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Abstract

Tricalcium silicate (C3S) hydration is a highly relevant topic toward a better

understanding of ordinary Portland cement. Molecular Dynamics (MD) simula-

tions can provide relevant information about water behaviour at interface with

mineral surfaces. For the first time, the influence of C3S protonation on water

structure and dynamics is assessed by simulating the Ca-rich (040) surface in

contact with water. The recently extended INTERFACE force field for C3S,

including parameters for hydroxyl and silanol groups, was used to perform clas-

sical MD calculations. The water layered structure arising from strong hydrogen

bonding with the mineral surface decays with increasing hydration of the first

atomic layer. We found that the presence of hydroxyl and silanol groups, as well

as desorption of calcium cations strongly influence the structural and dynamical

properties of water.
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1. Introduction

Concrete is fairly the most used material on Earth and constitutes most of

the infrastructure of our society. The universal and systematic using of concrete

in the construction industry is responsible for serious damage to the environ-

ment, mainly related to cement production, which contributes to approximately

8 percent of global CO2 anthropogenic emissions [1]. The stoichiometry and

structure of cement minerals can vary considerably depending on the propor-

tions of raw materials and heat treatment. Each mineral has multiple poly-

morphs, whose reactivity can differ from each other. A better understanding of

the structure and reactivity of these polymorphs is a key step towards a more

sustainable design. The tricalcium silicate (Ca3SiO5, or C3S in cement chem-

istry notation) is the major constituent of Portland cement. It reacts quickly

with water and is the principal responsible for the strength development in the

early ages of hydration. As a matter of fact, even before hydration by mixing

water, the first exposed layers of C3S undergo hydration depending on the rel-

ative humidity of the environment, responsible for a decrease in surface energy

[2–5].

In recent years, many scientific contributions of atomistic simulations of cal-

cium silicate hydrate (C-S-H) [6–14], tobermorite [15, 16], portlandite (Ca(OH)2)

[17–21] and clinker constituents [22–29] were carried out, giving rise to a force

field database [30]. Although many studies are focused on the main hydration

product (C-S-H), an insight on the early hydration of C3S was performed both

with reactive [24], and classical MD [31], and is crucial to explain the mech-

anisms responsible for the induction period. To our knowledge, two classical

force fields; namely INTERFACE FF (IFF) [32], and ClayFF [33], and the reac-

tive force field ReaxFF [34] were already used to simulate the interface between

C3S and water at the atomic scale. Despite its ability to capture bond breaks

occurring during the hydration process such as dissociation of water, proto-

nation of superficial anions, as well as the proton hopping phenomenon [24],

the ReaxFF is limited by its computational cost and its charge equilibration

2



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

method. This method has been improved to correct unrealistic charge-transfer

issues, but has not been implemented in the Ca-Si-O-H description yet [30, 35].

Although it reproduces accurately the bulk properties of a wide range of mineral

systems, ClayFF parameters does not account for covalent bonding other than

in hydroxyl groups. Thus, the covalent contribution of bonds in silicates are un-

derestimated compared to the ionic contribution. In fact, the original ClayFF

charge for tetrahedral silicon is 2.1e, which is a main difference with the value

adopted in IFF (1.0e) [26, 30, 36]. The IFF offers consistent descriptions of

chemical bonding and dipole moments, allowing to describe both bulk and sur-

face properties accurately. The IFF for C3S reproduced structural properties in

good agreement with experimental results, and was employed to compute cleav-

age, agglomeration and grinding aids adsorption energy in dry or wet condition

[26]. The first model, including parameters for the dry C3S as well as superfi-

cial hydroxyl group, was extended to take into account further hydration steps,

by adding parameters for silanol groups. The authors related the protonation

state with the pH of the system, based on pKa values of free silicic acid in solu-

tion [31]. A more recent work, employing ClayFF, allowed to assess structural

and dynamical properties of water and ions, as well as dissolution of C3S in

sodium sulfate solution [37]. A "geochemical" theory, which associates the rate

of dissolution to the undersaturation of the solution with regards to C3S could

explain experimental observations such as etch-pits at the surface of cement

grains [2, 38]. However, at the molecular scale, a quantitative approach of the

dissolution of C3S in water should be performed with precautions. A classical

MD investigation cannot describes accurately dissociation mechanisms which

are mainly related to reactive events. However, the study of water properties

at the interface with the mineral could give a first insight on the understanding

of the hydration reaction and its influence on the behavior of water close to the

mineral surface.

At the interface with solid surfaces, the structure and dynamics of water

are affected by several effects. First, superficial dipolar moments induce an

electrostatic field into the fluid. Second, the excluded volume, or “hard-wall”
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effect induces the packing of water molecules because of the spatial geometrical

constraint created by the surface on water molecules [39]. Moreover, within

a critical distance, water-surface and water-water hydrogen bonds lead to a

layered water structure [39, 40], more disordered than ice nonetheless. The dif-

fusion coefficient of water molecules in these layers is lowered, affecting local

density and viscosity. To consider such a heterogeneous behaviour, MD over-

comes the limitation of continuum mechanics methods by defining the fluid as

discrete molecules [41].

In this paper, the structural and dynamical properties of water at the in-

terface with monoclinic C3S (040) surface are simulated using a classical force

field. IFF is chosen for its ability to reproduce surface and interfacial prop-

erties and the recently developed parameters for hydrated C3S are used [31].

As far as we know, the change in behaviour of water molecules at the inter-

face with C3S with hydration of the surface has never been assessed. In our

computational scheme, various degree of hydration of the first atomic layer are

considered, covering the range of pH at which cement hydration usually occurs.

For each degree of hydration, interfacial energies, atomic densities, orientation

of superficial water molecules and pair distribution functions analysis allow to

describe the structural properties of the C3S/water interface. Finally, diffusion

coefficients and hydrogen bonds density and lifetime were computed to depict

the dynamic of water molecules near the mineral surface, strongly influenced by

hydrogen bonding.

2. Methods

In industrial clinker, C3S crystallizes preferentially into monoclinic M1 and

M3 polymorphs. The M3 polymorph does not exist in pure C3S and its sta-

bilization is favoured by high MgO contents [42]. Despite this fact and as a

first attempt to understand the features C3S/water interface, the 2D periodic

models used here were built from the pure M3 crystal structure [43], which has

been largely used in atomistic simulations [24, 26, 44] (see Fig. 1).
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Figure 1: Representation of the C3S M3 unit cell. Parameters: a = 12.235 Å, b = 7.073 Å,

c = 9.298 Å, β = 116.31◦. Color code: calcium cations in green, oxygen anions and silicate

oxygen in red, silicon atoms in yellow, and silicate polyhedra in blue.

Because of the Cm space group of the selected model, the only symmetric

plane is (010), for which Tasker type 2 surfaces with no net dipole can be built

without the need for reconstruction [24, 45] . For the other planes, in order

to minimize the dipole moment at the surface, the ions of the cleaved layer

were equally distributed on both side of the slab. We constructed for each

plane, five unified slabs with random distribution of superficial ions. The size

of the slabs was at least 5.6 nm thickness and at least 2.4 nm in the periodic

directions, with a 20 nm vacuum between periodic images. The cleaved systems

were created by separating the unified slabs in two part along the z axis by

a 10 nm vacuum space. For every cleaved and unified system, a serie of 5

steep temperature gradients (10 ps) from 10000 K to 298 K was applied on the

superficial atoms in the NVT ensemble (with a Berendsen thermostat), while

the rest of the atoms remained fixed. Such a method has already been used to

reach more energetically favorable configurations [26, 46], but has never been

described so precisely as follows. To avoid moves between two surfaces during

this process, each ion was tethered in the z direction by a 1.0 Kcal.mol−1.Å−1

spring force. After energy minimization by conjugate gradient method, the

lowest energy final configuration of the whole series is subsequently submitted
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to a 200 ps equilibration run and to a 300 ps production run in NVT ensemble

at 298 K. For the cleaved system, because the cleaved slabs tend to agglomerate,

a spring force of 100 Kcal.mol−1.Å−1 has been applied to maintain a distance

of 10 nm between each surfaces. This process was repeated for several planes

perpendicular to the principal directions. Thereafter, the Ca-rich, (040) plane

was chosen for this study of the C3S/water interface. Therefore, the lower slab

of the cleaved system (~ 3 nm thick) was used to create an interface system

with an equilibrated water slab of 9 nm. Based on the methodology of previous

interface studies of Portlandite [17, 19], the periodic images of mineral and

water slabs were separated by a vacuum of approximately 7 nm to avoid any

interaction through the periodic boundary and to allow the volume of both slabs

to fluctuate perpendicularly to the interface and thus lowering the influence of

confinement stresses. Four degrees of hydration were investigated, covering pH

from largely greater than 15 for the dry C3S / water interface, to 11.5 for the

most hydrated system. To model pH conditions, we applied the last IFF model

for hydrated C3S [31]. The superficial silicate and oxygen anions of the bottom

subslab of the cleaved system were protonated, and the charge neutrality of the

system was respected, according to the following chemical reactions:

O2− + H2O → 2OH−

SiO4−
4 + H2O → HSiO3−

4 + OH−

HSiO3−
4 + H2O → H2SiO

2−
4 + OH−

H2SiO
2−
4 + H2O → H3SiO

−
4 + OH−

(1)

In the NVT ensemble at 298 K, an equilibration was performed for 0.5 to 1

ns before starting a production run of 2 ns. For the whole set of simulations,

the equations of motion were integrated with a 1 fs timestep using the standard

Verlet algorithm time integration of the Verlet algorithm and a Nose-Hoover

thermostat, with a damping factor of 0.1 ps respectively. The trajectory was

recorded for analysis every 0.1 ps. All the simulations were carried out using

the LAMMPS package [47]. The PCFF function expression of the INTERFACE

FF (PCFF-IFF) was employed to reproduce interactions of both water and C3S
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Figure 2: Workflow of the cleavage and interface simulations.

with a cut-off distance of 12 Å for van der Waals interactions and an Ewald sum-

mation with an accuracy of 10−5 for Coulomb interactions were adopted. The

PCFF-IFF potential energy expressed in Eq. (2) contains a 9-6 Lennard-Jones

potential with sixth-power mixing rule, and excludes non-bonded interactions

for 1-2 and 1-3 bonded atoms:

U =
∑
ij

4∑
n=2

Kr,ij(rij − r0,ij)n +
∑
ijk

4∑
n=2

Kθ,ij(θij − θ0,ij)n

+ 1
4πε0εr

∑
ij

qiqj
rij

+
∑
ij

ε0,ij

[
2
(
σij
rij

)9
− 3

(
σij
rij

)6
]

(2)

For water, we employed the full PCFF description of bonded interactions,

including cubic and quartic terms of bonded interactions while the PCFF-IFF

force field for C3S only contains quadratic terms. Note that the PCFF-IFF uses

partial atomic charges, different from those appearing in the reactions Eq. (1).

The whole methodology used in this study is illustrated in Fig. 2.
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Miller index
Surface charge

density (C/m2)

Cleavage energy

(J/m2)

(100) +0.18 1.39 ± 0.03

(300) -0.09 1.14 ± 0.03

(800) -0.09 1.17 ± 0.03

(010) -0.35 1.55 ± 0.04

(040) +0.35 1.31 ± 0.04

(001) +0.14 1.38 ± 0.04

(002) -0.14 1.45 ± 0.04

(003) +0.14 1.31 ± 0.04

(003̄) +0.14 1.33 ± 0.04

(008) -0.14 1.22 ± 0.04

(008̄) -0.14 1.22 ± 0.04

Table 1: Cleavage energies for Miller indices in principal directions

3. Results and discussion

3.1. Energy calculation

The cleavage energy is computed from the difference of the averaged energies

of the unified and cleaved system, Eunified and Ecleaved, where A is the area of

one of the resulting cleaved surfaces (Eq. (3)):

Ecleav = Ecleaved − Eunified

2A (3)

The cleavage energy values of planes of the principal directions are given in

Table 1. The values computed, in the range of 1.14 to 1.55 J/m2 (1.32 J/m2 in

average) are in good agreement with first results obtained with the same force

field, and almost match for the (040) plane (1.31 ± 0.04 J/m2 against 1324

± 25 mJ/m2) [26]. Generally, they are in good agreement with other previous

atomistic simulation studies [24, 48]. On the same basis, the interfacial energy is

computed by subtracting the energy of the C3S slab system EC3S and the energy
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System pH Interfacial energy (J/m2)

Dry C3S >�> 15 -1.42 ± 0.16

1st hyd. > 15 -1.03 ± 0.17

2nd hyd. ~ 15 -0.64 ± 0.16

3rd hyd. ~ 13.5 -0.60 ± 0.16

4th hyd. ~ 11.5 -0.50 ± 0.16

Table 2: Interfacial energy for different degree of hydration

of the water slab system Ewater to the energy interface system EC3S/water, and

dividing by the contact surface area A:

Eint =
EC3S/water − EC3S − Ewater

A (4)

The interfacial energy of simulated systems are given in Table 2 with corre-

sponding pH, according to the last IFF model [31]. The interfacial energy is

an indicator of the hydrophilic/hydrophobic behaviour of the surface. The loss

of energy in absolute value traduces a more hydrophobic behaviour of the sur-

face as the degree of hydration increases. This behaviour is directly related to

the charge distribution occurring during the reactions in Eq. (1), making the

hydrogen bonds (H-bonds) between water molecules and surface ions weaker.

The energies computed are different and follows the reverse trend than values

obtained in previous work [31]. Sign convention and difference in methodology

could be the reason for such disagreement. Note that in the present scheme, the

water and the C3S slabs are separated by a vacuum and only interact on one

side. The energy of the interface system is greater than the sum of the energies

of the two separated systems, because it includes Coulombic and van der Waals

interactions between water and C3S. As expected, the surface is becoming more

hydrophobic and hence less reactive upon hydration. The attraction forces be-

tween the water molecules and the surface are weakened with hydration of the

superficial atomic layer, which is traduced by a decrease in absolute value of the

interfacial energy.
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Figure 3: Atomic density profiles of the interface for a) Dry C3S (pH >> 15), b) 1st hyd. (pH

> 15), c) 2nd hyd. (pH ~ 15), d) 3rd hyd. (pH ~ 13.5), e) 4th hyd. (pH ~ 11.5). The interface

(z = 0) is defined as the average position of the uppermost layer of silicon atoms. Code for

atom nomination: Os for silicate oxygen, Oi for oxygen anion, Oh and Hh for hydroxyl oxygen

and hydrogen, Osi and Hsi for silanol oxygen and hydrogen, Ow and Hw for water oxygen

and hydrogen.

3.2. Structural properties

The atomic density profile ρ perpendicularly to the surface pictures the struc-

tural change occurring with hydration of the first layer of C3S (Fig. 3).

Looking at the atomic structure of the mineral, the diffusion of calcium

cations Ca2+ starts slightly with the protonation of oxide O2− to hydroxyl

OH−, but is greatly increased by the first protonation of silicates (SiO4−
4 to

HSiO3−
4 ). In fact, the structure of C3S is known to be largely affected by the

orientation of silicates, and by the coordination of Ca2+ with the oxygen atoms

of silicate groups (Os herein) [42]. At pH ~ 11.5, Ca2+ and OH− desorbs up to 4

Å from their initial positions. The partial charges used in this simulation (+1.5

for Ca, and -0.75 for OH−) allow to describe properly the solid state of C3S

and to balance the charge of the protonation of oxide Oi (with partial charge
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-1.5), however the solvated species cannot be reproduced with great accuracy

by considering these charges, this is why ionic diffusion in water were not in-

vestigated here. Water molecules exhibit a layered organization up to 8 Å from

the interface, defined as the average position of the uppermost Si layer. The

top Si layer was chosen as reference because its position does not change signif-

icantly between each simulation. This behaviour of silicates is consistent with 2

ns reactive MD simulations of C3S hydration where only rotational motion was

observed [24]. The first, strongly bonded water layer is characterized by a clear

peak of the Ow atomic density profile at approximately 2.0 Å of the interface

with an atomic density of almost twice the bulk atomic density (~ 0.063 Å−3).

Each water molecule of the first layer share two H-bonds with the oxygen atoms

of the surface and three types of hydrogen bonding were identified from the

density map: two Hw–Oi bonds (a), two Hw–Os bonds (b), one Hw–Oi and one

Hw–Os bond (c) Fig. 4. These three bonding types are the bases of the H-bonds

network at the origin of the layered structural arrangement. In the second layer,

water molecules form H-bonds with Os or Oi atoms from the surface, and with

near water molecules. This intermediate position is more unstable and explains

the scattering of the following peaks on the Ow density profile. While the hy-

dration occurs, the strong layered structure formed by water molecules decays

with the diffusion of Ca2+ and OH−. After the first protonation reaction (O2−

to OH−), the positions of the three Hw atomic density peaks, and the intensity

of the third peak, remain almost unchanged. The decaying of the layered struc-

ture becomes much more significant after the protonation of SiO4−
4 to HSiO3−

4 ,

although the first Ow and Hw atomic density peaks are still observable at pH

~ 15. In the case of the dry surface, every water oxygen atoms are donors, but

are becoming progressively acceptors when the protonation state of the surface

increases, allowing for Hh–Ow and Hsi–Ow bonds to occur.

The orientation probability distribution (OPD) of a water molecules on the

mineral surface gives information on the interactions occurring at the interface.

The orientational preference of water molecules within 2.5 Å from the surface is

here defined by the angle θ between the z axis, and the dipolar moment of water.

11
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Figure 4: Atomic density maps for dry C3S / water interface of water molecules of the first

layer (0.5 Å < z < 2.4 Å) (left). Zoom on the three hydrogen bonding types: a) two Hw–Oi,

b) two Hw–Os bonds, c) one Hw–Oi and one Hw–Os bond (right). Color map: Ca in green,

Oi in red, Si in yellow, Os in violet, Ow in red dotted line, Hw in blue dotted line.

Fig. 5 shows the OPD function P (θ) versus cosθ for different hydration degree.

Water molecules strongly interact with Os and Oi on the C3S dry surface, which

corresponds to a sharp peak at cosθ = 1.0, for the first degree of hydration (pH

> 15), a small orientational preference still exists, but P (θ) can be considered

as uniform from the second degree of hydration investigated (first protonation

of silicates), traducing a greater rotational motion of water molecules due to a

loss of interaction with the surface.

The radial distribution function (RDF), denoted g(r), is a measure of the

probability of finding two atoms at a distance r from each other. This parameter

is recurrent in MD trajectory analysis, including in other systems [49–52]. Its

mathematical expression can be written as follows:

g(r) = lim
r→∞

p(r)
4π(N/V )r2dr

(5)

where p(r) is the average number of atom pairs measured at a distance

between r and r + dr from each others, N is the number of pairs of atoms, V

12
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Figure 5: OPD of water molecules within 2.5 Å from the surface with variation of the degree

of hydration.

is the total volume of the system. Complementary structural information was

given by the RDF between water and C3S superficial atoms Fig. 6. For Ow-Ow

pairs, the RDF was computed between Ow from every water molecules and Ow

within 2.5 Å from the surface. The overall observation is that the water atoms

lose coordination with the superficial species with increasing of the hydration

degree. The coordination peaks of Oi-Hw and Os-Hw are shifted to the right

with protonation of Oi and Os to Oh and Osi, traducing a weakening of H-

bonds between these species. Oh-Hw pairs have a first coordination shell at ~

1.7 Å and a second coordination shell at ~ 3.0 Å. Osi-Hw RDF shows a very

weak first coordination shell at ~ 1.9 Å, and a second coordination shell at ~

3.1 Å. Interestingly, a third Osi-Hw coordination shell exists at pH ~ 15 at an

inter-atomic distance ~ 6.2 Å. Oh-Hw and Osi-Hw coordination peaks disappear

with further hydration. The peak of the first Ca-Ow coordination shell is shifted

to the left after the first hydration, due to the start of solvation of Ca2+ and

the Ca-Ow RDF does not change significantly after the first protonation of

silicates. The water interfacial structural features are well represented by the

Ow-Ow RDF. A second and third coordination shell peak are present at 5.8 Å

and 8.3 Å respectively for water molecules on the dry surface, and decay with

13



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

0

2

4

6 a

0

1

2

3 b

0 5 10
0

1

2
c

0 5 10
0

1

2

3 d

r (Å)

g(
r)

Dry C3S (pH >> 15)
1st hyd. (pH > 15)
2nd hyd. (pH ~ 15)

3rd hyd. (pH ~ 13.5)
4th hyd. (pH ~ 11.5)
Bulk water

Figure 6: Radial distribution function of a) Oi-Hw and Oh-Hw, b) Os-Hw and Osi-Hw, c)

Ca-Ow, d) Ow-Ow, for different degrees of hydration.

hydration of the surface, until matching the Ow-Ow RDF of bulk water.

3.3. Dynamical properties

The investigation of dynamical effects can provide precious information on

the interaction between water and mineral surfaces [53]. The dynamical proper-

ties of water are significantly altered by the presence of the C3S surface. In fact,

the self-diffusion coefficient (DC) of water molecules decreases importantly from

the bulk to the surface. The diffusion coefficient was computed as a function of

the mean square displacement (MSD) from the Einstein-Smoluchowski relation:

D = 1
2n lim

t→∞

< [r(t0 + t)− r(t0)]2 >
τ

(6)

where < [r(t0 + t) − r(t0)]2 > is the double averaged mean square dis-

placement. The first average is applied on the water molecules contained in
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Figure 7: Evolution of the diffusion coefficient of water molecules with distance from the C3S

surface with variation of the degree of hydration. The interface (z = 0) is defined as the

average position of the uppermost layer of silica atoms.

the specified group, the second average is performed over time intervals of

span τ . Because of the mentioned perturbations caused by the mineral sur-

face, the behaviour of water molecules in an interfacial system is heterogeneous

and isotropic. Water molecules are free to desorb and adsorb on the surface,

moving along the z axis towards or away from the surface, meaning that de-

pending on the position and the direction considered, the diffusion coefficient

will vary. So the observation time τ must be sufficiently long to capture the

molecules in diffusive regime, but sufficiently short to represent diffusivity in a

specific region. Therefore, based on a calculation method of a previous study

[54], the trajectory of the Ow atoms was analyzed updating the selection every

10 ps times slices and in volume slices of 1 Å along the z axis. Within the 10 ps

time slice, the DC was computed from the slope of MSD with τ varying from 2

to 8 ps. The evolution with distance from the C3S surface for different degree

of hydration is shown in Fig. 7. Up to 4 Å from the interface, no significant

variation has to be noted between simulated systems. For greater distance, the

diffusion coefficient D decreases with the degree of hydration of the surface be-

cause of the perturbation introduced by the diffusion of Ca2+ and OH− ions. At
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approximately 20 Å from the surface, the bulk diffusion coefficient D0 calculated

was ~ 6.25 ×10−9 m2/s against 7.26 ± 0.02 ×10−9 m2/s, computed on a cubic

box of 30 Å side, at T = 298.0 K in NVT ensemble. This difference could arise

from the above described computation method. The shape and the size of the

box may also cause such difference [55]. Note that the self-diffusion coefficient

of PCFF water is much larger than for flexible SPC water model (3.20 ± 0.03

×10−9 m2/s, calculated in the same conditions than for bulk PCFF water),

and experimental self-diffusion of pure water (2.3 ×10−9 m2/s) [56]. Because of

differences in structure and dynamics of water models, as well as size and shape

effects, the absolute values of DC must be taken with care, and it is purposed

here to characterize the decrease in translational mobility of interfacial water

molecules with increasing of the degree of hydration of the first atomic layer.

The number of hydrogen bonds that water molecules create with a mineral

surface depicts its hydrophilic or hydrophobic behaviour. In this H-bonds anal-

ysis, we consider both the number of H-bonds created and their lifetime. The

existence of H-bonds was defined by a geometric criterion. For every possible

donor, hydrogen, acceptor combination, an H-bonds exists if and only if the dis-

tance r between the donor oxygen and the hydrogen is smaller than 2.45 Å, and

the angle β between the oxygen donor, the hydrogen and the oxygen acceptor

is smaller than 40◦. The distance criterion was defined as the first minimum of

the O-H radial distribution function of bulk PCFF water. Although an angle of

30◦ is usually proposed, a larger tolerance was chosen here because of the much

larger dispersion in the distribution of β for the PCFF water model compared

to the reference SPC model. Even increasing the angle tolerance, the average

number of H-bonds at standard state resulted in 3.33 for PCFF bulk against

3.48 for SPC water, and ~3.3 obtained experimentally by K-edge X-ray absorp-

tion [57]. The number of H-bonds per water molecule was analyzed along the z

axis with variation of the degree of hydration (Fig. 8).

When considering water in contact with the dry C3S, the total H-bonds

number decreases at about 4.7 Å of the first Si layer because of a loss of H-bonds

acceptance from water. Ow donates Hw to silicate oxygen Os, and interestingly,
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Figure 8: Evolution of the number of hydrogen bonds per water molecules along the z axis

with variation of the degree of hydration: a) Dry C3S (pH >> 15), b) 1st hyd. (pH > 15), c)

2nd hyd. (pH ~ 15), d) 3rd hyd. (pH ~ 13.5), e) 4th hyd. (pH ~ 11.5). The interface (z = 0)

is defined as the average position of the uppermost layer of silica atoms.
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the water H-bonds acceptance from other water molecules also increases within

2.6 Å to 4.0 Å from the surface. The role of water molecules in this layer

(the second layer from the surface) is intermediate between acceptor and donor.

They donate on average, approximately one Hw to an Os from the surface and

one Hw to an Ow of the first water layer, while they accept one H from the above

water molecules. The total H-bonds nearest peak from the surface corresponds

to the first water layer observed in the Fig. 3. In this layer, water molecules

only donate H-bonds to Oi and Os and accept H-bonds from water molecules

of the second layer. For the first hydrated interface (pH >�> 15), the hydrogen

bonds distribution between water molecules against the distance from the C3S

surface follows the same trend but with a decreased intensity. This is because

water molecules are accepting H-bonds from Oh. While the number of Ow-Oi

and Ow-Os H-bonds per H2O was ~1, the preferential interaction site is now

Ow-Os due to hydroxylation of Oi and loss of polarity. Hence, the number of

Ow-Os H-bonds per H2O increases near the surface up to 2.0. The distribution

of hydrogen bonds between water molecules decays almost linearly from the

bulk the surface after the second protonation reaction of silicates (pH < 13.5).

As expected with the raising of degree of hydration, water molecules are forming

more H-bonds with Osi and Oh (donor and acceptor), and less with Os. The

total H-bonds/H2O is increasing up to 4.6 within 2.5 Å from the most hydrated

surface (pH < 11.5) and no H-bond between Ow and Os is reported for this

system because the remaining Os atoms point towards the bulk of C3S. From

the protonation of SiO4−
4 to HSiO3−

4 , the hydrogen bonds formed between water

molecules is decreasing and water in contact with the surface does not present

structural features anymore.

Hydrogen bonds lifetime was measured using the continuous autocorrelation

function definition implemented by Gowers and Carbone in the MDAnalysis

Python package[58, 59]:

Cc(t) =
〈∑
i,j

hij(t0)hij(t0 + t)

hij(t0)2

〉
(7)
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τ (ps) Ow-Oi Ow-Os Ow-Oh Oh-Ow Ow-Osi Osi-Ow Ow-Ow

Dry C3S 902.79 186.87 — — — — 0.61

1st hyd. — 146.29 5.19 0.44 — — 0.37

2nd hyd. — 14.50 4.87 0.43 1.48 0.90 0.64

3rd hyd. — 0.96 2.90 0.59 0.31 1.96 0.52

4th hyd. — — 2.94 0.08 0.77 1.51 0.49

Table 3: Lifetime of hydrogen bonds with variation of the degree of hydration.

where the binary function hij(t) is equal to 1 if an H-bonds exists between

an acceptor i and a donor j, and 0 if not. In the continuous autocorrelation

function, if an H-bonds is broken at a particular moment, it remains broken for

the rest of the analysis time and cannot reform. The autocorrelation function

Cc(t) is fitted using the sum of two exponential functions and integrating over

time:

Cc(t) ≈ A1exp

(
−t
τ1

)
+ (1−A1)exp

(
−t
τ2

)
(8)

Finally the lifetime τ of the bond is assessed by integrating the fitted func-

tion:

τ =
∫ ∞

0
Cc(t) (9)

All the binary function were evaluated every 0.1 ps during the entire pro-

duction run of 2 ns. The resulting Cc(t) and τ are presented in Table 3. As

expected, for the dry C3S/water interface, the lifetime of Ow-Oi H-bonds is

much higher than for Ow-Os. These values are related to the greater acidity

of hydroxide anions compared with free silicic acid in water. One should note

that in this classical MD study, reactions of dissociation and protonation can-

not occur so these two values are overestimated. In fact, water molecules would

react preferentially with Oi. On average, and as expected, H-bonds lifetimes

are decreasing with decreasing pH.
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4. Conclusion

The model used here allowed to assess for the first time the behavior of water

molecules on the Ca-rich (040) cleavage plane of M3 C3S, with variation of the

degree of hydration of the first superficial atomic layer. The layered structure of

water, observed at the interface with the surface, decays from the hydration of

oxides and is strongly affected by the protonation of silicates SiO4−
4 to HSiO3−

4 .

We thus showed that the structural behavior of water is based on the strength of

the hydrogen bonds created between the first water layer and the ionic species

of the mineral surface. When those hydrogen bonds are stable, the existing

network remains well defined and structured. The protonation of oxides and

oxygen atoms of silicate leads to changes in charge distribution and weakens

hydrogen bonds between the surface and the first water layer. This behavior

is reflected in the orientation probability distribution water molecules of the

first layer. A preferential orientation of water molecules on the dry C3S exists

because of the three bonding types observed (namely Oi-Ow-Oi, Os-Ow-Os

and Oi-Ow-Os), whereas H2O molecules gain rotational motion when hydration

occurs, with uniform orientation probability distribution. In the range of 4 Å to

16 Å from the interface, their translational motion decreases with the degree of

hydration because of the perturbation introduced by the solvated ionic species.

The study of dynamical properties such as diffusion and lifetime hydrogen bonds

adds new insights into the interfacial behavior related to hydration reactions.

An even better accuracy regarding dissociation and solvation can be obtained by

changing the charge of calcium cations and/or modifying the water model [26].

The present simulations treat the protonation steps incrementally, and allowed

to describe the behavior of water at several degree of hydration of the first

atomic layer. Reactive MD as well as ab initio MD are appropriate methods

to investigate water dissociation and protonation reactions towards a better

understanding of mechanisms responsible for dissolution and formation of C-S-

H. This study is in progress. As another proposal for future investigation, the

influence of impurities on C3S hydration might also be taken into account.
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HIGHLIGHTS

• Molecular Dynamics simulation is used to investigate the water behaviour at interface with
Tricalcium Silicate

• Hydrogen bonds network in interfacial water is weaken by the protonation of superficial
oxides and silicates

• Translational motion of interfacial water decrease with the degree of hydration
• Water molecules in contact with the dry C3S have dipole moments pointing preferentially

away from the surface.
• Rotational motion of interfacial water increase with the degree of hydration


