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Anomalous composition-dependent dynamics of nanoconfined water
in the interlayer of disordered calcium-silicates
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With shear interest in nanoporous materials, the ultraconfining interlayer spacing of calcium–
silicate–hydrate (C–S–H) provides an excellent medium to study reactivity, structure, and dynamic
properties of water. In this paper, we present how substrate composition affects chemo-physical prop-
erties of water in ultraconfined hydrophilic media. This is achieved by performing molecular dynam-
ics simulation on a set of 150 realistic models with different compositions of calcium and silicon
contents. It is demonstrated that the substrate chemistry directly affects the structural properties of
water molecules. The motion of confined water shows a multi-stage dynamics which is character-
istic of supercooled liquids and glassy phases. Inhomogeneity in that dynamics is used to differen-
tiate between mobile and immobile water molecules. Furthermore, it is shown that the mobility of
water molecules is composition-dependent. Similar to the pressure-driven self-diffusivity anomaly
observed in bulk water, we report the first study on composition-driven diffusion anomaly, the self
diffusivity increases with increasing confined water density in C–S–H. Such anomalous behavior is
explained by the decrease in the typical activation energy required for a water molecule to escape its
dynamical cage. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4864118]

I. INTRODUCTION

The advancements in the synthesis of nanoporous ma-
terials have led to the development of efficient water desali-
nation systems,1 catalyst-containing nanocapsules,2 organic-
based zeolitic-like frameworks,3, 4 and porous carbon5 for
hydrogen storage. Efficiency of these nanomaterials is closely
tied to the state of water and cations within the nanoconfine-
ments and their exchange through the mesoporous surfaces.6

In addition, the three water molecules – thick interfacial water
– within biological cells has shown to influence a wide range
of attributes in the frame of non-adaptive genomic level.7, 8

The confinement size and pore geometry directly affect the
chemo-physical properties of water, such as shift in dipole
moment,9 hydrogen bonding,10 and transport properties;11

these are significantly different from those of bulk water. De-
spite the multi-disciplinary interests in understanding water
in confined geometries, our knowledge on the field of interfa-
cial properties of water in such extreme confining conditions
is still in a fledgling state.

The nano-texture of calcium–silicate–hydrate (C–S–H)
and the binding phase in cement paste is responsible for
its strength, durability, and creep properties.12 This hydra-
tion product is a versatile medium, which is used to study
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chemo-physical properties of confined water. Despite its ubiq-
uitous presence in the built environment, the layered C–
S–H structure at an atomistic level has only been recently
discovered.13, 14 With growing evidences on the nanogranu-
lar texture of C–S–H,15–18 the C–S–H particles appear to be
excellent analogs of nanocapsules with porous surfaces that
enable inter-particle water and cationic exchange. However,
the difference between the interlayer and inter-particle pore
size distributions results in a broad distribution of residence
times of water molecules. This leads to partial decomposi-
tion and averaged representation of dynamical quantities in
Neutron Scattering (NS)19 and Proton Field-Cycling Relax-
ometry (PFCR)20 experiments. This highlights the relevance
of atomistic simulation techniques that provide insights into
experimentally inaccessible measurements. In fact, these ex-
perimentally aggregated descriptions are at the origin of clas-
sifying water into free, constrained, and chemically bounded
water molecules using the Quasi-Elastic Neutron Scattering
method.21 Consequently, this has led to classifying the dy-
namical properties of confined water as “glass-like” behav-
ior, reminiscent of characteristics of supercooled liquids and
glassy phases.22–25 Yet, the effects of confinement stoichiom-
etry by modification of surface chemistry and morphology on
properties of confined water remain to be investigated.

The main focus of this paper is to understand how chem-
ical modification of C–S–H influences the structural and dy-
namical properties of water. In fact, we attempt to answer
long-standing questions about the mobility of water in ultra-
confined hydrophilic interlaminar spacing and its comparison
with inter-particle and bulk water. This paper has been orga-
nized into four different sections. Section II covers the details
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of molecular dynamics simulation and molecular structure of
C–S–H at different stoichiometries. Section III is divided into
five subsections. First subsection discusses the effect of stoi-
chiometry on the structure of water such as bond length, dipo-
lar moment, density, or hydrogen bond network. Consecutive
three subsections delve into anisotropy and inhomogeneity of
water dynamics in a confined medium. Finally, the last sub-
section presents the effect of confinement chemistry on the
self-diffusivity and identifies a new anomalous behavior of
water under extreme confinement. Section IV draws final con-
clusions and summarizes our findings.

II. METHODS

A. Molecular models and force fields

To describe the disordered molecular structure of C–S–
H, Pellenq et al.28 proposed a realistic model for C–S–H
with the stoichiometry of (CaO)1.65(SiO2)(H2O)1.73. In this
work, a set of 150 realistic molecular structures for C–S–H
is constructed with varying Ca/Si ratios ranging from 1.1 to
2.1. Following a combinatorial procedure, the C–S–H mod-
els are constructed by chemically and structurally modify-
ing 11 Å tobermorite.29 11 Å tobermorite consists of pseudo-
octahedral calcium oxide sheets sandwiched by dreierketten
silica tetrahedral chains. Silicate chains only consist of pair-
ing (bridging oxygen atoms) and bridging sites (having two
bridging and two dangling oxygen atoms).30 These negatively
charged calcium-silicate sheets are separated from each other
by interlayer spacing, which incorporate “interlayer” water
molecules and charge-balancing calcium cations (4.8 e

nm2 ).
While the Ca/Si ratio in 11 Å tobermorite is 1, this ratio is
systematically increased in C–S–H models through randomly
removing SiO2 groups. Defects in silicate chains provide pos-
sible sites for adsorption of extra water molecules. Adsorption
of water molecules in the structurally defected tobermorite
models was performed via the Grand Canonical Monte-Carlo
(GCMC) method ensuring equilibrium with bulk water at con-
stant volume and room temperature and is denoted as “ad-
sorbed water” in Fig. 1. The simulated number of hydrogen
atoms in water molecules and hydroxyl groups per silicon
atom (H/Si) is in full agreement with drying27 and Small An-
gle Neutron Scattering (SANS)15 experiments.

As shown in Fig. 1, these models provide molecular
structures of C–S–H that are consistent with the experimental
stoichiometry of (CaO)x(SiO2)(H2O)2(x − 1) + 0.5 + δ where
δ is associated with the polymorphic structure of C–S–H
providing a variation of water content based on the combi-
natorial nature of silicate arrangements at the nano-scale.
Some of the above-mentioned interlayer water molecules are
chemically unstable and dissociated into hydroxyl groups and
protons upon first principle or reactive force field modeling.
In this work, we use REAXFF potential26 to enforce the
reaction between the interlayer water and the defective
calcium-silicate sheets.31 Unreacted water molecules are
denoted in Fig. 1 as “structural water.” The reactive modeling
further refines the stoichiometry by adding an extra dimen-
sion: (CaO)x(SiO2)(H2O)Unreacted

1.2(x−1)+0.3+β (H2O)Hydroxylating
0.8(x−1)+0.2+γ

where extra parameters β and γ introduce the effect of
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FIG. 1. State of hydrogen in C–S–H nanotexture as a function of stoichiome-
try. The total hydrogen content calculated via a combination of grand canon-
ical Monte Carlo and molecular dynamics simulations based on REAXFF
potential26 compared to drying experiment of Cong and Kirkpatrick27 and
Small Angle Neutron Scattering (SANS) experiment of Allen et al.15

polymorphism to the stoichiometry. It should be emphasized
that “Unreacted” and “Hydroxylating” superscripts indicate,
respectively, unreacted and dissociated water molecules dur-
ing reactive simulations. Furthermore, both drying and SANS
experiments measure the total hydrogen content and cannot
distinguish between hydrogen atoms in molecular water or
hydroxyl groups. The collective topological observation of
these 150 numerical samples indicates that, while C–S–H
below Ca/Si ratio of 1.5 has a crystalline molecular structure,
it has a local glassy structure at high Ca/Si ratios above 1.5,
while still retaining some long-range layered texture.

In this work, equilibrium molecular dynamics (MD) sim-
ulations are performed on the reacted C–S–H samples with
the focus on understanding the structure and mobility of
unreacted interlayer water molecules. Several studies have
suggested the importance of incorporating flexibility in mod-
eling confined water in hydrophobic and hydrophilic confine-
ments and ionic solutions.11, 32, 33 To resolve the issues related
to incorporating rigid water models such as SPC/E, a flexible
but unpolarizable version of SPC model, which reproduces
the structure and properties of water at ambient temperature,
was employed.34, 35 Core-only potential CSH-FF,36 which is a
clayff-like potential,37 is used in our calculations, as it repro-
duces the structure and mechanics of C–S–H at various sto-
ichiometry which has been shown to be in good agreement
with density functional theory (DFT) calculations on crys-
talline C–S–H such as tobermorite polymorphs.36 To avoid
the expenses incurred by calculating coulombic interactions
in real and reciprocal spaces, such interactions are calculated
via the Wolf method.38 In the supplementary material further
details on the preparation of C–S–H structures and the force
fields are provided.39

B. Molecular dynamics

In this work, all MD trajectories for 150 C–S–H mod-
els were produced using LAMMPS.40 The equations of mo-
tion were integrated via the Velocity-Verlet algorithm. The
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time steps are set as small as 1 fs to reproduce the dynam-
ics of O–H bonds. All 150 samples were relaxed in isobaric-
isothermal ensemble (NPT) with the target temperature of
300 K and pressure of 0 atm. To reproduce the dynamics
of water at different time-scales, all simulations were taken
to the microcanonical ensemble (NVE) to start two sepa-
rate sets of simulations for the production phase. This choice
was made to avoid the usage of any thermostat that could
affect the dynamics of water. We ensured that the tempera-
ture remained constant throughout the simulation. The first
set of simulations, intended to describe the dynamics at short
time scales, was 100 ps long with configurations saved every
100 fs. The second set of simulations was 10 ns long with
outputs recorded on intervals of 10 ps. The selection of time
intervals was based on Churakov prediction that 10 ns long
simulations are necessary to capture the diffusion of water in
the interlayer of tobermorite minerals.41 To compare the ef-
fect of confinement on water molecules with that of bulk, a
box of water with 1200 water molecules was simulated and
hereafter referred as being either “bulk” or “SPC” water. To
calculate the structural and dynamical properties of interlayer
water, several post-processing scripts were written to analyze
the trajectories.

III. RESULTS AND DISCUSSIONS

This section is divided into five subsections. First, the
effects of C–S–Hs composition on the short-range structural
characteristics of confined water are presented in detail. These
analyses include O–H bond stretch factor, Voronoi analysis of
accessible volume, and average number of hydrogen bonding
per water molecule. Second, the mean square displacement is
examined to reveal the dynamics of interlayer water. The third
subsection is dedicated to the Van Hove space-time correla-
tion function to investigate the inhomogeneous nature of wa-
ter mobility in C–S–H molecular structure. In the fourth part,
the inhomogeneity analysis is extended to a wide range of
chemistries and the probabilistic picture of water mobility is
portrayed in function of the Ca/Si ratio. Finally, the fifth sub-
section analyzes the quasi two-dimensional self-diffusivity of
mobile water and its anomalous correlation with density in
the C–S–H interlamellar spacing.

A. Structure of confined water

By closely looking at water density profiles in the vicinity
of calcium-silicate sheets, Youssef et al.22 found excess water
concentration at the surfaces. Also, it was realized that hy-
drogen atoms of water have a tendency of moving toward the
surface. These are clear signs of hydrophilicity of calcium-
silicate sheets that directly affect the structure of water.

Figure 2 presents the effect of the stoichiometry of C–
S–H on the structure of water in the interlayer spacing. The
structure of water is directly affected by the availability of
adsorption sites on the calcium-silicate surfaces. Figure 2(a)
presents the effect of stoichiometry on the equilibrium O–H
bond length. The O–H bond length in C–S–H microporous
medium is larger than that of bulk water. This means that

FIG. 2. Effect of substrate stoichiometry on the characteristics of confined
water. (a) Ow–Hw bond length as a function of Ca/Si ratio. The inset shows
the distribution of dipole moments in C–S–H (Ca/Si = 1.75) against bulk
water. The stretch of Ow–Hw results in the increase in dipole moment of wa-
ter in confined medium. Ow and Hw denote oxygen and hydrogen in water
molecules, respectively. (b) The effect of Ca/Si ratio on the number of hy-
drogen bonds per water molecule. (b) Effect of Ca/Si ratio on the Voronoi
density of interlayer water compared to that of bulk SPC water. The inset dis-
plays the distribution of Voronoi volume of water molecules for C–S–Hs of
varying compositions against that of SPC bulk water.

the interaction between C–S–H hydrophilic surfaces and pro-
tons in water molecules stretches the bond length. The O–H
bond length in SPC water increases linearly from 1.018 Å
to 1.022 Å in the crystalline substrate domain and reaches a
plateau in the glassy domain. The physical reason behind the
plateau response in high Ca/Si ratio is that the extra water is
less affected by the surface through a shielding mechanism.
In fact, adsorbed water molecules, adjacent to the surface,
screen electrostatic interactions between the additional water
molecules and non-bridging oxygen atoms.42 While the O–H
bond length is directly influenced by the hydrophilicity of C–
S–H substrate, the H-O-H angular distribution does not show
any significant statistical differences. This directly affects the
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dipole moment of water molecules in the interlayer spacing.
Inset in Figure 2(a) provides the distribution of the dipole mo-
ment in the Ca/Si = 1.75 C–S–H sample compared to that of
bulk water. Statistically, the dipole moment of confined water,
2.56 ± 0.3 D, follows normal distribution with first moment
higher than that of bulk water, 2.50 ± 0.3 D. In contrast to
hydrophobic zeolite micropores,9, 43 the upshift of dipole mo-
ment is the signature of the hydrophilicity of C–S–H surfaces.
The hydrophilicity of nanopores, not only affects the internal
structure of water molecules but also the way water molecules
are packed in the interlayer spacing. This packing affects the
accessible volume and the density of water in ultra-confined
environment.

Higher packing and proper orientation of water
molecules increase the probability of forming hydrogen bonds
network. There are numerous ways to identify hydrogen
bonds based on either energetic44, 45 or geometrical criteria.46

Following the method of Luzar and Chandler,47, 48 the hy-
drogen bonds are solely distinguished by geometrical rules
satisfying dO−O < 3.5 Å and θH−O−O < 30◦, where dO–O is
the distance between the hydrogen donor and acceptor oxy-
gen atoms and θH−O−O is the angle between O–H ray in the
donor and O–O ray connecting oxygen in the donor and the
acceptor. Figure 2(b) displays the effect of C–S–H’s substrate
stoichiometry on the number of H-bonds per water molecule.
Similar to glycerol/water mixtures49 and water in clay nano-
scale galleries,50 the number of H-bonds is significantly lower
than that of bulk water, approximately 3.6 H-bond per wa-
ter molecules. The number of H-bonds increases linearly in
the crystalline domain from 1.5 to 2.15 H-bonds per water
molecule and maintains a constant value in the glassy domain.
Using the potential-of-mean-force approach (PMF), Youssef
et al.22 calculated the value of 2.3 H-bonds per water molecule
for Ca/Si = 1.7 which is in close agreement with these results.
The increase in the number of hydrogen bonds with Ca/Si ra-
tio is in agreement with the infrared spectroscopy experiment
of Yu et al.51 They explained the broadening of the peak cor-
responding to Ow–Hw stretch mode by the increase in the
number of hydrogen bonds.

The packing of water molecules in the interlayer spacing
affects the density of C–S–H particles.52 This necessitates a
fresh look on the definition of density of water in confined ge-
ometries. This is achieved by employing topological geome-
try approaches in the context of nano-scale confinements. The
Voronoi tessellation algorithm is one of the commonly used
methods. To exemplify, it was applied to the structural anal-
ysis of liquid glass formers,53 liquid-gas interfaces,54 and ice
nucleation.55 In periodic systems, Voronoi volume is a por-
tion of the space around a particle in which every point is
closer to that particle than any other particle. The Voronoi
density can be defined as the mass of particles divided by
their Voronoi volume. In the case of bulk water, the conven-
tional and Voronoi densities are identical. However, the ultra-
confined medium in the interlayer spacing affects the Voronoi
volume of water molecule and, hence, their Voronoi density.
Figure 2(c) provides the relation between the stoichiometry
of C–S–H and Voronoi density of water in the interlayer spac-
ing. The water density increases linearly with the Ca/Si ra-
tio. The adsorption of roughly 1.2 structural water molecules

caused by removal of SiO2 group asserts that the density of
interlayer water is controlled by the availability of adsorp-
tion sites to a higher extent. At low Ca/Si ratios, the den-
sity of water is close to that of SPC bulk water. However, at
high Ca/Si ratios, the density of water is around 1.12 g/cm3,
which is significantly larger than that of bulk water. This is ex-
plained more thoroughly in the inset of the Figure 2(c). This
figure exhibits the Voronoi volume distribution for bulk wa-
ter against three different chemical compositions. All distri-
butions, either bulk or confined, follow normal distribution.
At low Ca/Si ratios, Ca/Si = 1.15, the first moment of volume
distribution for confined and bulk water is identical. However,
the second moment is smaller in the case of confined water,
which means that the motion of water molecules is very lim-
ited in C–S–H interlayer space. At high Ca/Si ratios, Ca/Si
= 1.5 and 1.8, both the first and second moment of vol-
ume distribution are smaller than that of the bulk. The ultra-
packing of water molecules in C–S–H is similar to that of
the hydration shell of proteins.56, 57 Now that we have demon-
strated the effects of chemistry on the structure of water, it is
important to investigate the mobility of water in the C–S–H
interlayer space.

B. Inhomogeneity and anisotropy in water dynamics

Due to the strong hydrophilicity of calcium-silicate lay-
ers, the width and roughness of interlayer voids, the dynam-
ics of water in the interlayer spacing of C–S–H is expected
to be heterogeneous. This can be characterized by the mean
square displacement (MSD) and the self part of the Van Hove
space-time correlation function. By utilizing the principle of
invariance under time translation in equilibrium, the MSD of
an atom is defined as

MSDi (t) = �r2
i (t) = 〈|ri(t + τ ) − ri(τ )|2〉, (1)

where ri denotes the coordinates of oxygen atom i in water
and the bracket represents time averaging at multiple time ori-
gins, τ . To illustrate the dynamical inhomogeneity of water,
the MSDs of individual water molecules across all 150 sam-
ples were studied extensively. To illustrate, Figure 3 presents
individual MSDs of water molecules within the range of 100
to 10 000 ps in a sample with Ca/Si ratio of 1.4. The set of
those individual MSDs clearly proves the validity of the afore-
mentioned hypothesis on dynamical inhomogeneity. That is,
water molecules can be divided into two categories: mobile
and immobile. Immobile water molecules have limited mo-
tion around their adsorption sites, which is characteristic of
librational dynamics in an ultraconfining cage around inter-
layer calcium or in the vicinity of defective silica chains. On
the contrary, mobile water exhibits less bounded motion in the
interlayer spacing, which resembles to diffusive dynamics in
supercooled liquids. The distinction between mobile and im-
mobile water molecules is based on two arguments. First of
all, the root mean square displacements (RMSDs) of immo-
bile and mobile water are significantly different. While the fi-
nal RMSD of immobile water is smaller than 2 Å, the RMSD
of mobile water is larger. The 2 Å length scale is referred to as
the typical cage radius and hence is denoted by dcage. Second,
the slope of MSD in mobile and immobile water is clearly
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FIG. 3. Mean square displacement (MSD) as a function of time for each
water molecule in a sample with Ca/Si = 1.4. The inset presents the total
average MSD and average MSD parallel and perpendicular to the calcium-
silicate layers. The dashed red line at 4 Å2 is used to define the cage size,
dcage (see text).

different. While the slope of MSD versus time in mobile wa-
ter is larger than zero, the slope of MSD of immobile water is
close to 0 (at time scales lower than 1 ns). This inhomogene-
ity in mobility is also observed in supercooled bulk water58

and clay-zeolite composites.59

The inset of Figure 3 displays the average MSD in the
range of 0.1 ps to 10 ns. It demonstrates the dynamically slow
nature of confined water in C–S–H, which can be partitioned
in four stages, analogous to that of dense fluids and super-
cooled phases.60 The four stages are ballistic, cage, transi-
tion, and diffusion regimes. At very short times, t ≤ 200 fs,
the water molecules move just ballistically,61 〈r2(t)〉 ∝ t2.
In the second stage, within intermediate time scales, MSD
follows a plateau up to 1 ps. This is mainly because water
molecules rattle around in the cage formed by neighboring
particles colliding with water molecules and calcium layer
species. Subsequently, parts of water molecules succeed to es-
cape the cage, which can be associated with the intermediate
stage. The motion of water molecules in the transition regime
can be described as diffusion with low exponent (〈r2(t)〉 ∝ tα

where α < 1). The transition with exponent smaller than one
is also observed in supercooled liquids and attributed to in-
homogeneous non-Gaussian collective hopping of particles.62

The diffusion exponent gradually increases in the third stage
until it reaches that of a diffusion regime, 〈r2(t)〉 ∝ t.

Due to the small width to length ratio of interlayer chan-
nels (≈ 1

10 ), the diffusion inside C–S–H particles has charac-
teristics of a quasi two-dimensional diffusion. This anisotropy
in the diffusion can be quantified via the components of aver-

age MSD:63

MSDxy = 1

N

N∑
i=1

�x2
i (t) + �y2

i (t), (2)

MSDz = 1

N

N∑
i=1

�z2
i (t), (3)

where N is the number of water molecules, MSDxy and MSDz

denote the parallel and perpendicular parts of the MSD. As it
is shown in the inset of Figure 3, the MSDxy is almost one or-
der of magnitude larger than MSDz. This emphasizes that the
diffusion is strongly controlled by the interlayer space width
presenting nearly two-dimensional characteristics.42, 64, 65

C. Inhomogeneity characterization via the Van Hove
correlation function

To further characterize the inhomogeneous dynamics of
water, the self part of Van Hove space-time correlation func-
tion is employed.66 This function is defined as

Gs(r, t) = 1

N

N∑
i=1

〈δ(r − |ri(t + τ ) − ri(τ )|)〉, (4)

where δ denotes the Kronecker function. This correlation
function allows us to determine the probability67 2πrGs(r, t)
that a water molecule originally at (t = 0) and (r = 0) has
moved by a distance r after elapsing time t. Following the
discussion on the anisotropy of diffusion in the C–S–H, the
planar 2πr factor is adopted instead of the usual 4πr2 in
three-dimensional diffusion, as the motion of mobile water
molecules is characterized by quasi two-dimensional diffu-
sion. Presenting the results only for a sample with Ca/Si
= 1.4, Figure 4(a) provides the Van Hove correlation func-
tion at different time scales. At short time-scales, (t ≈ 1ps),
water molecules are still in the cage. At longer time-scales
(t ≈ 300 ps), some water molecules have traveled as far as
3 Å. In the range of 300 ps to 3 ns, mobile water molecules ac-
cumulate at the first hopping site characterized by the increase
of intensity over the time of Gs(r, t) at 3 Å, length of a water
molecule (Figure 4(a)). The average jump length in C–S–H
(≈3 Å) is more than three times larger than that of bulk water
at room temperature (≈0.9 Å).68 The average jump length in
supercooled water at 253 K is roughly 2.4 Å69 which is close
to that computed for C–S–H. This is another reason that sug-
gests water in the interlayer space behaves like supercooled
liquids. The hopping mechanism to the farther sites occurs at
longer time-scales.

The first water molecules arrive at the second hopping
site after 3 ns. At longer time-scales, up to 6 ns, it can be con-
cluded from the vanishing of the first peak that the probabil-
ity of the presence of water molecules in the cage decreases,
the second and third peaks grow signaling dominant diffusive
mode. This probabilistic picture is reminiscent of picosecond
local structural fluctuations within dynamical basin and slow
inter-basin jumps as seen in supercooled liquids.70 This brings
about the notion of “lower effective temperature” suggested
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FIG. 4. Description of the collective diffusion of water molecules using Van Hove space-time correlation function. (a) Van Hove correlation function of water
molecules in a C–S–H sample with Ca/Si = 1.4 at different time steps. (b) The Van Hove correlation function at 6 ns plotted for mobile and immobile water
molecules.

by both neutron diffraction experiments71 and molecular dy-
namics simulations of water in hydrophilic surfaces.23 Specif-
ically, Gallo et al.23 observed that water molecules adjacent to
hydrophilic surfaces behave as they do below their mode cou-
pling crossover temperature in pores as large as 4 nm even
when modeled at ambient conditions. However, this homoge-
nous description of water diffusion only explains the diffusive
motion of mobile water molecules.

The heterogeneity in the dynamics of water molecules in
the interlayer spacing of C–S–H is very similar to heteroge-
neous dynamics of ionic72 and supercooled liquids73 in which
particles diffuse with significantly different residence times at
different regions only a few angstroms apart. To distinguish
between the water molecules with different residence times,
the self part of Van Hove function is decomposed into mo-
bile, GM

s (r, t), and immobile, GI
s (r, t), components:

GM
s (r, t) = 1

NM

NM∑
i=1

〈δ(r − |ri(t + τ ) − ri(τ )|)〉, (5)

GI
s (r, t) = 1

NI

NI∑
i=1

〈δ(r − |ri(t + τ ) − ri(τ )|)〉, (6)

where NM and NI are the number of mobile and immo-
bile water molecules, respectively. The distinction between
mobile and immobile species is made based on their indi-
vidual MSDs. If the average displacement is less than the
cage size, RMSDi < dcage, then the water molecule is con-
sidered as immobile. Otherwise, it is categorized as mobile.
Figure 4(b) presents the mobile-immobile decomposition of
the Van Hove function. For time-scales up to 6 ns, the immo-
bile water librating within the cage might overpass the cage
size and briefly spend time in the first hopping zone. This
is explained by the presence of the minor peak in GImmobile

s

at r = 3 Å in Figure 4(b). It should be emphasized that,
since the MSDs of immobile water molecules are less than
2 Å, any transgression beyond cage size is temporary. This
is a clear sign of the backward hopping mechanism in which
water oscillates between the cage and the first hopping site.
On the other hand, some of mobile water molecules might

briefly spend some time at the boundary of the cage. How-
ever, these molecules elapse most of their time in the first
and second hopping sites. Some of the water molecules os-
cillate back and forth which is characterized by the forward
and backward hopping mechanism from first to second hop-
ping sites. This forward and backward hopping is also ex-
perimentally observed in the diffusion of hydrogen on TiO2

surfaces in which forward hopping is favored depending on
separation distance.74 The enhancement of interstitial
molecules in the first coordination shell constraints large
displacements. Therefore, diffusion of water molecules ne-
cessitates highly correlated displacements of many water
molecules referred to as cooperative hopping mechanism.75

This cooperative hopping mechanism increases the probabil-
ity of backward hopping as collective diffusion in confined
environment attributes to higher diffusion energy barriers.
Such collective mobility depends strongly on the chemistry
of adsorption surface; as further explained in Sec. III D.

D. Composition-dependent water mobility

The heterogeneity in confined water dynamics is system-
atically analyzed by studying mobility across samples of vary-
ing composition. Figure 5 shows the Van Hove function at
6 ns for five C–S–H samples with Ca/Si ratios varying from
1.1 to 1.8. At very low Ca/Si ratios distinguished by crys-
talline substrate close to that of tobermorite minerals, Ca/Si
= 1.12, all of the water molecules are confined within their
cage. In this case, the whole Van Hove function is limited
within the cage radius, dcage. In Figure 6, the motion of water
molecules is depicted by superposing the positions of water
molecules at different time steps starting at 1 fs up to 6 ns,
covering six orders of magnitude in the time domain. As de-
picted in the first row of Figure 6, at low Ca/Si ratios, the
motion of water molecules is restricted to libration adjacent
to their adsorption sites (interlayer calcium atoms and defec-
tive silica chains). At this stoichiometry, the motion of wa-
ter molecules is described as “pocket-like” behavior which
emphasizes their localized motion. This localized behavior
is related to abundance of bridging SiO2 groups protruding
into the interlayer spacing which effectively obstructs the
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FIG. 5. The effect of composition on the mobility of water molecules in the C–S–H interlamellar spacing. (a) Van Hove correlation function at t = 6 ns plotted
for C–S–Hs of varying composition. (b) Probability of water molecules to escape the cage as a function of the Ca/Si ratio.

diffusive motion of water molecules in the channel. At a
slightly higher Ca/Si ratio, Ca/Si = 1.30, more bridging
groups are removed from the silicate chains. This provides
the opportunity for some water molecules to escape their cage
and enter their first hopping site. At the transition regime,
most of the bridging sites are removed from the silica chains,
which fully open the diffusion channel. As described before,

a significant portion of water molecules opens to the first and
second hopping sites. As highlighted in the second row of
Figure 6, the water molecules oscillate within the cage up
to 10 ps and start to diffuse at longer residence times in the
order of 100 ps. For those substrate compositions, we de-
fine the diffusive motion of water molecules as being “patch-
like” diffusion. As presented in the third row of Figure 6

FIG. 6. Visualization of the space that water molecules explore within the C–S–H interlayer for three different samples with Ca/Si ratios equal to 1.14
(crystalline substrate), 1.45 (transition substrate), and 1.80 (glassy substrate). The water molecules are superposed at 10 ps, 300 ps, and 6 ns at the intervals of
every 1 ps. The brown and cyan spheres represent intralayer and interlayer calcium ions, respectively. Red and yellow sticks depict silicate tetrahedra. White-red
sticks represent hydroxyl groups and white and red sticks with white and red spheres display water molecules.
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(Ca/Si = 1.8), the diffusive channels are fully developed mak-
ing individual trajectories hard to distinguish. We define this
as an “in-channel” diffusion. In order to quantify the impact
of substrate compositions on the mobility of water molecules,
we calculate the probability of a water molecule escaping the
cage after 6 ns, P(d > dcage), which we define as

P (d > dcage) = 1

An

∫ ∞

dcage

2πrGs(r, t = 6 ns)dr, (7)

where d is displacement and An denotes the normalizing factor
defined as

∫ ∞
0 2πrGs(r, t = 6 ns)dr . This escaping probabil-

ity increases linearly with Ca/Si ratio within the crystalline
C–S–H regime. Then it reaches to a plateau, which is mainly
due to the absence of bridging sites in the interlayer. How-
ever, at large Ca/Si ratios, the mobility increases due to the
fact that immobile water molecules provide screening against
the coulombic interactions between the calcium-silicate sub-
strate and mobile water molecules. Because of the aforemen-
tioned screening effect, which was pointed out as the origin of
the plateau in the dipole moment of water molecules as well
(see Figure 2(a)), the dipole moment and mobility are strongly
correlated. In addition both follow a bilinear trend with Ca/Si
ratio.

E. Self-diffusion of ultraconfined water
in C–S–H interlayer

As discussed above, the diffusion of water molecules in-
side the C–S–H particles is inhomogeneous and anisotropic.
This as well as the quasi two-dimensional nature of collective
diffusive motion of mobile water molecules, defines the self-
diffusivity of water for planar component of the mobile water
species. Following the Einstein relation in 2D:

D‖ = 1

4
lim
t→∞

MSDxy(t)

t
. (8)

It is made sure that the diffusion regime is achieved in the
simulations and the uncertainty in measuring long time limit
is considered in error bars reporting self-diffusivity values. In
addition to this uncertainty, the description of water diffusion
by D‖ entails an approximation. However, the ratio of D⊥/D‖
is quite negligible for especially mobile water molecules. The
effect of substrate composition on the self-diffusivity of wa-
ter molecules is presented in Figure 7. The self-diffusivity of
water in the interlayer, DC–S–H, is normalized by that of bulk
SPC water at 300 K, DH2O, 4.17 × 10−9 m2s−2. Analogous
to the probability of escaping cage, DC–S–H increases linearly
in the crystalline domain and maintains a constant value at
the glassy regimes. Due to the high H2O/Si ratio at very high
Ca/Si ratios, the self-diffusivity increases further because of
the abovementioned screening effect. DC–S–H in high Ca/Si
ratio, 0.0018 × DH2O, is almost three times higher than that
of low Ca/Si ratio, 0.0006 × DH2O. This highlights the effect
of substrate composition on the diffusion of water molecules
in the ultraconfined hydrophilic environments. On average,
the self-diffusivity of water in the interlayer spacing inside
C–S–H particles is thousand times slower than that of bulk
water. This emphasizes that part of the mobile interlayer wa-
ter diffuses with significantly slow dynamics, however distin-

FIG. 7. Mobility of water in C–S–H’s interlayer spacing. (a) Effect of C–S–
H composition on the self-diffusivity of interlayer water compared against
Elastic Neutron Scattering (ENS) and Proton Field Cycling Relaxometry
technique (PFCR). (b) Anomalous correlation between density and self-
diffusivity of confined water in C–S–H. The inset provides the relation be-
tween the self-diffusivity and probability of escaping the cage. (c) Scaling of
self-diffusivity with inverse temperature for four C–S–H models with differ-
ent Ca/Si ratio. The inset presents the diffusion energy barrier as a function
of Ca/Si ratio.

guishable from the dynamics of immobile water and hydroxyl
groups. Bordallo et al.76 briefly mentioned this existence of
a dynamics slower than that of glassy water and attributed
it to proton exchange in the interlayer. Based on the present
description of water mobility in C–S–H, this dynamics can
be related to diffusion of mobile water in the interlayer. It is
noteworthy that water in tobermorite minerals (Ca/Si > 1) is
immobile as it does not have translational motion at the scale
of 10 ns (water molecules experience librating motion). This
means that tobermorite minerals cannot provide insightful
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information for studying water in C–S–H with common com-
position of Ca/Si = 1.7. In C–S–H, the diffusion of mobile in-
terlayer water is different from inter-particle water molecules
and those on the surface of larger pores.

The values of self-diffusivities presented in this study are
at least one order of magnitude less than that measured by
PFCR by Korb et al.77 (DH2O/80) and Incoherent Elastic Neu-
tron Scattering measurements of Fratini et al.19 (DH2O/60).
Recent ENS experiments suggest that slow self-diffusion in
the paste is associated with inter-particle water.78 PFCR ex-
periments are interpreted to capture the dynamical behav-
ior of water adsorbed on the pore surfaces.20 In particular,
Kalinichev et al.79 reported MD simulation of adsorbed wa-
ter on [100] surfaces of anomalous tobermorite with self-
diffusions comparable to that of Korb et al.20 Since the inter-
particle pore-size distribution is shown to be significantly
larger than interlayer spacing,80 the significant difference in
characteristic length of confinement explains the difference
between the self-diffusion inside and in between C–S–H
grains. Recently, Coasne et al.81 have critically reviewed the
state of the art of water in mesoporous systems shedding light
on the dynamics in mesopores in between C–S–H particles.
The contrast between the intra- and inter-particle water is also
observed in hydrated bundles of imogolite nanotubes.82

Studying properties of bulk water has led to identifica-
tion of several unusual behaviors known as anomalous fea-
tures of water.83, 84 Prielmeier et al.85 discovered an anomaly
in which self-diffusivity of bulk water increases with pressure
with a maximum at 200 MPa. Scala et al.86 showed that for
supercooled water at 220 K, the self-diffusivity of bulk water
increases with density with a maximum at 1.15 g/cm3. This
anomalous behavior was also shown to exist for SiO2 glassy
structure87 and magmatic liquids.88 Figure 7(b) presents the
correlation between the density and self-diffusivity of water in
the interlayer voids of C–S–H. Having many features in com-
mon with supercooled liquids, the self-diffusivity of water
in the interlayer of C–S–H increases with the density. How-
ever, these anomalies have different sources in supercooled
liquids and ultraconfined water in between hydrophilic sur-
faces. In supercooled water, the collapse of hydrogen bond
network under external pressure is believed to increase the
diffusivity of water.89 In contrast, the physical reason behind
the peculiar behavior in C–S–H is related to the increase in
probability of escaping cage. As described in the inset of Fig-
ure 7(b), the correlation between the probability of escaping
cage for water molecules that have been identified as mobile,
P(d > dcage), and their relative self-diffusion, DC–S–H/DH2O

is linear (P(d > dcage) = 400 × DC–S–H/DH2O). The diffusion
energy barrier is equal to the kinetic energy required for a wa-
ter molecule to break its surrounding cage and diffuse. It can
be estimated via the Arrhenius relation,

DC–S–H = DH2O × exp

(−Ub

kBT

)
, (9)

where Ub, kB, and T are diffusion energy barrier, Boltz-
mann constant, and temperature, respectively. In molecular
dynamics, Ub can be estimated by gradually increasing the
temperature of the system and monitoring the logarithm of
self-diffusivity as a function of the inverse temperature. To

measure Ub in C–S–H models of varying composition, five
simulations were performed in the range of 300 K to 420 K for
four C–S–H models with Ca/Si ratios equal to 1.2, 1.5, 1.75,
and 2.05 (Fig. 7(c)). It is important to note that ln (DC–S–H)
scales linearly with the inverse temperature which means that
Arrhenius relation is still valid in these describing diffusion in
nano-confined environments. The slope of these lines is pro-
portional to Ub which are plotted in the inset of Fig. 7(c). The
energy barrier is in the order of 0.12 eV at low Ca/Si ratios
(Ca/Si = 1.2) and decreases to 0.08 eV at high Ca/Si ratio
(Ca/Si = 2.05). This explains the abovementioned anoma-
lous behavior in the self-diffusivity of nano-confined water
in which despite the increase in density, the diffusion energy
barrier decreases. The reduction in the energy barrier is at the
origin of the increase in the self-diffusivity and the probability
of escaping the cage with increasing Ca/Si ratio. We note that
this decrease of energy barrier is fully similar to what was ob-
served for supercooled sodium silicate liquids.90 Again, this
supports the idea that water in C–S–H shows a supercooled-
type dynamics.

IV. CONCLUSION

The properties of confined water in the interlayer spac-
ing of C–S–H, a class of defective porous calcium-silicates,
were carefully studied using the molecular dynamics method
over a set of 150 samples with Ca/Si ratio ranging from 1.1
to 2.1. The C–S–H substrate compositions (hence nanotex-
ture) directly affects the structural properties of ultraconfined
water such as bond length, dipolar moment, density, or av-
erage number of hydrogen bonds. It is found that the dipole
moment, Voronoi density, and the number of hydrogen bonds
per water molecules increase with the Ca/Si ratio. The wa-
ter dynamics in the interlayer spacing was characterized as
quasi two-dimensional in which the diffusion in the direction
of layers is the dominant mode. The mean square displace-
ment shows a four stage dynamics reminiscent of those in su-
percooled liquids and glassy phases. In addition, both MSD
and Van Hove space-time correlation function indicated sig-
nificant heterogeneity in the water dynamics. The mean hop-
ping distance was found to be around 2.8 Å, roughly the size
of a water molecule, the size comparable to that observed in
supercooled water. The decomposition of Van Hove function
into mobile and immobile contributions provides a new per-
spective of the dynamics of immobile water molecules. In ad-
dition, it reveals the possibility of backward hopping from the
first hopping site to the center of the so-called dynamical cage.

More importantly, however, the mobility of water is
found to be strongly composition-dependent. It increases with
increasing Ca/Si ratios by up to one order of magnitude. Over
the whole range of Ca/Si ratio, the diffusivity of mobile wa-
ter is 1/1000th of the bulk water. The increase in the proba-
bility of escaping the dynamical cage with increasing Ca/Si
ratio physically explains the composition-dependent mobil-
ity in relation to the amount of protruding silica groups in
the interlayer spacing of C–S–H. This brings forward the no-
tion of “pocket-like,” “patch-like,” and “in-channel” diffusion
at low, medium, and high Ca/Si ratios, respectively. Strong
interaction with the C–S–H hydrophilic surfaces and their
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sub-nanometric defective texture reduces the self-diffusivity
of mobile water molecules. Furthermore, self-diffusivity of
water in the interlayer is roughly ten times smaller than the
one observed in elastic neutron scattering and proton field-
cycling relaxometry experiments, which only probe the dy-
namics of water in C–S–H’s meso-pores. Hence, these ex-
periments are not yet addressing the water dynamics inside
the nanotexture of C–S–H. Finally, there is a correlation be-
tween the structural and dynamical properties in terms of cor-
relation between density and self-diffusivity. Similar to the
anomalous behavior of bulk water, the self-diffusivity of wa-
ter in the nanotexture of C–S–H increases with the density.
The confined water in C–S–H is shown to have higher self-
diffusivity due to increase in the escaping probability from
the dynamical cage through reduction of diffusion energy bar-
riers. Overall, this work paves the way to further understand
the properties of confined water in hydrophilic ultra-confining
disordered porous materials.
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