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Abstract

For the first time, an ab initio molecular dynamics simulation was performed to describe the C3S/water interface. The

simulation shows that oxides with favorable environment are protonated at first, creating very stable hydroxide groups.

Proton transfers occur between water and silicates, and between water and hydroxides formed upon water dissociation

on the surface. The typical lifetime of these events is on the same timescale than interconversion between Eigen and

Zundel ions in bulk water. At the very early stage of the hydration encompassed by our simulation, silanol groups are

very unstable and molecular adsorption of water is slightly more stable than dissociative adsorption.
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1. Introduction1

Although the use of low clinker ratio cements is in-2

creasing, the development of new clinker types remains a3

reliable strategy to reduce greenhouse gas emissions and4

improve the properties of cement for concrete structures5

applications. In a context of durable design, considerable6

efforts are being made for a better understanding of orig-7

inal Portland cement (OPC) hydration. However, consid-8

ering the hydration of all clinker phases together would9

turn the study highly complex. Most of the time, the10

tricalcium silicate (C3S) received a particular attention,11

due to its predominance in OPC clinker (about 50 % to12

70 % by mass). C3S is the main phase responsible for13

OPC setting and strength development. The reactivity14

and early hydration of tricalcium silicate (C3S) is a very15

relevant topic towards a more sustainable design of OPC.16

The hydration itself encompasses several processes such as17
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dissolution, phase growth, diffusion and complexation [1]. 18

Atomistic simulation methods have shown good capabil- 19

ities in predicting the reactivity of mineral surfaces and 20

the behavior of solid/liquid interfaces. Towards a better 21

understanding of the phases and processes occurring in ce- 22

mentitious systems, many atomistic force fields have been 23

optimized [2]. Molecular dynamics (MD) and density func- 24

tional theory (DFT), have already been used to compute 25

surface energies and determine Wulff shapes for monoclinic 26

M3C3S [3–5]. In recent studies, molecular and dissociative 27

adsorption of single water molecule were investigated on 28

multiple surface planes of M3 C3S polymorph [6–8]. Zhang 29

et al. have shown that the adsorption energy decreases 30

with increasing amount of adsorbed molecules. Reactive 31

MD studies indicates that after approximately 0.3 ns, the 32

structural properties of the surface are lost, making fur- 33

ther hydration process independent of the crystallographic 34

surface plane, and driven by proton hopping mechanisms 35

towards the bulk [3, 9]. No correlation was found between 36

water adsorption energy and surface energy, when using 37
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static computational methods [3]. However, the proton38

diffusion after the initial stage of hydration was related to39

the location of the valence band maximum (VBM), which40

is mainly constituted of oxygen 2p orbitals [9, 10]. Pre-41

vious DFT studies reveal that the local density of state42

of the VBM is close to the oxygen anions for C3S, and43

close to oxygen in silicates for C2S [11]. The higher reac-44

tivity of C3S when compared to C2S is explained by the45

difference in their electronic structure, arising from the46

presence of oxygen anions in C3S. Calculations of a sin-47

gle water molecule sorption on a (100) surface of T1C3S,48

shown that chemisorption occured only in regions close to49

oxide ions. This behaviour was associated to the higher50

degree of freedom of oxide ions when compared to oxygen51

in silicate [9].52

Proton transfer (PT) frequency strongly depends on53

hydrogen bonds (HB) fluctuation due to thermal motion54

[12], and thus cannot be analyzed by a 0 K, DFT investi-55

gation. Furthermore, such a phenomenon cannot be cap-56

tured considering a single water molecule adsorption. A57

previous computational study found structural changes,58

as well as a huge increase in PT rate from a solid/water59

monolayer interface to a thicker water film [12]. Towards a60

better understanding of the C3S/water interface, we per-61

formed an ab initio MD (AIMD) simulation, considering62

a water film thick enough to account for fluctuation of the63

HB network. AIMD is a powerful tool that has been used64

extensively to investigate the structural and dynamical be-65

havior of water/oxide interfaces at the DFT level of theory66

[12–19]. However, only few AIMD studies were conducted67

on cementitious materials [20–22]. As far as we know, this68

is the first time that the very early hydration stage of C3S69

is investigated using AIMD. In particular, the structure70

of water and the PT dynamics are analysed and quanti-71

fied, and the results are compared with reactive molecular72

dynamics calculations, performed for that purpose.73

2. Computational Methods 74

A simulation of the C3S/water interface was performed 75

on the symmetric, Ca-rich, (040) plane (as in [5]). The 76

M3 C3S model employed was refined from XRD analysis 77

by Mumme et al. [23]. The unit cell of 54 atoms was 78

optimized, at the DFT level with the Quantum Espresso 79

code, using the PBE exchange-correlation functional [24, 80

25] with a Grimme D2 correction for van der Waals inter- 81

actions [26]. The kinetic energy cutoffs for wave functions 82

and charge density were 45 Ry and 405 Ry, respectively. 83

The Monkhorst-Pack method was used for the integration 84

of the first Brillouin zone, with a 3 × 3 × 3 k-point mesh. 85

During the optimization process, the atoms were allowed 86

to relax. In order to build a surface model, the optimized 87

unit cell was converted to an orthorhombic supercell of 162 88

atoms, with lattice parameters a = 12.28Å, b = 7.09Å 89

and c = 25.59Å. This transformation was performed with 90

the Atomsk code, which searches linear combination of the 91

unit cell vectors producing vectors aligned with Cartesian 92

axes [27]. The optimized monoclinic cell and correspond- 93

ing orthorhombic supercell are represented in Fig. 1. 94

The surface model was created from three orthorhom- 95

bic supercells, with a 20Å thick vacuum layer, thus result- 96

ing in a 12.28Å × 25.59Å × 21.28Å structure. The relax- 97

ation of the surface and the AIMD simulation were per- 98

formed with the CP2K code, using a PBE functional, and 99

a combination of Gaussian and plane wave basis functions 100

(GPW), with Grimme D2 correction. A 400 Ry planewave 101

cutoff was adopted, and the reciprocal space was sampled 102

only at the γ point. To relax the surface, the periodicity 103

was applied for in-plane directions, and removed in the 104

direction of the vacuum. The atoms of the surface were 105

allowed to relax at the DFT level, ensuring that almost no 106

change occurs within the middle of the slab. The interface 107

model was created adding a 15Å thick layer of water (157 108

molecules), with a 15Å vacuum region. The structure of 109

the C3S(040)/water interface is depited in Fig. 2. 110

While the atoms of the mineral surface were kept fixed, 111
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Figure 1: M3 monoclinic cell, optimized from the model by Mumme

et al. [23] (right). Corresponding orthorhombic supercell (left).

Color code: calcium cations in green, oxygen anions and silicate

oxygen in red, silicon atoms in yellow.

15 Å 

15 Å 

~14.2 Å 

~25.6 Å ~12.3 Å 

Figure 2: Structure of the investigated C3S(040)/water interface.

the water molecules were allowed to relax on the surface 112

during a 2 ns classical MD run in NVT ensemble at 300 K, 113

using the INTERFACE FF parameters for C3S [5] and a 114

SPC model for water [28]. In order to minimize the com- 115

putational time, the bottom layer was removed so that 116

the remaining slab was composed of two orthorhombic 117

supercells (∼14Å thick) and during the AIMD run, the 118

lower supercell, considered as the bulk, was fixed. After- 119

wards, a 18 ps AIMD run was performed within the Born- 120

Oppenheimer approximation, in the canonical ensemble, 121

with a Nose-Hoover thermostat, integrating the equation 122

of motion with a 0.5 fs timestep. Based on the evolution of 123

the energy of the system, it was considered that the equi- 124

librium was reached after 6 ps, and the remaining simula- 125

tion time was used for analysis of equilibrium properties. 126

A slightly higher temperature of 360 K (compared to stan- 127

dard conditions) was used to balance the low diffusivity of 128

water using the PBE functional. Deuterium masses were 129

used for protons to minimize the vibrational frequency of 130

nuclei. It deserves to highlight that such substitution could 131

decrease the frequency of PT, because of the lower vibra- 132

tional frequency of deuterium nuclei in comparison to hy- 133

drogen nuclei. However, this method has already been 134

used in the literature to prevent from energy drifts and 135

it is understood that its benefits outweigh losses [12, 29]. 136

A reactive molecular dynamics simulation was performed 137

using the ReaxFF, with the current optimized set of pa- 138

rameters for Ca/O/H/Si elements [30–32]. The simulation 139

method and parameters, as well as the system size, are in 140

accordance with previously reported calculations [3]. 141

3. Results 142

3.1. Water structure 143

In this article, Oi refers to oxygen anions, Os refers to 144

oxygens in silicates, and Odw refers to oxygens resulting 145

from the dissociation of water molecules. At the very first 146

steps of the simulation, three oxide ions Oi from equiva- 147

lent sites are protonated. The hydration model for C3S 148
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Figure 3: Atomic structure of the (040) surface. Hydrogen in hydrox-

ide H-Oi are colorized in white. The snapshot shows the position of

the water molecule before protonation of the oxide ion. The ions of

the surface are in the same layer, except for the calcium indicated

by blue circles, having perpendicular coordinate z ∼2Å larger.

proposed by Pustovgar et al. considers that protonation149

of oxide ions occurs before protonation of silicates [33].150

Although hydroxides are more stable than silanol groups,151

our simulation indicates that on the considered (040) Ca-152

rich surface, protonation of Oi only occurs on sites close to153

silicates. The other superficial oxide ions are shielded by154

four calcium cations, hindering any protonation reaction.155

The negatively charged region allows water molecules to156

form hydrogen bonds with oxide ions on one side and with157

oxygens in silicates on the other side, thus leading to pro-158

tonation of Oi (see Fig. 3).159

The number of H-Os groups formed on silicates tends160

to stabilize after ∼1 ps whereas the number of H-Odw161

groups stabilize after ∼0.25 ps (see Fig. 4). Both hydroxyl162

groups fluctuate during the whole simulation due to pro-163

ton transfer. Conversely, the hydroxides H-Oi formed on164

oxygen anions Oi are very stable and no backward PT oc-165

curs. From our simulation using the ReaxFF, within the166

timescale of 18 ps, a steady state is reached very quickly167

as in the AIMD simulation. However, all hydroxyl groups168

formed in the ReaxFF simulation are very stable, and169

the currently developed set of parameters for Ca/O/H/Si170

failed to describe the PT dynamics between water and171

Oi/Os atoms which is observed in our AIMD simulation.172

The complexity to optimize parameters for ReaxFF relies173

on the fact that the same set of parameters is employed for 174

each element [34]. It means that the parameters are the 175

same independently of the environment. Other approaches 176

based on the empirical valence bond model has succeeded 177

in reproducing OH– solvation and transport in water so- 178

lutions [35]. The implementation of a PT model almost 179

doubled the diffusion of OH– ions when compared to a 180

classical model. The hydroxyl coverage of each hydroxyl 181

type is close to the result of the AIMD simulation. There- 182

fore, within the timescale of the simulation, the ReaxFF is 183

representing the protonation state of the (040) surface in 184

good agreement with the AIMD simulation. The average 185

total hydroxyl coverage over the last 12 ps of simulation 186

is (5.36 ± 0.37) HO/nm2 for the AIMD simulation, and 187

(5.17 ± 0.01) HO/nm2 for the ReaxFF simulation. These 188

values are also in agreement with previous investigation 189

on C3S hydration, using the ReaxFF [3, 9]. 190
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Figure 4: Number of hydroxyl groups formed at the surface on oxide

ions (Oi-H), oxygen in silicates (Os-H), and from water dissociation

(Odw-H) for (a) AIMD simulation, (b) ReaxFF simulation.
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The atomic density profile of water oxygen and hydro-191

gen atom, along the axis perpendicular to the surface, is192

reported in Fig. 5. The layered structure of the interfacial193

water results from the effect of excluded volume, electro-194

static force field, and hydrogen bonding network. Previous195

investigations based on classical MD simulations showed196

that this layering is lost with protonation of the surface197

[36]. The closest hydrogen’s peak from the surface, is at198

the average position of oxygen in silicates Os (z = 0), and199

corresponds to chemisorbed H. The thickness of the lay-200

ered region is approximately the same as in our previous201

classical MD investigation: ∼5–6Å [36].202

The radial distribution functions (RDF) of H-Oi, H-Os203

and Ow-Ca pairs are plotted in Fig. 6.204
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Figure 6: Radial distribution function H-Oi, H-Os, and Ow-Ca pairs

employing AIMD, ReaxFF, and IFF [36]. The inset shows a zoom

out (×0.5).

For H-Oi and Ow-Ca pairs, sharp peaks raise at ∼0.97Å205

and ∼2.50Å respectively, indicating superficial hydroxides206

and the first coordination shell of calcium cation. No sec-207

ond coordination shell is noticed for both pairs. Yet for208

the H-Os pairs, two peaks stand at ∼1.02Å and ∼1.58Å,209

corresponding to hydroxyl groups formed on silicates and210

H-bonds between water and oxygen in silicates. The RDF211

obtained in the ReaxFF simulation is very similar, with212

two main differences: in one case, only one correlation213

peak is observed for the H- Os pair, suggesting an Os pro-214

tonation, and the coordination peak for Ow-Ca pairs is215

split in two, indicating two different distances of corre- 216

lated water molecules. RDF for dry C3S/water interface, 217

obtained from previous MD investigation [36], was plotted 218

for comparative purpose. In such classical simulation, no 219

PT occurs and the first coordination peak correspond to 220

H-bonds between water and superficial anions (r ∼1.53Å). 221

The orientation of water molecules in contact with the 222

surface is a characteristic of the hydrophilic/hydrophobic 223

behavior of the surface. The probability distribution of 224

the angle θ between the water dipole moment and the z 225

axis is depicted in Fig. 7 a). Within the contact layer (z 226

<1.6Å), most of the water molecules have θ ∼20–50◦ or 227

θ ∼120–160◦, meaning that their dipole moments point 228

preferentially towards or against the surface. This feature 229

is characteristic of hydrophilic surfaces [37]. Less proba- 230

bly, water molecules forming a single hydrogen bond with 231

silicates orient with their dipole moment parallel to the 232

surface. Water molecules in the contact layer orient ac- 233

cording to the charge of superficial ionic species. Thus, 234

two regions can be distinguished: one where the water 235

dipole is oriented upward and H atoms coordinate with Os, 236

and a second where the water dipole is oriented downward 237

and Ow atoms coordinate with calcium cations. These re- 238

gions are mapped on the surface in Fig. 7 b) by collecting 239

θ and the x and y coordinates of water molecules within 240

3Å from the surface, during the whole simulation. The 241

effect of the topology of C3S surfaces on the structure of 242

water molecules has already been reported in a previous 243

molecular dynamics investigation [38]. 244

5



0
5

10
15

z (Å)
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Figure 5: Atomic density profile of water molecules along the z axis for AIMD. The origin adopted is the average coordinate of the uppermost

oxygen silicate layer. The layering observed results from the hydrogen bond network created between the strong interaction between the

water molecules and the ionic surface.

Figure 7: (a) Probability distribution of the angle θ between the

water dipole moment and the z axis, perpendicular to the surface.

Lighter regions correspond to higher probabilities (b) Density map-

ping of θ for water molecules within 3Å from the surface. Color

code: Ca in green, Os and Oi in red, Si in yellow, H in hydroxide

H-Oi in white.

The probability distribution of H-Os and H-Odw hy-245

droxyl groups is plotted in Fig. 8. H-Odw groups are prin- 246

cipally located on Ca-rich, positively charged regions, but 247

also close to protonated silicates. 248

Figure 8: Normalized probability distribution of H-Os (blue) and

H-Odw (red) hydroxyl groups.

3.2. Proton transfer analysis 249

The frequency ν of PT between water molecules and 250

Os-H and Odw-H groups is reported in Fig. 9. The lifetime 251

τ is defined as the time for a proton to return to the oxygen 252

atoms to which it was initially bonded. 253
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Evolution of the total number of hops within the simulation time

(right).

The inset plot shows the evolution of proton hops dur-254

ing the simulation. Hops between Ow and Os reach a255

plateau after ∼8 ps. Conversely, hops within Odw-Ow256

pairs seems to increase steadily during the whole simu-257

lation and are about 5 times more frequent than within258

Os-Ow pairs during the first 8 ps. The typical lifetime of259

PT events is shorter than 100 fs, which corresponds to the260

time scale of Eigen-Zendel structure interchanging in bulk261

water, obtained by femtosecond vibrational spectroscopy262

[39]. Lifetimes of approximately the same duration were263

reported for PT at water/ZnO(101̄0) interface [12]. The264

longest lifetimes reported are ∼0.2 ps for transfer between265

Ow and Os, and ∼2 ps for transfer between Ow and Odw.266

The free energy profiles of PT between Ow and Os and267

between Ow and Odw pairs were obtained from a stan-268

dard method as follows: F = −kBT logP (see Fig. 10)269

[12, 35, 40]. P is a probability distribution function of the270

distance dOa-Ob between two oxygen atoms Oa and Ob,271

and of δa-b = dOa-H−dOb-H. In the case of PT between Ow272

and Os, the molecular configuration of water forming an273

H-bond with Os is more stable than the dissociative con-274

figuration. The free energy profile of PT between Ow and275

Odw suggests that the molecular adsorption of water on276

the surface is more stable than the dissociated form. This277

observation is contrary to previous DFT and reactive MD278

calculations on a single water molecule, where dissocia- 279

tive adsorption energies were generally larger than molec- 280

ular adsorption energies, resulting in more stable config- 281

urations [3, 6–8]. This consolidates the idea that static 282

calculations on single molecule adsorption cannot describe 283

accurately the properties of a solid/water interface. Tocci 284

and Michaelides also reported considerable differences in 285

PT rate between a monolayer and an thicker water film 286

[12]. These differences arise from the decrease of the free 287

energy barrier of proton transfers induced by H-bond fluc- 288

tuations. The free energy barrier is ∼3.24 kBT for PT from 289

Ow to Os and ∼2.24 kBT from Os to Ow. The barrier is 290

∼3.30 kBT for transfer from Ow to Odw and ∼3.60 kBT for 291

the reverse reaction. These results suggest that hydroxides 292

formed by water dissociation are more stable than silanol 293

groups. However, the energy barrier for the creation of 294

both hydroxyl groups is almost equal. 295

Electron density difference analysis allows to map the

distribution of electrons involved in PT, and more gener-

ally in the adsorption. This analysis was realized perform-

ing static DFT calculation on the total system, as well as

C3S, and water independently on the system configuration

at 5 ps. The electron density difference ∆ρ was calculated

as follow:

∆ρ = ρC3S/H2O − ρC3S − ρH2O (1)

where ρC3S/H2O corresponds to the electron density of the 296

interface system, ρC3S and ρH2O are the electron density 297

of the C3S and water alone, respectively. A positive value 298

of ∆ρ indicates a high electron density, while a negative 299

value points out an electron depletion region. 300

The proton transfers occurring at the surface create 301

an electron delocalization, and thus high and low electron 302

density regions. Water molecules act as charge carrier and 303

the electron depletion or gain highly depends on the lo- 304

cation of the molecule (see Fig. 11 a and b1). High elec- 305

tron density is observed around the silicate oxygen close 306

to the water molecule, creating a depletion region on the 307

7
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respectively. a) A water molecule between a silicate and a silanol group. b1) Electron density delocalization during a proton exchange between

a molecular water and a hydroxide. b2) Electron abundance and depletion regions around an hydroxide created upon water dissociation.
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silicon atom. A large depletion region is observed around308

the silanol group (Fig. 11 a). Charge depletion regions309

are observed around H of hydroxyl groups. Their magni-310

tude increase in this order: H-Oi < H-Odw < H-Os. In311

other words, the magnitude of the depletion regions on312

H decreases as a function of the stability of the hydroxyl313

group. A large depletion region indicates a greater charge314

separation, and a more ionic bond, while a small depletion315

region reveals a more covalent bond.316

4. Conclusion317

The very early hydration of the (040) surface of C3S318

was investigated through a 18 ps AIMD simulation. As a319

first observation, only 1/3 of the oxide ions on the surface320

were protonated during the whole simulation. The hy-321

droxides formed are highly stable and no proton exchange322

was observed. Although the oxide ion is very unstable in323

water, we found that its environment on the surface is an324

important factor for the creation of hydrogen bond with325

water molecules and for protonation to occur. Thus, the326

pKa of hydroxide and silicic acid in solution cannot predict327

accurately the protonation state of the surface during the328

very early stage of hydration. The structure of water at329

the interface, resulting from the formation of the hydrogen330

bond network, is very similar to that of our previous classi-331

cal molecular dynamics study, with a thickness of the lay-332

ered region of approximately 5–6Å from the surface. The333

(040) surface is composed of Ca-rich regions (positively334

charged) and Si-rich regions (negatively charged). Water335

molecules in the contact layer orient their dipole moment336

in accordance with the surface charge, making either H-337

bonds in Si-rich regions, or creating strong Ca-Ow interac-338

tions in Ca-rich regions. Energy barrier analysis suggests339

that the molecular adsorption of water on the C3S surface340

is more stable than dissociative adsorption. Based on pro-341

ton transfer energy analysis, the hydroxyl groups formed342

were classified in order of stability as follow: H-Oi > H-343

Odw > H-Os. From electron density difference, high elec-344

tron density, and depletion regions were observed. These 345

observations revealed that the magnitude of the electron 346

depletion region upon adsorption is smaller for more stable 347

hydroxyl groups. 348
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