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Abstract

The presence of water in hydrated cement has significant effects on the prop-

erties of concrete. However, direct correlation of water with the macroscopic

properties of concrete remains a major challenge. In this study, we use molec-

ular dynamics simulations to determine the water dynamical properties in four

pore environments of the calcium silicate hydrate (C–S–H) colloid model; inter-

layer pores, gel pores, connected pores and in the vicinity of a finite disk–like

globule particles. It was revealed that the translational and rotational dynamics

are decoupled, consequently, the translational dynamics govern the calculated

T2 relaxation time at the surface. Based on NMR T2–T2 relaxation investiga-

tion, we showed an exchange between 1 and 4 nm connected pores. At short

times, the adsorption/desorption of water from a 1 nm pore is limited to the

edges, a behavior linked to water sorption hysteresis. The properties of water

in the proximity of a finite C–S–H globule and confined in infinite pore models

are comparable.
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1. Introduction1

Cement is a widely used material in construction industry as a binder of2

concrete. The chemical reaction of anhydrous cement powder with water gives3

rise to a complex heterogeneous hydrated paste, with 50–70% constituted by4

calcium silicate hydrate (C–S–H, where C = CaO, S = SiO2 and H = H2O)5

[1]. The overall properties of concrete infrastructures are highly correlated to6

the presence of water in C–S–H [2–4]. To improve our current understanding7

of cement and its properties, it is therefore necessary to probe C–S–H over a8

broad scale. However, these efforts are constrained by the limited knowledge of9

C–S–H, whose exact atomistic structure is not yet known.10

Several models of the C–S–H nanostructure have been proposed [5–8]. Par-11

ticularly, Jennings colloid model–II (CM–II) [8] is universally accepted since it12

could reconcile several controversial data from the literature. According to the13

CM-II model, C–S–H is constituted by tiny globules of sizes ranging from 3 to14

15 nm and a morphology that experiments suggest can be spherical, elliptical,15

disk–like or lamellar [8–10]. These globules assemble to form the pore network16

of C–S–H, consisting of interlayer and intraglobular pores (< 1 nm), small gel17

pores (1–3 nm), large gel pores (3–12 nm) and capillary pores (> 12 nm).18

Water in each pore category strongly impacts the fluid transport and me-19

chanical properties of cement. For instance, water within sub-nanometer pores20

has implications on drying shrinkage hysteresis [2] while small gel pores have21

been associated with the shrinkage and creep mechanisms [3, 4]. Additionally,22

depending on the local environment, water molecules in C–S–H can promote23

a disjointing behavior or enhance the cohesion within and between the C–S–H24

particles [11], with the loss of cohesion occurring for distances as small as 1 nm25

[11, 12]. Despite the several efforts to correlate nanoscale cement structure with26

engineering properties, no single model has been successful in capturing all the27

processes so far, and hence, the role of water in cement remains an area of active28

research.29

To unravel the state of water within C–S–H, a variety of experimental tech-30
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niques have been utilized. For example, 1H nuclear magnetic resonance (NMR)31

[13–15], quasi-elastic neutron scattering (QENS) [16, 17], differential scanning32

calorimetry [18], broadband dielectric spectroscopy [19] and Fourier transform33

infrared spectroscopy [18]. From the experimental point of view, this is however34

a very challenging task, and it is often difficult to interpret the data. Despite35

their inherent shortcomings, these studies have identified three relaxation com-36

ponents for water in cement paste. This has resulted in the categorization37

of water into either chemically bound, physically bound or ’free’ bulk water38

[17, 19–22].39

Atomistic simulations can provide valuable complementary information to40

aid in the interpretation of the experimental data of the nanostructure of C–S–H41

at the molecular level. For simulations at the nanoscale, it is commonplace to42

model water within C–S–H interlayer and gel pores by isolated infinite planar43

pores [23–26]. This approach ensures the study of water properties in contact44

with C–S–H basal surfaces, providing no information on the edge surfaces, water45

exchange, and the fact that C–S–H is constituted by nanometer–sized globules.46

In this work, we employ molecular dynamics (MD) simulations to study the47

dynamical properties of water within the pore network of C–S–H, to provide48

molecular level insights as to the state of water within C–S–H. The pore geom-49

etry models built include infinite planar pores (used to model interlayer and gel50

pores), a connected pore model, and a finite pore space created by the arrange-51

ment of disk–like globule particles. These pore models allow us to investigate the52

consequences of the pore surface chemistry, confinement, connected pores and53

pore geometry on the measurable dynamical properties of water nanoconfined54

therein.55

The effect of the C–S–H surface chemistry and nanoconfinement on water56

structure and dynamics is tackled using infinite planar pore models. A quali-57

tative analysis of water exchange in connected C–S–H pores is performed using58

the connected pore model, bearing in mind that the exchange times measured59

experimentally [27] are beyond the limit of our atomistic simulations. Water60

exchange in connected nanopores is important as it is expected to influence61
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fluid and ion transport within concrete structures, which are key factors in the62

overall durability of concrete. Previous studies have reported water exchange63

in freshly hydrated cement pastes based on T1–T2 and T2–T2 NMR relaxation64

experiments [27]. Lastly, we study the state of water within the proximity of65

a globule—viewed as a first step towards upscaling. This allows exploration of66

water dynamics between finite parallel globules and within the edge–edge pore67

environment (pores between adjacent edges of the globule particles), which is68

largely unknown. Despite a few studies [28–30] on the cohesive, normal and fric-69

tional forces between individual globule particles using MD simulations, the par-70

ticulate nature of C–S–H remains evident only in investigations at the mesoscale71

[31–33].72

The C–S–H nanostructure is based on the CM-II model [8], with the atomic73

structure modeled using a defected tobermorite structure. The timescale of the74

water dynamics explored ranges from subfemtosecond to tens of nanoseconds.75

Within this timescale, we could distinguish the dynamics of water into fast and76

slow processes. The fast processes taking place at the femtosecond timescale are77

quantified by infrared spectra from the vibrational density of states (VDOS).78

The slow processes, on the other hand, are determined by self–diffusion coeffi-79

cient, rotational correlation times, residence times, exchange times and NMR80

T2 relaxation times. The exchange of water in different pores is investigated by81

implementing 2D T2–T2 NMR relaxation [27, 34].82

2. Methods83

2.1. The atomistic C-S-H models84

Following the existing experimental information on C–S–H [35–37], a fully85

atomistic model of C–S–H was constructed starting from normal tobermorite 1186

Å crystal [38]. To obtain a higher Ca/Si ratio, there are several procedures to87

introduce defects on crystalline tobermorite. In this work, the introduction of88

the defects follows the atomistic C–S–H model (model 1) reported by Kovačević89

et al. [39]. Firstly, the occupancy of the interlayer calcium atoms was doubled,90
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raising the Ca/Si ratio of the initial configuration from 0.75 for the tobermorite91

crystal to 0.83. The unit cell was then replicated (4×4×1) along a, b, and c92

crystallographic directions. All the connected double chains of silicate were93

removed by deleting SiO units, as according to NMR experiments [35], there94

are no cross-linked silicate chains (Q3) in C–S–H. For every SiO unit removed,95

either O5 or O6 (O5 and O6 follows the notation used by Merlino et al. [38])96

oxygen atom was passivated with hydrogen atoms to form Si–OH linkages. The97

H+ atoms are added to the O5 or O6 sites to facilitate charge neutralization98

introduced by removal of SiO units, since the extra Ca2+ atoms introduced into99

our model by doubling the occupancy of interlayer Ca2 atoms, are not enough100

to neutralize the system. The resultant atomistic C–S–H model contains 9.6 %101

of Si–OH which lies within the experimental range of < 12 % for low C/S ratio102

C–S–H of < 1.35 [35].103

To further increase the Ca/Si ratio, the infinite “dreierketten” silicate chains104

are broken by removal of charge neutral SiO2 units randomly. Breaking the105

silicate chains creates additional non–bridging oxygen atoms which act as sites106

for hydrogen bonds. Hence, this process is expected to enhance the hydrophilic107

nature of our C–S–H model, stemming from the existence of surface OH groups108

and non-bridging oxygen atoms that could act as hydrophilic adsorption sites.109

The defected tobermorite structure was then transformed to its equivalent or-110

thorhombic cell with lattice parameters a = 45.08 Å, b = 29.48 Å and c = 22.68111

Å. The final structure (Figure 1 a)) has a Ca/Si ratio of 1.1 and the silicate chain112

lengths include dimers, pentamers and octamers, in line with the predominant113

chain lengths observed experimentally [35, 36].114

With this structure, we have built different models for the C–S–H, as shown115

in Figure 1. The infinite planar interlayer and gel pores are described in subsec-116

tion 2.1.1, the connected gel pore model in subsection 2.1.2, and the disk-like117

globule model in subsection 2.1.3.118
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2.1.1. Infinite planar interlayer and gel pores119

The first pore environment considered in our simulations is infinite planar120

interlayer and gel pores. The interlayer pores are modeled by the interlayer121

region of the defected tobermorite model, while the gel pores are created by122

increasing the interlayer pore spaces to 1–5 nm (Figure 1 b)). For normal to-123

bermorite 11 Å, the interlayer space lies along the (002) plane. The size of the124

interlayer pore is ≈ 0.6 nm; a typical size of two-layer pores in clays. After125

cleavage, the surfaces contain O atoms both protonated ( ≡Si–OH) and depro-126

tonated (Si–O−) groups and a distribution of Ca2+ cations and H2O molecules127

originally belonging to the interlayer (see illustration of the (001) surface in128

Figure 1). Water at a density of 1 g/cm3 was incorporated inside the gel pores129

with the PACKMOL software [40]. The number of water molecules within the130

planar pores is 160, 455, 910, 1365, 1820 and 2275 for an interlayer, 1, 2, 3, 4131

and 5 nm pores respectively.132

2.1.2. Connected gel pore model133

Building on from the infinite slit pores, the connected pore model is con-134

structed by further cleaving the defected tobermorite structure along the (100)135

direction to create a 4 nm pore perpendicular to the interlayer and the 1 nm136

pores (see Figure 1 c)). The (100) surface has been shown to be among the137

most stable facets of tobermorite polymorphs [41, 42]. This is justified since the138

silicate chains in tobermorite run along the [010] crystallographic direction (see139

an illustration of the silicate chains along the [010] crystallographic direction in140

Figure 1). Thus, cleaving along the (100) plane does not invoke any breaking141

of the Si–O bonds. The (100) surface consists of water molecules, calcium, and142

non-bridging oxygen atoms (see the zoomed out illustration in Figure 1). Such143

a pore system allows monitoring the transport of water along the a axis (the144

pore length is 90.15 Å) of the interlayer and the 1 nm small gel pore.145
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Figure 1: Pore models built following the Jennings CM-II model [8]. a) Illustration of

the defected tobermorite C–S–H model building block and the position of the (002)

cleavage plane. The surface details of the (001) surface and an illustration of the silicate

chains running along the [010] crystallographic direction are shown in the zoomed out

figures. The water molecules are removed for clarity. b) A model for the C–S–H

interlayer and gel pores. c) The interlayer–4 nm and 1–4 nm connected pore model.

The (100) surface composition is shown in the zoomed out figure consisting of water

molecules, calcium and non-bridging oxygen atoms. d) The model for the disk–like

globule building block highlighting the size from the top and side views of the particle.

Color legend: O, red; H, white; Ca, green; Si, yellow.

2.1.3. Disk–like globule model146

Subsequently, a globule was modeled following findings from a Small-Angle147

Neutron Scattering (SANS) experiment [9] which have reported the existence148

of disk–like C–S–H building blocks (see Figure 1 d)). The radius of the disk149

is 4.5 nm and the height is 4.4 nm, in agreement with the typical size of the150

globules reported in CM-II model (i.e 4.2 nm across [8]). The disk–like globule151

model exposes the edge surfaces composed of mainly deprotonated oxygen and152

calcium atoms. Additional O sites are protonated to ensure charge neutrality153
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of the globule particle. The disk–like C–S–H particle constituted by 26946154

atoms was then immersed in an 11.5×11.5×7.5 nm3 simulation box with 22784155

water molecules. With this box size, the shortest distance between two adjacent156

globule particles is ≈ 2.5 nm perpendicularly and 3.0 nm radially.157

2.2. Computational details158

The molecular dynamics simulations were performed using LAMMPS [43]159

simulation package. The interatomic interactions of C-S-H are described using160

the modified CLAYFF force field [44–46]. The flexible version of the SPC model161

by Teleman et al. [47] is used in the description of the water molecules. Each162

simulation consisted of an initial equilibration of 2 ns in NPT ensemble and an163

additional 5 ns in NVT ensemble to generate trajectories for post-processing. A164

longer production run of 20 ns was performed to analyze exchange in connected165

pores. The time step, temperature, and pressure conditions are 0.5 fs, 300166

K, and 1 atm respectively. Periodic boundary conditions are applied in all167

three dimensions. The Coulomb interactions are modeled using the PPPM [48]168

method with a precision of 10−5 and a cutoff of 10 Å for pair interactions.169

The short time water dynamics behavior (i.e femtosecond scale) is investi-170

gated by performing vibrational dynamics calculations. The analysis is based171

on the vibrational density of states (VDOS) calculated from the Fourier trans-172

form of the atomic velocity autocorrelation function (Equation 1) of the water’s173

oxygen and hydrogen atoms velocity trajectories.174

V DOS =

∫ t

0

⟨v(t0) · v(t)⟩

⟨v(t0)2⟩
cos(ωt)dt (1)

where v(t0) and v(t) are the velocities of a certain atom at an initial time t0 and175

a certain later time t respectively. The angular brackets denote the averaging176

over both the number of atoms N and time origins NT . The velocity snapshots177

were saved every timestep (0.5 fs) for 100 ps. Since the period of the water178

vibrations is much less than 1 ps [49], the length of the trajectory was deemed179

satisfactory for the analysis.180
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Translational dynamics of the confined water are studied by calculating the181

self–diffusion coefficient, D. D is calculated based on the Einstein’s relation [50],182

i.e183

D = lim
t→∞

⟨[ri(t)− ri(0)]
2⟩

2dt
(2)

where ri(0) and ri(t) are the position vectors at the initial and a later time184

t, respectively. The angled brackets indicate an ensemble average and d the185

dimensionality. Equation 2 is modified in the calculation of parallel diffusion186

(D||) within slabs to take into consideration the survival probability function,187

as described in details in ref. [51].188

The reorientation of the water molecules is accounted for by the HH in-189

tramolecular vector autocorrelation function, CHH(t) (Equation 3). The ro-190

tational correlation time, τc is calculated by fitting CHH(t) (Equation 3) to191

a stretched exponential function a0e
−(t/τc)

β

. A stretched exponential function192

with 0 < β < 1 has been shown to describe well the long-time relaxation be-193

havior of autocorrelation functions of supercooled and confined water[52, 53].194

CHH(t) =
1

2
⟨3 cos2 θ(t)− 1⟩ (3)

θ(t) denotes the angle formed by the HH unit vectors at time t.195

The calculation of the T2 relaxation time follows the semiclassical theoret-196

ical description of spin relaxation by Bloembergen, Purcel and Pound (BPP197

Theory) [54]. According to BPP theory, the T1 and T2 relaxations of proton198

bearing fluids are facilitated by dynamic fluctuations in the local magnetic fields,199

arising from intra- and inter- nuclear magnetic dipole-dipole interactions. The200

corresponding autocorrelation function, GR,T (t), of the fluctuating magnetic201

dipole-dipole interactions is given by;202

GR,T (t) =
3

16

(

µ0

4π

)2

h̄2γ4 1

N

N
∑

i ̸=j

〈

3(cos2θij(t+ τ)− 1)

r3ij(t+ τ)

3(cos2θij(τ)− 1)

r3ij(τ)

〉

τ

(4)

where µ0 is the permeability of free space, h̄ is the reduced Planck’s constant,203

γ is the gyromagnetic ratio, t is the lag time in the autocorrelation, rij and204
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θij are the distance and angle between spins i and j respectively, and N is the205

number of interacting spins of spin I = 1/2. The subscripts R and T denote the206

intramolecular and intermolecular spin interactions respectively.207

The calculation of T2 relaxation time, therefore, involved the computation208

of GR,T (t) from the hydrogen atom position trajectories, by analyzing the evo-209

lution of the relative distances rij and angles θij between the hydrogen atoms210

of the molecules involved. Once the autocorrelation function GR,T (t) is deter-211

mined, T2,R,T is calculated from the following equation:212

1

T2,R,T
=

3

2
JR,T (0) +

5

2
JR,T (ω0) + JR,T (2ω0) (5)

where ω0 = γB0 is the Larmor frequency and JR,T (ω) is the spectral density213

of the local magnetic-field fluctuations determined by the Fourier transform of214

GR,T (t):215

JR,T (ω) = 2

∫ ∞

0

GR,T (t)cos(ωt)dt (6)

In this work, a fast exchange limit is assumed, i.e on the timescale of the216

experiment, the adsorbed molecules are in rapid exchange with those within217

the pore and diffusion ensures that all molecules experience both environments218

equally [55]. The total T2 relaxation for the water molecules within the pores219

is thus a summation of both the surface and bulk relaxations. This assumption220

implies that ω0τR,T << 1 and J(0) = J(ω0) = J(2ω0). Therefore;221

1

T2,R,T
= 5JR,T (0) (7)

The exchange time for an interlayer–4 nm and 1–4 nm connected pores was222

analyzed by fitting the survival probability function P (t) to a biexponential223

function: A1e
t/τ1 +A2e

t/τ2 .224

P (t) = ⟨N(t)/N(0)⟩ (8)

where N(t) and N(0) are the number of water molecules at time t and t = 0225

respectively. Only the water molecules which remain in the specified pore during226
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the entire simulation time were considered in the survival probability function227

calculation. Two exchange times, τ1 and τ2 are obtained after fitting the survival228

probability function P (t) (Equation 8) to a biexponential function, where, the229

larger value is associated with the slow desorption rate and vice versa.230

3. Results and Discussion231

3.1. Infinite planar pores232

3.1.1. Atomic density profiles233

The atomic density profile of the water oxygen (Ow), water hydrogen (Hw),234

silicate silicon (Si) and silicate oxygen (O) atoms along the z direction is shown235

in Figure 2 a). The Ow density profile in all the gel pores is characterized236

by a shoulder at z ≈ 1.0 Å and a peak at z ≈ 2.5 Å from the surface (see237

Figure 2 a) for a 2 nm pore). The shoulder is attributed to the water molecules238

trapped within the channels formed by the silicate chains running along the [010]239

crystallographic direction, while the peak is formed by the water molecules at240

the surface interface (Figure 2 b)). Due to their location, these water molecules241

are expected to form hydrogen bonds with the surface non–bridging O atoms.242

The Hw density profile in both the interlayer and gel pores (Figure 2 a)) further243

demonstrates that water hydrogen atoms are pointing towards the C–S–H model244

substrate: an indicator of the hydrophilicity of C–S–H [56].245

The structuring of water near the C–S–H model surface is viewed as weak246

due to the formation of less sharp peaks for the Ow and Hw density profiles247

(Figure 2 a)). This is attributed to the broken silicate chains which disturbs the248

local surface structure resulting in a weaker layered packing of the surface water249

molecules. This feature is expected for defected tobermorite models [23–25], in250

contrast to the sharply defined maxima of the density profile within a narrow251

range of values characteristic of hydrophilic surfaces [57–59] and tobermorite252

crystal analogs [60]. The bulk water density (0.033 molecules/Å3) is attained253

at ≈ 7 Å from the surface.254
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Figure 2: a) The atomic density profile of the oxygen (Ow) and hydrogen (Hw) atoms

for the interlayer and gel pore water molecules, the silicate silicon (Si) and oxygen (O)

atoms. b) The C–S–H model surface details highlighting the location of water within

the silicate channels (L1) and the interface water in L2 region. Color legend: O, red;

Si, yellow; H, white. The surface is defined as the average position of the non–bridging

oxygen atoms. c) Gel pore subdivisions based on the Ow density profile.

Although the gel pore water density profile is bulk–like after just a few Å255

from the surface, studies have shown that the corresponding water dynamical256

properties are perturbed for larger distances in nanoconfined geometries [58].257

To analyze the role of the surface on the dynamical properties of water in C–258

S–H, the pores were subdivided into 7 slabs (see Figure 2 c)). L1 and L2 slabs259

were categorized as the subsurface and interface water molecules respectively,260

following the boundaries of the density profile. In relation to the CM-II model,261

the surface adsorbed water (modeled here by L1 and L2 water molecules) can262

be understood as water present in empty gel and capillary pores [8]. However,263

for filled pores (as in our case), these water molecules are reclassified as gel pore264

water as noted experimentally in NMR measurements of the water content of265

different pore types [61]. Beyond L2, the slabs namely L3, L4, L5, L6 and L7266

(see Figure 2 c)) are each of 5 Å, making our analysis up to 28 Å from the267

defected tobermorite surface. This choice makes sure the properties of water in268

the middle of each pore are studied.269
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3.1.2. Vibrational Dynamics270

The discussion of the vibrational dynamics is focused on making a con-271

nection between the experimental infrared/Raman/INS spectra of bulk water272

within the frequency range of 0 to 4000 cm−1 and the VDOS obtained from273

our MD results. In this frequency range, the contribution to the VDOS of bulk274

water emanates from intermolecular and intramolecular motions. The inter-275

molecular motions contain information about the translational (10–400 cm−1)276

and librational/rotational (400-1200 cm−1) motions. Beyond 1200 cm−1, the277

contribution to the VDOS comes from the intramolecular motions [62, 63].278

As shown in Figure 3 a) for an oxygen atom spectra, the O· · ·O· · ·O bend-279

ing mode of triply hydrogen bonded water molecules for the 2–5 nm pores is280

located at ≈ 50 cm−1 and it coincides with the bulk water peak. This inter-281

section indicates that increasing the pore sizes facilitates the formation of a 3D282

network with bulk–like vibrations for pores as small as 2 nm. In contrast, there283

is a significant shift to 60 cm−1 and 80 cm−1 for the 1 nm and interlayer pore284

respectively. The blue shift (to higher frequencies) for small pores is understood285

as an indicator of reduced translational degrees of freedom [62, 63]. Within this286

frequency range, the inelastic neutron scattering (INS) spectrum for hydrated287

cement displays a low frequency peak at ≈ 80 cm−1 [17], which based on our288

findings, can be correlated to water confined in pores of sizes < 1 nm. Blue shift-289

ing of the O· · ·O· · ·O bending mode has also been observed in other confined290

geometries [62], supercooled water [64, 65] and bulk water at high pressures [66].291

The intermolecular O· · ·O stretching modes appearing between 200–300292

cm−1 are very weak, and we observe no appreciable difference between bulk293

water and the gel pores (Figure 3 a)). The red shift of the O· · ·O stretching294

modes, linked to the formation of a 2D hydrogen bond network in extreme con-295

finement [63], is only evident for water nanoconfined in interlayer pore spaces.296

The hydrogen atom VDOS is shown in Figures 3 b)–d). We observe a shifting297

of the translational peak centered around 48 cm−1 with increasing confinement298

(Figure 3 b)), which we associate with reduced translational dynamics. Neutron299
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Figure 3: a) Oxygen atom VDOS for the water within the interlayer and gel pores (1–5

nm) of a C–S–H model in comparison to bulk water. Hydrogen atom VDOS for water

in the interlayer, 1 nm, 5 nm and bulk in the frequency range b) 0–1200 cm−1, c)

1200–2000 cm−1 and d) 3000–4000 cm−1.

scattering experiments have instead shown an attenuation of this peak for the300

water hydrogen atom spectra [17, 62] with confinement. For the librational301

motions occurring in the 400–1050 cm−1 frequency range, we observe a shift of302

the librational edge to higher frequencies as the pores sizes are decreased (see303

Figure 3 b) and the Gaussian fits (Figure S1 a)) in the supporting information).304

Such a shift, also observed for water confined in Vycor glass [62] and clays [67–69]305

is correlated to the hindrance of motion because of reduced rotational degrees306

of freedom [62, 63]. Moreover, the sharp peaks observed here for the water in307

the interlayer pores is a feature known to occur for highly ordered hydrogen308
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containing systems [68, 70].309

The frequencies appearing at ≈ 1600 cm−1 (Figure 3 c)) correspond to the310

intramolecular bending modes. There is a slight blue shift of this band for the311

water molecules within the interlayer pores regarding bulk water and gel pores312

(see Figure 3 c) and the Gaussian fits (Figure S1 b)) in the supporting informa-313

tion). This shows that the ability to alter the hydrogen bond network through314

O–H bending is significantly restricted in the interlayer pore environment, which315

can be explained by the high surface to volume ratio and the presence of Ca2+316

cations. The intermixing of the restricted surface water molecules with those317

away from the surface displaying bulk–like behavior is ascribed to the non-318

distorted bending modes for the gel pores.319

At higher frequencies, the bands at ≈ 3600 cm−1 (Figure 3 d)) correspond320

to the O–H stretching modes [71]. Our results indicate a strong similarity of321

the spectra of confined water with that of bulk water in this frequency range322

(Figure 3 d)). Therefore, the surface and pore size effects cannot be retrieved323

from our simulations in this frequency range.324

3.1.3. Translational Dynamics325

The diffusivity of the water contained in the interlayer and gel pores was326

analyzed by plotting the mean square displacement (MSD) as a function of327

time (Figures 4 a) and b)). The dynamically slow nature of the water within328

the interlayer pore spaces is evident (see Figure 4 a)) and follows the relaxing329

cage model developed for supercooled water [72, 73], where the diffusion can be330

separated into four stages: ballistic, cage, transition and diffusion regimes. The331

ballistic regime (t ≤ 200 fs) is apparent in all the pores and during this period,332

the water’s MSD is proportional to t2. Next is the cage stage which is character-333

ized by a plateau up to ≈ 1 ps caused by water molecules rattling around a cage334

created by neighboring water molecules and ions. This plateau, clearly visible335

in the interlayer pores, fades away as the pore sizes are increased. During the336

transition stage, the MSD ∝ tβ where β < 1. Lastly, it is the diffusive regime337

where the MSD varies linearly with time. During the first 100 ps (Figure 4 a)),338
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Figure 4: MSD as a function of time during a) the first 100 ps and b) a period of 3 ns

for the interlayer and gel pores (1–5 nm) of a C–S–H model. The key of graph b) is

the same as shown in a). c) Variation of self–diffusion coefficient (D) of water confined

in a C–S–H model with pore size. d) D|| as a function of distance from the C–S–H

model substrate.

the water in 1–5 nm pores already reaches the diffusive regime while for the339

interlayer water, the root-mean-square displacement (RMSD) is still < 2 Å; a340

characteristic of immobile water [56, 74]. Therefore, the classification of water341

in the interlayer of C–S–H as bound within the QENS experimental timescale342

[17] can be understood from this analysis.343

The dependence of self–diffusion coefficient (D) on pore size (Figure 4 c))344

follows the well-known trend of fluids in confined geometries: D increases with345

increase in pore size [75, 76]. The slowdown factor varies from 1.6–4 as the346

pore sizes are reduced from 5–1 nm. This implies that within the gel pores,347

some water molecules behave like bulk, as shown from the diffusional analysis348

of unbound water in cement [17, 77]. For the interlayer pores, D is 0.02×10−5
349
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cm2s−1: two orders of magnitude lower than for the bulk water. Other MD350

simulation works by Bhatt et al. [78] and Li et al. [25] reported 0.009 ×10−5
351

cm2s−1 and 0.003 ×10−5 cm2s−1 for the D of water within the interlayer of352

C–S–H models respectively. The slightly dissimilar models (i.e D varies with353

Ca/Si ratio [74]) may explain the variation of the values from different MD354

simulations. Nevertheless, the hindered translational dynamics of the interlayer355

water is clear from these analyses. The reduced water self-diffusion has also356

been observed for water molecules confined in the interlayers of layered double357

oxide phases [79–81] and clay minerals [82, 83].358

The parallel self–diffusion coefficient (D||) of the water molecules in L1 (water359

within the surface silicate channels) in all the pores is ≈ 0.05 ×10−5 cm2s−1
360

(Figure 4 d)). This finding is experimentally confirmed by 1H NMR field cycling361

relaxation experiments [13] for water in cement paste where the self–diffusion362

coefficient of the surface water is ≈ 1/60 that of bulk water. Averaging over all363

water molecules associated with the surface (L1 and L2 regions), we obtained D||364

as 0.3 × 10−5 cm2s−1. Considering that as water reacts with cement the bulk–365

like component of water eventually disappears, this value corresponds mostly366

with constrained water i.e strongly interacting with the surface and confined367

mainly in small gel pores and intraglobular water.368

Moving away from the surface, the water located beyond L2 (i.e 3 Å from369

the surface) is fast moving with a self–diffusion coefficient of the same order as370

bulk water (see Figure 4 d)). The fast translational water dynamics in slabs L3371

to L7 is attributed to the bulk–like density in this region [58, 59]. Nevertheless,372

the D|| value for water within 1 and 2 nm pores is lower than the bulk water373

value even in the middle of the pores.374

3.1.4. Rotational Dynamics375

The dependence of τc with pore size is reported in Figure 5 a), where it is376

shown that τc decreases with increasing pore size. For the smallest gel pore377

(i.e 1 nm), τc is about five times longer than the bulk water value (1.41 ps)378

calculated using the same force field. This finding is in quantitative agreement379
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Figure 5: a) Variation of the rotational correlation time, τc of water confined in C–S–

H model with pore size. b) τc as a function of the distance from the C–S–H model

substrate.

with the results for hydration water in dicalcium silicate [84]. The restrictions in380

the rotational degrees of freedom in small pores [85], are seen as a consequence381

of the rearrangement of the hydrogen bond network in confinement, which has382

been shown to promote enhancement of the hydrogen bond strength [86]. For383

the water in interlayer pores, τc is 38.52 ± 1.02 ps, in this case, the decay of384

CHH(t) is slow (Figure S2 and Table S1 in the supporting information), which385

further supports the immobile nature of the water within the C–S–H particle.386

The slowdown in rotational dynamics for water confined in C–S–H is in broad387

agreement with water confined in other systems [87, 88].388
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From the local rotational dynamics investigated by the calculation of τc in389

each slab, it is evident from Figure 5 b) that the rotational relaxation is surface-390

dominated only in L1 region, which we associate to the restricted location of391

the water molecules within the silicate channels. The corresponding residence392

time in L1 is 168 ±0.6 ps. Our calculated residence time is relatively shorter393

than for other hydrophilic surfaces [58]; a suggestion of a lower surface affinity394

for the C–S–H model surface. This is in agreement with theoretical models395

[89] for mortar and MD simulations of water confined in tobermorite and silica396

nanopores [24].397

The τc values converge to a single value beyond L3 (Figure 5 b)). This im-398

plies that the stabilization of the hydrogen bond network by the C–S–H pore399

surfaces is short ranged, beyond which the local rotational dynamics are in-400

dependent of the surface. There is notably fast reorientational dynamics in401

L2 slab, which, despite the water molecules forming hydrogen bonds with the402

surface non–bridging oxygen atoms, is of the same order as water in the pore403

centers. This can be explained by the weak adsorption in L2, evidenced by the404

short residence time of 3.75 ±0.4 ps. This differs from the translational dynam-405

ics, where we have shown in the previous section that D|| in L2 is one order406

of magnitude slower than bulk water. This finding highlights the decoupling of407

the translational and rotational water dynamics within C–S–H nanopores.408

Our results suggest that the surface water rotation rate is linked to the rate409

of desorption. Since reorientation occurs in parallel with the breaking and form-410

ing of H-bonds, it can be inferred from our calculations that the reorientation411

mechanism involves large–amplitude jumps as described extensively by Laage412

et al. [90, 91].413

3.1.5. NMR T2 Spin Relaxation414

The dominant 1H NMR relaxation mechanism in cement involves the in-415

teraction of magnetic dipolar with surface paramagnetic impurities. The char-416

acteristic relaxation times may vary depending on the composition, age, and417

the hydration/drying conditions [92]. Bearing in mind that our cement model418
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lacks paramagnetic ions, our discussion is within the context of understanding419

possible contributors to relaxation rate dispersions (independent rotational and420

translational contributions), which emanates from the slow-moving proton spins421

contained within the surface layer and in the bulk–like region.422

The variation of the correlation functions GR(t) and GT (t) (Equation 4)423

due to rotational and translational dynamics respectively on the surface (L1424

and L2), bulk–like regions (beyond L2) and within the interlayer pores is shown425

in Figure 6. The decay of the translational component (GT (t)) is faster than426

the rotational counterpart for the interlayer and surface water. This is an im-427

plication that the surface relaxation in C–S–H model pores is dominated by the428

translational motions, in agreement with water confined in calcite slit pores [58].429

Hence, this justifies the neglection of the rotational dynamics for spin relaxation430

models dominated by surface relaxation [14, 24, 93]. The rotational hindrance431

on the surface and the interlayer pore spaces may be due to steric effects caused432

by the surface atoms and the Ca2+ ions.433

Within the bulk–like region, a more rapid drop of both translational and434

rotational components is evident, which we attribute to the fast dynamics in435

this region. However, in contrast to the surface region and interlayer pores, the436

rotational component GR(t), decays faster in the bulk–like region. The increased437

noise in the gel pore rotational component is due to a possible jump reorientation438

mechanisms [90] and poor statistics since there are fewer intramolecular spin439

pairs than intermolecular spin pairs.440

The calculated T2 relaxation times for water on the surface and in the bulk–441

like region are shown in Figure 7 a). In the surface region, the T2 relaxation442

times are one order of magnitude lower than in the bulk–like region and pore443

size independent. The differing T2 relaxation times in these two regions are as444

a consequence of the slow-moving proton spins contained in the surface layer in445

comparison to the bulk–like region. Since the contribution emanating from the446

interaction of electronic spins with paramagnetic ion impurities in the confining447

pore matrix is not considered, the short surface region T2 relaxation time high-448

lights the role played solely by the translational and rotational dynamics in the449
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modulation of the dipolar spin-spin interaction. These results are in qualitative450

agreement with experimental observations that surface interactions help lower451

the relaxation time [14, 78, 93].452

The total T2 relaxation time of water within C–S–H pore model averaged453

over the surface and bulk relaxation according to the fast exchange model [94]454

is shown in Figure 7 b). The trend of the NMR T2 relaxation time reflects455

the general sensitivity of NMR measurements to pore-size distributions, where456

a lower T2 is expected for small pores, whereas, large pores result in higher T2457

relaxation time values. For mature cement, four T2 components are identified458

which correspond to the solid hydrates (e.g portlandite (Ca(OH)2)), interlayer459

water, gel pore water and water in capillary pores. The assignment of the T2460

relaxation time values is 10 µ s, 100 µ s, 340 µs and > 1 ms respectively [92, 95–461

98]. Within the interlayer pores, the calculated T2 relaxation time is 0.15 s; ≈462

3.6 times smaller than for the smallest gel pore (i.e 1 nm pore). The slowdown463

factor between interlayer and gel pores obtained here is remarkably similar to464

the 3.4 value from experiments [92, 95–98]. Considering that the ratio of T1/T2465
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is ≈ 4 in cement paste [99, 100], our calculations are in good agreement with MD466

calculations by Bhatt et al. [78] for an interlayer and a 1 nm C–S–H model pore467

where they reported T1 relaxation time values of 1.47 s and 2.75 s respectively468

using a similar approach.469
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3.2. Interpore Exchange of Water in C–S–H470

3.2.1. Exchange Rate471

There was no appreciable desorption from the interlayer pores during the472

entire simulation time (Figure S3 in the supporting information). Based on our473

C–S–H atomistic model, a possible explanation for the lack of water desorption474

from the interlayer pores is due to the presence of Ca2+ ions and broken silicate475

chains which facilitate enhanced hydrophilicity of the C–S–H coupled with the476

extremely restricted pore space. In real cement paste, more complex pore system477

is expected to play a big role.478

A fitting was thus done only for the 1–4 nm connected gel pores. The479

resultant τ1 and τ2 values after fitting the survival probability function P (t)480

(Eqn. 8) to a biexponential function are 2.68 ns and 18.94 ns respectively. This481

suggests that there is exchange of water between a 1 and 4 nm connected gel482

pores, albeit faster than the value reported experimentally [27]. τ2 is taken483

as the exchange time between a 1 and 4 nm connected pore while the fast484

desorption time, τ1 is interpreted as possibly due to the water molecules on the485

pore boundaries.486

3.2.2. 2D T2–T2 NMR Relaxation487

Since there is no significant exchange between our interlayer and the 4 nm488

model pores, T2–T2 NMR relaxation analysis was done for only the 1–4 nm con-489

nected pores. The initial T2 relaxation time was calculated for each pore sep-490

arately by averaging over all water molecules remaining within the pore within491

a simulation time of 5 ns. This approach implies that the fast exchange limit492

in our calculation is assumed only between the surface and the bulk–like water.493

This is justified because the calculated surface residence time is much shorter494

than exchange time between the pores (i.e 168 ps compared to 18 ns; 2 orders495

of magnitude). Thus, at the initial time, we have only two values of T2 relax-496

ation time (see Figure 8). Subsequent calculations of T2 were performed after497

successive delay times (τdelay); 1 ns, 2 ns, 3 ns, 4 ns and 5 ns.498
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calculated T2 relaxation time for water molecules within the 1 nm (red) and 4 nm
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At the initial time, the calculated T2 relaxation time for the 1 nm and 4499

nm pores is 0.4 and 1.4 s respectively. The slightly lower value for the 4 nm500

pore in comparison to the slit pores (1.8 s) could be due to confinement along501

the (100) direction, rather than the (001) for the infinite slit pores. After a502

certain delay time τdelay, some molecules exchange between the pores, and thus503

their T2 relaxation time is expected to correspond to the new pore environment504

[27, 34, 101]. Considering that we know the pore sizes, here, the T2 relaxation505

time is calculated for only the water molecules which have moved to a different506

pore during the delay time. This approach enables progressive monitoring of507

the relaxation dynamics of the water molecules with time, hence, a possible508

indicator of the local environment.509

After a 1 ns delay, the T2 relaxation time for the water molecules which510

moved from the 4 nm to the 1 nm pore is 0.66 s while those from 1 nm to 4511

nm is 0.78 s. These values are very similar, and are different from T2 relaxation512

times of the corresponding pores. This is an implication that after 1 ns, although513
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some water molecules exchange, they are still trapped in the pore entries and/or514

edge surfaces, where the relaxation may be faster for a 1 nm pore and slower515

for a 4 nm pore.516

Subsequent calculations after 2, 3, 4 and 5 ns show that the water moving517

to the 4 nm pore attains the average pore T2 relaxation time (see Figure 8 after518

2 and 5 ns delay times). Our results indicate that the exchange of water within519

the connected pore model is not similar in both directions. After 2 ns, the water520

molecules entering the 4 nm pore register the same T2 relaxation time as the521

entire pore. In contrast, the T2 relaxation time for water entering the 1 nm522

pore does not reach the value obtained at the initial time. It can be concluded523

therefore that, within our simulation time, the entry of water into the 1 nm524

gel pores is limited only to the edges, where the T2 relaxation time and other525

dynamical properties e.g self–diffusion and rotations might be different from526

those at the center of the pores. This desorption behavior, also reported by527

Feldman et al. [102, 103] based on water sorption experiments of cement paste,528

has been associated with the hysteresis in the variation of Young’s modulus,529

flexural strength, length, and weight change with relative humidity.530

3.3. The Particulate Nature of C–S–H531

The discussion in this section is limited to a quantitative comparison of the532

translational and rotational dynamics of water on the surfaces of a disk–like533

C–S–H globule particle and water within the infinite interlayer and gel pores534

(section 3.1). Near a disk–like globule, the two pore environments explored535

include: inner (R < 2.0 nm) and outer (R > 4.5 nm) regions from the center of536

the disk particle termed as C1 and C2 regions respectively (see the illustration537

of the two regions in Figures 9). Within C1, the calculations were done on slabs538

along the z direction which implies that we analyze water in a confinement539

environment of two finite planar disks, while in C2, the water dynamics in slabs540

radially around the disk are studied.541

As shown in Figure 9 a), in region C1, D|| is low within the interlayer pore542

spaces and approximately two hydration layers from the C–S–H globule surface.543
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In the middle of two adjacent C–S–H globules stacked along z direction, the544

D|| values are lower than for bulk water, which is attributable to confinement545

effects and desorbed Ca2+ ions. In the C2 region which represents the edge546

surfaces, the diffusion of water molecules is slow and does not demonstrate any547

confinement effects within a 5 Å radius (slab 1) from the surface, since x, y and548

z D components are equal (Figure 9 b)). Moving away from the edge surface,549

confinement effects are seen in the x and y directions.550

Quantitatively, it was noted that the self–diffusion coefficient values on the551

planar disk–top surface (which is the same surface as for the infinite planar gel552

pores; Figure 9 a)) and radially (edge–edge surface; Figure 9 b)) are similar to553

those obtained for the water in L1 region of the infinite gel pores (i.e order of554

10−7 cm2s−1). Since the radial slabs are larger than for the planar surface (i.e 5555

Å as opposed to 3 Å), we can infer from our calculations that the translational556

dynamics are more restricted on the edge–edge surfaces in comparison to the557

basal surfaces. The slow dynamics are attributed to water molecules which are558

interacting with the complex edge surfaces constituted by Ca2+ ions and broken559

silicate chains. These findings, which are in agreement with NMR experiments560

[13] for water diffusion on cement surfaces, emphasize the role of pore surface561

chemistry on water diffusion properties.562

The rotational dynamics are evidently slow on the C–S–H globule surface563

and interlayer pores (see Figure 9 c) and d)). Although within the interlayer564

space of the globule, water exhibits similar rotational dynamics as for infinite565

planar pores, τc is slightly longer on the surfaces of the C–S–H globule than566

in infinite planar pores. Additionally, on the edge–edge surface, we observe a567

more gradual decrease of τc, suggesting a more stable hydrogen bond network568

in this environment (Figure 9 d)). Nevertheless, our results indicate that the569

C–S–H globule surface impacts water dynamics in an analogous way as infinite570

planar pores, giving rise to faster rotational dynamics in relation to translational571

dynamics—implying translational–rotational decoupling.572
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Figure 9: a) 2D self–diffusion coefficient D||, of water in a disk–like C–S–H model

particle in slabs along the z direction (Region C1). b) 1D self–diffusion coefficient

along the x, y and z directions in radial cross section slabs (Region C2). c) Rotational

correlation time τc, of water confined in disk–like C–S–H model particle in slabs along

the z direction (Region C1). d) τc in radial cross section slabs (Region C2).
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4. Conclusions573

Extensive dynamical properties of water within the interlayer and gel pores of574

C–S–H were investigated via atomistic simulations. The four pore environments575

considered include infinite planar interlayer and gel pores, connected pores and576

finite pore space created by arrangement of disk–like globule particles. From577

our analysis, the dynamics of water within C–S–H can be separated into two:578

slow dynamics associated with the surface and interlayer water molecules and579

fast dynamics characteristic of the middle of the gel pores of sizes as small as 2580

nm.581

The effect of the C–S–H surface chemistry was investigated using infinite582

planar models and C–S–H globule particles. The overall slow surface water583

dynamics are associated with the specific geometry of the silicate chains and584

the presence of Ca2+ ions on the surface. In both the infinite planar and edge585

surfaces of the finite globule, we observed translational–rotational decoupling586

where the rotational dynamics are faster than translational dynamics. The587

relatively faster rotational dynamics and the short surface residence times which588

are linked to hydrogen bond making and breaking suggest a weak surface affinity589

of the C–S–H model surfaces. The C–S–H surface affinity is expected to differ590

in high Ca/Si ratio C-S-H models due to the presence of more surface Ca2+ ions591

in addition to the broken silicate chains which collectively enhance cohesion in592

C–S–H.593

Overall, there is a slowdown of the water dynamics as the pore sizes are594

decreased from 5 to 1 nm. We observed a significant blue/red shift of the595

vibrational modes only in very small pores (interlayer and 1 nm). For all the596

properties studied, the immobile nature of the interlayer water was clear, which597

explains the neutron experiment’s classification of intraglobular water in C–S–H598

as bound water. Hence, although the interlayer water is known to influence creep599

and shrinkage [8] processes, the very slow water motion in these pores is not600

expected to significantly promote fluid transport related detrimental processes601

such as chloride-induced corrosion and sulfate attack in concrete structures.602
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Analysis of the exchange between C–S–H connected pores reveals that within603

the time limit of our molecular dynamics simulations, there is hardly any des-604

orption from the interlayer pores. Based on our C–S–H pore model, the lack605

of desorption from interlayer pores is explained by their small size as well as606

the presence of Ca2+ ions which further hinder water mobility. The restricted607

desorption of water in the interlayer space is associated with reversible shrink-608

age and creep processes in concrete [104]. Notably, our T2–T2 analysis revealed609

that at short times, the adsorption, or desorption of water from a 1 nm pore610

may be limited to the edges. The desorption behavior of the 1 nm pore inferred611

from our studies has previously been linked to the hysteresis in the variation612

of Young’s modulus, flexural strength, length, and weight change with relative613

humidity [102, 103].614

We did not observe any remarkable difference between water dynamics on615

the globule particle surfaces and the infinite planar gel pores. This result which616

highlights the importance of the C–S–H surface chemistry in driving the prop-617

erties of water in its proximity also validates the infinite planar pore models618

used extensively in atomistic simulations. Additionally, comparison between619

the edge–edge surface confinement environment and the top planar surface only620

yielded slight variations.621

These findings highlight the state of water within different pore environments622

of C-S-H, based on the water dynamical properties. Explicit treatment of all the623

features explored could help improve the analysis of fluid transport, cohesion,624

and mechanics of cement. Bridging the gap between the results obtained for625

water within the pore geometries studied in this work and the complex pore626

network of C-S-H requires the development of a bottom-up multiscale modeling627

framework. We have shown that it is possible to build and simulate stable628

C–S–H globule particles of similar shape and size as observed experimentally.629

As a first step towards upscaling, future work can focus on studying the behavior630

of water confined in an assembly of few globules.631
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