small percentage of water molecules with their axes tilting
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upwards. In the 31 layer, the peak intensity for type 1 water molecules increase, while
the other two peaks merge together and form one large peak from 60° to 180°. The
large overlapping peak is contributed by the type 2 and type 3 water molecules and
also their neighbor water molecules at upper layer. Finally, water molecules in 4t
layer have average dipole angle at 60°and a broad shoulder with low intensity from
90° to 140°. Previous research has focused on the interfacial water on the brucite, an
Mg analogue of portlandite. The simulation results demonstrated that two types of
water molecules exist on the surface: the O-H bonds of type 1 water molecules point
downward with a predominately dipole angle of 130° towards surface, while the
dipole vector of the type 2 water molecules points upward with an average dipole
angle of 30°~80° (Wang, et al., 2004). The structural difference between Mg(OH)2
and Ca(OH)2 result in the discrepancies of the profiles of the surface water
orientations. Even though the two analogues expose hydroxyl groups near the surface,
portlandite has larger separation between nearest hydroxyl neighbors than that of
brucite due to the larger atomic radius for the Ca atoms. Therefore, the larger cavity
on the surface results in less restriction for the surface hydroxyls, which leads to a
wider variation of water orientation. In Fig. 4b, a dominant orientation at 90° in the
HH angle distribution provides insights that the z coordinates of two H atoms in a
water molecule tend to the same height. The HH orientation is mainly attributed to
type 1 water molecules with both OH bonds pointing upward and type 3 water
molecules with both OH vectors pointing downward. Combined with H-bonds
connection, the molecular configuration for three types of water molecule can be

further discussed in Fig.8 in the following section.
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Fig. 5 Atomic density contours

Atomic maps in the 1" layer show that the water molecules occupying the cavity
between neighboring hydroxyl groups are mainly from type 1 and type 3. No
obviously distinguishing feature between type 1, type 2 and type 3 water molecules
can be observed in the 2" layer. Because water molecules of all types coexist in the
same plane and are mixed together by the interconnected H-bonds, it is rather difficult
for any type of water to aggregate in local environment. The layered surface water
structure and the narrow angular orientation profiles indicate that the surface water
molecules are strongly restricted by the surface hydroxyl. They are better organized

and less mobile than in the bulk water solution with random distribution.

3.2 H-bonds and coordination number
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Fig.6 H-bond schematic illustration. The H bond formation requires two conditions:
two water neighbors distance Dyo should be less than 2.45 A and the angle 6
between the OH vector and the OO vector should be less than 30°. If both conditions

are satisfied, the one that provides the H atoms to form H-bond is called donator while
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the oxygen container is defined as the acceptor. Similarly, the substrate element can

also play the role of H-bond donator or acceptor.
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Fig.7 H bonds number evolution with distance from surface and decomposed H-bonds
distribution: wa, water molecules accept H-bonds from neighboring water; wd, water
molecules donate H-bonds to neighboring water; oha, water molecules accept
H-bonds from surficial hydroxyl; ohd, water molecules donate H-bonds to surficial

hydroxyl

The H-bond network is important in characterizing the water structures and in
describing the interaction between the substrate and the neighboring water molecules.
The definition of H-bond is schematically illustrated in Fig. 6. H-bond network
structures are constructed by the both the contribution from the water molecules and
the surface element. Therefore, to describe the local H-bond environment, it is
necessary to calculate the average H-bond numbers, the average H-bond number

donated and accepted by the neighboring water molecules and the substrate element.

The H-bond network in the interfacial region plays an essential role in determining

the water structures, such as orientation and atomic density distribution. The number
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of H-bonds decreases monotonously from 4.3 at the surface to 3.8 up to 8 A away
from surface. Differing from tobermorite and jennnite interface (Hou, et al., 2015)
(Hou & Li, 2014), there is no complicated H-bonds connection with the channel
element of the surface water molecules. The H-bonds connections result from
interaction between calcium hydroxyl and surface water molecules. To considerable
understand the H-bonds network, the bonds distribution is decomposed into four types
illustrated in Fig.7. As shown in Fig.7, the number of water molecules that play the
role of donators starts with a relative low value of less than 0.25, while the water
acceptors contribute to nearly 1.5 H bonds. It means that the water molecules nearest
to the surface predominately accept H-bonds from the up-layer water molecules. With
increasing distance from the surface, the H-bonds resulting from the interconnections
with the surface elements gradually decrease, while those contributed by the
neighboring water molecules continuously increase.. 2.8 A away from the surface, the
water molecules no longer form H-bond connections with any surficial O. When the
water molecules are 8 A away from surface, both water acceptors and donators

contribute to 1.9 H bonds, which is quite similar to the case in the bulk water solution.

The local H-bond network can also be used to interpret the angular distribution of
three types of water molecules. As illustrated in Fig.8, type 3 water molecules have
both H atoms donating to O in the hydroxyl; hence the dipole axes turns directly
downwards. Additionally, they are likely to accept 3 H-bonds from the surrounding
water molecules and another hydroxyl. Type 2 water molecules turns slightly
downward and show different H-bonds connections.The water molecule donates 1
H-bond to surface O, accept 1 (or 2) H-bonds from surface H. Meanwhile it can form
another 2 (or 1) H bond with neighboring water molecules. At the region about 2.5 A
from surface, water molecules with 1 or 2 H bonds donated by the surface hydroxyl
tilt upwards. On average, type 1 water molecules donate less than 1 H-bond to the

surface hydroxyl.
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Fig. 9 Coordination number of oxygen for water molecules

In addition to the H-bonds, the nearest neighbor (NN) atoms (especially oxygen
atoms) play an important role in determining the local organization of the water
structure. The NN number can be both contributed from the surface elements and
from neighboring water molecules. As shown in Fig.9, on average, for a single water
molecule, the coordination number is 4.9 at 12 A, and reaches a peak value of 5.1
and then decreases to bulk water value 4.4. On average, more than 0.6 O atoms are
not able to form H-bonds with the water molecules. The coordination oxygen,
without forming H bonds with the water molecules, still plays important role in the
surface network construction. For example, a type 3 water molecule can donate 2
H-bonds to the surficial oxygen, as illustrated by the case 1 in Fig.10, or it can
donate 2 H-bonds to surface oxygen and accept 1 H-bond from the surface (case 2).
In Fig.10, for both cases, the water molecules diffuse around the center of a
triangular region enclosed by three surface hydroxyls. It should be noted that the

local environment of type 3 water molecule can transfer between case 1 and case 2
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due to the vibration of surficial hydroxyl groups. One H atom in hydroxyl plays the
role of potential H-bond donator and it combines with another two hydroxyls to
restrict the mobility, structure and the orientation of type 3 water molecules. For type
1 and type 2 water molecules, there also exists potential H bonds donator or acceptor

that is likely to construct H-bonds network after similar transformation.

Fig: 10 the neighboring oxygen atoms for type 3 water molecules

3.3 Ions adsorption on the surface
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(b)

Fig. 11 (a) atomic density profiles for Cl and Na ions of portlandite-water interface;

(b) Contour maps for the Na (red) and Cl ions (blue) near the surface

5 Na and Cl ions were added into the previous 1200 water molecules system to
simulate a 0.2mol/L NaCl solution interaction with portlandite surface, in a 35 A pore.
A 10ns simulation time was used to give a more statistical reliable result. As shown in
Fig. 11a, the peaks for the Cl and Na ions near the surface indicate the calcium
hydroxyl groups prefer to adsorb both ions. Calculated from the density profiles for
all the configurations, about 21.5% of Cl ions are bound to the surface within the 3 A
region and more than 92.7% sodium atoms form connections with the surface within
the 3 A distance. Experimentally, C1 NMR relaxation methods (Yu & Kirkpatrick,
2001) investigated on the portlandite crystal in contact with sodium chloride solution.
The experimental results showed that Ca(OH); is capable of adsorbing chloride ions.
The larger peaks of Na density profiles and more dense contours of Na trajectories
shown in Fig. 11b, illustrate that sodium atoms are more likely to be adsorbed on the
surface. A previous simulation (Murray, et al., 2010) also indicated that the sodium
atoms have more retention time on the substrate. The vibration of the surface
hydroxyl groups result in local negative and positive charge elements in the

portlandite surface that lead to the adsorption of Na and Cl ions respectively. As
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shown in Fig. 12 a, when the nearest 4 hydroxyl neighbors tilt opposite to each other,
the exposed surface oxygen atoms result in a negative charge; on the other hand, as
exhibited in Fig. 12 b, if the nearest 4 hydroxyls point toward each other, it results in a
local positive region. The former case can attract Na atoms, while the latter case is
suitable for Cl adsorption. Because of the smaller size of the sodium ions (radius less
than 2.35 A), they easily penetrate into the vacancies between the substrate hydroxyls
and develop bonding between Na and O. Therefore, the geometrical constraint for the
sodium ions makes sodium atoms vibrate in the surface. Deeper penetration can
further screen the influence from the surface water and other ions; therefore the
relative stable connection between the surface hydroxyl and sodium ions allows the
ions to remain for a long time. Compared with sodium ions, the chloride ions with
large atom radii can only diffuse near the surface, with 2 H-bonds formation between
the OH and CI. The adsorbed chloride ions, only one side being influenced by the
substrate hydroxyls, are enclosed by the water molecules. Rapid formation and
breakage of the H-bonding leads to rapid adsorption and desorption. The adsorption
state on the surface of different ions can result in large discrepancies between the
different ions in the respect of dynamic properties, which is discussed in the following

part.
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Fig.12 snapshots for the ions adsorption on portlandite surface
3.4 Dynamic behaviors of water and ions

The diffusion coefficient, a parameter to estimate the dynamic properties of water
molecules, is achieved from the mean squared displacement (MSD) by the following

equation 4.

2Dt = = < [r;(0) — 7,(0)|? > @)
In the equation, r;(2) represents the position of atom i at time t and n is the dimension
of the calculated diffusion coefficient. There are three diffusion coefficients
considered in our simulation: Dyy,, the bulk diffusion coefficient, that is taken into
account in the coordinates in 3 directions (n=3); Dy, only considering the diffusion in
direction parallel to the substrate (n=2); D,, reflecting the diffusion normal to the
surface (n=1). The positions of the water molecules are determined by the coordinates
of oxygen atoms from the equilibrium configuration, every 0.1 ps. The MD
trajectories are divided into 10ps trajectories, andeach recorded configuration is used
as the origin of a new 10ps trajectory. The interlayer water region is divided into
several layers parallel to the surface. The Diffusion coefficient is calculated for each
individual layer. For a typical 1ns simulation, each layer coefficient is obtained from

10000 10-ps configurations (Kerisit & Liu, 2009). The layer width is about 2 A.
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As shown in Fig. 13a, the three obvious peak in the O, atomic density distribution
indicates an adsorption layer of nearly 1nm. This transitional water layer between
the bulk water solution and the portlandite substrate is highly influenced by the charge
and the geometry of interface structures. Due to the interface adsorption effect and the
constraint from ordered surface hydrogen bonding, water molecules near the surface
slabs have less probability to exchange with water in other slabs, the constrained
displacement leads to the lower diffusion coefficient in interfacial zone. Only when
the water moves more than 1.5nm from the surface, the water diffusion coefficient
approximates to the value in bulk water. The diffusion coefficient can be decomposed
into X, y and z directions to further detect the influence on the interfacial region. In
Fig. 13a, the discrepancy between D,, and D, indicate water movements
perpendicular to the surface are more constrained compared with movement parallel
dimension. Near the second peak around 5 A and the third peak around 7.5 A, the
curve has no obvious increase because the high density of water also reduces velocity.
With progressively increasing distance from the surface, the diffusion coefficient
continues to increase until 15 A from the surface. Even though the density profile
shows no large fluctuation 10 A away, the influence on the dynamic properties can
extend to an even longer region. In addition, since no channel water exists, as in the
jennite-water and tobermorite-water interface, the transformation is from surface state

to the bulk solution state in a relative moderate mode.
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Fig. 13 (a) diffusion coefficient of water molecules evolution with distance away from

the portlandite surface; (b) mean square displacement changes with time for the water

molecules, chloride ions and sodium ions.

Based on the MSD curves exhibited in Fig. 13b, the bulk diffusion coefficients of
chloride ions, sodium ions and water molecules are 1.78 x 107, 0.12 x 10 and 2
X 10® m?/s. It should be noted that the mobility for sodium ions is dramatically

smaller than that of chloride ions. It means that the hydroxyl surface significantly



slows down the movement of sodium ions. The large discrepancy can be understood
from the previous molecular structural analysis. The sodium ions penetrating into the
calcium hydroxyl groups are strongly restricted in the structural cage and can remain
near the surface for a long time. The surficial sodium ions, with a slow diffusion rate,
are quite similar to those interlayer molecules ultra-confined in the nanopores of

C-S-H gel that show a glassy dynamic nature with a long caging region (Youssef, et

Physical Chemistry Chemical Physics

al., 2011).
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The local structure of an electrolyte solution can be conveniently studied by means of
ion—ion, ion—water, and water—water pair correlation or the radial distribution
functions. It can be observed in Fig. 14a that there are two pronounced peaks at 2.83
A and 5.13 A for the RDF of Na-Cl. The spatial correlation at 2.83 A indicates the
contact for sodium and chloride ions and the maximum at 5.13 A corresponds to the
solvent separating ions in the solution. The contact ions pair and solvent separated
ions have also been found in KClI solution in previous research, which can be taken as
structural characteristic for ions in the electrolyte solution (Chowdhuri & Chandra,
2001). In Fig. 14a, it also presents the ion—water pair correlation functions for NaCl
solution. The average hydration number of water molecules in the first shell of
sodium ions and chloride ions are 5.46 and 8.1, respectively. These numbers are
obtained by integrating the ion—oxygen pair correlation functions up to the first
minimum. It should be pointed out that the hydration number of the chloride ions is
slight higher than that in the bulk NaCl solution obtained in previous experiments and
simulation (7.5~8) (Uchida & Matsuoka, 2004). Fig. 14b demonstrates the

coordination number distribution for the chloride ions diffusing in the pore solution
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and those near the surface. On average, ions near the interface region have 0.8 more
coordinated atoms than those in pore solution, which is attributed to the dense

H-bonds formation between C1” and hydroxyl groups.

The time correlated function (TCF) is utilized to describe dynamical properties of
ions-water and ions-ions correlations. TCF of pairs in the NaCl solution is represented

in Eq(5):

<8b(t)8b(0)>

O <8b(0)8b(0)>

6))
where 8b(t) = b(t)—< b >, b(t) is a binary operator that takes a value of one if an
ion—water pair is within the nearest neighbor separation (in the hydration shell) at
time t and zero otherwise, and <b> is the average value of b over all simulation time
and pairs. The border of the hydration shell is defined as the first minimum of ion—
oxygen RDF which is shown in Fig.14a. The physical meaning of C(?) is the
probability that a water molecule or ion, which was in the hydration shell of ion i
initially, is also in the hydration shell of the same at time t. The time correlated
functions for ions-water and ions-ions are exhibited in Fig.14c. The decay of C(?)
describes the dynamics of ion—water pair structural relaxation and its relaxation time

T can be obtained by integrating the C(?) function:

Tres = J'OOO Co(t) dt (6)

The residence time can be interpreted as the time a water molecule spends on average
in the vicinity of an ion. The calculated residence time for different pairs is listed in
the following order: tNaCl (28.88ps) >tNa-Oy, (22.83ps) >tCl-Oy, (13.15ps). The
longer residence time can be attributed to the more stable chemical connections. The
sequence for the lifetime of ions-water pairs matches well with previous investigation

of ions in the bulk solution without influence of calcium hydroxyl surface. In general,
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the residence time of a water molecule near a sodium ion is much longer compared to
that near potassium or chloride ions. The sodium ions, having smaller ionic radium,
show stronger ion-water connection in compared with the CI-Oy, pair. Interestingly,
the long lifetime of Na-Cl connections implies the strong strength of chemical bond
between positive and negative ions in the electrolyte solution. The NaCl cluster
formation, slowing down the mobility for both ions, has also been found in C-S-H gel
pore solution simulation in previous research (Hou & Li, 2014). It should be noted
that the presence of calcium hydroxyl extends of the residence time for the ions-water
pairs. Chowdhuri and Chandra (Chowdhuri & Chandra, 2001) investigated the
dynamics for the ions-water cluster in the bulk electrolyte solution with concentration
less than 0.5 mol/L and obtained the lifetimes for the Na and Cl ions of 18.5 ps and 10
ps, respectively, which are shorter than those for ions confined in the portlandite. The
lifetime enhancement can be interpreted by two reasons: the two-dimensional
confining geometry imposed by the substrate restricts the mobility of ions along z
direction; the surficial hydroxyl groups supplies a great number of donate sites for the

H-bonds between Cl and water and negative oxygen site for the Na-O connections.

4. Conclusions

Molecular dynamics was employed to investigate the atomic structure and dynamics
of the water and ions transport in the vicinity of calcium hydroxyl surface and
conclusions have been made as follows:

1. On the (001) surface of portlandite, water molecules diffusing near the calcium
hydroxyl surface demonstrate special features dramatically different from those in
bulk water solution: large density, good orientation preference, ordered interfacial
organization and low diffusion rate.

2. The surface water molecules have more H-bonds connection and coordination
oxygen atoms both from the neighboring water molecules and solid surface. Due
to different H-bonds contribution, three types of surface water molecules featured

by the dipolar angle distribution were distinguished. Water molecules within the
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first adsorbed layer about 2 A from the hydroxyl surface tend to adopt
H-downward distribution as they donate H-bonds to oxygen in the solid surface.
On the contrary, the H-upward preference was observed as water molecules accept
H-bonds from neighboring hydrogen in portlandite.

3. With increasing distance from channel, the structural and dynamical behavior of
water molecules vary and gradually translate into bulk water properties at 10~15
A from liquid-solid interface.

4. The diffusion coefficients of water molecules and ions in the vicinity of
portlandite surface are slowed down due to geometrical and electrical restrictions
from solid hydroxyl groups. The Na ions, deeply rooted in the vacancy region of
surficial hydroxyl groups, are significantly slowed down and remain near the
surface with long time. On the other hand, the weak H-bonds forming by the
chloride ions and hydroxyl cannot restrict the adsorbed chloride ions for longer
time.

5. When the water and ions are confined in the nano-pores, the residence time for the
ions-water, ions-ions cluster is elongated so that the ions adsorption capability for
porlandite surface is enhanced due to the stable Na-Cl connections in the

electrolyte solution.
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