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ABSTRACT: Water, under conditions of nanoscale confine-
ment, exhibits anomalous dynamics, and enhanced thermal
deformations, which may be further enhanced when such
water is in contact with hydrophilic surfaces. Such heightened
thermal deformations of water could control the volume
stability of hydrated materials containing nanoconfined
structural water. Understanding and predicting the thermal
deformation coefficient (TDC, often referred to as the CTE,
coefficient of thermal expansion), which represents volume
changes induced in materials under conditions of changing
temperature, is of critical importance for hydrated solids
including: hydrogels, biological tissues, and calcium silicate
hydrates, as changes in their volume can result in stress development, and cracking. By pioneering atomistic simulations, we
examine the physical origin of thermal expansion in calcium-silicate-hydrates (C−S−H), the binding agent in concrete that is
formed by the reaction of cement with water. We report that the TDC of C−S−H shows a sudden increase when the CaO/SiO2
(molar ratio; abbreviated as Ca/Si) exceeds 1.5. This anomalous behavior arises from a notable increase in the confinement of
water contained in the C−S−H’s nanostructure. We identify that confinement is dictated by the topology of the C−S−H’s
atomic network. Taken together, the results suggest that thermal deformations of hydrated silicates can be altered by inducing
compositional changes, which in turn alter the atomic topology and the resultant volume stability of the solids.
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1. INTRODUCTION AND BACKGROUND

It is well-known that water under confinement at the nanoscale
features drastically different characteristics from bulk water.1−7

The behavior of such nanoconf ined water is of fundamental
importance to understand biological activity in living cells,8 and
it also gives rise to unique properties in other materials,
including: enhanced mechanical properties of spider silk,9

reactivity of organic materials,10 energy storage applications,11

and increased heat capacity of porous glasses.12 As such it
appears possible to design material systems containing
nanoconfined water to achieve targeted properties by
enhancing or suppressing such confinement. For example, in
a layered solid such as C−S−H, this could be accomplished by
changing the interlayer spacing within which water molecules
are confined. Herein, a decrease in the interlayer spacing results
in an increase in the confinement of water. Somewhat
analogously, confining water between very highly hydrophilic

solid surfaces has been proposed as a potential pathway for
enhancing the thermal conductivity of thermal interface
materials.7

Tuning the confinement of water at the solid−fluid interface
requires critical understanding of how the underlying solid, and
its atomic structure impose confinement. To secure such
insight previous studies have examined the confinement of
water by hydrophilic silicate structures, such as quartz, silica and
other silicate minerals.2,6,7,13 Particularly, nanoconfined water in
layered silicates, such as mica and calcium silicate hydrates (C−
S−H) has received substantial attention.1,4,13,14 These studies
have revealed that the water confined in the silicate network of
C−S−H exhibits characteristics reminiscent of a glassy

Received: September 13, 2016
Accepted: December 6, 2016
Published: December 6, 2016

Research Article

www.acsami.org

© 2016 American Chemical Society 35621 DOI: 10.1021/acsami.6b11587
ACS Appl. Mater. Interfaces 2016, 8, 35621−35627

www.acsami.org
http://dx.doi.org/10.1021/acsami.6b11587


compound.4 Further, for certain compositions, nanoconfined
water in C−S−H exhibits anomalous dynamics.3 Such
anomalous behavior can result in changes in thermal
deformation behavior, which can have significant practical
implications. For example, C−S−H, serves as the main binding
agent present in concrete formed from the reaction of ordinary
portland cement (OPC) with water.15,16 Controlling the
thermal behavior of such solids via compositional design is
important to prevent the degradation of constructed facilities
resulting from excessive thermal deformations and cracking.
While it is anecdotally known that changes in composition can
induce changes in the disorder of the atomic network of C−S−
H,3,15,17 the influences on confinement, if any, remains poorly
understood.
Therefore, we investigate the nanoconfinement and thermal

deformation behavior for a range of C−S−H compositions with
1.1 ≤ Ca/Si ≤ 1.9 via molecular dynamics (MD) simulations.
To fully elucidate the effects of composition, special efforts are
made to isolate the influences, and the importance of the role of
water content, the extent of silicate structure depolymerization,
and of interlayer spacing. We find that, in layered hydrated
silicates, such as C−S−H, the interlayer water dictates thermal
deformation behavior, as a function of its increasing confine-
ment. The extent of confinement of such water shows a distinct
compositional dependence, which is rooted in the alteration of
the silicate layer-water interface topology. Significantly, as an
increase in Ca/Si ratio induces a topological transition in the
silicate network from rigid to flexible, a strong interface
relaxation, accompanied by an anomalous jump in the thermal
deformation coefficient (TDC), is observed. These atomistic
insights into the composition-dependent confinement of water
help clarify pathways to synthesize novel materials with
desirable thermal properties.

2. COMPUTATIONAL METHODOLOGY
2.a. Structure of C−S−H. C−S−H has a layered structure

consisting of (i) intralayer domains, which consist of calcium-silicate
networks, and (ii) interlayer domains which contain water molecules,
OH− and Ca2+ ions (Figure 1a). The intralayer calcium-silicate
network exhibits well-defined short-range order (∼2 Å, which includes
the calcium-silicate framework comprising silicon tetrahedra and Ca−
O bonds). But, at the “long-range” (>10 Å), the extent of disorder
increases with Ca/Si. For example, the substrate C−S−H structures
with Ca/Si < 1.5 are reminiscent of their crystalline analogue,

tobermorite. This is seen in the calcium-silicate framework which is
not amorphous and structurally differs from a glassy network.18

However, at higher Ca/Si ratios, the substrates show a disordered
glass-like network at the long-range order, while still retaining the
layered structure similar to tobermorite. The interlayer spacing
increases with Ca/Si as the structure exhibits increasing disorder.3

To study the compositional dependence of thermal deformations,
the C−S−H model developed by Pellenq et al.17,19 was used. This
model was used to generate the C−S−H structures for 1.1 ≤ Ca/Si ≤
1.9. These structures were constructed from a (parent) 11 Å
tobermorite structure by randomly removing charge-neutral SiO2
(ref 17, see Figure 1a) to achieve a wide-range of Ca/Si ratios.
These structures are consistent with the stoichiometry of C−S−H that
is assessed by small-angle neutron scattering (SANS). Moreover, these
structures also reproduce structural features such as pair distribution
functions (PDFs), IR spectra, and mechanical properties as assessed
experimentally.17 Figure 1b shows the variation of density and water
content of these structures as a function of Ca/Si molar ratio. The
water content increases with Ca/Si, resulting in a decrease in the
density.15

The C−S−H model used herein has been subjected to substantial
scrutiny and several outstanding issues have been identified.20−22 First,
the density of C−S−H predicted by the model differs from
experiments; which is thought to be on account of differences in
cell volumes,20 and a lack of relaxation of the model structure.23

However, qualitatively the trend in the density versus Ca/Si ratio
relation is similar to experimental data.20 This trend is further
confirmed using a simple rule of mixtures, where the density of Cx−S−
Hy, ρC−S−H, is expressed in terms of the mole fractions of its simple
oxide constituents as a mechanical mixture

ρ
ρ ρ ρ

=
+ +
+ + 

x y

x y1C S H
C S H

(1)

where ρC, ρS, and ρH are the densities of CaO (C), SiO2 (S), and H2O
(H), respectively and x and y are the mole fractions of C and H per
unit mole of S. The densities of the individual components are
obtained from the literature to be ρH = 1 g/cm3,24 ρs = 2.2 g/cm3,24 ρC
= 3.34 g/cm3.24 The density predicted from the mixture rule is shown
in Figure 1b, where the overall trend is in agreement with densities
predicted from MD simulations. Second, the model of Pellenq et
al.17,19 predicts the presence of Q0 (i.e., an isolated, uncoordinated
silicate anion) units which have not been observed in C−S−H. As
such, the calcium silicate network in the model, particular at high Ca/
Si, is expected to be overly depolymerized. The potential effects of
these discrepancies on the results are discussed where relevant.

2.b. Molecular Dynamics Simulation. Molecular dynamics
(MD) simulations were carried out on 10 distinct C−S−H
compositions using the large-scale atomic/molecular massively parallel

Figure 1. (a) Representative C−S−H structure for Ca/Si = 1.1, showing the interlayer and intralayer domains. (b) C−S−H density (i.e.,
corresponding to C−S−H free of pore water, porosity, portlandite, etc.) and H2O content of C−S−H’s across a range of compositions of general
formula, (CaO)x(SiO2)(H2O)y, predicted via MD simulations and a rule of mixtures (see eq 1). (c) The variation in the number of constraints per
atom (nc, unitless) for a range of C−S−H compositions as a function of Ca/Si.
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simulator (LAMMPS).25 The interactions between the atoms were
modeled using the CSH-FF interatomic potential,26 a variant of the
ClayFF potential that is parametrized for C−S−H systems.19 This
potential has been calibrated using mechanical and structural
properties, for example, elastic modulus and lattice parameters of the
crystalline C−S−H mineral, tobermorite. CSH-FF represents water
molecules using the flexible simple point charge (SPC) model27 with
partial charges associated with O and H as −0.82 and 0.41,
respectively. Thus, the dynamics of water molecules are reasonably
described by CSH-FF, with the ability to simulate solid−water
interactions. The details of the other partial charges on other atoms
and other relevant parameters can be found elsewhere.26

The system was first equilibrated at 333 K for 200 ps. Using a time-
step of 1 fs Newton’s equations of motion were integrated using the
velocity-Verlet scheme. Equilibrium properties, including the molar
volume, and temperature, were obtained by running the simulations
for another 100 ps while averaging the volume and cell size over the
entire 100 ps duration. Then, the system was cooled by 10 K, at the
rate of 1 K/ps. The system was equilibrated at this temperature and
the equilibrium properties were obtained. This process was continued
until a temperature of 283 K was achieved. As such, the simulations
encompassed a temperature range from 10 °C-to-60 °C. The upper
limit ensured that the water present in C−S−H does not undergo any
phase change.28,29 The linear thermal deformation coefficient (α,
TDC, με/K) of C−S−H assuming isotropic behavior was calculated as

α ≈
Δ

Δ⎜ ⎟⎛
⎝

⎞
⎠T

V
V

1
3 (2)

where ΔV/V is the volumetric strain (με) and ΔT is the change in
temperature (K). A least-squares fit was used to obtain the slope of the
[V−T] diagram to obtain the TDC. Each simulation was repeated six
times to assess the uncertainty in the MD results. To elucidate the
mechanisms of thermal expansion in detail, Voronoi tessellations were
carried out on equilibrium structures. The Voronoi volumes were used
to calculate the Voronoi density of interlayer water molecules, which
indicate the extent to which water was confined in the C−S−H
structure. Further, the contribution of this confined interlayer water on
the TDC was evaluated separately, that is, by calculating their
respective Voronoi volumes and the associated TDCs. Furthermore,
the elastic properties of the C−S−H compositions were assessed. To
calculate the elastic tensors of each C−S−H composition, a small
strain of ε = ± 0.01 was applied along the respective principle
directions in steps of ε = ± 0.001. Energy minimization was performed
using a conjugate-gradient algorithm to obtain the converged values of
the stresses and the respective components of the elastic tensor. For
each composition, the effective elastic and shear moduli were
calculated using this tensor.

2.c. Topological Constraints in C−S−H. To elucidate the effect
of the calcium silicate network on the confinement of water and
thermal expansions topological constraint theory (TCT) was
applied.30 TCT offers a means to reduce a complex atomic network
into an equivalent mechanical truss, with the nodes representing atoms
and the rigid bars (i.e., members) representing chemical bonds. By
analogy to Maxwell’s stability criteria,31 it is proposed in TCT that the
atomic network is isostatic (i.e., statically determinate) when the
number of constraints per atom, nc, in the atomic network is equal to
the number of degrees of freedom, that is, three in 3-D. In turn, nc < 3
represents a flexible network (a hypostatic truss) that allows for
internal rearrangements, and nc > 3 represents a stressed-rigid network
(i.e., hyperstatic truss). TCT enables robust analysis of disordered
atomic networks and has been applied to predict composition
dependent properties such as hardness32 and viscosity33 of silicate
glasses and C−S−H.34 TCT has also been previously applied to
identify composition induced rigidity transitions in C−S−H.35 As
such, constraint enumeration is carried out using MD simulations to
characterize both broken and intact constraints by evaluating the
extent of radial and angular excursions, that is, for bond-stretching
(BS) and bond-bending (BB) constraints, respectively. This method
has been applied for both chalcogenide36 and silicate glasses.37 For C−
S−H, substantial differences in the standard deviations between intact
and broken constraints (≥10%) are observed, thus allowing them to be
unambiguously distinguished.35

3. RESULTS AND DISCUSSIONS

3.a. Elastic Modulus. First, the number of constraints
assessed for each C−S−H composition is shown in Figure 1c.
In general, the C−S−H’s rigidity decreases with increasing
calcium and water content, that is, increasing Ca/Si.35 Isostatic
compositions (nc ≈ 3) are identified for 1.3 ≤ Ca/Si ≤ 1.5.
When Ca/Si > 1.5, the structures are flexible, and tolerate local
rearrangements of their network. For Ca/Si < 1.3, the
structures are stressed-rigid and show little if any ability for
local rearrangement.
Second, the assessed elastic E and the shear G moduli of the

different C−S−H compositions were plotted as a function of
Ca/Si as shown in Figure 2a. It should be noted that the C−S−
H systems with low Ca/Si ratios exhibit some transverse
isotropy, while systems with Ca/Si ≥ 1.5 are more isotropic.
The elastic and shear moduli decrease as Ca/Si increases, as
noted experimentally for the indentation modulus, indentation
hardness and fracture toughness.17,34,38,39 This is because an
increase in the Ca-content depolymerizes the intralayer silicate

Figure 2. (a) Elastic (E) and shear (G) moduli of C−S−H as a function of Ca/Si. (b) Linearized (i.e., assuming isotropy) TDC (α) of the C−S−H
compositions as a function of Ca/Si. Also shown are the experimental (exp.) and simulated (sim.) TDC’s of the crystalline C−S−H mineral afwillite
(Ca/Si = 1.5). The TDC shows a “jump” across the rigidity transition window (shaded). (c) The elastic thermal stress (Eα) developed in C−S−H
for a unit change in temperature, calculated as the product of elastic modulus and the TDC.
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network while simultaneously increasing the interlayer water
content, both of which weaken the C−S−H structure. This
induces a “composition-dependent softening”. At this point,
however, the origin of the composition linked softening is not
fully clear, and more in-depth study is yet needed.
3.b. Thermal Deformation Coefficient (TDC). Figure 2b

shows the TDC of the different C−S−H compositions. As Ca/
Si molar ratio increases, so does the TDC. This is in contrast to
the elastic moduli, which decrease with increasing Ca/Si ratio.
While it may be presumed that simultaneously reducing the
stiffness and increasing the TDC with increasing Ca/Si may
counterbalance each other in terms of thermal stress develop-
ment−this is not so. In fact, the more significant increase in the
TDC with Ca/Si ensures that the elastic thermal stress, Eα,
developed increases with Ca/Si ratio (e.g., see Figure 2c)
ensuring that, practically, the risk of thermal cracking would
amplify proportionately.
At this point, it should be noted that the TDC values shown

in Figure 2b correspond to that of pure C−S−H compounds.
That said, no contributions of the pore water, portlandite, and
the other hydrates (e.g., AFm, AFt, etc.40) are included.
Further, while the calculated TDC’s are similar to measured
data for low Ca/Si, the MD-calculated TDC’s are 3−6 times
larger than the measured TDC of a hardened cement paste
−10-to-20 με/K41,42 − for compositions that contain >50 mass
% C−S−H with Ca/Si ≈ 1.8. This discrepancy is thought to
arise because interatomic potentials are parametrized to
equilibrium properties, and are thus unable to accurately
capture anharmonic contributions that result from thermal
excitations, unless specifically parametrized.43 Thus, to evaluate
the effects of interatomic potential choice on the simulation, the
TDC of afwillite, a crystalline C−S−H mineral with Ca/Si =
1.5 was simulated. While there exist numerous other C−S−H
minerals, experimental data on the TDC of these minerals is
scarce; hence, afwillite is the example we focus on. Afwillite, a
calcium silicate mineral (Ca3(SiO4)(SiO2(OH)2)·2H2O) crys-
tallizes in a monoclinic crystal system. The isolated silicon
tetrahedra in afwillite share their edges with the octahedra
formed by the interstitial calcium atoms and the neighboring
oxygen atoms. The MD-calculated TDC of afwillite is around
two times larger than the measured value, as illustrated in
Figure 2b.44 Since the temperature dependence of material
properties were not explicitly considered when the CSH-FF
potential was parametrized,19 such mismatch is not un-
expected.43 Thus, it can be assumed that the MD-calculated
TDC for all the C−S−H compositions is associated with a
similar level of overestimation. This issue is yet further
complicated when considering interatomic potentials for
water, for example, the SPC model too overestimates the
TDC of water whose contributions are increasingly significant
with increasing Ca/Si.45

The increase of TDC with Ca/Si ratio is expected, since the
water content increases with Ca/Si (Figure 1b), and water
exhibits greater thermal expansion than an oxide solid in the
temperature range of interest.45−48 However, the water content
and TDC trends as a function of Ca/Si ratio show differing
trends. For example, as shown in Figure 1b, the dependence of
water content on Ca/Si ratio is significant when Ca/Si ≤ 1.5,
but becomes less so in the high Ca/Si region (i.e., which shows
a lower slope). On the contrary, the TDC’s of C−S−H
compositions lying below and above Ca/Si ≈ 1.5 show similar
slopes, that is, the same rate of change of TDC for a unit
increase in Ca/Si ratio. Significantly, for Ca/Si > 1.5, the TDC

shows a jump on the order of 10 με/K. This suggests that
mechanisms other than simply an increase in water content are
at the origin of the composition-dependent TDC increase. Such
mechanisms may include contributions from (i) the confined
interlayer water whose amplified TDC (i.e., relative to that of
bulk water6) could increase the thermal expansion of the C−S−
H’s structure and (ii) the intralayer calcium silicate structure
whose depolymerization with increasing Ca-content reduces
the connectivity of the network. It should be noted that the
jump in the TDC occurs as the C−S−H structure undergoes a
composition-induced rigidity transition from the stressed-rigid
to flexible domains (Figure 1c); a point which is further
discussed below.

3.c. Effect of Composition on TDC. To better elucidate
the compositional dependence, the simulated TDC is
compared with the TDC estimated by a stoichiometric (linear)
rule of mixtures similar to Vegard’s law49 that has been used to
estimate composition dependent lattice parameter alterations.
Following the general formula of (CaO)x (SiO2)(H2O)y, the
TDC of C−S−H can be estimated from mixtures of CaO (lime,
TDC = 4.5 με/K),48 SiO2 (silica, TDC = 0.17 με/K)46 and
H2O (bulk water, TDC = 69 με/K)45 similar to the density
estimation using eq 1. This TDC estimation is shown in Figure
3a. To account for the presence of dissociated water (i.e., OH−

groups) another set of estimations were made by including
Ca(OH)2 (portlandite, TDC = 19.9 με/K)47 in the mixture to
account for hydroxyl groups. As shown in Figure 3a, both
estimations follow similar trends−though with an offset to
account for the difference in the TDC of dissociated versus
bulk water; as contained in portlandite. In addition, it is
important to note that both the estimated TDCs show similar
trends across the entire range of Ca/Si. Significantly, while the
TDC’s that are estimated from a rule of mixtures are similar to
the MD-calculated TDC’s for Ca/Si ≤ 1.4, the curves diverge
dramatically at higher Ca/Si ratio.
Since the TDC of water is an order of magnitude larger than

that of either lime or silica,45,46,48 the thermal expansion of
water is expected to be a major contributor to the TDC of C−
S−H. To highlight this contribution, Figure 3b plots the TDC
of C−S−H as a function of its water content. If the TDC were
to simply increase with water content−the trend shown in
Figure 3b should be continuous−that is, in accordance with a
stoichiometric rule of mixtures. Interestingly, TDC’s calculated

Figure 3. (a) TDCs of C−S−H estimated by a stoichiometric rule of
mixtures. The mixture comprises lime (l), silica (s), portlandite (p),
and water (w), and shown alongside are the MD simulation results
(sim.) and (b) the TDC as a function of the water content. The
stoichiometric rule of mixtures is noted to match simulation data
below the rigidity transition window, that is, for Ca/Si < 1.5.
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by MD simulations follow a linear trend with the water content,
but only for a water content <38% and Ca/Si ≤ 1.5. The slope
of the MD-trend however is somewhat higher than its
equivalent linear rule of mixtures approximation likely on
account of overestimation of the thermal expansions of water
with respect to lime, and silica by the interatomic potentials
(Figure 3b). However, for Ca/Si ≥ 1.5, the MD-calculated
TDC diverges substantially from the rule of mixtures trend.
While this is in agreement with the compositional window
corresponding to the rigidity transition (see Figure 1c), it
suggests that the TDC of water amplifies substantially in the
flexible domain, that is for Ca/Si ≥ 1.5 (molar ratio). Note that
the composition corresponding to the rigidity transition (Ca/Si
≈ 1.5) is also supported experimentally by a minimum of its
dissolution rate and creep compliance.23 Further, these
observations of the TDC, and rigidity trends appear to coincide
with previous experimental observations on the existence of
two different C−S−H compounds, β-C−S−H (1 < Ca/Si <
1.5) and γ-C−S−H (1.5 < Ca/Si < 2), separated around a Ca/
Si ratio of 1.5.50−52

3.d. Confinement of Water in C−S−H. In C−S−H, water
molecules are confined in interlayer positions (Figure 1a).
Previous studies have shown that confined water can exhibit
TDC’s that are substantially larger than that of bulk water.2,6

Such an increase in the TDC have been attributed to the
modification of the structure of water molecules near silica
surfaces. This modification is similar to that observed under
conditions of increased pressure or temperature, wherein water
shows increased thermal deformation. Since, the C−S−H
substrate is primarily a silicate network, it is postulated that the
origin of the unexpected jump in TDC with increasing Ca/Si is
due to the increasing confinement of the interlayer water. To
better examine this aspect, the Voronoi volume for each atom is
determined from the simulated structures, allowing the density
of each species to be estimated.
Figure 4a shows the Voronoi density of the interlayer water

molecules at 25 °C that is estimated by averaging over all such
molecules that are present. The interlayer water shows a density
near-equivalent to bulk water (simulated) for Ca/Si ≤ 1.3 (i.e.,
stressed-rigid compositions) − suggesting minimal confine-
ment. However, for Ca/Si ≥ 1.3 the density of the interlayer
water substantially exceeds bulk water; suggesting a progressive
increase in nanoscale confinement. This suggests that in the

flexible domain, the divergence of the calculated TDC, from the
rule of mixtures approach (Figure 3b) is caused by the
increasing contributions of confined water on the thermal
deformation response.
As such, the contributions of interlayer water in the

proximity of OH− groups and Ca2+ ions on the thermal
deformation response was evaluated. This was accomplished by
calculating the Voronoi volumes of the interlayer atoms and
calculating their effective TDCs. Here, it must be noted that it
is difficult to capture correlated thermal motions (i.e., of
phonons) using Voronoi tessellation, and therefore the TDC of
individual atoms may not be accurately evaluated by this
approach. However, when applied to a group of neighboring
atoms, the temperature dependent Voronoi volume provides
qualitatively correct representations of the real TDC. The
resulting TDC of the interlayer components calculated in this
way is shown as a function of the number of constraints per
atom, nc, in Figure 4b. It is evident that, for flexible networks,
that is, with nc < 3, the TDC of interlayer water increases with a
decrease in nc; in agreement with the enhanced water content,
and its confinement in this composition range. This explains
why the interlayer water controls the TDC at high Ca/Si
compositions. This is intuitively realized when it is seen that the
TDC and the density of the interlayer (confined) water are
linearly correlated (see Figure 4b inset).
At this point, it is important to note that an increase in the

confinement of water with Ca/Si is not simply induced by
composition, i.e., an increase in the abundance of strongly
hydrophilic Ca-atoms which would enhance the confinement of
water. This is because, no such composition linked increase in
water confinement is observed for Ca/Si ≤ 1.3. Indeed, C−S−
H compositions with low Ca/Si feature a highly polymerized
and rigid structure. As a result, these systems do not show any
relaxation, ensuring that the calcium silicate layers retain a
structure that is more similar to the native tobermorite crystal
to which they are thought to be related. However, as an
increase in the Ca-content progressively depolymerizes the
calcium silicate structure, a rigidity transition occurs around
Ca/Si ≈ 1.5; after which the structure becomes flexible;
permitting relaxation and rearrangement. These flexible
structures show more “wrinkled” calcium silicate layers (sheets)
which are able to increase their area of contact with interlayer
water contained between them, thus increasing the level of

Figure 4. (a) Voronoi density of water molecules as a function of Ca/Si at 1 bar and 25 °C. For comparison, the density of bulk water from the MD
simulations (i.e., the SPC model embedded in the CSH-FF potential), and experimental data are also shown. (b) Interlayer TDC and interlayer
water density as a function of the number of constraints per atom, nc. The inset shows the interlayer TDC as a function of the interlayer water
density; quantities that follow a linear correlation shown by the dashed line.
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water’s confinement. In fact, contact is so proximate that
interlayer water molecules can transit into the sheets during
thermal excitation. It must be noted, however, that the present
model of C−S−H tends to produce overly depolymerized
calcium silicate structures for high Ca/Si ratios, for example,
those featuring Q0 silicon units that are not observed
experimentally. This may result in overestimations of the
extent of confinement of water, and in turn, the TDC at high
Ca/Si compositions. It is also worth considering that although
(water’s) confinement increases with Ca/Si, the interlayer
spacing of the C−S−H structure also increases. While this may
be thought to decrease the extent of nanoscale confinement of
water, this is not so, because of the flexible nature of the atomic
network, which relaxes, ensuring that in general, the confine-
ment amplifies, resulting in anomalous TDC trends.

4. SUMMARY AND CONCLUSIONS
The role of the atomic network’s topology and the confinement
of water on thermal deformation behavior of C−S−H have
been carefully examined using MD simulation. We note that
due to its enhanced TDC, interlayer water contained in C−S−
H controls its thermal deformation response. behavior. This
aspect, however, is sensitive to the confinement of water, which
increases with Ca-content for Ca/Si ≥ 1.5. Using topological
constraint theory (TCT), we highlight that C−S−H shows a
rigid structure for Ca/Si ≤ 1.3; that is, atomic architectures
which resist internal relaxations and rearrangements. Since the
calcium silicate sheets can maintain their geometry in such
more “rigid” systems, the extent of confinement of water and
thermal deformations show weak dependence on Ca/Si. For
Ca/Si ≥ 1.5, however, the calcium silicate sheets become
increasingly depolymerized and flexible. This allows internal
structural relaxations that improve contact, increase proximity,
and enhance the solid’s interactions with interlayer water. As
such, in the flexible domain, the confinement of interlayer water
increases sharply with Ca/Si. This results in an anomalous jump
in the thermal deformation coefficient (TDC), as C−S−H
structures undergo a rigidity transition in this compositional
range. Altogether, we find that the nanoconfinement, and in
turn the thermal deformation, of water is controlled not just by
the composition but also by the topology of the substrate
network and the interface as well. New insights into such
topology-dependent water confinement and its atomistic
origins provide new insight that would be needed to design
and synthesize functional construction materials with desirable
properties.
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