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The atomic structure of calcium-silicate-hydrate (C1.67-S-Hx) has been investigated by theoretical methods in
order to establish a better insight into its structure. Three models for C-S-H all derived from tobermorite are pro-
posed and a large number of structureswere createdwithin eachmodel bymaking a randomdistribution of silica
oligomers of different size within each structure. These structures were subjected to structural relaxation by ge-
ometry optimization andmolecular dynamics steps. That resulted in a set of energieswithin eachmodel. Despite
an energy distribution between individual structures within each model, significant energy differences are
observed between the three models. The C-S-H model related to the lowest energy is considered as the most
probable. It turns out to be characterized by the distribution of dimeric and pentameric silicates and the absence
of monomers. This model has mass density which is closest to the experimental one.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Calcium-silicate-hydrate (C-S-H) is the most important phase in
hydrated Portland cement, the most widespread construction material.
It emerges as a nanostructured gel, from the mixture of water and
cement powder and it is responsible for the hardening of concrete [1].
On the nanoscale, bulk C-S-H is composed of particles of tens of nano-
meters or less in all directions [2–6]. Despite the enormous importance
of this material and long history of usage, the atomic structure of C-S-H
precipitating during the cement hydration is still under discussion
[6–11]. The reason is due to a lack of decisive experimental technique.
This experimental difficulty originates from the nanometer size of the
particles and from a variable stoichiometry along the cement hydration.
The principal technique usually used for crystal structure determination
is X-ray diffraction but in this case it is of little help due to the poorly-
defined diffraction patterns obtained. Most of the experimental infor-
mation on the C-S-H structure came from solid state NMR [12–20],
X-ray powder diffraction [6,18,21–24] and transmission electron
microscopy [25,26]. C-S-H is determined to be a compound of general
formula CxSyHz where letters C, S, and H are used as symbol for oxides
CaO, SiO2 and H2O. The calcium to silicon ratio (C/S) in C-S-H can vary
in wide range from about 0.8 to 2 during cement hydration [25–27],
the lowest value being only reached by the addition of silica rich supple-
mentary cementitious materials such as silica fume or fly ash. It is now
well admitted that the basic atomic structure of C-S-H particles of the
lowest C/S ratios is close to the structure of a natural calcium silicate
hydrate: tobermorite [6,8,10,11,18,21,28,29].
yazov).
However, the tobermorite C/S ratio is close to only 0.8 and the typi-
cal C/S ratio in hydrated cement paste is 1.7. Until now, there is no con-
sensus on the exact crystal structure of C-S-H for the highest C/S ratios.
To reach suchhigh ratios, it was proposed that C-S-H in cement could be
a mix of tobermorite and jennite (another natural calcium silicate
hydrate with C/S = 1.5) [10]. In fact, synthetic C-S-H with C/S ratio as
high as 1.5 never shows XRD patterns characteristic of jennite and
keeps a diffraction pattern compatible with a tobermorite-like struc-
ture [6,17,21–23]. The question is still open for higher C/S ratios
(N1.5) such as encountered in cement paste because of the difficulty
to synthesize this pure phase alone and therefore to make reliable anal-
yses. However, few attempts based on the full hydration of tricalcium
silicate or dicalcium silicate suggest that the tobermorite-like structure
is still preserved [6,17] as proposed in the early 1950s by Grudemo.
The community appears to be developing a consensus that C-S-H
keeps a tobermorite-like structure over the whole C/S ratio range.
Therefore, several models based on tobermorite have been proposed
along the last decades [6,11,22,23,30–32] to describe the structure of
C-S-H at C/S ratios relevant to cement pastes.

Layers in tobermorite are composed of calcium atoms (intra-layers)
that are sandwiched by parallel silicate chains (Fig. 1). The silicate
chains present a Dreierketten structure, i.e., a chain of dimeric silicates
tetrahedra, linked by a bridging silicate. Two oxygen atoms of the di-
meric silicate coordinate with the intralayer calcium ions, one is shared
with the second silicate of the dimer and the last is shared with the
bridging tetrahedron. The space between layers (interlayer) is filled
with calcium atoms coordinated by water molecules and the oxygen
atoms of the bridging tetrahedrons. There are several modifications of
tobermorite that differ in the level of hydration and degree of cross-
linking of the silicate chains of two adjacent layers. Also, these forms
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Fig. 1. Initial structure, based on ideal tobermorite structure used for building models.
Silicon atoms of the bridging tetrahedrons (Q3) are represented in blue. Here the silicate
chains of adjacent layers are also cross linked by the bridging tetrahedrons. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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have different interlayer separations. They are named according to that
separation: 9 Å, 11 Å, and 14 Å tobermorites [22,23,32,34,35]. In 9 Å and
anomalous 11 Å tobermorites, two parallel silicate chains from two
different layers are bridged by Q3 silicate type forming a double-chain
silicate structure (these silicon atoms are marked with blue color in
Fig. 1) [8,32,36,37]. In normal 11 Å and 14 Å tobermorites, the number
of Q3 drastically decreases leading to a single-chain silicate structure
in which all silicate dimer chains are bridgedwith third silicate tetrahe-
drons forming a repeating unit of three tetrahedrons (Dreierketten)
within infinite chains.

The structure of C-S-H is believed to be composed of intra-layers
and interlayers just like in 14 Å tobermorite. Then, the exercise to
make C-S-H from the tobermorite structure consists in an increase of
the C/S ratio of this latter. Two mechanisms are well identified. The
first is the progressive elimination of the bridging tetrahedrons which
creates SiO2 vacancies resulting in silicate oligomers instead of infinite
chains. C-S-H with the lowest C/S shows a strong 29Si NMR signal orig-
inating from Si connected to two neighbor Si by S\O\Si bonds (Q2)
and a weak signal from the threefold-connected Si (Q3) [8,18–20].
This is consistent with the model where SiO2 is in the form of infinite
chains that are seldom interlinked. As C/S ratio increases, Q3 weakens
and disappears and Q1, corresponding to the end of shorter oligomeric
units appears. At about C/S = 1, the average chain is pentamer, and at
C/S = 1.5 (close to the common C-S-H composition), the strongest sig-
nal comes from the Q1 species sincemost of the silicate units are dimers
[8,18,19]. This observation is in accordance with theoretical findings
showing that the most stable silicate oligomers are dimers, pentamers
and octamers [38]. The second mechanism is the progressive replace-
ment of protons by calcium ions in interlayers. These protons are initial-
ly charge-balanced by the bridging tetrahedrons that have only two
uncoordinated oxygen atoms. However, these two mechanisms are
not sufficient to account for C/S ratios higher than 1.5. As a matter of
fact, the elimination of all bridging tetrahedrons and the replacement
of all protons by calcium ions only result in a C/S ratio of 1.5. It is
however experimentally observed that for this stoichiometry, few
pentamers still exist; also, a third mechanism is needed to further in-
crease the calcium to silicon ratio. Two possibilities have beenproposed.
The first one consists in removing a part of the silicates coordinating the
intralayer calcium ions locally creating jennite like structures [8]. In the
second one, extra calcium ions charge balanced by hydroxide ions are
inserted in the interlayer [6,17]. Both processes lead to the formation
of Ca\OH bonds which are identified by NMR and IR spectroscopies
[20,39–40]. Such a local environment had been used to theoretically cal-
culate the 29Si NMR spectra in [25]. At a constant crystal cell volume, the
first way tends to decrease the density, the second way to increase it.
The density of C-S-H significantly varies with the water content (from
2.5 to 2.9 g/cm3) and therefore experimental values obtained are
strongly depending on the technique used involving a drying step or
not [41]. Recently, small angle neutron scatteringmeasurements deter-
mined the density of C-S-H in cement to be 2.6 g/cm3 [42]. A density
value of about 2.7 g/cm3 for C-S-H in hydrated cement paste was also
deduced from proton NMR relaxometry and mass balance calculation
[43]. This C-S-H density is definitely greater than the density corre-
sponding to 11 Å tobermorite (2.48 g/cm3) and also greater than the
density of jennite (2.33 g/cm3).

To the best of our knowledge, only one of the above mechanisms
was used as a basis for molecular modeling of high C/S C-S-H structure.
Indeed, Pellenq at al. [31] developed a model for C-S-H used in several
theoretical researches [44–46]. The features of Pellenq's model are the
following: the C/S ratio is very close to the average C/S in C-S-H
(1.65). This high C/S is mainly achieved according to the second process
described above, i.e., by randomly removing silicate tetrahedrons. It re-
sults in disordered layers in the structurewith the occurrence of isolated
monomer silicate units (Q0). The interlayer separation after optimiza-
tion is about 11.3–11.9 Å. This model can correctly describe several
experimental data: radial distribution functions of Ca, CaO and SiO,
and IR spectra. The Pellenq's model also received critics because some
of the Ca\O distances are unrealistic [47] and it failed to reproduce
the experimental density of C-S-H [48]. Moreover motivated by the
presence of protonated silicate monomers in 29Si NMR spectra of
hydrated tricalcium silicate pastes [49], monomeric silicate units were
introduced in thatmodel. However, ascribing thesemonomeric silicates
to C-S-H is questionable because such a signal is never seen in spectra of
pure C-S-H samples even at high C/S. Another explanation could be the
presence of possible local rests of the nesosilicate C3S used as reactant
which is superficially hydroxylated in contact with water [13].

The determination of the exact C-S-H structure remains an impor-
tant issue because of its importance in other meso- and macroscopic
models [50,51]. The problem is a lack of long-range order in C-S-H
which makes challenging the determination of the crystal structure
by usual techniques. Theoretical calculations of the energy of possible
C-S-H structures can help to determine the most stable one. Neverthe-
less, an attempt to construct all possible atomic C-S-H structures, satis-
fying the experimental composition, leads to an almost infinite number
of structures. These latter will show the same or similar short range
order but will differ at the long range (position of ions and independent
blocks, e.g. water molecules). Different rules have to be further used in
order to restrict the number of possible structures. These rules have
been constructed according to the mechanisms reported above and
are embedded into three different models presented below. Each
model leads to a family of structures differing only by the position of
the defects. Their properties have been compared with the experimen-
tal data and the individual structures have been ranked by the total
energy computed within force field simulations.

2. The construction of structural models

The basic approach in constructing realistic structures of C-S-H is to
use the similar known structure of tobermorite andmodify it in order to
make it consistent with the correct chemical composition of C-S-H. Ac-
cording to theoretical modeling NMR spectra in C-S-H [33], jennite
based models can be excluded from the consideration. From a practical
point of view, the monoclinic tobermorite 11 Å structure (space group
B11m) suggested by Merlino et al. is our starting point [37]. Models
based on the tobermorite structure, suggested by Hamid [29] will re-
quire larger unit cells. However, themain structuralmotiveswill remain



Fig. 2. Atom labeling in the models 1, 2 and 3. W stands for a water molecule.
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the same. The notation published byMerlino (see Table 1 and Fig. 2)will
be used and referred to the notation of the unit cell therein. However, in
this structure, the silicate chains of two layers are cross-linked, andO5 is
shared by two different layers. Using this model for C-S-H means that
great care must be taken with the suppression of all these bridges
since they do not exist in C-S-H. The reported structure of tobermorite
contains partially occupiedWyckoff positions for Ca2 atoms. In addition
SiO2 fragments in the structure have to be randomly removed. For an
atomistic modeling of such a system, one has to use the large unit cell
approach: unit cell vectors are multiplied in order to achieve integer
occupation numbers for all atoms. In order to maintain flexibility in
keeping integer occupation numbers after following modifications of
the structure, a supercell containing 16 (4 × 4 × 1) original tobermorite
unit cells has been chosen.

First of all the C/S ratio has to be corrected. It is possible to achieve
this by the addition of calcium ions and/or the removal of silicate tetra-
hedrons. In particular, the removal of silicon atoms can be performed in
different ways, i.e., either by controlling the size and the type of Si–O–Si
fragment (for example a removed tetramer could be constituted of one
dimer and two bridging tetrahedrons or one dimer one bridging tetra-
hedron and one monomer part of another dimer as well) either in a
totally random way (as it was proposed by Pellenq [31]). Based on
these possibilities, three different models built according to the way
for removing the silicate units are proposed:

• Model 1 is built by both adding calcium charge balanced by hydroxide
ions and removing only bridging silicate tetrahedrons in a random
process.

• Model 2 is a model in which dimers are also removed.
• Model 3 is a model where silicate units are randomly removed.
Each model has previously been discussed and examined in the liter-
ature [6,8,31]. All models have in common that the tobermorite struc-
ture ismodified so that the calcium to silicon ratio is increased to 1.68.

• Model 4 is taken from Pellenq et al. [31].

As previouslymentioned, the procedures (due to random removal of
atoms) generate a huge number of different crystals. Moreover a part of
them do not necessarily agree with some experimental evidences. In
order to fix this problem, some selection rules dictated from these
experimental observations have been imposed. The very convincing
data from the 29Si NMR studies [3,6] have shown that in pure C-S-H at
high C/S bridging tertiary silica groups (Q3) do not exist. Hence, likely
C-S-H structures cannot tolerate any appreciable number of such
bridges. Similarly, structures that contain monomeric silicate are not
Table 1
Silicon and calcium atoms in the unit cell of normal tobermorite [37], * has occupancy of 1/4.
Unit cell dimensions are: a = 6.735 Å, b = 7.425 Å, c = 27.987 Å, γ = 123.25°.

x y z

Si1 0.757 0.388 0.157
Si2 0.915 0.756 0.071
Si3 0.758 0.967 0.159
Ca1 0.263 0.431 0.207
Ca2* 0.559 0.078 0.044
Ca3 0.752 0.923 0.295
O1 0.754 0.499 0.095
O2 0.772 0.185 0.133
O3 0.992 0.537 0.097
O4 0.523 0.312 0.195
O5 0.898 0.752 0.000
O6 0.197 0.896 0.095
O7 0.752 0.853 0.097
O8 0.524 0.807 0.196
O9 0.984 0.045 0.200
W6 0.237 0.416 0.097
W1 0.420 0.240 −0.020
W2 0.922 0.250 0.000
W3 0.400 0.760 −0.019
supported by 29Si NMR studies [3,6] and are eliminated except in
model 3. The ratio, Q2/Q1 (N0.2) also respects the experimental value
determined from 29Si NMR. The crystal structures, obtained from the
X-ray analysis contain the positions of water oxygen but no information
of the orientation of water molecules. The positions of water molecules
were shifted in order to get the optimal intermolecular distance, and
oriented in such a way that each water molecule makes at least one hy-
drogen bond with its neighbor. The orientation of the water molecules
was determined by random rotations around the center of mass of
each molecule provided that hydrogen atoms in water molecules are
well separated from other atoms.

2.1. Models

2.1.1. Model 1
The procedure for model 1 is:

• Initial structure is taken from the tobermorite structure (unit cell
4 × 4 × 1, see Table 1) and Ca2 positions were duplicated to achieve
the composition: Ca256Si192O576·224 H2O.

• 56 Si2 atoms are randomly removed leaving a composition of
Ca256Si136O576·224 H2O taking care that no interlayer bridges are left.

• Hydrogen atoms are added to the O5 and O6 where Si2 has been
removed. One hydrogen atom is added to either O5 or O6 attached
to remaining Si2. The composition after the hydrogen addition is:
Ca256Si136O504H8(OH)82·254 H2O.

• 27 Ca2 atoms and their duplicates (Ca4) are removed from random
positions, resulting in composition: Ca229Si136O560H64(OH)82·254
H2O.

The model (Fig. 3A) is based on a calcium doped structure where
each position of water coordinated calcium has been duplicated. Com-
pared to tobermorite this model is composed of dimers and pentamers
of silicon oxides with no interlayer bridging silicate Si2. The structures
are generated by randomly removing 56 out of the 64 bridging tetrahe-
drons in the super cell, satisfying the experimental Q1/Q2 ratio, without
any interlayer bridges. For some silicon atoms removed, one hydrogen
atom is added to flank the oxygen atoms in the tetrahedron. Using the
nomenclature of Merlino et al. [37] this corresponds to O5 and O6. To
achieve appropriate ratio of calcium and silicon atoms, 27 calcium
atoms out of 128, situated in the interlayer were randomly removed.
This generates structures with a slight excess of positive charge. The
charge is balanced by removing randomly chosen protons.

2.1.2. Model 2

• Initial composition is the same as in model 1 (tobermorite structure):
Ca192Si192O576·192 H2O.

• 11 chains constituted of Si2, O7, Si3, O2, Si1, O1, and Si2 atoms are
removed. The composition becomes: Ca192Si148O543·192 H2O.

• 34 additional Si2 are randomly removed resulting in: Ca192Si114O543·
192 H2O.

• Hydrogen atomsare added to theO3 andO4 that have been previously
connected to Si1 or Si3.



Fig. 3. Typical structures corresponding to the threemodels for C1.67-S-Hx: A:model 1; B:model 2; C:model 3. Atoms removed from the original tobermorite structure are shown as trans-
lucent. See fig. 2 for atom labeling. Inmodel 1, silicate chains are composed of silicate pentamers and dimers, inmodel 2 it is the same but larger holes are also observed due to the removal
of large silicate units and in model 3 oligomers of different length are observed.
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• Uncoordinated O6 atoms are removed and hydrogen atoms are added
to the unsaturated oxygen atoms such that electro-neutrality is
achieved. The final average composition is: Ca192Si114O393H211(OH)
263·22 H2O.

Model 2 (Fig. 3B) is also generated as a distribution of dimers and
pentamers satisfying the experimental Q1/Q2 ratio. The procedure how-
ever differs from the previous situation in the sense that the structures
are generated by removing silicate tetramers. Eleven of these tetramers,
Si2–O7–Si3–O2–Si1–O1–Si2, were removed. To achieve the desired C/S
ratio, further 34 Si2 atomswere removed. Hydrogen atomswere added
to the O3 and O4 oxygen atoms, next to the removed tetramers. Hydro-
gen atomswere also added to the remainingO5andO6 oxygen atomsof
Si2 silicon atoms. Additional hydrogen atomswere distributed over the
deprotonated silanols to achieve electro-neutrality. These structures
also satisfy the experimental Q1/Q2 ratio,without any interlayer bridges.

2.1.3. Model 3 (and 4)

• The initial composition is the same: Ca192Si192O576·192 H2O.
• The Si2 bridges are broken by removing 32 randomly selected Si2
atoms. Another 46 randomly chosen silicon atoms are removed
resulting in the formula: Ca192Si114O576·192 H2O.

• All unsatisfied valencies on the O3, O4 and O5 oxygen atoms, which
resulted from the removal of the silicon atoms are satisfied by adding
hydrogen atoms. Many of the O5 atoms are converted to water in this
step.

• Charge balance is restored by removing some of the uncoordinated
oxygen atoms.

• Water molecules are removed if they were too close to other atoms.
• That resulted in the average final composition: Ca192Si114O386H22

(OH)88·151 H2O
The structure published by Pellenq et al. [31] shows the same feature
as thismodel 3, butwewill labeled it “Model 4” for the sake of simplicity
in the discussion. This structure is also built on tobermorite but by ran-
domly removing silicon oxide fragments. Since the individual structures
were created by randomly removing silicon oxide units, without refer-
ring to their positions in the crystal lattice, the composition of model 3
is much more inhomogeneous than models 1 and 2. With this model
3, large amount of Q0 silicate (monomers) can arise in the resulting
structures which would not fit with any NMR data. Structures which
contain more than 12% of silica monomers were excluded; this amount
corresponds to the one proposed by Pellenq in his model.

For each H/S ratio in models 1–3 about hundred structures were
generated which makes more than a thousand structures in total.
During the random process of construction the amount of water was
not controlled. In order to build structures with different water content,
water molecules were randomly removed. To summarize, each model
contains structures with identical C/S ratio, but different H/S ratio.

3. Simulation details

Performing calculations of all generated structure samples is time
consuming and meaningless task: random creation of defects in the
tobermorite structure generates very large amount of possible crystal
structures. For instance, for model 1, corresponding to 4 × 4 × 1
tobermorite unit cell, it is possible to create ~1037 permutations for Ca
and Si defects. Instead a subset of structures was randomly selected
and relaxation calculations for this subset were performed. If structures
within the subset are similar in terms of total energy and structural
properties (such as unit cell parameters) to each other the result can
be generalized to all structures of the considered models and it can be
assumed that any crystal structure of themodelwill have similar energy
and structural properties.
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In those simulations atom coordinates are relaxed aswell as unit cell
parameters whereas alpha and beta angles were kept equal to 90°. Ini-
tial structures are artificial and might contain unrealistic distances be-
tween atoms. The direct optimization of such structures usually leads
to unrealistic results. Rather, relaxation was performed in two steps.
First silicon atoms were constrained and the rest was relaxed and the
relaxation on all atoms was performed during a second step. This strat-
egy allows preserving structural elements defined in each individual
modelwith anoptimization of structures in the same time. Low temper-
ature molecular dynamics (MD) simulation was used in order to relax
unit cell parameters with preserving structural elements. The relaxation
was done by the optimization of the generated structures, followed by
molecular dynamics (MD) simulation at low temperature (0.1 K,
20 fs). Nose–Hoover thermostat and barostat were applied in the MD
simulations. Initial velocities in the MD simulations are initiated with
different random numbers in each sample. The structure optimization
and low temperature MD simulation (0.1 K, 50 fs) were repeated with-
out restriction (frozen atoms). The structure was finally optimized
again. All calculations were done with the LAMMPS program package
[52] using the ReaxFF force field [53]. The parameter set used in this
work is already used inMD simulations of C-S-H [54] andwas optimized
for Si–O–H [55] and Ca–O–H [54] systems. The C-S-H bulk densities are
estimated on relaxed structures. The results were also justified by calcu-
lating total energies of structures after applying room temperature
(300 K) conditions. Although the absolute values for total energies
were changed, the change was almost constant for all structures with
a typical variation in energy differences less than 0.05 eV.

4. Results

Although all three models were generated from the same crystal
structure of tobermorite, the algorithms do not guarantee the same
stoichiometry which complicates the direct comparison of energies
between the models. Indeed, models 2 and 3 are the result of removing
a greater number of silicon atoms than model 1. Since the ratio of calci-
um to silicon atoms is kept constant in all models, model 1 yields an in-
creased number of calcium atoms too. Therefore all energies in model 2
and 3 were scaled according to the number of silicon atoms in model 1.
Those rescaled energies are still not comparable because individual
structures can contain different amounts of water molecules. To
compare the energies we selected a structure with minimal amount of
water molecules and considered all other structures as formally
containing an excess of water. The total energy of the system can be
approximately presented as the energy of the basic structure plus the
energy of extra water molecules (in a form of solvated water). Thus
we compensated the total energy of the system by subtracting the ener-
gy of the necessary amount of solvated water molecules.
Fig. 4. Variation of average energy scaled per silicon atoms (E) of the four C-S-H models
according to thewater to silicon ratio (H/S). The C/S ratio is the same for all models (1.68).
The relative energies for models 1–4 in function of the H/S ratio are
shown in Fig. 4. The H/S ratio range covered by the different models is
determined by their structure: in model 2 which contains large amount
of hydroxyl groups, H/S value below 1.9 cannot be obtained by the re-
moval of water molecules, and model 3 does not have enough space
to accept more water molecules. For all H/S ratios, the C-S-H structures
related to model 1 exhibit the lowest energy. Thus, it turns out that the
most probable structure of C-S-H is given by model 1. The result of
model 4 [32] is also included, the energy calculated on this structure is
presented (triangle in Fig. 4).

To verify the predefined assumption about the basic tobermorite
structure, we reconstructed models (1–3) based on Hamid structure of
tobermorite [29], with different alignments of silica chains. We did not
observe any substantiation change in the total energy for structures
based on Hamid and Bonacorsi models. This result is expected, since the
layers are separated, and the interaction between them is relatively small.

Themost distinctive structural property of thesemodels is the radial
distribution of silicon atoms. Other radial distribution function (RDF)
differences other than Si–Si are not representative in this case. RDF for
Si–Si in each model is constructed and compared to the original
tobermorite structure. These differential RDFs are shown in Fig. 5.
Over a long distance the difference between models 1, 2 and 3 is negli-
gible as it can be expected from structurally similar objects. However
over a short or middle distance the difference becomes significant
enough to discriminate the 3 models.

Each model produced structures having slightly different densities
according to their water to silicon ratios. These densities are reported
in Table 2. Within a model, the variation of the density is almost con-
stant and it does not depend on the water to silicon ratio, yielding
three models characterized and differentiated by their density. Model
1 shows the density closest to the experimental one [42,43].

5. Discussion

Model 1 differs from models 2 and 3 in the number of silicate units
which were removed from the ideal tobermorite structure. In model 1,
silicamonomers were removed,while model 2 is the result of removing
four consecutive silica units (including the Si2 silicates) that led to
greater voids between the remaining silica oligomers in the structure.
The key feature of models 1 and 2 is that they are still composed of di-
meric and pentameric SiO2 units. Conversely, the stochastic removal of
silicon atoms from the tobermorite structure inmodel 3 gives a distribu-
tion of differently-sized oligomers. Although it was shown byDFT calcu-
lations that silicate dimers and pentamers exhibit greatest stability [38].

Removing a larger number of silica units from models 2 and 3 left
these models with a lower density (about 2.15 g/cm3) than model 1
(about 2.42 g/cm3) (Table 2). Also, reducing the water content in all
models was accomplished by randomly removing the water molecules.

Unfortunately, to the best of our knowledge, there is no experimen-
tal crystal density available for such C-S-H at high C/S. However, it can
be referred to the experimental evolution of the crystal cell volume
according to the C/S ratio determined by Renaudin et al. by Rietveld
refinement [21]. The corresponding data are reported in Fig. 6. It is
worthwhile to point out that the experimental cell volume does not sig-
nificantly evolve for C/S higher than about 1.1 and is clearly smaller than
the ones of the relaxed structures whatever the model (see Table 2).

Computed unit cell sizes differ from experimental ones [21]. The
difference can be attributed to overestimation in hydrogen bond length
by ReaxFF [56]. Since the computed unit cell volumes are systematically
larger than the experimental unit cell [21], corrected densities are calcu-
lated with the experimental unit cell size. This way the calculated
densities are the consequence of an internal property characteristic of
a model (the crystal cell content) and not due to the computational ar-
tifacts. These densities are reported in Table 2 for H/S close to 1.8. In
these conditions model 1 shows the highest density, close to the values
determined by different experimentalmethods. Indeed, at constantH/S,



Fig. 5.Radial distribution function differences between: A)model 1 and tobermorite, B)model 2 and tobermorite andC)model 3 and tobermorite. Radial distribution functions frommany
structures within a model are superimposed.
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the variations of densities are directly correlated to the number of calci-
um and silicon atoms in the cell. Model 1 differs frommodels 2 and 3 in
the number of silicate units which were removed from the ideal
tobermorite structure. In model 1, silica monomers were removed,
while model 2 is the result of removing four consecutive silica units
(including the Si2 silicates) that led to greater voids between the
remaining silica oligomers in the structure. More calcium atoms are
also present in model 1 than in models 2 and 3. It becomes evident
that model 1 will lead to the highest density and since it is the only
one leading to a densification of the structure, it appears as the most
consistent with respect to the experimental constant cell volume with
C/S observed by Renaudin.

The results shown at Fig. 4 confirm that model 1 is energetically the
most stable of all the models considered. In the same time, all models
exhibit somedistribution of energy values. Also, the separation between
differentmodels is not large especially between 1 and 3, thus the forma-
tion of C-S-H may be possible according to models 1 and 3, but the
Table 2
Unit cell parameters, average densities (ρ) and corrected densities (ρc) of the C-S-H
models for different water to silicon ratios (H/S). Corrected densities are computed for
H/S ≈ 1.8 and experimental unit cell volume.

Model 1 Model 2 Model 3 Model 4

H/S 1.55–2.20 2.03–2.27 1.41–1.81 1.63
a/Å 30.25–30.83 30.44–30.77 30.08–30.27 26.62
b/Å 28.66–29.21 28.84–29.15 27.47–27.64 29.52
c/Å 23.38–23.82 23.52–23.77 23.24–23.39 23.69
α/° 90.0 90.0 90.0 92.02
β/° 90.0 90.0 90.0 88.52
γ/° 121.83 121.83 123.18 123.58
ρ/g cm−3 2.39–2.40 2.04–2.07 2.12–2.16 2.34
ρc/g cm−3 2.76 2.44 2.32 2.37
lowest mean energy of model 1 makes this model the most probable.
Large changes in energy for different H/S ratios were not observed.

6. Conclusions

Three crystal structures of C-S-H, corresponding to three published
models, were compared in this study. A set of slightly different struc-
tures that belong to these models have been relaxed by geometry opti-
mizations andmolecular dynamics simulations.Model 1 has the highest
density and the closest to the experimental value, the lowest energy, the
narrowest distribution in energies and the greatest degree of order in
Fig. 6. Evolution of the cell volume (V) as a function of the calcium to silicon ratio (C/S) of
C-S-H.
Data from Renaudin et al. [22].
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structure. For these reasons, model 1 is the most suitable. By contrast,
being the less stable and showing a density with the largest gap to the
experimental value, models 2 and 3 are the less probable.
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