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ABSTRACT

Hypothesis: Depending on their composition, hydrated gels can be homogeneous or phase-separated,
which, in turn, affects their dynamical and mechanical properties. However, the nature of the structural
features, if any, that govern the propensity for a given gel to phase-separate remains largely unknown.
Here, we argue that the propensity for hydrated gels to phase-separate is topological in nature.
Simulations: We employ reactive molecular dynamics simulations to model the early-age precipitation of
calcium-alumino-silicate-hydrate =~ (C—A—S—H) gels  with  varying compositions, i.e.,
(Ca0);.7(Aly03)(Si02); - (H20)3.7 + ». By adopting topological constraint theory, we investigate the struc-
tural origin of phase separation in hydrated gels.

Findings: We report the existence of a homogeneous-to-phase-separated transition, wherein Si-rich
(x < 0.10) C—A—S—H gels are homogeneous, whereas Al-rich (x > 0.10) C—A—S—H gels tend to
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phase-separate. Furthermore, we demonstrate that this transition is correlated to a topological flexible-
to-rigid transition within the atomic network. We reveal that the propensity for topologically-
overconstrained gels to phase-separate arises from the existence of some internal stress within their
atomic network, which acts as an energy penalty that drives phase separation.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

When reaching the saturation state, high-pH solutions compris-
ing silicate ions gradually evolve to form hydrated silicate gels [1-
3]. Such hydrated silicate gels play an important role in various
applications, including cementitious materials [4,5], sol-gel glasses
[3], precursors for zeolites [6], and nuclear waste glasses corrosion
[7]. In particular, when exposed to water, cement (the most man-
ufactured material in the world) tends to dissolve, thereby increas-
ing the concentrations of Si, Al, and Ca ions in solution, and
eventually resulting in the formation of calcium-silicate-hydrate
(C—S—H, see all abbreviations used herein in Table 1) or
calcium-aluminosilicate-hydrate (C—A—S—H) gels [8]. In turn,
these hydrated gels notably affect the strength, creep resistance,
and long-term durability of cement-based materials [9,10]. As
such, understanding and controlling the structure of hydrated sili-
cate gels is key to design new materials with desirable properties
[11,12].

The structure of hydrated aluminosilicate gels has been exten-
sively studied by X-ray diffraction [13], magic angle spinning
nuclear magnetic resonance (MAS NMR) [14], and spectroscopy
[15]. These studies have suggested that C—A—S—H gels exhibit a
partially disordered atomic network [16]. At early age, such gels
are mostly amorphous but still exhibit some degree of short-
range order [17]. However, the degree of homogeneity/heterogene-
ity of the gel at the nanometer scale is more challenging to
investigate. Specifically, at the nanometer scale, hydrated silicate
gels can be homogeneous or phase-separated, depending on their
chemical composition [18-21]. Similarly, calcium aluminosilicate
systems have been noted to phase-separate—wherein the propen-
sity for phase separation depends on stoichiometry [22]. Such
phase separation can notably affect the properties of hydrated gels.
Specifically, nanometric phase separation has been noted to results
in an increase in the fracture toughness of hydrated gels [23-26].

From a thermodynamic viewpoint, phase separation occurs
when the Gibbs free energy of the phase-separated system is lower

Table 1
List of abbreviations.
Abbreviations Definition
List
Al—OH aluminol group
BO bridging oxygen
BB bond-bending
BS bond-stretching
C—A—S—H calcium-alumino-silicate-hydrate
C—S—H calcium-silicate-hydrate
FO free oxygen
LAMMPS Large-scale Atomic/Molecular Massively Parallel
Simulation
MAS NMR magic angle spinning nuclear magnetic resonance
MD molecular dynamics
NBO nonbridging oxygen
NPT constant number (N), pressure (P), and temperature (T)
NVT constant number (N), volume (V), and temperature (T)
PDF pair distribution functions
QEq charge equilibration
Si—OH silanol group
TCT topological constraint theory
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than that of its homogenous counterpart (i.e., within the immisci-
bility domain) [27]. However, no clear structural origin of phase
separation, should it exist, has thus far been proposed. The propen-
sity for disordered silicates to phase separate has been suggested
to be related to the existence of some preference within interpoly-
tope bonding [28]. Specifically, disordered aluminosilicate systems
typically exhibit an excess of asymmetric Al04-SiO, interpolytope
bonds at the expense of AlO4-AlO4 linkages [29,30], which is
known as the Loewenstein aluminum avoidance rule [29]. This fea-
ture is likely to hinder phase separation, since it tends to prevent
the formation of Al-rich clusters within the atomic network. How-
ever, besides these considerations, it remains unclear whether the
propensity for phase separation of a hydrated gel could in some
ways be encoded in its atomic structure.

Here, we conduct a series of reactive molecular dynamics (MD)
simulations of hydrated aluminosilicate gels with varying compo-
sitions and seek for a structural signature of the propensity for
phase separation. We report the existence of a homogeneous-to-
phase-separated transition, wherein Si-rich gels are homogeneous,
whereas Al-rich gels are prone to phase separation. As a major out-
come of this study, we demonstrate that this transition is encoded
in a topological transition of the atomic network, wherein
topologically-overconstrained networks tend to exhibit phase sep-
aration, whereas underconstrained networks do not. We show
that, in overconstrained networks, phase separation arises from
the existence of some internal stress within the atomic network,
which acts as an energy penalty that drives phase separation.
These results offer an atomic picture behind the propensity for
phase separation in hydrated gels.

2. Methods
2.1. Simulated synthesis of the hydrated aluminosilicate gels

We simulate a series of hydrated aluminosilicate gels (CaO); -
(Al;03),(Si03); _ x(H20)37 + » with x = 0.00, 0.02, 0.05, 0.08, 0.10,
0.12,0.15,0.17, 0.19, 0.22, and 0.26. The CaO/(Al,03 + SiO,) molar
ratio is kept fixed at 1.7, which corresponds to the average stoi-
chiometry of the C—S—H gel forming upon the hydration of ordi-
nary Portland cement [5,31]. Several Al,03/Ca0 molar ratios that
cover the range of experimentally-observed stoichiometries in
slag-based binders [31,32] are selected to investigate the effect of
the Al/Ca molar ratio. All systems comprise about 4000 atoms
(see Table 2) and are simulated using the Large-scale Atomic/
Molecular Massively Parallel Simulation (LAMMPS) package [33].

Starting from individual isolated Ca(OH),, Al(OH)3, and Si(OH),4
precursors (see below), we then simulate by reactive molecular
dynamics the process of gelation—that is, the process of solidifica-
tion of the system, wherein initially isolated precursors gradually
react with each other to form larger clusters. To account for chem-
ical reactions between precursors, we adopt the reactive ReaxFF
force-field parametrized by Pitman et al. [34]|, which has been
shown to offer a realistic description of the formation of hydrated
silicate gels [5,35]. ReaxFF is a bond-order-based forcefield, which
describes the breakage and formation of chemical bonds by calcu-
lating interatomic bond orders based on the local environment of
each atom [3]. Significantly, the charge of each atom is dynamically
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Table 2
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Chemical composition (in terms of number of precursors) and size of the simulated (Ca0); 7(Al;03)x(Si02); - x(H20)37 + x gels.

X Al/Ca ratio Ca(OH), Al(OH); Si(OH)4 Number of atoms
0.00 0.00 368 0 216 3784
0.02 0.03 368 10 210 3800
0.05 0.06 368 20 206 3834
0.08 0.09 368 34 199 3869
0.10 0.12 368 44 194 3894
0.12 0.14 368 52 190 3914
0.15 0.17 368 64 184 3944
0.17 0.20 368 74 180 3978
0.19 0.22 368 82 175 3989
0.22 0.26 368 96 168 4024
0.26 0.30 368 110 162 4068

assigned by employing an implemented charge equilibration (QEq)
method—which is key to simulate reactivity [36]. For all these rea-
sons, ReaxFF offers a promising pathway to simulate chemical
reactions in large atomic systems with an accuracy that is compa-
rable to ab initio methods at a fraction of computing cost [37,38].
Within the ReaxFF framework, the total energy of the system Ey
is comprised of the following ten energy terms [3,5,37]:

Esys = Ebond + EVdWaals + ECoulomb + Eunder + Eover + Elp + Eval

+ Etorsion + Econj + Epen (] )
where these energy terms are associated with, respectively, the
short-range bond energy, Van der Waals energy, Coulomb potential
energy, under-coordination energy, over-coordination energy, long-
range electron pairs energy, valence angle energy, torsion energy,
conjugation energy, and penalty energy. More details about these
energy terms is available in van Duin et al. [37]. Herein, we adopt
the USER-REAXC package implementation of ReaxFF, which can be
found in LAMMPS [33]. The dynamics of the atoms is calculated with
the velocity-Verlet integration algorithm by using a timestep of
0.25 fs.

The hydrated gels are prepared by following the methodology
proposed by C6té and Cormack et al. [39], which is described in
the following. First, the initial configuration of each system is gen-
erated by randomly placing some isolated Ca(OH),, AI(OH)s, and Si
(OH),4 precursors into a cubic simulation box using the PACKMOL
package [40] while avoiding any unrealistic overlap. Periodic
boundary conditions are applied. The initial configuration is sub-
jected to an energy minimization and relaxed in the canonical
(NVT) ensemble at 300 K for 100 ps by using the Nosé-Hoover ther-
mostat [3,41]. Subsequently, the system is relaxed at 300 K and at
zero pressure in the isothermal-isobaric (NPT) ensemble for 500 ps
[5], which is long enough to ensure convergence of both volume
and energy. At this stage, no condensation reaction (i.e., formation
of Si—O0—Si, Al—0—Al, or Si—0—Al) between precursors is
observed, as the energy barriers of such reactions are too high to
be overcome within the limited timescale (i.e., a few ns) of MD
simulations at 300 K. To accelerate the condensation reaction of
the C—A—S—H systems, we then subject the relaxed configurations
to an accelerated aging process by increasing the system tempera-
ture to 2000 K in the NVT ensemble for 1.25 ns. Such accelerated
aging method is frequently utilized to speed up the gelation
dynamics [3,5,39]. Here, the temperature of 2000 K is selected as
it is large enough to overcome the condensation energy barriers,
but low enough to avoid the melting of the gels [3,5]. Finally, the
obtained gels are cooled from 2000 K to 300 K in the NVT ensemble
for 100 ps, and eventually equilibrated in the NPT ensemble under
300 K and zero pressure for 100 ps before any further analysis. For
statistical averaging purposes, all simulations are repeated 6 times.
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Results presented herein are averaged over these 6 repeats, while
error bars are calculated based on the standard deviations of the
6 simulations.

2.2. Structural analysis

To describe the evolution of the connectivity of the C—A—S—H
systems during gelation, we first compute the coordination num-
ber of each atom by counting the number of neighbors that are pre-
sent in its first coordination shell. Note that the extent of the
coordination shell is determined from the position of the minimum
after the first peak in the partial pair distribution functions (PDF).
Special attention is placed on determining the local environment of
the O atoms, which is key to track the overall polymerization
degree of the gels upon precipitation—since silanol (Si—OH) and
aluminol (Al—OH) groups gradually transform into bridging oxy-
gen (BO) atoms upon gelation. Based on their partial coordination
numbers, O atoms are classified as bridging oxygen (BO) atoms,
which are connected to two network-forming (Si or Al) atoms,
and nonbridging oxygen (NBO) atoms, which are connected to only
one network-forming atom [3,5].

The interpolytope connectivity is then investigated by comput-
ing the fractions of Si—0—Si, Si—O—Al, and Al—0—Al bonds in the
simulated structures. To assess the level of randomness in connec-
tivity, these fractions are compared with predictions from a ran-
dom model, wherein polytopes are randomly connected to each
other. Based on this model, the predicted fractions of Si—0—Si,
Si—0—Al, and Al—0—Al linkages are given by:

(Ns; x CN(Si))?

fsiosi= (Ns; x CN(Si) + Na x CN(AI))?
2 x Ngi x CN(Si) x Ny x CN(AI)
fsico-m = - 3 (2)
(Ns; x CN(Si) + Na x CN(AI))
(Na x CN(AD))?
fAl—O—Al =

(Nsi x CN(Si) + Ny x CN(Al))

where CN(Si) and CN(Al) are the average coordination numbers of
Si and Al atoms, respectively, and Ns; and Ny, are the numbers of
Si and Al atoms, respectively. Here, the average coordination num-
ber of Si or Al atoms is calculated solely based on neighboring BO
atoms (i.e., NBO are excluded since they do not contribute to inter-
polytope linkages). Average coordination number are computed
based on the population of each type of coordination species:

Nsi x CN(Si) = 1Ng; + 2Ng; + 3Ng + 4Ng/ 3)

Nai x CN(Al) = 1N} + 2Ny, + 3Ny + 4Ny, + 5Ny, + 6Ny (4)
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where Ni, N, NI and NiY are the numbers of 1-, 2-, 3-, and 4-fold Si
atoms, respectively, while NI, N%, N¥,, and N} are the numbers of
1-, 2-, 3-, 4-, 5-, and 6-fold Al atoms, respectively.

In addition, to better describe the degree of phase separation in
C—A—S—H systems, we calculate a normalized “demixing index”
[42]. First, the simulation box (with a length of about 40 A) is split
into a series of smaller cubic boxes with a length of 10 A. We then
calculate the local atomic densities of Si (pg;) and of Al (p,,) atoms
in each of these small boxes. The demixing index (1) is then defined
as follows:

1<L+L> _1
N\psi  pa A

where N is a normalization coefficient that is defined so that the
demixing index / ranges from 1.0 (for a fully mixed homogeneous
system, wherein the local densities of Si and Al atoms are the same
in all the small boxes) to O (for a perfectly phase-separated system).
The demixing index is then averaged over all the small boxes.

(5)

2.3. Topological constraint theory

We adopt topological constraint theory (TCT) [43-45] to charac-
terize the network topology of the C—A—S—H gels. The state of
rigidity of an atomic network is determined by the competition
between the number of constraints per atom n. and the number
of degrees of freedom per atom (i.e., 3) [45]. The number of radial
bond-stretching (BS) and angular bond-bending (BB) constraints
created by a given atom depends in its coordination number r. In
detail, the number of BS constraints is given by r/2 (since each con-
straints is shared by 2 atoms), while the number of BB constraints
is given by 2r - 3 (i.e., the number of independent angles that need
to be fixed to determine the angular environment of the atom)
[44]. However, although this enumeration applies to network-
forming atoms (Si and Al) forming directional ionocovalent bonds
with O neighbors, network-modifying atoms (Ca) create non-
directional ionic bonds and, hence, are not associated with any
BB constraints (since angles are not constrained). Note that iso-
lated molecules (e.g., water molecules) are not contributing to
the macroscopic rigidity of the network and, therefore, are
excluded from the constraint enumeration. Here, we enumerate
the constraints acting in the network of C—A—S—H based on struc-
tural inputs (e.g., coordination number r) offered by the molecular
dynamics simulations. A detailed illustration of this enumeration
method can be found in Bauchy et al. [46].

2.4. Internal stress

To quantify the stability of the atomic network, we employ the
concept of “stress per atom” presented by Egami [47,48]. Strictly
speaking, stress is ill-defined for single atoms and is only defined
for ensembles of atoms in the thermodynamic sense [3,12]. How-
ever, a local atomic stress tensor af‘" can be defined for each atom
based on its contribution of each atom to the virial of the system
[49]:

1
ap _ % b
o 7V,'§jrij F

where V; is the Voronoi volume of the atom i, and r;; and Fj are the
interatomic distance and force between atoms i and j, respectively.
The superscripts oo and p refer to the projections of these vectors
along the Cartesian directions x, y, or z [49]. Note that, by conven-
tion, a positive local stress indicates that the atom i is locally under
tension, while a negative stress denotes that the atom i is under
local compression. Based on this definition, the hydrostatic stress

(6)
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o; and von Mises shear stress 7; experienced by each atom i is
described as [49]:

oi= (07 + 0¥ +07)/3

(7)

T \/(@0) + (o) + (o) /3 ®

The terms ¢7*, 627, and ¢% refer to the three normal stress com-
ponents (along the x ,y, and z directions, respectively), while the
terms ¢, 6%, and ¢?” refer to thee three shear stress components
(see Eq. (6)). Note that the presence of some local atomic-level
stress does not imply the existence of a macroscopic stress, since
local tensile and compressive stresses can mutually compensate
each other. This atomic-level stress analysis has recently been used
to describe local structural instabilities within disordered net-
works [50].

Furthermore, to discriminate the intrinsic stress experienced by
the atoms within their local polytope from the stress contribution
arising from the connectivity to the network, we repeat the
atomic-level stress computation in a series of isolated molecular
Q, unit clusters for Si and Al atoms—wherein a Q, unit represents
an Si or Al atom that is connected to n BO atoms and r - n NBO
atoms (wherein r is the coordination number of the Si or Al atom).
For example, an isolated Si(OH), precursor is equivalent to a Qg
unit of Si atom, while a fully-connected silica glass is made of inter-
connected Q4 units. Here, each isolated cluster is created by man-
ually placing the atoms at their designated locations [30,51]. The
cluster is then placed at the center of a 50 A large cubic box with
fixed volume and no periodic boundary conditions. The initial clus-
ter configurations are relaxed in the NVT ensemble at 300 K for
100 ps, cooled down to 0 K in the NVT ensemble for 300 ps, and
finally subjected to an energy minimization. For consistency, the
same ReaxFF forcefield and simulation parameters as those applied
for bulk simulations are used herein. Based on this analysis, the
“internal stress” is defined as the difference between the stress
undergone by the network-forming species (Si and Al) in the bulk
atomic network of gels and in the isolated clusters (while ensuring
consistency in Q, unit distribution). More details on the simulation
of isolated clusters and atomic-level stress computation can be
found in Zhao et al. [35]. To estimate the uncertainty of the internal
stress values, the final configuration is relaxed at 300 K in the NVT
ensemble for 100 ps. Ten independent configurations are subse-
quently extracted from this run and used for the stress calculation.
The stress values are then averaged over these 10 configurations
and error bars are defined based on their standard deviation.

2.5. Thermodynamic analysis

To determine how phase separation affects the thermodynamic
stability of the C—A—S—H gels, we calculate their molar enthalpy
before and after phase separation. This analysis is made possible
by the fact that the polymerization kinetics of the gels is faster than
their phase separation kinetics. In detail, we first extract the gel
configurations after 0.20 ns of accelerated aging. At this time, the
gels are nearly fully polymerized, but do not exhibit any sign of
phase separation. The configurations are then cooled from
2000 K to 300 K in the NVT ensemble for 100 ps and equilibrated
in the NPT ensemble under 300 K and zero pressure for 100 ps.
The enthalpy of these polymerized, but non-phase-separated gels
is then compared to their final enthalpy, i.e., after 1.25 ns of accel-
erated aging, which is long enough for phase separation to occur.
As such, the difference between these two enthalpy quantities cap-
tures the enthalpy of phase separation.
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3. Results
3.1. Simulated synthesis of the hydrated aluminosilicate gels

To study the influence of chemical composition on the precipita-
tion mechanism and atomic structure of hydrated silicate gels, we
model by reactive MD simulations a series of calcium aluminosili-
cate hydrate gels (CaO);7(Al,03)4(Si05); _ x(H;0)37 + x where
x=0%, 2%, 5%, 8%, 10%, 12%, 15%, 17%, 19%, 22%, 26% (see Methods).
These compositions are selected as they range over the typical stoi-
chiometries of C—(A—)S—H gels forming upon the hydration of ordi-
nary Portland cement or other supplementary cementitious
materials [5,31]. The simulated systems are initially comprised of
isolated Ca(OH),, Al(OH);, and Si(OH), precursors. An example
atomic configuration (with Al/Ca = 0.03) after initial relaxation at
300 K is shown in Fig. 1a. At this temperature, the energy barriers
associated with condensation reactions are too large to be overcome
within the timescale of MD simulations—so that the precursors
remain isolated from each other [3,5]. As such, we use accelerated
aging at elevated temperature to simulate the gelation of these sys-
tems. Fig. 1b and c then shows the evolution of the gel structure after
0.25 ns and 1.25 ns of accelerated gelation at 2000 K, respectively.
We observe that aluminate and silicate monomers gradually con-
densate, which manifests itself by the formation of Si—0—Si,
Si—O—Al, and Al—O—Al bonds and, eventually, aluminosilicate
chains and rings. Specifically, we observe that that the snapshot
shownin Fig. 1c (after 1.25 ns of accelerated gelation) exhibits some
additional aluminosilicate chains and rings as compared to that
shown in Fig. 1b (after 0.25 ns of accelerated gelation).

We further describe the evolution of the degree of polymeriza-
tion of the hydrated aluminosilicate systems upon gelation. To this
end, we compute the number of bridging oxygen (BO, i.e., oxygen
atoms that are connected to two Si or Al atoms) atoms per
network-forming atom (i.e., Si or Al). This metric (i.e., the BO/
(Si + Al) molar ratio) is initially zero when precursors are isolated
from each other and would be equal to 2 in a fully connected silica
glass [52]. Fig. 2a displays the evolution of the BO/(Si + Al) molar
ratio as a function of time during the accelerated gelation of the
hydrated gels at 2000 K. We observe that, for all the systems, the
degree of polymerization gradually increases over time and even-
tually plateaus. This echoes previous results obtained in Al-free
C—S—H gels [5]. Further, we find that the addition of Al precursors
in the C—A—S—H systems tends to accelerate their polymerization
kinetics.

The influence of the Al/Ca molar ratio on the connectivity of the
gel at the end of the 1.25 ns accelerated aging run is illustrated in
Fig. 2b. In the absence of Al atoms, our results match with previous
simulations conducted on pure C—S—H [5]. We then observe that
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the final degree of polymerization of the gel increases with increas-
ing Al/Ca molar ratio. This echoes the fact that the connectivity of
disordered silicate phases typically increases upon the addition on
Al atoms [53]. Indeed, in silicate glasses, each Ca atom creates two
non-bridging oxygen (NBO, i.e., oxygen atoms that are connected
to only one Si or Al atom) or one free oxygen (FO, i.e., oxygen atoms
that are not connected to any Si or Al atom) to ensure charge
neutrality. In contrast, Al atoms tend to reconvert such low-
coordination O species into BOs by using Ca?* cations to compen-
sate the charge of AlO; units [53].

3.2. Nanoscale phase separation

Next, we explore the level of homogeneity and heterogeneity in
the C—A—S—H gels after accelerated gelation and a subsequent
final relaxation at 300 K and zero pressure. Fig. 3a and b illustrate
the final atomic configurations of two representative C—A—S—H
gels with Al/Ca = 0.09 and Al/Ca = 0.30, respectively. We find that,
in contrast to the fairly homogeneous character of the Si-rich gel,
the Al-rich gel exhibits an obvious sign of phase separation,
wherein Si and Al species are largely segregated into different
regions. It should be noted that we do not observe a complete sep-
aration between Si and Al species, but, rather, a separation
between “Al-free” and “Al-rich” phases. In case of Al/Ca = 0.30
(see Fig. 3b and Fig. S2), the compositions of the Al-free and
Al-rich  phases are (Ca0);7(SiO3)09(H20);8 (33%) and
(Ca0);.7(Al03)0.4(Si02)0.7(H20)2.2 (67%), respectively.

To further quantify the level of segregation between Si and Al,
we first analyze the extent of affinity or avoidance between these
two species. Fig. 3c presents the fractions of Si—O—Si, Si—0—Al,
and Al—O—Al interpolytope linkages as a function of Al/Ca molar
ratio. As expected, upon addition of Al atoms in the network,
Si—0—Si linkages are gradually replaced by Si—O—Al and Al—O—Al
bonds. The fraction of Si—O—Al linkages then reaches a maximum
around Al/Ca = 0.10, while AI—0—Al bonds eventually become pre-
dominant in Al-rich gels.

To assess the existence of any avoidance between Si and Al
atoms, we compare these simulated results with the predictions
from a random model, that is, wherein Si and Al polytopes are ran-
domly connected to each other (Fig. 3c). The deviation between the
linkage fractions obtained from MD simulations and random mod-
els are shown in Fig. 3d, e, and f. We first observe that Si-rich gels
(Al/Ca < 0.12) exhibit an excess of asymmetric Si—O—Al linkages as
compared to the random model predictions (Fig. 3e) and, in turn, a
deficit of symmetric Si—O—Si and Al—O—Al linkages (Fig. 3d and f).
This denotes that, in this compositional regime, Si and Al polytopes
exhibit some mutual affinity, while Al atoms mutually avoid
each other. This echoes the “Loewenstein aluminum avoidance
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Fig. 1. Slices showing the atomic configurations of a CaO—Al,05—SiO,—H,0 (C—A—S—H) system with Al/Ca = 0.03 (a) after initial relaxation at 300 K, (b) after 0.25 ns of
accelerated gelation at 2000 K, and (c) after 1.25 ns of accelerated gelation. Note that, for clarity, only Si—0 and Al—O bonds are represented. Si, Al, and O atoms are colored in
yellow, purple, and red, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) Number of bridging oxygen atoms per Si and Al atom (BO/(Si + Al)) in select C—A—S—H systems during accelerated aging at 2000 K. (b) Evolution of the final value
of BO/(Si + Al) in C—A—S—H gels as a function of the Al/Ca molar ratio at the end of the 1.25 ns accelerated aging run. The line is to guide the eye.
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article.)

principle” observed in aluminosilicate glasses and zeolites [29,30].
Such avoidance arises from the fact that tetrahedral AlO,4 units are
negatively-charged and, hence, tend to electrostatically mutually
repulse each other. In contrast, we find that Al-rich gels (Al/
Ca > 0.12) feature an excess of symmetric Si—O—Si and Al—O0—Al
linkages at the expense of asymmetric Si—O—AIl bonds. This indi-
cates that, in this domain of compositions, the Loewenstein alu-
minum avoidance breaks down and the Al and Si species tend
avoid each other—which results in phase separation. These inter-
polytopes bond fractions echo the fact that the activation energy
associated with the formation of Si—O—Al bonds increases upon
increasing Al/Ca molar ratio (see Supplementary Material). This
may explain (from a dynamic viewpoint) why such bonds eventu-
ally become unfavorable at high Al/Ca molar ratio—since the for-
mation of symmetric Si—O—Si and Al—0—Al bonds becomes
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kinetically favored. Overall, these results demonstrate that
C—A—S—H gels exhibit a composition-driven homogeneous-to-
heterogeneous transition upon increasing Al/Ca molar ratio.

Note that Fig. 3¢ does not fully capture the existence of phase
separation since a fraction of Si—O—AIl bonds are still observed in
the Al-rich phase (see Fig. 3b and Fig. S2). To better characterize
the nature and extent of phase separation in this system, we calcu-
late a normalized “demixing index” [42]. As shown in Fig. 4, we
find that the average demixing index <> is about 0.77 (indicative
of a fairly homogeneous system) at low Al/Ca and 0.65 at high Al/
Ca (indicative of a more heterogeneous system). Importantly, the
average demixing index exhibits a sudden drop around Al/
Ca = 0.12. These results confirm the existence of phase separation
and that demixing manifests itself as a (partial) separation
between Si and Al species in the gel.
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Fig. 4. Average demixing index < 4 > in simulated C—A—S—H gels as a function of
the Al/Ca molar ratio—wherein small and large < 4 > values are indicative of phase-
separated and homogeneous gels, respectively.

3.3. Topological origin of phase separation

Next, we explore whether the homogeneous-to-heterogeneous
transition exhibited by C—A—S—H gels could in some ways be
encoded in their short-range order atomic structure. First, we note
that this transition is not associated with any obvious signature in
coordination numbers, bond lengths, bond angles, or average ring
size (see Fig. S4 in Supplementary Material). We then turn our
attention to the topology of the atomic network, which has previ-
ously been shown to have a first-order influence on the properties
of hydrated silicate gels [54]. To this end, we adopt the framework
of topological constraint theory (TCT), which reduces the complex
atomic structure of disordered phases into simpler mechanical net-
works, wherein some nodes (the atoms) are connected to each
other by some topological constraints (the chemical bonds)
[43,44,55]. This analysis is based on enumerating the topological
constraints acting in the atomic network, namely, (i) the 2-body
radial bond-stretching (BS) constraints that determine the inter-
atomic distances (e.g., fixing Si—O bonds around 1.6 A) and (ii)
the 3-body angular bond-bending (BB) constraints that determine
the interatomic angles (e.g., fixing 0—Si—O0 angles around 109°). As
per Maxwell’s stability criterion [56], atomic networks are then
classified as flexible, stressed-rigid, or isostatic when the number
of constraints per atom (n.) is lower, larger, or equal to the number
of degrees of freedom per atom (i.e., 3 in three-dimensional net-
works), respectively [46]. As such, the number of constraints per
atom n. acts as a simple metric that captures the overall rigidity
of the atomic network. More details can be found in the Methods.

Fig. 5a shows the computed number of constraints per atom n,
acting in the C—A—S—H gels as a function of the Al/Ca molar ratio.
In the absence of Al, this analysis yields a number of constraints
per atom n. = 2.82, which matches with previous results obtained
in C—S—H with Ca/Si ~ 1.7 [46]. This confirms that, in the absence
of Al, C—S—H exhibits a flexible (n. < 3) atomic network. We then
observe that n. increases upon increasing Al/Ca molar ratio, in
agreement with the fact that the degree of polymerization of the
gel increases (see Fig. 2b). Importantly, we observe the existence
of a composition-driven flexible-to-stressed-rigid transition, that
is, wherein C—A—S—H gels are flexible (n. < 3, underconstrained)
at low Al/Ca molar ratio (Al/Ca < 0.12), stressed-rigid (n. > 3, over-
constrained) at high Al/Ca molar ratio (Al/Ca > 0.12), and isostatic
(ne = 3, optimally connected) around Al/Ca ~ 0.12. This is notable
as isostatic networks have previously been suggested to exhibit
unusual mechanical and thermodynamics properties [50].
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Interestingly, the flexible-to-stressed-rigid transition occurs at
the same threshold composition (Al/Ca 0.12) as the
homogeneous-to-heterogeneous transition, wherein flexible
C—A—S—H gels remain homogeneous, whereas stressed-rigid gels
tend to phase separate (see Fig. 5b). At the rigidity threshold
(nc =3, Al/Ca ~ 0.12), the interconnectivity between Si and Al poly-
topes matches nearly exactly the predictions from the random
model (see Fig. 5b). This echoes the fact that the configurational
entropy has been suggested to be maximized in isostatic glasses
[57]. Overall, this surprising correlation between homogeneous-
to-heterogeneous transition and network rigidity transition sug-
gests that the propensity for phase separation is topological is nat-
ure. In the following, we explore the mechanism governing the
relationship between topology and phase separation.

~

3.4. Internal stress drives phase separation

We now investigate the mechanistic nature of the correlation
between network topology and phase separation. We propose that
the propensity for stressed-rigid gels to phase separate arises from
the existence of some internal stress in their atomic network. To
establish this mechanism, we compute the atomic-level internal
stress acting in the C—A—S—H gels following the methodology
described in Zhao et al. [35]. Although, thermodynamically speak-
ing, stress is only defined for ensembles of atoms, this approach
builds on the concept of “stress per atom” introduced by Egami
[47,48]. In detail, we first compute the stress per atom acting in
molecular clusters made of isolated Q,, units—wherein a Q, unit
refers to a network-forming atom (Si or Al) that is surrounded by
n BO atoms (e.g., glassy silica solely presents Q4 units). We then
repeat the stress per atom calculation in the bulk C—A—S—H gels.
Finally, we define the “internal stress” as the difference between
the stress undergone by the network-forming species (Si and Al)
in the bulk atomic network of gels and in isolated clusters. This
allows us to capture the stress contribution that arises from the
connectivity of the atomic network [51].

Fig. 5¢ shows the average internal hydrostatic stress per
network-forming atom (averaged over Si and Al atoms for statisti-
cal averaging purposes) with respect to the number of constraints
per atom n.. On the one hand, we note that the average internal
hydrostatic stress remains fairly constant (around 38 meV/A3) in
flexible systems (1. < 3). This non-zero residual stress is a manifes-
tation of the out-of-equilibrium nature of gels [51]. On the other
hand, we observe a substantial increase in the average internal
hydrostatic stress in stressed-rigid systems (n. > 3), which echoes
previous findings [51]. This stress arises from the fact that
stressed-rigid networks exhibit an excess of constraints as com-
pared to the number of available degrees of freedom, so that, in
this overconstrained regime, all the constraints cannot be simulta-
neously satisfied at the same time—in the same fashion as a trian-
gle with three fixed edge lengths cannot accommodate arbitrary
angle values. The fact that the internal stress is a consequence of
overconstrained nature of the atomic network is supported by
the fact that the internal hydrostatic stress scales with “n. - 3,”
which is the number of topologically-redundant constraints per
atom in the network. Due to the mismatch between competing
constraints within the atomic network, some constraints are
slightly compressed, while others are slightly elongated—which
results in the formation of some internal stress. Note that con-
straints exhibiting local tension and compression eventually com-
pensate each other, so that the network remains at zero pressure at
the macroscopic scale.

Besides hydrostatic stress, the rigidity transition also exhibits a
signature in the internal shear stress. Fig. 5d shows the average
internal von Mises shear stress per network-forming atom
(averaged over Si and Al atoms) as a function of the number of con-
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straints per atom n.. We note that network-forming atoms do not
undergo any von Mises shear stress in the flexible regime (n. < 3).
We then observe a sudden discontinuity in shear stress at the
rigidity transition, wherein stressed-rigid systems exhibit a non-
zero internal von Mises shear stress. In this overconstrained regime
(nc > 3), the internal von Mises shear stress remains fairly constant
(around 6 meV/A3). The fact that, in contrast to the hydrostatic
stress, the internal shear stress does not linearly increase with
the number of redundant constraints may be a consequence of
the fact that atomic structures that are subjected to a large shear
stress eventually exhibit some local yielding, so that the shear
stress cannot accumulate any further. The magnitude of internal
shear stress is notably smaller than that of the hydrostatic stress.

Overall, these results establish that the propensity for
C—A—S—H gels to phase separate is correlated to the onset of inter-
nal hydrostatic and shear stress in the atomic network, which, in
turn, is a consequence of the overconstrained topological nature
of such Al-rich gels. This suggests that the propensity for phase
separation is topological in nature.

4. Discussion

Next, we discuss the physical nature of the relationship
between network topology, internal stress, and phase separation.
The link between stress and phase separation can be understood
based on the following atomic picture. Flexible systems exhibit
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an excess of degrees of freedoms, so that all the radial and angular
constraints created by the chemical bonds can be fully accommo-
dated. In this regime, there is no atomic driving force for phase sep-
aration. As the connectivity of the system increases (i.e., upon
addition of Al atoms here), topological constraints eventually
exhaust available degrees of freedom and become mutually redun-
dant (e.g., if all edge lengths and angles are fixed, a triangle exhibit
3 redundant constraints). In this overcoordinated regime, excess
radial and angular constraints start to compete against each other,
which results in the formation of internal stress.

Note that, even in the overcoordinated regime, no stress would
form if all these redundant constraints were perfect compatible
with each other like in an ordered crystalline structure. However,
such mutual compatibility is not possible in homogeneous disor-
dered C—A—S—H gels since Si and Al polytopes exhibit different
sizes and local angular environments. In this regime, the internal
stress due to redundant constraints acts as an elastic energy pen-
alty, which renders unstable the atomic network. Starting from this
situation, it becomes clear that phase separation then acts as a
mechanism that enables the atomic network to release this energy
penalty. Indeed, by phase separating, the network eventually forms
distinct Al-free and Al-rich domains. Although this does not reduce
the overall number of constraints, phase separation makes it pos-
sible for the redundant constraints to become compatible with
each other—since Al polytopes now become solely connected to
similar, compatible polytopes, i.e., with consistent size and angular
environment.
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Although the facts that (i) Al-rich gels tend to phase separate
and (ii) phase separation results in the formation of a stable Al-
rich phase seem to be self-contradicting, this apparent contradic-
tion can be resolved based on the following. Our main point is that
phase separation results from the existence of some internal stress
within the network, while, in turn, phase separation allows the
network to release this stress. Indeed, before phase separation,
overconstrained Al-rich gels exhibit an excess of topological con-
straints as compared to the number of degrees of freedom—so that
all the constraints cannot be satisfied at the same time. This results
in the formation of internal stress, which, in turn, induces phase
separation. However, although the Al-rich phase forming after
phase separation is also overconstrained, it should be emphasized
that an excess of constraints does not necessarily induce phase
separation. Indeed, most crystals (e.g., quartz) are overconstrained
[58] and, yet, do not phase separate since their organized structure
makes it possible for the constraints to match each other. As
another example, a triangle comprising 6 constraints (3 edges
and 3 angles) can be topologically stable—provided that the value
of the angles is compatible with that of the edges. In other words,
an excess of constraints will only result in internal stress if these
constraints cannot be mutually compatible. Here, the abundance
of Al atoms in the Al-rich phase forming after phase separation also
makes it possible for the constraints created by these atoms to be
mutually compatible—since Al atoms are connected to other Al
atoms, which exhibit the same local environment. In fact, this com-
patibility between constraints becomes apparent when observing
the structure of the Al-rich phase (see Fig. 3b and Fig. S2), which
exhibits a large degree of angular ordering and a fairly periodic
structure. This level of ordering explains how this newly-formed
Al-rich phase can be simultaneously overconstrained and topolog-
ically stable.

To establish the idea of phase separation being a mechanism
aiming to release the elastic energy associated with the internal
in stressed-rigid systems, we track the evolution of the enthalpy
of the C—A—S—H gels during accelerated aging. Specifically,
Fig. 6 shows the difference in enthalpy before and after phase sep-
aration as a function of the number of constraints per atom n.. This
analysis is made possible by the fact that the initial polymerization
(i.e., increase in connectivity) of the gels is fairly fast (see Fig. 2a),
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Fig. 6. Enthalpy difference before and after phase separation in C—A—S—H as a
function of the number of constraints per atom n.. The solid line is to guide the eye.
The green area indicates the isostatic compositional domain that is at the vicinity of
the rigidity transition (n. ~ 3), while the gray area denotes the range of stressed-
rigid compositions (n. > 3) wherein phase separation is observed. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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while phase separation is a slower phenomenon. This allows us to
compute the effect of phase separation on enthalpy at fixed con-
nectivity (i.e., fixed n.). As shown in Fig. 6, we find that flexible sys-
tems (n. < 3) do not exhibit any notable variation in enthalpy, in
agreement with the fact that such gels do not phase separate. In
contrast, we observe that stressed-rigid systems (n. > 3) present
a notable decrease in enthalpy. This indicates that, in this regime,
phase separation allows the gels to reach a lower energy state, that
is, to become more stable. Importantly, we find that the decrease in
enthalpy exhibits a fair scaling with “n. - 3”, i.e., the number of
redundant constraints per atom in the network. This confirms that
phase separation acts as an energy dissipation mechanism that
allows the network to release the elastic energy penalty associated
with the onset of internal stress in stressed-rigid networks.

5. Conclusions

Altogether, this study explores the origin and mechanism of
nanoscale phase separation in hydrated colloidal gels. Our molec-
ular dynamics simulations offer a realistic description of the
time-dependent gelation of C—A—S—H gels with various composi-
tions. By comparing simulated data with the predictions from a
random model, we find the existence of a homogeneous-to-
phase-separated transition—wherein Si-rich C—A—S—H gels (Al/
Ca < 0.12) are homogeneous, whereas Al-rich C—A—S—H gels (Al/
Ca > 0.12) tend to phase-separate. The existence (or absence) of
phase separation is encoded in the propensity (or not) for the gel
to avoid Al—O—Al bonds—as dictated by the “Loewenstein alu-
minum avoidance principle” [29,30]. As a major outcome of this
study, we demonstrate that this transition is correlated to a topo-
logical flexible-to-rigid transition within the atomic network—
wherein topologically-underconstrained (flexible) gels tend to
remain homogeneous, whereas topologically-overconstrained
(stressed-rigid) gels tend to phase separate. Finally, by adopting
the concept of “stress per atom,” we reveal that the propensity
for overconstrained gels to phase-separate arises from the exis-
tence of some internal stress with-in their atomic network, which
acts as an energy penalty that drives phase separation.

Overall, these results suggest that phase separation is a direct
consequence of network topology and is essentially a mechanism
for stressed-rigid disordered networks to release the internal stress
that results from mutually dependent topological constraints. It
should be noted that, even when it is thermodynamically favor-
able, phase separation cannot proceed if its kinetics is too slow,
that is, if it is associated with large energy barriers. In that regard,
the elastic energy penalty resulting from redundant constraints in
stressed-rigid networks can effectively reduce this energy barrier
by destabilizing the atomic network. Altogether, these results
reveal an unexpected relationship between atomic topology, ther-
modynamics, and propensity for phase separation.

This linkage between network topology and phase separation
that is presented herein is supported by the fact that stressed-
rigid sodium silicate glasses (with <20% molar fraction of Na,0)
[59] also tend to phase separate [60,61]. This idea also echoes
the fact that stressed-rigid glass-forming melts typically exhibit a
high propensity for crystallization and, thereby, tend to present
low glass-forming ability [55]. Indeed, besides phase separation,
crystallization (when kinetically allowed) can also be another
mechanism enabling the atomic network to release such internal
stress.

Based on our findings, we envision that the topological
approach developed herein could offer a generic framework to
decipher how the propensity for disordered phases to phase sepa-
rate or crystalize is encoded in their atomic structure. Assessing
the generality of this result would require extending this analysis
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to a broader range of disordered systems. Although it is challenging
to experimentally access the time-dependent structure of phase-
separating systems, it has been suggested that the internal stress
that is at play in overconstrained networks can be tracked by
Raman scattering [62]. Such analyses would be key to validate
the mechanism that is presented herein. Finally, we envision that
the careful control of phase separation in hydrated gels could open
a new degree of freedom (besides composition and packing den-
sity) to design novel gels with unusual properties.
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