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The nucleation of the C-S-H gel is a complex process, key to controlling the hydration kinetics and
microstructure development of cement. In this paper, a mechanism for the crystallization step during the
C-S-H gel non-classical nucleation is proposed and explored by atomistic simulation methods. In the proposed
mechanism portlandite precursor monolayers undergo a chemically induced transformation by condensation
of silicate dimmers, forming C-S-H monolayers. We studied by DFT and nudged elastic band the structural

transformation from bulk portlandite to a tobermorite-like calcium hydroxide polymorph, and the silicate
condensation reaction at portlandite surface. Then, both processes are studied together, investigating the
topochemical transformation from a portlandite monolayer to a C-S-H monolayer at room conditions using
targeted molecular dynamics and umbrella sampling methods. Comparing the free energy of the process with
thermodynamic data we conclude that the proposed mechanism is a potential path for C-S-H formation.

1. Introduction

Cement is the most manufactured product in the world, with an
annual production of more than four thousand million tons in 2020 [1,
2]. Because of its massive production, the required energy and gener-
ated CO, emissions are of vital interest from both an economic and
environmental point of view [3]. The hydration of cement results in
the formation of hydrates, upon which Calcium Silicate Hydrate (C-S-
H) is the main binding phase. The formation and densification of the
C-S-H gel drives the setting and hardening of the cement paste. The
C-S-H gel has been broadly defined as an amorphous material with
variable stoichiometry, usually characterized by its Ca/Si ratio and
water content, yet retaining short-range order, forming tobermorite-
like structures. Tobermorite is a natural mineral formed by CaO layers
sandwiched between infinite Dreieketten silicate chains [4]. In the C-
S-H gel, those chains have finite lengths of 3n — 1 tetrahedra where n
is an integer. Two in three silicate tetrahedra share O-O edges with the
central CaO layer, while the third one, called bridging site, is oriented
to the interlayer space [5,6]. Although silicate dimeric structures are
more frequent than longer chains in typical cement conditions, the
latter are also formed for low Ca/Si ratio [7].

Unraveling the C-S-H gel nucleation and growth mechanism during
hydration is crucial to understanding and eventually controlling the
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microstructure development and rheology of the cement paste [8].
Scanning electron microscopy (SEM) experiments suggest that the in-
duction and acceleration periods are mainly governed by the hetero-
geneous nucleation and growth of the C-S-H gel [9,10]. In addition,
the growth process is dominated by secondary nucleation of C-S-H
particles rather than the growth of primary nuclei [11]. That is to
say, the growth of C-S-H takes place where crystals of the species
under consideration are already present. For instance, C-S-H seeds have
been shown to act directly as secondary nucleation or growth sites for
further hydration products, leading the product formation process away
from clinker particles [12]. This can be really advantageous from a
technological point of view as the nucleation rate can be tuned by the
use of additives [13,14].

Regarding the mechanism of C-S-H nucleation, recent experiments
using time resolved potentiometry and turbidity together with cryo-
genic transmission electron microscopy revealed that in a supersatu-
rated solution, synthetic C-S-H follows a non-classical nucleation pro-
cess consisting of two steps [15]. The authors suggest as a first step
that dense liquid regions form "amorphous spheroids" with a diameter
of about 50 nm. In a second step, the aggregation of the chemi-
cal species within the spheroids leads the system to crystallization
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Fig. 1. Proposed mechanism for the early stage formation of C-S-H. Within this model, the ions in solution would create high dense amorphous spheroids which then would form
portlandite monolayers surrounded by silicate dimers. Finally, this monolayers would suffer a topochemical phase transformation into a C-S-H monolayer which they would create

the final C-S-H by the stacking of them.

into C-S-H. The effects of polycarboxylate superplasticizers on C-S-H
nucleation have also been studied using transmission electron mi-
croscopy (TEM) and dynamic light scattering leading to similar con-
clusions [16]. In the framework of modeling, various methodologies
have been used to examine the nucleation and growth of C-S-H. On
the mesoscale, semi-analytical models like the boundary nucleation
and growth (BNG) and microstructure-based kinetics (MBK) have been
employed to predict cement’s hydration rate [17-20]. On a lower scale,
colloidal models based on random sequential addition [21] and rate-
dependent creation of colloidal nanoparticles [22] have been used to
study the primary nucleation of C-S-H particles and the subsequent
growth by secondary nucleation. These models fit with reasonable
accuracy the experimental C-S-H hydration rate and give interesting in-
formation about the microstructure development, nucleation rates, and
percolation thresholds [23,24]. A more detailed “sheet growth model”
has also been proposed to study the growth rate and microstructure
development [25].

However, none of the above-mentioned models take into account
the atomic structure of the nanoparticles. They do not provide insight
on the atomic scale nucleation mechanism, which will govern the
formation of the nanoparticles or sheets. To that end, atomic-scale
simulations can be a very valuable tool, yet few studies on the topic
have been reported so far, probably due to the intrinsic time and length
scale limitations [26]. Manzano et al. proposed a precursor nanocluster
or basic building block based on the structure of tobermorite, and
investigated their aggregation by ab initio calculations [27]. Very re-
cently, Yang et al. focused on the earliest hydration period and studied
the most stable prenucleation species using density functional theory
(DFT) [28]. In addition, a series of studies have tried to simulate
the process of nucleation by using molecular dynamics at high tem-
peratures [29-31]. However, the obtained particles did not properly
represent the atomic structure of the C-S-H gel. That is probably due
to the very high temperatures used to facilitate silicate polymerization
within the accessible time scale (tens of nanoseconds).

In this work, we take a different approach to investigate the possi-
bility of the crystallization of the C-S-H gel by the means of portlandite
nanocluster precursors. The formation of C-S-H as a result of modified
portlandite layer by condensation of monomeric silicate anions was

proposed as a C-S-H model [32,33]. However, these models were dep-
recated when the silicate chain structure and tobermorite-like structure
was confirmed [34,35]. The importance of portlandite layers in the
formation of C-S-H has also been studied and recently it has been
proposed that C-S-H is formed by tobermorite layers sandwiched be-
tween portlandite layers [36,37]. In spite of these studies and the
suggestions made in the literature, the transformation from portlandite
to tobermorite layers has never been explicitly studied to the best of our
knowledge. As depicted in Fig. 1, we propose a model which takes port-
landite nanocluster precursors (consisting of monolayers) as a starting
point. These monolayers undergo a chemically induced topochemical
transformation by condensation of silicate dimmers in solution, forming
C-S-H monolayers. This hypothesis is based on the structural similarity
between the M-OH arrangement in the strontium hydroxide crystal and
the Ca-O layers in tobermorite shown in Fig. 2. Both layers have a zig-
zag arrangement with the metal in a seven-fold coordinated site. Since
calcium and strontium are isoelectronic, portlandite monolayers could
undergo a structural transformation forming Sr(OH), like layers. We
suggest that this transformation would be induced by the condensation
of silica chains creating tobermorite-like monolayers. In fact, recent
studies of the C-S-H gel structure using pair distribution functions
(PDFs) from synchrotron X-ray powder diffraction suggest that the
C-S-H gel is formed by an intimate mixture of clinotobermorite and
portlandite layers, at least for Ca/Si > 1.2 [15,36]. This point has
been validated by computational methods [38] but is not fully clear,
as Kumar et al. reported a controlled synthesis protocol to reach Ca/Si
=2 without traces of portlandite [39]. While these experimental studies
give very relevant microscopic information about the C-S-H nucleation,
the atomic-scale mechanism is still beyond their resolution.

Herein, we study the proposed model in three steps. First, we
investigate the structural transformation from bulk portlandite to the
Sr(OH),-like phase, to examine its feasibility using variable nudged
elastic band (VC-NEB) together with DFT. Second, we study the silicate
condensation mechanism on a portlandite layer using the same method-
ology. Finally, we investigate the topochemical structural transforma-
tion from a portlandite monolayer to a C-S-H monolayer induced by the
condensation of silicate dimers at room temperature and pressure. This
complex process is studied using targeted molecular dynamics (TMD)
and umbrella sampling (US) to obtain structural and thermodynamic
information such as internal energy, enthalpy, entropy and free energy.
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Fig. 2. The structures on top represent the portlandite monolayer and tobermorite Ca-O
layer isolated from the crystals. The bottom ones represent two views of the crystalline
structure of Sr(OH), and tobermorite 14 A. Only the coordination polyhedra of a Ca-O
layer are colored for a better comparison.

2. Methods

DFT calculations were carried out using the Vienna ab-initio simu-
lation package (VASP) [40-43] using the projector augmented wave
method [44,45] and the GGA-optPBE [46,47] functional. This func-
tional has been proved to represent correctly the van der Waals forces
relevant for the description of portlandite and water-containing sys-
tems, for weakly interacting molecules [46] and bulk systems [47].
All the calculations were done with a I' centered k-point mesh with a
spacing of 0.0254" in the reciprocal space. For the computation of the
forces in the VC-NEB calculations, a plane wave energy cutoff of 450 eV
was used, and the self consistent cycles were converged to 107 eV.
On the other hand, for the structural relaxations more demanding
calculations were performed with a plane wave energy cutoff of 550 eV
and a convergence criterion for the self-consistent cycles of 107 eV.
In these calculations, the ions were relaxed until the forces were lower
than 0.01 eV/A.

VC-NEB [48,49] calculations were performed using its implementa-
tion on the USPEX code [50-52]. A variable number of images (created
by the interpolation of the atomic coordinates and cell vectors) were
used between the initial and final structures of the transformation path,
setting the average path length between consecutive images A to 1.0. A
new image was created each time the path length between two adjacent
images was bigger than 1.54 and removed when that distance was
less than 0.5A. The spring constant was set between 3-6 eV/A and the
steepest descend method was used for energy minimization with a step
size of 0.1. The paths were minimized until the root mean square force
of every image was less than 0.04 eV/A.

The molecular dynamic simulations of both targeted molecular
dynamics (TMD) and umbrella sampling (US) were done using the
LAMMPS code [53] and the ReaxFF force field [54-56] with the
Ca/Si/O/H set of parameters from ref. [56,57]. The velocity Verlet

Cement and Concrete Research 162 (2022) 106965

algorithm was used for the integration of the equations of motion
with a time step of 0.1fs. TMD calculations were performed in the
NVT ensemble at 500 K to facilitate the condensation reactions, with
a Nosé-Hoover thermostat with the temperature damping parameter
set to 10 fs. US simulations were performed in the NPT ensemble at
300K and 1 atm, with a Nosé-Hoover thermostat and barostat set with
temperature and pressure damping parameters of 10 fs and 1000 fs
respectively.

As the initial configuration of the TMD calculation, a portlandite
monolayer (with periodic boundary conditions) was placed in a sim-
ulation box, with silicate dimmers at 3.3 A above and below it. The
pulling coordinate p was defined as the root mean square distance
of the silicon atoms to the targeted position, which was set as the
position of the dimers in a tobermorite monolayer. The silicon atoms
were pulled over and restrained to the collective coordinate p, while
the rest of the atoms in the system remained unrestrained. Two sets
of simulations were done: a small system with a portlandite layer of 4
formula units surrounded by 2 silicate dimers, and a system four times
larger. In the small cell calculation 100 trajectories were performed
pulling the system from p = 33 A to p = 0.1 A at a constant pulling
speed of v, = 0.083 m/s. In the large cell calculation 50 trajectories
were performed with a pulling rate of v, =2 m/s to sample the system
from p = 20A to p = 4.0 A, and a pulling rate of v, = 0.1 m/s
from p = 2.0 Ato p = 0.1 A. The cell vector lengths of portlandite
and tobermorite were slightly modified to avoid the mismatch between
them. More detailed information about this process is available in the
supplementary information.

Umbrella sampling calculations were carried out using the collec-
tive variables module implemented in LAMMPS [58]. The collective
variable p was redefined as the projection onto the direction perpen-
dicular to the layer so that it was not altered by the variable cell in
the NPT ensemble. Along this reaction coordinate, 52 different stages
were chosen to perform umbrella sampling simulations centered at
those stages. Each simulation ran for 0.5 ns and the force constant of
the spring attached to the reaction coordinate was set to 2.2 eV/A.
These parameters were chosen so that the whole reaction coordinate is
properly sampled. For more information, the reader is referred to the
supplementary information. The free energy AG was then reconstructed
using the weighted histogram analysis method (WHAM) [59,60].

3. Results
3.1. Structural transformation in bulk portlandite

In our hypothesis presented in the introduction, we assume that
portlandite precursor monolayers are formed in the mentioned dense
liquid regions, and then suffer a topochemical structural transformation
induced by the condensation of silicate dimers to form tobermorite
monolayers. The final arrangement of the Ca-O layer in tobermorite is
the same as in Sr(OH), and therefore, we first investigate the feasibility
of such structural transformation in the bulk Ca(OH),.

Besides portlandite [61], the stable phase at room conditions with
symmetry P3ml, various high pressure polymorphs of Ca(OH), have
been reported [62-65]. However, none of these phases has a similar
layered structure to the one found in tobermorite. Such a layered struc-
ture can be found in the Pnma Sr(OH),. A Ca(OH), polymorph with
similarities to the Sr(OH), phase has been reported before, but that
structure has never been resolved [66]. Following the nomenclature
used in the literature for other Ca(OH), polymorphs, we will name
the Sr(OH),-like structure “Phase V”. The insights of this structural
transformation would be particularly helpful to understand the C-S-H
formation mechanism that we aim to study.

The structure of portlandite, Phase V and the other polymorphs
were relaxed using DFT at different pressures. As expected, portlandite
is the most stable structure at low pressures (see Fig. S1). Phase V
is a metastable polymorph, with an energy difference with respect
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Fig. 3. Transformation path from portlandite to Phase V. (a) Enthalpy difference along with the structural transformation for each image used in the VC-NEB method. (b) Graphical
representation of the different stages along with the structural transformation. The calcium, oxygen and hydrogen atoms are illustrated with green, red and pink spheres respectively.
[(c)—(g)] Respectively, the evolution of the Ca-Ca intralayer distance, Ca-O mean distance, volume, c cell vector and the folding angle y between three adjacent Ca atoms in the

interlayer transformation path.

to portlandite of 2.78 kcal/mol at 0 GPa, a small value compared to
other reported polymorphs at normal pressure. Therefore, the structural
transformation from bulk portlandite to Phase V cannot be discarded.
The atomic structure of the relaxed Phase V can be found in table S1.

The structural transformation between portlandite and Phase V was
studied using the variable cell nudge elastic band (VC-NEB) method.
In this method, intermediate images (structures) along the reaction
path are created by interpolation of the atomic coordinates. The cre-
ated images are then optimized simultaneously to find the optimal
transformation path. We identified two different paths for the trans-
formation: an interlayer and an intralayer path (see Fig. S2). The
intralayer transformation is formed with several portlandite layers,
that is, the direction of the layers at the beginning and at the end of
the transformation are perpendicular. On the contrary, the interlayer
transformation can occur in a single portlandite monolayer, as the
orientation of the layers are maintained during the transformation. This
makes this transformation path compatible with the nucleation model
presented in the introduction. Thus, the interlayer transformation is the
one investigated in detail.

The energy difference during the transformation path is plotted in
Fig. 3(a) showing an energy barrier of 10.13 kcal/mol. This energy
barrier is very similar to other energy barriers calculated for different
bulk phase transitions as in bulk thorium monocarbide (ThC) or bulk
GaN [49,67]. The computed transformation path shows a direct trans-
formation with no local minimum in between. The low energy barrier
and the fact that this transition can occur in a portlandite monolayer
are promising factors for the study of the proposed mechanism for C-S-
H formation. During the transition, the y angle between three adjacent
Ca atoms in the portlandite layer folds gradually to a 120° zig-zag layer
Fig. 3(g). This folding is accompanied by a slight shift between layers
and the readjustment of the H atoms to form the structure of Phase V.
Several structural parameters were examined to understand the origin
of the energy barrier. The evolution of the mean distance between the
bonded Ca-O atoms is the parameter that better correlates with the
energy [Fig. 3(d)]. As the Ca-O distance increases, the energy increases
up to the transition state. Then, the Ca-O distance decreases to the final

value, accompanied by an increase of the Ca-Ca mean distance and the
unit cell volume.

Given that calcium and magnesium are isoelectronic, portlandite
and brucite [Mg(OH),] share the same crystal structure. Hence, the
possible stability of Phase V for Mg(OH), is also checked. The structure
is broken during the energy minimization process, which indicates that
the phase is not even metastable. In fact, 7 fold Mg coordination has
not been reported up to the authors knowledge. The impossibility of
Mg(OH), to adopt the crystalline arrangement of Phase V polymorph
could be the reason why the M-S-H gels have a completely different
structure from the tobermorite-like C-S-H gel [68].

3.2. Silicate reaction at portlandite surface

Once we have confirmed that the portlandite to Phase V transfor-
mation is feasible, we proceed to investigate the condensation reactions
between a silicate dimer and a hydroxyl group from portlandite. Ac-
cording to the proposed mechanism, the formation of enough Si-O-Ca
bonds will trigger the transformation from the flat portlandite mono-
layer into the zig-zag layer found in both tobermorite and Phase
V.

The energy barrier of the condensation reaction was studied using
nudged elastic band (NEB), taking 47 images between the initial (I) and
final (F) stages of the transition [see Fig. 4(b)]. The initial stage consists
of a portlandite monolayer and a silicate dimer placed at 5 A from the
surface. In the final stage, the silicate dimer is bonded to the portlandite
layer with a Si-O-Ca bond, and a water molecule has been released.
The conformations at the initial and final stages were minimized with
DFT, and the intermediate images were created by interpolation of the
atomic coordinates. Only one constraint was imposed based on our
experience: as the covalent Si-O bond is generally stronger than the
ionic Ca-O bond, the released water was formed by an oxygen atom
belonging to the portlandite layer. This assumption was confirmed a
posteriori in the MD simulations from Section 3.3, where we verified
that in 99 % of the reactions water molecules were formed by oxygen
atoms from portlandite.
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Fig. 4. Reaction path of the condensation of water in a Portlandite monolayer. (a) Enthalpy difference along the reaction path for each image used in the NEB method. (b)
Graphical representation of the different stages along the condensation reaction. The calcium, silicon, oxygen and hydrogen atoms are illustrated with green, orange, red and pink
spheres respectively. [(c)—(f)] d, represents the distance between the hydrogen atom in the silanol group and the oxygen atoms in the layer, d, the distance between the oxygen
and hydrogen atoms of the silanol group, d; the distance between the oxygen in the layer and the calcium atom and d, the distance between the oxygen atom in the silanol group

and the calcium atom. All these distances are plotted along the reaction path.

The minimized transition path presents different stages. In figure
Fig. 4(a) we show the energy profile, together with bond distances
of interest to characterize the reaction in Fig. 4(c—f). First, there is
a reorientation of the silanol and hydroxyl groups involved in the
condensation reaction, forming a hydrogen bond in which the silanol
is the donor and portlandite the acceptor [sharp decrease of d; in
Fig. 4(c)]. The reorientation energy barrier is 5.92 kcal/mol, and the
resulting conformation I’ is more favorable than our initial guess I
(AH = -2.13 kcal/mol). From that stable conformation I, there is a
proton transfer reaction from the silanol to the hydroxyl group to form
a water molecule in IS [increase of d, in Fig. 4(d)], with an associated
activation energy of 16.61 kcal/mol. In the transition state (TS) the
silicate and the water molecule are bonded to adjacent Ca atoms from
portlandite. Finally, the water molecule is released [increase of d; in
Fig. 4(e)] and the silicate oxygen is bonded to the layer [decrease of d,
in Fig. 4(g)], completing the transition. The energy barrier from stage
I’ to the TS is 20.96 kcal/mol and the enthalpy gain from stage I’ to
the final stage is 8.83 kcal/mol. It is important to notice that the con-
densation reaction does not alter the portlandite conformation. Further
reactions are needed to trigger the transformation, as we will see in the
following subsection. The energy barrier is twice as high as that of the
bulk portlandite transformation, and hence, the condensation reaction
is likely the limiting process.

3.3. C-S-H monolayer formation

Now that the condensation reaction of silicates with portlandite is
understood, the whole transformation from a portlandite to a toberm-
orite-like monolayer can be studied. To sample this transformation with
molecular dynamics, the simulated time should be comparable to the
transformation rate. Since such long simulations are computationally
inaccessible, we have used two enhanced sampling techniques: targeted

molecular dynamics (TMD) and umbrella sampling (US). First, TMD
was used to obtain a reference transformation path, and then US was
used for a good statistical sampling over that path. Although in typical
cement conditions the portlandite monolayer would be in solution, for
simplicity the simulations were done in vacuum.

TMD uses a time-dependent geometrical constraint to pull the sys-
tem from the initial configuration towards the target structure [69,70].
It allows sampling the conformational space around a collective vari-
able (a generic reaction coordinate) during the process [71,71,72]. In
the TMD calculation, a portlandite monolayer (with periodic boundary
conditions) was placed in a simulation box, with silicate dimmers at
3.3 A above and below it. Longer chains with bridging silicates were
not considered since those bridging sites would not participate in the
transformation. The pulling coordinate p was defined as the root mean
square distance of the silicon atoms to the targeted position, which was
set as the position of the dimers in a tobermorite monolayer. The silicon
atoms were dragged over and restrained to the collective coordinate
p. The rest of the atoms in the system remained unrestrained. The
simulations were done at 500 K to accelerate the condensation reaction
rate.

In Fig. 5(a) we show the internal energy as a function of the collec-
tive variable p for all the trajectories. The color of each point indicates
the percentage of condensation reactions that took place with respect to
a fully reacted system. From p = 3.3 A to p=1.65A no reactions were
observed as the silicate dimmers approach the Ca(OH), monolayer.
Then, condensation reactions start following the mechanism described
in Section 3.2. The distance p at which the first condensation reactions
take place is relatively homogeneous across simulations. Subsequent
reactions take place at a different rate, and two sets of trajectories can
be identified: those with a completed transformation and those with
an uncompleted transformation. The completion of the transformation
strongly depends on the percentage of chemical reactions the system
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% of chemical reactions

Fig. 5. Topochemically induced transformation from a portlandite monolayer to a C-S-H layer computed with TMD. (a) Internal energy difference of the 100 trajectories along
the pulling coordinate. The dots represent different snapshots of the trajectories and the solid lines represent the mean value of the internal energy for the completed (black)
and uncompleted (green) trajectories. The color scheme represents the percentage of condensation reactions needed for the complete process. (b) The average percentage of the
condensation reactions along with the first two components of the KPCA. The distance in the plot represents the structural distance calculated with SOAP. The portlandite monolayer
is located in the areas where 0 % of the reactions have occurred and the C-S-H monolayer is located in the areas where 100 % of the reactions have occurred. (c) Internal energy
difference of 100.000 snapshots of the trajectories along with the two first components of the KPCA. Each dot represents a snapshot and the distance between dots represents the
structural distance calculated with SOAP. The color scheme represents the internal energy difference of each snapshot.

has gone through. When some hydroxyl groups in the portlandite layer
remain unreacted, the structure evolves to a final defective tobermorite-
like monolayer with interstitial hydrogen atoms on it. These defects
have important energetic consequences. In Fig. 5(a) the solid lines
represent the average internal energy of all the completed and uncom-
pleted trajectories as a function of p. The black color was used for fully
reacted systems, and green for uncompleted systems. Up to p = 1.65 A,
before the chemical reactions start, both sets are equivalent. Then, for
p < 1.65 f\, when the reactions start, the mean internal energies start
to slightly deviate. However, it is not until p < 0.25A that there is
a significant difference between both sets. The completed trajectories
experience a final energy decrease of —6.24 kcal/mol, making them
more stable. The uncompleted trajectories end up with a 4.19 kcal/mol
increase in energy. It is important to notice that the drop in energy in
the completed trajectories only happens when the percentage of con-
densation reactions is close to 100 %. Hence, the system only stabilizes
when the process is totally completed. Therefore, it can be stated that
the chemical reactions that drive the transformation are fully accessible
from the internal energy perspective.

To elucidate whether the two sets of trajectories are due to divergent
paths or the existence of two final (meta)stable structures, we did a
structural distance analysis. We used the smooth overlap of atomic
positions descriptor (SOAP) [73,74] to compute structural distances
and the kernel principal component analysis (KPCA) to reduce the
dimensionality of the computed distance matrix [75], plotting it in 2D.
In the resulting plots [Fig. 5(b) and Fig. 5(c)] the distance between
points represent their structural similarity. In addition, the color scale

in Fig. 5(b) indicates the percentage of occurred condensation reac-
tions, while the color scheme in Fig. 5(c) represents the internal energy
difference with respect to the starting configuration. The structural
distance plotted in Fig. 5(b) clearly shows that there is mostly one
single path until 60% of reactions occur. However, at the end of
the simulations, two limiting regions can be found concerning the
condensation reaction percentage. The upper right area corresponds to
uncompleted trajectories, while the bottom area in the plot corresponds
to completed trajectories where all the reactions have occurred. Since
we have already stated that the transformation evolves along with the
percentage of chemical reactions, it is clear now that the completed
and uncompleted trajectories end up in structurally slightly different
regions.

This is illustrated in Fig. 5(c), where the internal energy difference
and snapshots of some obtained structures during the transformation
are shown. The snapshots represent the evolution towards the complete
(number 5) and incomplete (number 5’) transformation. It can be seen
in snapshots 1-3 that for the first 30% of the reactions, the layer is not
bent at all. Until here, both the complete and incomplete trajectories
follow the same trend. It is not until 50%-60% of the reactions have
occurred (snapshot 4) that the layer starts to take the zig-zagged form
of tobermorite. Finally, both the complete and incomplete trajectories
(snapshots 5 and 5’ respectively) reach the zig-zag structure of to-
bermorite. However, Some hydroxyl groups attached to the layer are
still found in the final state of the uncompleted trajectories, which is
unfavorable. In terms of energy, it can be observed again that the final
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Fig. 6. (a) Internal energy difference of the umbrella sampling trajectories along
the pulling coordinate. The color scheme represents the percentage of condensation
reactions needed for the complete process. (b) The thermodynamical properties of the
process along the pulling coordinate.

state of a completed trajectory has much lower energy than the final
state from an uncompleted trajectory.

To compute the free energy of the transformation, we performed
umbrella sampling (US) of a complete trajectory obtained from TMD. In
US the trajectory is divided into windows along the reaction coordinate,
and then independent simulations are done for each window, restrain-
ing the system by a biased potential [76,77]. To improve the sampling
conditions, the US calculations were done in a unit cell four times larger
than the previous TMD simulations, and the NPT ensemble was used
to relax also the layer area. In addition, the simulation temperature
could be lowered to 300 K, as the condensation reactions are already
reproduced in the initial trajectory.

Fig. 6(a) shows that the internal energy difference between the
portlandite layer surrounded by silicate dimers (p = 3.3 A) and the
tobermorite layer (p = 0.0 10\) is 15 kcal/mol. This value is larger
than that from TMD due to the additional volumetric relaxation. As
a matter of fact, the area of the layer decreases by 12.6 % as it reacts.
The compression is mostly found in the direction perpendicular to the
silicate dimers, which exhibits an 11.1 % decrease. The layer starts
to get compressed after around 20 % of the chemical reactions have
occurred and it follows this trend almost constantly until the end of
the transition.

In addition to the internal energy, the sampling made with US
allowed us to compute the main thermodynamical properties of the
process, i.e., the enthalpy, the free energy and the entropy. As seen in
the previous section, the internal energy drop starts when most (more
than 80%) of the chemical reactions have taken place. As expected from
an NPT simulation, the enthalpy and the internal energy are mostly
the same. However, the reaction free energy increases monotonically
for the entire transition due to the entropic contribution (7°4S), see
Fig. 6(b). This monotonical increase in free energy makes the transfor-
mation not spontaneous from a thermodynamical point of view. The
free energy starts to grow just when the first condensation reactions
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take place, and no energy barrier was found. The reason behind the
increase in AG is a decrease of the system entropy, AG = AH —TAS. We
suggest that the condensation reactions impose a decrease of the trans-
lational and vibrational degrees of freedom, decreasing the entropy.
This scenario should be usual for any nucleation and growth process,
yet in the present case, the gain on enthalpy cannot compensate for
such an entropy diminution.

4. Discussion

According to our simulations, the free energy of the transforma-
tion from a portlandite monolayer to a tobermorite-like monolayer
is AGY = 1.5kcal/mol. In the present case, the internal energy and
the enthalpy are both negative and with a very similar magnitude
(—14.95 and —12.21 kcal/mol), yet there is a decrease in the term TAS?
of 13.5 kcal/mol associated to the reduction of the translational and
vibrational degrees of freedom during the C-S-H monolayer formation.

We can compare the studied reaction with the expected results from
thermodynamic data. The comparison can only be qualitative due to the
different thermodynamic conditions. In the proposed transformation
path the reactants are solid portlandite and fully protonated silicate
dimers. From our calculations we obtain:

2Ca(OH)y,, + Siz0(OH)s —> CaySigOs(OH), + 4HH,0
AG? = 3 kcal/mol.

The standard free energy of reactions for portlandite [78,79] and
the silicate dimmers [80,81] are:

Ca’ +2H,0 — Ca(OH)y,, + 2H*
AGY = 31.2 keal/mol

and

2Si(OH), —> Si,0(0H)g + HyO
AGY = —3.5 keal/mol.

Therefore, constructing a Hess cycle the AG/ for the reaction from
the monomeric species in solution to form the C-S-H monolayer with
the intermediate step of portlandite formation and silica polymerization
is:

2Ca’* + 28i(OH), — Ca,Si05(0H), + Hy0 + 4H*
AG(} = 61.9 kcal/mol.

The result AG, = 61.9 kcal/mol is considerably higher, ~ 20 kcal/
mol, than the value calculated by Haas and Nonat for the same re-
action to form a C-S-H with the same composition (C-S-H-p, AG? =
40.4 kcal/mol) [82]. The discrepancy can be ascribed to computational
aspects or to the model. Methodological aspects like a correct trajectory
sampling and the accuracy of the ReaxFF energies have been evalu-
ated, and do not represent a relevant source of error (results in Fig.
S7). However, the thermodynamic conditions of the simulations might
account for the difference. The proposed reaction takes place on a port-
landite monolayer, far from the standard thermodynamic conditions
that assume infinite crystals. In our system, we can expect that the
contribution of the surface free energy to the total free energy will
be important. Furthermore, the composition of a monolayer will differ
from a bulky crystal of C-S-H where layers are stacked by interlaminar
Ca atoms not present in our monolayer. Moreover, our simulations are
done in the gas phase, i.e., water as a solvent is not included.

The aim of this work was to test a hypothetical mechanism for
the C-S-H formation at the nanoscale. In this regard, we proved that
the mechanism is feasible and that portlandite can react with silicate
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species in solution via condensation reactions to form C-S-H mono-
layers. The internal energy and enthalpy of the formation reactions
indicate that it is a favorable transformation. Nevertheless, the exact
thermodynamic conditions must be carefully evaluated to understand
if this could be a feasible step in C-S-H formation, at least under certain
conditions. The results suggest that the reaction free energy of the
proposed scenario for the formation of C-S-H is principally governed
by the formation of portlandite nanoclusters, since the transformation
from a portlandite monolayer to a C-S-H monolayer does not contribute
substantially to the overall free energy of formation. As a matter of fact,
at high pH both the formation of portlandite and C-S-H become nega-
tive, AG} = -214.4keal/mol [83] and AG) = -855.54 keal/mol [79,
84] respectively, while the silicate dimerization free energy becomes
positive [80], supporting the key role of portlandite formation in the
process. Finally, we must also take into account that Ca and silicic acid
form complexes in solution [85,86] which could hinder the formation
of nanoportlandite, leading to a different mechanism based on the
aggregation of complexes.

5. Conclusions

The nucleation of the C-S-H gel plays a key role in the early
stages of cement hydration, influencing the hydration rate and the
cement microstructure development. Although various experimental
and theoretical works have helped to understand some aspects of C-
S-H nucleation, the main atomic mechanism of C-S-H crystallization
is still unknown. In this work, we have proposed a model for C-S-H
crystallization based on a chemically induced transformation from a
portlandite monolayer to a C-S-H monolayer.

First, the different steps of the process have been studied indepen-
dently by DFT. The hypothetical transformation from bulk portlandite
to bulk Phase V polymorph (with a tobermorite-like arrangement of
the Ca-O structure) is favorable and has a low energy barrier (10.13
kcal/mol). The condensation reaction of a silicate dimer with a port-
landite monolayer is also favorable (—8.83 kcal/mol), but has a larger
energy barrier of 20.96 kcal/mol. When the complete process is simu-
lated using molecular dynamics, we observe that enough condensation
reactions are indeed able to trigger the transformation from portlandite
to C-S-H. The internal energy is favorable (—15 kcal/mol) although the
free energy obtained from umbrella sampling is positive (1.5 kcal/mol).
From a qualitative point of view, this free energy value is in a reason-
able range that makes the studied process a potential C-S-H formation
pathway. The proposed formation pathway does not exclude other
possible formation mechanisms, and may exist alongside others.

Overall, this work not only proposes a plausible model for the
formation of the C-S-H gel, but also establishes a series of computa-
tional methods that can be used in the future to study other nucleation
conditions. As a matter of fact, future work in more realistic ther-
modynamic conditions will be necessary to determine if the proposed
crystallization pathway is feasible and under what conditions. In this re-
gard, the portlandite monolayer nucleation conditions are particularly
interesting.
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