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Abstract

In this article we study the polymerization of silicic acids (Si(OH)4) in
the presence of calcium ions by molecular dynamics simulations. We focus
on the formation and structure of cementitious calcium silicate hydrate (C-
S-H) gels. Our simulations confirm that, in accordance with experiments,
a larger content of calcium ions slows down the polymerization of the ce-
mentitious silicate chains and prevents them from forming rings and three-
dimensional structures. Furthermore, by an analysis of the connectivity of
our simulated silicate chains and by a count of the number of formed Ca-
OH and Si-OH bonds, the relationship with commonly employed structural
models of calcium silicate hydrate (C-S-H) gels, such as 1.4-nm tobermorite
and jennite, is discussed.

1 Introduction

Calcium silicate hydrate (C-S-H) gel is definitely the most important hydration
product of cement based materials. It constitutes about 60-70 % of the fully hy-
drated cement paste and is responsible for most of the properties of cement-based
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materials. From a compositional point of view, C-S-H gel is often characterized
by its Ca/Si ratio, which typically ranges from 0.7 to 2.3. This variability in com-
position explains why, though intensively studied by techniques like SEM, TEM,
NMR, etc [1], many features of the nanostructure of C-S-H gel remain unknown.

Much of the existing knowledge on the nanostructure of C-S-H gel has been
gained from structural comparisons with crystalline calcium silicate hydrates. In
fact, several models [2-7| have been proposed so far that draw structural analo-
gies with tobermorite and jennite crystals and/or with distorted semi-crystalline
variations of them (the so called C-S-H (I) and C-S-H (II) phases respectively).
From these models, C-S-H gels can be approximately viewed as layered struc-
tures, in which calcium oxide sheets are ribbed on either side with silicate chains,
and free calcium ions and water molecules are present in the interlayer space.

However, it is well experimentally established |1, 4, 8] that, if the structure
of the C-S-H gel is actually composed of tobermorite and jennite pieces, these
components should show multiple defects and imperfections. In fact, in view
of their 22Si NMR experiments, Cong and Kirkpatrick [4] proposed a structural
model which is based on depolymerized and distorted tobermorite-like structures.
According to this model, the Ca/Si ratio for perfect 1.4-nm tobermorite crystals
(Ca/Si=0.8) could be raised to the values found in cementitious C-S-H gels (which
typically is 1.7 on average) by the omission of bridging tetrahedrons, by the
omission of entire segments of silicate chains or by the inclusion of tiny Ca(OH),
environments. Similar conclusions were drawn from posterior 17O NMR, [9] and
infrared (IR) measurements [10]. However, and contrary to this model which
stresses the importance of tobermorite-like structures, different experiments have
highlighted the importance of jennite crystals in appropriate structural models
for cementitious C-S-H gels. Viehland et al. [11] and Zhang et al. [12] concluded
from high resolution TEM observations that cementitious C-S-H gels contain both
tobermorite-like and jennite-like spacings. Similarly, Thomas et al. [13] have
recently employed inelastic neutron spectroscopy (INS) as quantitative probe
of the content of Ca-OH bonds in decalcified cementitious pastes. They found
relatively large concentration of Ca-OH bonds, a fact which confirms the presence
of jennite-like features within the C-S-H gels.

In this situation, where the debate about the short-range ordering of cementi-
tious C-S-H gel is still unsettled, any hint on the structure of C-S-H gels which can
be provided by modeling and numerical simulation techniques would be tremen-
dously beneficial. Some attempts have been already made in this direction. So
far, most of these studies [14] have paid attention to the analysis of the cohe-
sion of the C-S-H layers. To this end, structureless charged platelets of C-S-H
embedded in a counterion-rich electrolyte solution were employed, where the
interlayer forces were simulated either within the framework of the Deryaguin-
Landau-Verwey-Overbeek (DLVO) theory |15, 16] or by Monte Carlo simulations
[17, 18]|. Furthermore there are a few attempts that account for atomistic level
descriptions of the C-S-H gel [19-21]. All of these studies assume crystalline
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tobermorite structures only. There is also a new approach followed recently by
Manzano et al. [22], where the formation of C-S-H structures was analyzed by
means of ab-initio calculations without imposing any structural model. Interest-
ingly, two different growth mechanisms were identified that depend on the amount
of Si and Ca ions which naturally lead to the appearance of both tobermorite-like
and jennite-like nano-crystals.

In this article we study the formation and the structure of small cementi-
tious C-S-H particles by the method of molecular dynamics. To this end, we
numerically reproduce the formation of C-S-H structures and analyze the poly-
merization of silicic acids (Si(OH)4) in a calcium rich environment. In particular,
our objective is twofold: On the one hand we provide information about interest-
ing statistical quantities based on the connectivity of the silicate chains. On the
other hand, we analyze the formation of Si-OH and Ca-OH bonds. In both cases
special effort is put into the consequences on the structural models of C-S-H gels.
Thus, our results provide new important insight into the C-S-H structure and its
formation and may serve as starting point for future studies.

The remainder of this paper is organized as follows. Section 2 describes com-
putational details and applied approximations. Section 3 presents the obtained
results. Section 4 summarizes main findings and conclusions of the work.

2 Computational Procedure

The polymerization of silica sols (Si(OH), monomers) was first simulated with
help of the molecular dynamics method by Feuston and Garofallini [23]. This pi-
oneering work introduced an efficient potential function that describes the most
basic and significant features of systems which contain Si, O and H interactions.
The resulting model accounts especially well for forward condensation reactions.
Here, the corresponding overall potential energy function is composed of a mod-
ified Born-Mayer-Huggins (BMH) two-body interaction term and a three-body
interaction term similar to the well-known Stillinger-Weber 24| potential.

In this article, we apply such a molecular dynamic approach to study the
formation of C-S-H structures that stem from the polymerization of silica sols
in a calcium rich environment. To this end, we apply the type of potential
energy function mentiond above to model Si, O and H interactions, but we use
the improved variant of Litton and Garofalini. The detailed potential functions
and parameters can be found in the literature [25]. To model the Si, O and Ca
interactions we employ the variant given by Su and Garofalini [26]. Additionally,
we apply a screened Coulomb potential term %jerfc(rij /Bi;) to represent the
repulsive interaction of Ca and H. Here, ¢; denotes the ionic charge of particle i,
ri; denotes the distance between particle ¢ and particle j, 3;; is an interaction-
dependent parameter, and erfc stands for the complementary error function. For
the parameter 3;; we use a value of 2.31 A for an atom pair Ca-H. The ionic



charges for calcium ions and hydrogen are +2 and 1, respectively.

We use a so-called Nosé Langrangian [27] and employ periodic boundary con-
ditions to perform molecular dynamics simulations in the canonical ensemble
(NVT). To solve the corresponding equations of motion we apply a predictor-
corrector scheme based on Beeman’s approach [28] with the modifications due
to Refson [29]. In the simulations, we use a time step size of 0.1fs for the time
integration scheme and set the fictitious mass parameter of the Nosé thermostat
to a value of 100uA2. The unit cell dimensions of all simulated periodic systems
are 44 A x 44 A x 44 A. Thus we can employ the well-known linked cell technique
together with a straightforward domain decomposition approach for an efficient
parallel implementation. The potential terms were here cut off at a radius of 5 A.
We incorporated the above-mentioned potential model into our existing molecu-
lar dynamics software package TREMOLO which is a load-balanced distributed
memory parallel code [30]. This allows to simulate systems with large numbers of
particles over long times in a reasonable computational time. All simulations were
performed on the Himalaya cluster [31] at the Institute for Numerical Simulation
at the University of Bonn. For further algorithmic and implemental aspects see
Ref. [32].

In our numerical experiments four Ca/Si ratios were studied, namely Ca/Si=
0.7, Ca/Si=1, Ca/Si=1.4 and Ca/Si=2. The number of atoms per cell and the
densities of the studied systems are presented in Table 1. To simulate these
four systems, we randomly placed appropriate amounts of Si(OH), and Ca(OH),
4H50 molecules into a cubic simulation cell.

Table 1: Number of atoms and densities

Ca/Si | Number of atoms | Density |g/cm?’]
0.7 6304 1.36
1.0 6728 1.47
1.4 7080 1.58
2.0 7448 1.71

To eliminate the effect of the initial atomic configuration, we first employed
an NVT ensemble at 300 K over 10ps. Then, for the next 90 ps, we linearly
increased the temperature to a value of 1800 K. This high temperature was used
to accelerate polymerization and to reduce drastically the computational time,
following the approach by Garofalini and Martin [33] and Feuston and Garofallini
[23]. Then, the NVT ensemble was performed over 1500 ps at 1800 K. Next we
linearly decreased the target temperature over 500 ps to a value of 300 K. Finally,
the NV'T ensemble was applied over 100 ps at 300 K. Here, we counted the number
and type of siloxane bonds (Si-O-Si) and the number of Si-OH and Ca-OH bonds.
The distances we use to characterize bonds are given in Table 2. Note that all
computed values have been averaged over the last 50 ps at 300 K of the simulation.



Table 2: Bond types and distances

Bond type | Distance [A]
Si-O 2.3
Ca-0O 2.6
O-H 1.3

3 Results and Discussion

3.1 Connectivity of the Silicate Chains

Nuclear magnetic resonance (NMR) techniques have proved to be suitable tools
to follow the polymerization of the silicate species [1, 4, 8, 34|. There, a Qn
nomenclature is used in general for the peaks. Qn is the chemical shift of a
silicon atom which is bound to n bridging oxygens.

The time evolution of our calculated Qn distributions are represented in Figure
1 for the following Ca/Si ratios: Ca/Si=0.7 (a), Ca/Si=1 (b), Ca/Si=1.7 (c), and
Ca/Si=2 (d). The consumption of monomers (Si(OH),) to yield longer silicate
chains by condensation reactions (Si-OH + OH-Si < Si-O-Si + H»0) is usually
assessed by the so called polymerization degree P (%). This parameter is written
in terms of the Q0 (%) as P (%) = 100-Q0 (%). Thus, high values of Q0 mean
slow polymerizations and vice versa.

As shown in Figure 1, the number of QO species decreases more slowly when
the Ca/Si ratio is increased. In fact, after 2000 ps of simulation time, the poly-
merization degree P (or similarly Q0) ranges from values of about 70% (30 %)
for Ca/Si=0.7 to values of about 30 % (70 %) for Ca/Si=2. This shows that the
presence of Ca ions slows down the polymerization process of the silicate chains.

The Q3 and Q4 peaks deserve further discussion. The existence of such peaks
is related to the appearance of three-dimensional structures (branched silicates in
the case of Q3 and rings in the case of Q4 peaks). In Figure 2 (a) the sum of Q3
and Q4 peaks is represented as a function of the Ca/Si ratio (solid points). To
better see the trend, also the best linear fit is shown (solid line). The experimental
value found in Ref. [4] for Ca/Si—=0.79 is represented by a square. It can be
seen that the sum Q3+Q4 decreases linearly when the Ca/Si ratio is raised.
Note that for Ca/Si=0.7, the percentage of three-dimensional morphologies still
represents the 15 % of the Qn distributions, whereas for Ca/Si=2 the non-linear
forms have disappeared. Thus, these results indicate that the presence of calcium
ions enforces the formation of linear structures in the polymerization process of
silicic acids. This is in accordance with the experimental evidence in cementitious
and synthetic C-S-H systems, where linear structures are completely dominant
[1, 4]. Note that the non-vanishing values found for the Q3+Q4 (%) at low Ca/Si
ratios can be seen as an indication of the presence of cross-linkages between the
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Figure 1: Time evolution of the Qn peaks for (a) Ca/Si=0.7, (b) Ca/Si=1, (c)
Ca/Si=1.4 and (d) Ca/Si=2.

silicate chains as those found in 1.1-nm tobermorite crystals.

An important parameter to assess the connectivity of the silicate chains of
C-S-H gels is the so-called Q factor [35]. This parameter is defined as Q=
Q1/(Q1+Q2+Q3), and represents, up to a factor two, the inverse of the mean
chain length. In Figure 2 (b) our calculations (solid points) of the Q factors
are represented as a function of the Ca/Si ratio. For comparison we also show
the results of the 2Si NMR measurements which were performed by Cong and
Kirkpatrick [4] (squares). Additionally we display the Q factors of 1.4-nm to-
bermorite and jennite (dashed and solid lines respectively). Our results are in
reasonable agreement with the experimental values. On the one hand, the trend
is reproduced that shorter (higher () values) chains are formed when the Ca/Si
ratio increases. On the other hand, our simulation results for the Q factors turn
out to be between the range of tobermorite and jennite structures for Ca/Si ratios
between Ca/Si~1 and Ca/Si~2. However, there are slight but important differ-
ences between our results and the predictions provided in Ref. [4] that should
be highlighted. Although for low Ca/Si ratios our simulated Q factors support
a close proximity to 1.4-nm tobermorite, at high Ca/Si ratios (above Ca/Si 1.4)
our simulations are clearly biased towards jennite-like structures. In Ref. [4],



the presence of local jennite-like features was suggested to be due to possible
portlandite regions. To explore such a possibility we analyzed the snapshots of
our simulations and computed the pair correlation radial distributions [36]. No
portlandite morphologies were recognized. Therefore, our results can not be ex-
plained in terms of a mixture of tobermorite-like elements and small portlandite
regions. On the contrary, in terms of the Q) factor our simulations indicate the

importance of jennite morphologies in appropriate structural models of C-S-H at
high Ca/Si ratios.

3.2 Si-OH and Ca-OH Bonds

A key difference between jennite and 1.4-nm tobermorite is the presence of Si-
OH and Ca-OH bonds. In fact, both the Si-OH and Ca-OH bonds are known to
be crucial in determining the local nanostructure of C-S-H gels [4, 6, 13]. The
results of different IR |10] and 2°Si NMR experiments [4] have suggested that the
protons of Si-OH bonds are first replaced by interlayer Ca, and only later by Ca-
OH groups for raising Ca/Si ratio. In Figure 3 we give the calculated amounts of
Si-OH/Si (a) and Ca-OH/Ca bonds (b), respectively, as a function of the Ca/Si
ratio. We also show in Figure 3 the estimations given by the charge-balance
calculations presented in Ref. [4]. In Figure 3 (b), the data obtained by Thomas
et al. [13]| by inelastic neutron spectroscopy (INS) over leached pastes are also
plotted.

In accordance with the experimentally observed trend, the concentration of
Si-OH bonds in the C-S-H gel decreases with an increase of the Ca/Si ratio.
Note also that there is an overall good agreement between our simulations and
the estimations provided by the charge-balance calculations. This suggests that,
in general, the picture given by this simple charge-balance model suffices to qual-
itatively reproduce the chemistry of the Si-OH groups. However, at high Ca/Si
ratios (above 1.5), our simulations do not exhibit a specific decay in the per-
centage of Si-OH bonds. For Ca/Si=2, our simulations predict Si-OH/Si~0.12
whereas the charge-balance model gives an almost negligible value. Note that for
perfect jennite crystals there are no Si-OH bonds, while for 1.4-nm tobermorite
crystals the number of Si-OH bonds per Si tetrahedron amounts to 0.333. Thus,
in terms of the Si-OH bonds, our simulations produce C-S-H gels with silicate
chains that resemble more tobermorite structures than jennite-like arrangements.
We conclude that even at high Ca/Si ratios a certain content of tobermorite-like
must be present in C-S-H gels.
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Figure 2: (a) To assess the percentage of non-linear structures, we have computed
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is represented by a solid line. (b) Q factor as a function of the Ca/Si ratio. Our
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Complementary information of the nanostructure of the C-S-H gel can be ob-
tained in terms of the number of Ca-OH bonds, see Figure 3 (b). Although for the
Ca/Si ratio in the range 1 to 1.5 there is a reasonable agreement between our cal-
culations and the estimations given by the charge-balance method, very different
predictions are obtained below and above this range. In general, our simulations
show a moderate increase in the number of Ca-OH bonds with increasing Ca/Si
ratios, but do not result in the sudden fall (raise) that the charge-balance model
predicts at low (high) Ca/Si ratios. In fact, at high Ca/Si ratios (e.g. above
1.4), we found Ca-OH/Ca values that are still close to 0.3 whereas the values
predicted by the charge-balance calculations are well above 0.7. But note that —
at these high Ca/Si ratios — our results seem to reasonably agree with the values
obtained by Thomas et al. [13] by INS. This suggests that in terms of the Ca-OH
local ordination, our simulated C-S-H gels resemble jennite-like structures. For
perfect tobermorite-like structures there are no Ca-OH bonds, whereas the value
Ca-OH/Ca for jennite crystals is 0.333. Thus, the results of our simulations seem
to agree with the conclusions of Ref. [13] that suggest that — for high Ca/Si ratios
— the local structure of C-S-H resembles that of jennite. At low Ca/Si ratios (e.g.
below Ca/Si=1), we found larger amounts of Ca-OH bonds than expected by the
charge-balance estimation. This fact suggests that even at low Ca/Si ratios our
simulations reproduce certain jennite-like features.

Hence, our results fit well with the structural models discussed in Ref. |2, 3|,
which state that cementitious C-S-H gels simultaneously exhibit tobermorite and
jennite features. A possible structural explanation of our simulated C-S-H gels
is the following: At low Ca/Si ratios, and due to low Q values, long chains are
required, probably pentamers and longer chains. Moreover, the presence of Ca-
OH bonds suffices to guarantee some jennite-like content. On the other hand,
the Si-OH/Si values support the predominant role of 1.4-nm tobermorite-like
configurations. The possibility of some 1.1-nm tobermorite content fits well with
the appearance of Q3 peaks and the high content of Si-OH bonds. At high
Ca/Si ratios, the high Q factors require low polymerized structures, probably
dimers. Moreover, the high Ca-OH/Ca values suggest that the predominant
structural model must be jennite. However, the presence of Si-OH bonds can
only be explained if a certain content of tobermorite remains. In between there
is a gradual evolution from long to short chains, and from tobermorite-like to
jennite-like features.

4 Summary and Conclusions

In this work we studied the formation of C-S-H structures by means of a molecular

dynamics simulation of the polymerization of silicic acids (Si(OH),) in presence
of solvated calcium ions (Ca(OH)y 4H50).
Our calculations show that the presence of Ca ions perturbs the polymeriza-
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tion of silica sols. In fact we observe that when the Ca/Si ratio is raised, the
polymerization degree is clearly reduced. Our simulations also reveal that the
polymerization is constrained to linear forms. Only at low Ca/Si ratios certain
amounts of Q3+Q4 (%) remain. We also computed the Q factors for different
Ca/Si ratios and compared them with the existing experimental data. We ba-
sically found a reasonable agreement with experiment. On the one hand, our
simulations reproduce the fact that long chains (i.e. low Q factors) are related
to low Ca/Si ratios, whereas short chains (high Q factors) are due to low Ca/Si
ratios. On the other hand, our computed Q factors lay in the range between to-
bermorite and jennite crystals for Ca/Si ratios between Ca/Si~1 and Ca/Si~2.
We also discussed the appearance of 1.4-nm tobermorite and jennite structures
in terms of these Q) factors. We came to the conclusion that at low Ca/Si ratios,
1.4-nm tobermorite is an appropriate structural model of C-S-H gels, whereas at
high Ca/Si ratios, our simulated C-S-H gels resemble jennite-like arrangements.

Our calculations also provide information about the content of Ca-OH and Si-
OH bonds. Here, the simulations reproduce the experimentally observed trend:
The number of Ca-OH bonds increase with the Ca/Si ratio whereas the Si-OH
bonds decrease. For low Ca/Si ratios, our computed numbers of Si-OH/Si bonds
seem to be consistent with the existence of tobermorite configurations. Moreover,
the significant amounts of Ca-OH bonds that we have found suggest that certain
jennite-like features must be also present. At high Ca/Si ratios, our simulated
C-S-H gels reasonably follow the values of Ca-OH/Ca obtained through INS by
Thomas et al. [13], which supports their hypothesis that jennite is the best struc-
tural model of C-S-H gels. However, the non-negligible amount of Si-OH bonds
that we obtain can not be explained without some additional tobermorite-like
features.

Finally, we propose a possible structural explanation of our simulated C-S-H
gels as follows: At low Ca/Si ratios, our simulated C-S-H systems could be seen as
mixtures of long polymerized (pentamers and longer chains) 1.1-nm tobermorite,
1.4-nm tobermorite and jennite structures, whereas at high Ca/Si ratios they
seem to be composed of short (dimers) 1.4-nm tobermorite and jennite pieces.
In between, there is a gradual evolution from long to short chains, and from
tobermorite-like to jennite-like features.
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