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1. Introduction

Al-driven cement functionality by manifold
structuring & disorder

2 Henry Adenusi,” David H. Setiadi, Rickey Y. Yada,®
2 Kun V. Tian*“*"¥ and

Mohammed S. Salha,
David H. Farrar,© Devis Di Tommaso,
Gregory A. Chass (1) *@<¢™0

Cementitious calcium-—silicate—hydrate (C-S—H) gel structures with differing aluminium (Al) content and
structuring were characterised by a series of ab initio molecular dynamics (AIMD) experiments. Differing
Al-binding modes and coordinations (4, 5, 6) were incorporated into dynamic simulations of various
C-S-H bulk structures (layered, non-layered, anhydrous porous, hydrated porous) to resolve Al's
configurational preference as well as any effects on Si/Al chain structure, including Lowenstein type ‘Al-
avoidance’ (preference for non-neighbouring Al atoms) and Pore sizes. Emphasis was placed on
modelling fault lines in C—-(A-)S—H structures, where local order is thought to be lost. These regions
tend to have high concentrations of micro stresses that potentially induce crack propagation and would
thus possibly benefit from Al-toughening. Principal aspects of Loewenstein’s Al avoidance are not
operative in the majority of cases, with alternating Al atoms increasing chain length and branching giving
rise to larger pores. O—Al-O and Al-O-Al bond angles were shown to be more flexible than their Si
counterparts (O-Si—O, Si—O-Si), the former Al-units effectively acting as atomic hinge points. Al-
coordination was shown to shift dynamically throughout each simulation, generally occupying
tetrahedral Al-IV geometry with some preference for penta-coordinated Al-V at Q, and Qs sites.
Loewenstein’s principle of opposite coordination modes for adjacent Al are observed; specifically, Al
neighbours will seldom hold the same coordination geometry. Through this approach we have
demonstrated structuring of C—(A-)S—H containing stable hydrated pores, in agreement with experi-
mental trends arising from empirical NMR and small angle neutron scattering (SANS) measurements in
established works.

sustainable cement blends. Ancient Roman cements are much
tougher, having stood the test of time for more than 2000 years

Production of modern cement is currently responsible for ~5-
8% of global CO, emissions and rising, in addition to it
suffering from low durability and longevity as well as issues
with creep, shrinkage and chemical instability."* These short-
comings must be addressed to evolve production of more
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with no steel reinforcement (rebar). While this is in part
attributed to the exceptional architecture and compaction
methods used at the time, toughness also arises from content
of pozzolana in the cement blends and phase compositions
resulting from heating—cooling and composition, as in other
materials.>® This pozzolana is a natural alumino-siliceous
material with raised aluminium (Al) content that is ‘““a siliceous
or siliceous and aluminous material which, in itself, possesses
little or no cementitious value but will, in finely-divided form
and in the presence of moisture, react chemically with calcium
hydroxide at ordinary temperatures to form compounds pos-
sessing cementitious properties”.”’

Functional shortcomings of Portland cement originate at the
atomistic level, within the calcium-silicon-hydrate (C-S-H), the
main binding phase that essentially cements all constituent
component particles together and thus yields the bulk cement’s
mechanical properties. Al-containing cements, including Roman
cements, have Al-enriched C-S-H phases, or C-A-S-H, the latter
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being inherently more amorphous and known to help reinforce
underwater concrete.' C-A-S-H forms ‘platy-intergrowths’ of
mesoscale sizing, that act to obstruct crack propagation along
otherwise stark interfacial zones.*” Even C-S-H defined phases
have ~2.5 wt% Al, with fractions up to Al/Si ~ 0.1 (10% Al),
substituting for Si mainly at the bridging (Q,) position."* Force-
field models of C-A-S-H have shown that minimal Al uptake
increases and maintains mean chain length even as tensile
loading is applied.'® The correlation between Al-content and
tensile strength justifies the lack of rebar in ancient roman
cements, which the latter would otherwise serve to relieve tensile
loading. Recent work has also revealed the mechanism by which
Al eases silicate chain oligomerisation, employing a molecular
cluster approach.'®** Maximising toughening via Al-substitution
(e.g. of Si) requires knowledge of the best configuration (position
and Al-Al ordering) and conformation (local Al structuring,
coordination and ‘behaviour’ with respect to pores and neigh-
bouring atoms) which has prompted further studies on C-S-H
gels with raised aluminium contents.’>"” Loewenstein’s law of
Al avoidance must also be considered, which states that there is
a thermodynamic preference for Al-O-Si-O-Al (Al avoidance)
versus Al-O-Al-O-Si (Al-proximity)."® To date, this rule is widely
accepted in most aluminosilicates with particular exceptions in
calcium-alumino-silicates.'® A study by Pegado et al. employed
CP2K’s QUICKSTEP simulation module to very accurately depict
a C-S-H model based on the mineral tobermorite and perform
static energy calculations with mono and disubstituted Al
atoms®® Although Tobermorite at-best represents an idealised
and moderately representative scaffolding of C—-(A-)S-H’s true
structure (which includes quite a bit of amorphous and dis-
ordered structuring), they revealed Al-avoidance was in fact
favourable, yet the change of relative energy (AE) plateaued at
large Al-Al distances. In conclusion, the authors stressed the
need for added complexity in the models, particularly Al-
coordinations > 4 (Al-5, Al-6) as well as the modelling of
interlayer and edge regions.

Given Al’s integral role in chain formation, this current work
employed dynamic simulations to determine how Al-avoidance
contributes to the final structuring of the Si/Al chain network as
well as seeing if the energy penalty of Al-avoidance emerges as a
distinct limiting factor on C—-(A-)S-H structures.

1.1. Order-disorder

While it is known that C-S-H is a semi-crystalline phase, its
exact atomistic structure remains unresolved. As C-S-H is the
combination of several hydrated phases and not their respec-
tive powder precursors, there is little homogeneity, rendering
typical diffraction techniques less effective in resolving long
range structure. Nevertheless, X-ray diffraction and microscopy
have been used to draw a comparison between C-S-H and the
crystalline mineral Tobermorite. This mineral forms the basis
of the Feldman and Sereda model for C-S-H, which in turn has
been adapted and evolved using modern spectroscopic and
computational techniques.” This model originally evolved
from the Powers model (based on cellulose) that describes C-
S-H as layers of SiO, tetrahedra trapping tubes of interlayer and
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intralayer water and Ca.>* C-A-S-H have shown maximum Al-
uptake at low Ca/Si ratios (Ca/Si ~ 1.0), while SANS experi-
ments by Allen et al. have been very clear in resolving that the
same ratio for C-S-H is 1.7 and the density of C-S-H is
approximated by the same study to ~2.6 g cm™>.”> SANS and
SAXS have little to no resolution down the ¢/z axis of hydrated
cement due to both the sheer thickness and the likelihood of
any layering being badly aligned down this axis.

The standard application of these techniques are also not
able to resolve sub-nanometre structure and so the data from
this study is combined with the evolved Feldman-Sereda model
to give the “‘globule” model for C-S-H. Here, C-S-H can almost
be thought of as crystalline cement powder particles dissolved in
solution. Each (less than spherical) globule houses the afore-
mentioned Ca + Si layers, separated by interlayer water which is
said to enter irreversibly during adsorption. The water fills and
expands the space between layers uniformly, while maintaining
a stark boundary between Ca/Si layers and water itself, resulting
in the “tubes” of water described above. The globules then
flocculate, trapping exo-globular water in nanopores (Fig. 1).

The density can be used as an indicator of order-disorder
transitions in cement, with less ordered layers packing ineffi-
ciently leading to a less dense C-S-H globule and vice versa.
Characterisation with "H-NMR on white (non-ferrous) cement
pastes revealed a density of ~1.9 g ecm ™ for C-A-S-H gels.”*
This aligns with a multitechnique analysis of Al-uptake in C-A-
S-H gels by Kapeluszna et al. which found that increasing Al-
content widens the basal spacing and decreased crystallinity.""

Pellenq et al. have evolved their models by factoring in
defects to account for C-S-H’s glassy character, stating that
when averaged across all atoms, ‘... C-S-H is closer to a glass
than a perfect crystal.”*® However, their study did highlight
some configurational ordering of silicate chains along with a
“non-random arrangement of Ca atoms”. Neutron scattering
structure factors, and by extension partial structure factors,
were used to compare glass, C-S-H and crystal phases and
revealed that the distribution of water and hydroxyl groups was
amorphous. The implication here is that hydrated species lead

Si = Layer
Interlayer/Gel H,O

1 Heterogeneity

| Packing
1 Globule Volume
| Globule Density

Well Packed Layers
| Globule Volume
1 Globule Density

* Interlayer/Basal Spacing

1 Globule Volume

| Globule Density
Fig. 1 Possible morphologies of C—S—H globules with layered, expanded
layered and non-layered structuring, reflected as a function of density. The
layers comprise combined Ca and Si phases (green) while a disordered
approach involves a spread of Si chains (blue) with Ca ions (yellow)
interspersed between the chains. Bound water (blue pattern) is trapped
in the interlayer space (order/left), else in rounded or oblong gel pore
(disorder/right).
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to a much more disordered system. In any case this study
utilised a broad approach with various topologies and morphol-
ogies (order vs. disorder) as starting points for dynamic simula-
tions of the C-(A-)S-H phase.

1.2. Chains and pores

A common property of all C-S-H models are silicate chains of
SiO, tetrahedra that increase in length with age and temperature.
These chains act as the foundation, with other constituent phases
consolidating between and around them. The length of the Si
chains follows a 3n — 1 rule (n = 1, 2, 3...) with a dreierkketten
arrangement where the chain more-or-less repeats every three
units. NMR data produced by Bauchy et al confirmed that Q,
ratio of Si units in C-S-H averages to: Qp ~ 10%, Q; =~ 23.3%,
Q2 & 66.7%, Qs_4 < 0.1%.%° The exact spatial distribution of these
chains with respect to each other is unknown and requires
extensive computational modelling coupled with experimental
data to resolve.

Pores are another structural property to be incorporated into
a model evolving towards an ever more realistic C-(A-)S-H
structure, and present a challenge in terms of computational
modelling and accounting for the interplay between cementi-
tious (alumino-)silicate (cement) chains and H,O, within the C-
(A-)S-H matrix. Non-saturated hydrated cement pastes have
been shown to reach total porosities of 36.6% and over time these
pores generally shrink as hydration proceeds.”” Kim et al. explored
the influence of hydration degree by synthesising OPC pastes
with water to cement ratios (w/c) ranging from 0.45 to 0.6 using
cement that had already been cured for 91 days (achieved full
hydration).”® Using mercury intrusion porosimetry (MIP) they
found that adding further water to the cement in fact increased
both porosity and compressive strength.>®> While pores are nor-
mally associated with weakness in cement due to their active
‘allowance’ and promotion of chemical attack, corrosion, leaching
and expansion, the role of pore networks are nuanced and
yet unresolved at the local order. Pores are classified into two
types: capillary pores >10 nm in diameter and Gel pores
~0.5-10 nm.>**' Water is also classified separately with 1.3-1.5
H,0/Si making up bound water which refers to water that is
chemically bound through electrostatic interactions.** Non-bound
is merely physically trapped or adsorbed, often inside gel pores, with
the exact amount left unclear. Gartner et al. attribute the presence of
non-bound water to it being a by-product of Si oligomerisation.*?

Given that Bauchy et al. have already established a good
degree of disorder inside cement, we actioned the modelling of
C-S-H that fits the experimental data outlined above and
allows us to investigate chain and pore length/volume and
distribution with and without Al in ordered and disordered
starting configurations.

2. Methods

2.1. Model construction

A multivariate analysis on various C-S-H models was con-
ducted through a reductionist, ‘ground-up’ approach using

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the packmol programme package® to fill a unit cell/box for
periodic boundary condition (PBC) calculations. Geometry optimi-
sations using CP2K’s QUICKSTEP with the BIYP method and triple-
zeta TZVP-MOLOPT-SR-GT basis set, on all the starting configura-
tions were performed to avoid any spurious effects; including
chemically illogical structuring such as incomplete bonds, for
example with ‘dangling’ or ‘hanging’ O-atoms which can occur in
hydroxyl group containing systems (erroneous terminating with an
-0 group), else a final structure containing improbable multiplicity
(e.g- 2 or unexpectedly higher) due to unpaired electrons.

Initial box dimensions were set to a = 26, b = 26, ¢ = 26 A for
the disordered simulations and a = 35, b = 35, ¢ = 35 A for the
ordered simulations. These orthogonal supercells allowed the
volume of each cluster to vary freely as we tested the density
limits of each cluster by subjecting them to 1000 bar over
125 ps in 0.25 fs increments via the NPT ensemble. At the
end of the NPT simulations, the box dimensions had nearly
halved in all directions culminating in cluster densities of
~2.6 g cm . A series of 10 ps NVT runs (target T = 300 K,
P =1 atm) were completed for each model, to relax structures
and remove spurious effects post-NPT, followed by a 25 ps NVE
production run, in 1fs increments.

Fig. 2 outlines the variables that each model accounts for.
This set of 246 atom models covered composition, configuration
and conformation. At the composition level, the following three
stoichiometries were explored: 0% Al (Si only), 8.3% Al - which
represents the accurate Al/Si ratio of ~1/12 and 25% Al - an
extreme used to test an upper limit of Al's action in C-(A-)S-H.
The percentages used here correspond to the proportion of
tetrahedral units (24 possible) that are occupied by Al (see
formulae, Fig. 2). From these three ratios, there are at least four
possible conformations. The first is the ordered mode (Fig. 2, left)
- whereby the layered-type structure seen in the literature are
replicated and pores are modelled using interlayer water.

This classical interpretation is contrasted against three
disordered modes (disordered, disordered pore, disordered
hydrated pore). The silicate chains in each model are built
upon the same Q,-ratio emerging from the NMR data (Q, ~
10%, Q1 ~ 23.3%, Q, X 66.7%).”®> Each cluster has 2 silicate
monomers, 6 dimers and 2 pentamers, which Al are substituted
into. The two modes of Al-substitution can be categorised in
terms of Al avoidance: spatial and chain avoidance. These
modes are highlighted in the third section of Fig. 2.

Models with 8.3% Al contain only two Al atoms, here Al-
avoidance is defined in terms of real space in C-S-H, instead of
being constrained to aluminosilicate chains. Clusters with spatial Al-
avoidance have Al substituted into the central Q, position in both
pentamer chains, while Al proximity sees these atoms adjacent to
each other in the same chain. By contrast, 25% Al models investigate
Al-avoidance in the manner originally implied by Loewenstein, in
that AI-O-Si~O-Al is normally favoured over Al-O-Al-O-Si.*>?®
Models with Al avoidance are henceforth indexed with L, (Loewen-
stenian) while models with Al in proximity to itself are left unla-
belled. Another aspect to Al avoidance is that when two substituted
Al atoms share an oxygen bridge, one must adopt a higher coordina-
tion number in accordance with the Pauling radius ratio rule."®

Mater. Adv., 2026, 7,1405-1416 | 1407
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1) Composition

0% Al 8.3% Al
34Si18082H68'34(H20) 34Si18A|2082H7o'34(H20)
2) Order/Disorder

Order

Disorder

3) Configuration

Al Avoidance No Al Avoidance

Disorder Pore
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25% Al
34Si13A|5032H74'34(Hzo)

Disorder Hydrated Pore

&
N4

Al Avoidance No Al Avoidance

8.3% Al

25% Al

Fig. 2 Model construction outlining the three general variables. (1) Composition — stoichiometry varying with increasing Alamount. (2) Order/disorder —
the topology of the model varying between the classical layered approach for C—S—H seen in literature against the “Disordered” model which represents
a more homogenous blend of phases. Pore vs. hydrated pore (3) Al avoidance, resolving the influence of (non-)neighbouring Al atoms.

The mass (m) of each cluster is ~6.58 x 10~ >" g and with C-
S-H having density (p) ~ 2.6 g cm > when Ca/Si = 1.7, produces
a target unit cell volume (V) of ~2.531 x 107! em™> or 13.6 A%,
where V = m/p. Volume may be quantified via simple multi-
plication of 3 chosen orthogonal axes else more rigorous means
of evaluation (Section S1). This resulted in a pore that demon-
strates changing structure, yet does not collapse in the NPT or
NVE run trajectories. Models of the same nature were also
constructed at quadruple the scale (984 atoms) and subjected to
a similar simulation protocol of relatively short NPT and NVE
runs. These larger models could be used to demonstrate
whether the coalescing of layers in ordered C(A-)-S-H models
was a conserved property, regardless of scale. The overall
objectives of the AIMD simulations are summarised below:

e To confirm the adherence to the Al avoidance rule in
C-(A)-S-H (configuration).

e To resolve what influence Al-ordering has on C-(A-)S-H
chains, if any (configuration).

e To inform on possible mesoscopic ordering in C-(A-)S-H
via highlighting if ordered conformations persist and compar-
ing their final topologies with their disordered counterparts.
(conformation).

e To investigate factors controlling mean chain length.

e To investigate the stability and shape of empty and
hydrated pores over time (conformation).

1408 | Mater. Adv,, 2026, 7,1405-1416

e To produce a model for C-(A-)S-H that aligns with the
SANS-resolved density and NMR-determined ratio of Al/Si
chains.

2.2. Computational details

Towards investigating the time-dependent stabilities and pro-
pensity for dynamical interconversions of Al coordination (4 <
5,5 <> 6,4 < 6) at standard temperature and pressure (STP),
selected geometry-optimised nanoclusters were subsequently
investigated with ab initio molecular dynamics (AIMD) simula-
tions, employing the CP2K code. O-Si-O, O-Al-O, Si-O-Si and
Al-O-Al bond-angles were also characterised towards resolving
angular populations and flexibility. CP2K uses a hybrid Gaussian
plane-wave approach to implement the DFT method.*”?®
Relevant exchange-correlation was accounted for using the
Becke-LeeYang-Par (BLYP), functional for its success in accu-
rately predicting dynamic and electronic properties in alumino-
silicate glasses;>® whilst also presenting a good methodological
match with the preliminary electronic structure determinations.
Geodecker-Teter-Hutter pseudopotentials were used to mitigate
expensive determinations of core configurations and all atomic
species were represented using the double-zeta valence polarised
MOLOPT basis sets.*® Plane-wave kinetic energy cutoff was set to
250 Ry. Microcanonical (NVE) ensemble (involving constant
number of particles N, volume V and energy E) were used to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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run the AIMD simulations over 100 ps trajectories, within which
most of the local order phenomena occur as the gel anneals.
These first principles (ab initio) dynamical simulations with NVT
and NVE ensured to account for atomistic and quantum
chemical aspects, within a dynamical context, and under stan-
dard conditions (T = 300 K, P = 1 atm). These AIMD models
represent a compromise between accuracy and the limits of
reasonable computing resources (i.e. high-end workstations, else
non-specialist HPC allocations); accessible by the majority in the
wider physical, materials, engineering and life sciences.
Towards further affirming the structures as being representa-
tively stable, subsequent geometry-optimisation and frequency
analyses confirmed the pores as being stables, with the struc-
tures residing at minima on their respective PEHSs using ab
initio electronic structure computations, detailed in Section S2.

3. Results

3.1. Order disorder transitions

The transition shown in Fig. 4 represents a key finding, that under
dynamic simulations, any layers present begin to coalesce and
eventually all significant layering disappears into the fog of dis-
order. Originally this was thought to be a by-product of compres-
sion under NPT, hence to test the consistency of these layers at
constant volume, the simulation was restarted with NVE only.
Fig. 4 shows how even under NVE, models of a water layer/
hydrated pore is integrated into the bulk almost immediately

1) Retroactive approach
A) Move at

C) RUN AIMD: Pore shrinks
but maintains its shape

B) Pore optimized
s to outer rim

2) Proactive approach
A) Define Pore first using packmol B) Optimize resulting geometry  C) Run AIMD: Pore Collapses

“Pack atoms in box at
random”

Leave this space empty’

3) Hybrid approach
A) Approach 2B C) Apply approach 1A to cluster that

now has correct density

Aiming for 1.3 nm

Fig. 3 Attempts to model disordered pores in AIMD simulations by 3
differing approaches ((1) retroactive, (2) proactive, (3) hybrid). The retro-
active approach was successfully (Section 4), as was the hybrid one. The
proactive approach 2 failed.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and is no longer distinguishable from the bulk structure. This
could also have been a limitation of the size and packing of the
relatively small (246 atom) models, so the same test was
performed using a larger model set. The bottom half of Fig. 4
shows one example of various attempts at packing these layers in
accordance with their literature spacing, All attempts at layering
failed in a similar fashion. Even under limited time scales, layers
would begin to mix and result in a cluster that was indistin-
guishable from their disordered counterparts. Regardless, the
ordered models that began as such in Fig. 2 were still subject to
the full simulation protocol. Curiously, the final product of these
layered simulations resembled a suggestion for the microstruc-
ture of C-S-H globules by Chiang et al.’>* While the internal
ordering is not present the overall topology resembles the
cylindrical model that was extrapolated from their measure-
ments, with radius 1 nm. The timescale for these NPT runs
equilibrate within the first ~10th of the simulation (see Fig. S3),
while results from production runs (NVE) are observed within
the first half, and are maintained for the rest of the 25 ps. The
remaining simulation time was prescribed as a ‘buffer’ for
validation and any further changes in pore size, chain distribu-
tion etc. The structures were further confirmed as being stable,
including pore robustness from ab initio electronic structure
computations (Section S2).

3.2. Dynamic structure of pores

Generally empty pores made through the hybrid approach in
Fig. 3 would lose half their volume and collapse well into the
first third of the NVE run. Empty pores detected in experiment
are a drying product leftover from non-bound water evaporat-
ing out of the C-S-H gel, as opposed to being an intrinsic
structural feature of the gel. Otherwise, any gel pores in C-S-H,
if they are to persist for any significant amount of time, must
contain water. As shown in Fig. 4, pores manifesting as water
layers quickly collapse from the beginning of the simulation.
Water in these layers is not chemically bound to the rest of
the cluster, hence dissolution of these pores upon drying is
expected.

Instead, the simulations show how pores that persist over
longer time periods are more likely spherical collections of non-
bound water. While this water is not chemically bound and
incorporated into the Si/Ca phases, the position of the pore is
what renders escape difficult, given that the pore is embedded
in the centre of the gel. Fig. 5 shows these hydrated pores
maintaining their shape throughout the simulation. Pore size
in dynamic runs also seemed to be dependent on Al/Si chain
structure. Outside of flexing to accommodate larger pores,
these chains could also form hydrogen bonds to leech water
molecules out of the pore. By measuring the x, y and z
dimensions of the voids left behind after each simulation,
Table 1 lists the relative volume changes for each pore.

The primary factor affecting pore size is reaffirmed as water
content. Secondary to this is the role aluminium plays. Al
substitution at Q, creates a fulcrum for the rest of the Si/Al
chain to flex around. At 8.3% Al, the Al avoidance model (Ly)
has both Al atoms at the Q, position of each pentamer,

Mater. Adv,, 2026, 7,1405-1416 | 1409
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Fig. 4 Loss of short-range layering under NVE simulation (constant
volume) in 246 atom clusters (top) and 984 atom clusters (bottom). Final
structuring of these two systems is shown after 10 and 8 ps, respectively.

meaning both chains have a hinge at the midpoint. As a result,
the pore in this model only loses 4.85% of its volume, while its Al
proximity counter part loses 14.22%. These figures are attributed
to the shape of the chains and their proximity to the pore.

One of the two pentamer chains is slightly closer to the pore,
serving as the boundary between the pore and the rest of the
cluster. In both Al 8.3% cases, the pentamer that runs closest to
the pores contains Q, Al, and thus flexes around the void while
remaining fairly parallel to the pore surface (i.e. not intruding
on the pore space). By comparison, the same hydrated pore
model with 0% Al sees a loss of 37.52% of its volume, as this
pentamer breaks. This cleavage of the pentamer leaves a
smaller Si dimer which is free to move into the pore and form
hydrgoen bonds with the water there, reducing pore volume. Al
avoidance is further shown to facilitate larger pores at high Al
(25% Al models), with the contrast between Al proximity yield-
ing a 40.67% reduction versus and increase of 9.36% in volume
for Al avoidance. The slight increase in pore size here can be
attributed to the fact that the original pore volume is compara-
tively low (0.363 vs. 0.410 nm®) due to compression from the
NPT phase. Once the structure is relaxed the pore size balloons
with the help of flexible Al/Si chains slightly increasing its size
to 0.4 nm®. The second column in Table 1 corresponds to the
pore sizes at the beginning of the NVE run, whereupon the
clusters had already been compressed and achieved the correct
density. Hydrated Pores contained 4 water molecules which
resulted in larger pores that generally kept more of their
original volume. Empty pores, regardless of Al substitution or
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Disordered Hydrated Pore Lo
NVE Ops 7

Fig. 5 Simulation of water filled pores. Atoms are greyed out (right side)
to highlight the intrapore water molecules which help maintain pore size
throughout the simulation.

ordering, will lose at least half their volume. Having established
the density and presence of hydrated pores, what remains is to
confirm which of the models, if any, still conform to the Q,
ratio for C-S-H chains given by NMR (Table 2).

3.3. Al-avoidance influence on chain configuration

There is no direct trend between Al avoidance and energy,
rather the issue affecting C-S-H energy is the sum of many

Table 1 Pore volumes and relative changes in volume (nm®) and the
percentage change, as determined from inter-atomic separation of the
inside extremities of the pores. The Al-content of the models are distin-
guished as follows: 0% Al 8.3% Al 25% Al Underlined values denote
minimal volume changes. Model nomenclature and indexing follows: D
= disorder, P = pore, H = hydrated, L,, = Lowenstein

Vpore/nrn3 Y|
Model Initial Final nm® %
0% Al (Al:Si=0:12)
DP 0.292 0.119 —0.17 —59.3
DH 0.416 0.260 —0.16 —37.5
8.3% Al (Al:Si=1:11)
DP L, 0.331 0.152 —0.18 —54.2
DP 0.285 0.161 —0.12 —43.3
DH L, 0.361 0.344 —0.02 —-4.9
DH 0.285 0.244 —0.04 —14.2
25% Al (Al:Si=3:9)
DP L,, 0.244 0.125 —0.12 —48.7
DP 0.252 0.127 —0.13 —49.8
DH Ly, 0.363 0.397 +0.03 +9.4
DH 0.410 0.243 —0.17 —40.7

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of Al coordination and Q-number for differing Al-
content (0, 8.3, 25%), respectively. All models retain NMR-determined
values of Q-number ratioing of Al as follows: Q(0:1:2) =
8.3:66.67:25.0. Again, with D = disorder, P = pore, H = hydrated, L, =
Lowenstein

Model Al-coord’n Al Q# ‘count’
0% Al (Al:Si=0:12)

D N/A N/A

DP N/A N/A

8.3% Al (Al:Si=1:11)

DL,, 1(Al4) + 1(Al5) 2(Q,)

DPL, 1(Al4) + 1(Al5) 2(Q,)

DH 2(Al4) 2(Q,)

25% Al (Al:Si=3:9)

DPL, 2(Al4) + 4(Al5) 3(Qy) + 3(Q.)
DHL,, 3(Al4) + 3(Al5) 3(Qy) + 3(Q)
DH 5(Al4) + 1(Al5) 6(Q,)

individual parts. The order disorder transitions outlined above
are one such example where ordered models lose their layering
and become difficult to distinguish from the disordered
models. Anhydrous pores also collapse leaving them indistin-
guishable from the non-porous disordered models. Given that
the morphology and general structure of these models
(ordered, disordered and disordered + pore) should be very
similar, we expect their energies to be similar. Instead, the
energies vary by hundreds of k] mol™'. Even given the unrelia-
bility of energy values taken from AIMD over free energy, these
differences are too high to be in the order of coordination shifts
or even the breaking/making of a few bonds. We can instead
explain the trends in energy by looking specifically at the chains
that arise because of Al avoidance, coordination etc.

Bond lengths in all models barely deviate over time. Fig. 6
shows a radial pair distribution function comparing all bond
lengths for hydrated pore models with Al avoidance and with
no Al. The three distributions layered over each other reflect the
nature of the remaining models, in that average bond distances
for Al-O, Si-O and Ca-O pairs were consistent and independent
of Al avoidance. Ca-O pairs have been shown to float around

5 — AO0-9%
— AO0-33%
A9-33%

40

35

30

25

20

g(r

15
Bond Length (A)

10

m— 0% Al
— 9% Al
33% Al

4 6 8 10
Bond Length (A)

Fig. 6 Radial pair distribution functions for 33%, 9% and 0% Al hydrated
pore models with Al avoidance (where applicable).
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the 2-3 A range, given that their interactions are largely ionic in
nature. The Ca-O lengths are dependent on oxygen availability,
since O*~ ions are the only source relative negative charge and
are craved by every other positively charged ion (Si*", AI**, H")
among which Ca®" has the lowest charge density and thus has
the ‘loosest grip’. Radial distribution functions including Al/Si
chains normally show a shoulder around 1.8 A, where Al-O
bonds stretch to accommodate the shorter, more rigid, Si-O
bond lengths that neighbour them. The real show of flexibility
is not found in bond length but rather angular flexibility and its
influence on chain length.

Fig. 7 contains the angular distribution functions for Al-O-
Al, O-Al-0O, O-Si-O, Si-O-Si as well as Al-O-Si hinges for every
model. An easy means of interpretation is using O-Al-O and
0-Si-O as indicators of local coordination, while AlI-O-Al and
Si-O-Si are the hinges that the control the shape and flexibility
of the chain at large. We can see how the chain hinges are
dependent on local coordination by relating the rigidity of Si,
indicated by a sharp 110° peak (Fig. 7, top right), to the same
behaviour in Si-O-Si hinges (Fig. 7, top left). As we move down
to Al-O-Si hinges, the effect of Al atoms both in small and large
quantities is apparent by contrast to 0% Al. These new Al-O-Si
hinges show a more amorphous spread of angular allowance in
cases with 25% Al, where multiple Al atoms are substituted into
the same chain. This flexibility is derived from O-Al-O angles
that dictate Al coordination. Preferences for Al-4 and Al-5 are
present, with the main peaks in the range of 110° (Al-4) and 90°
(Al-5). Where Al units neighbour each other, and thus are viable
as models for C-S-H short range order. The model ‘disorder Al
hydrated pore L,,’ represents a success at modelling Al substi-
tuted C-S-H with a hydrated pore, while meeting the NMR and
SANS data requirements. Fig. 8 shows every 246 atom C-S-H
cluster that was simulated. Each cluster began the simulation
with two pentamer chains which evolve depending on Al coordi-
nation. These chains are highlighted, and their lengths given in
blue. Interestingly, the remaining Si dimers and monomers
would not oligomerise independent of Al, further verifying
trends seen Al assisted oligomerisation."* Chains with no Al
can be seen cleaving in the top row of Fig. 8. Al 0% DH shows a
hydrated pore pushing against an Si pentamer, leading to
cleavage. As far as Al-position in the structuring, Al-O-Al moi-
eties have been zeolites, yet the more relevant trait of Al-
avoidance seen here is its effect on chain growth.*" Al makes
for longer chains with higher degrees of branching, whilst
suggested as a cause for kinetic energy destabilisation Al proxi-
mity causes the chains to coil and fold in on in themselves.
Comparing 25% Al order L,, to non-L,, gives mean chain lengths
of 5.3 and 5, respectively. Al avoidance leads to longer chain
lengths due to the Al units being spread out to the ends of the
chain. These units serve as better chain mergers.'” In a chain of
length n = 5, having chain mergers atn =1, n =3 and n = 5 means
Si monomers and dimers can merge at both termini as well as
above the centre (Q; branching Al). An example of this is the
comparison between 25% Al L,, and non-L, where one penta-
mer merges with part of the other pentamer, creating a branched
heptamer (7 + 4). The non-L, (Al proximity) counterpart exhibits

Mater. Adv, 2026, 7,1405-1416 | 1411
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Fig. 7 AIMD simulation results on the time-dependent structuring and dynamical angular flexibility resolved from NVE-determined angular distribution
functions (ADFs) for O-Si—O and Al-O-Al hinges. Additional ADFs for Si-O-Si, Si—-O-Al and Al-O-Al are disseminated in Fig. S2. D = disorder, O =
order, S = no Al, P = pore, hydrated pore L = Al avoidance N = no Al avoidance. Top right shows example illustrations of DHL,,, DH, O and OL,,.

similar behaviour but instead coils in on itself due to the
flexibility of the Al hinges that are clustered at the centre of
the chain, taking on a ring like conformation. This is a direct
example of how Al ordering can potentially shift otherwise
symmetrical silicate chains, to being branching chains with
raised disorder, again echoing findings in zeolite systems.** As

1412 | Mater. Adv, 2026, 7, 1405-1416

for the implications for cement, our model aligns with the local
properties of C—(A)-S-H which is shown to have higher chain
branching (Q; Al) than tobermorite, the former being mechani-
cally tougher, the latter being stronger and more brittle. These
phases differ very little in composition, yet their configuration as
a function of chain connectivity is what leads to the difference in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mechanical properties."' The argument that the disorder,
branching and thus variance in chain order is reserved only
for Al substituted systems, is muddied when in practical C-S-H
examples. The supposed non-Al substituted C-S-H has been
shown to uptake a minimal amount of Al and can achieve an Al/
(Al + Si) ratio of 0.03. Instead, there seems to be some level of
short-range disorder in 0% Al C-S-H, which is further enhanced
on addition of Al. As with previous studies we present a
theoretical scaffold that potentially connects the nanostructure
to the mechanical behaviour.*?

4. Conclusions

The dynamic C-S-H simulations were successful in suggesting
a new model for C-S-H, with and without Al, that conforms to
the experimental data informing chain length, connectivity and
overall density. The success in modelling a hydrated gel pore of
0.4 nm®, further highlights the importance of Al in sustaining
pore volume. The Al avoidance rule is adhered to in terms of Al
coordination and leads to longer chains.

There is no direct trend between Al avoidance and energy, as
this property is buried amongst all the other variables that
contribute to the shape and length of Al/Si chains, which in
turn influence the morphology of the overall cluster. Ordered
conformations for C-S-H default to their disordered counter-
parts, as layering does not persist in an unconstrained simula-
tion (supercell). While these order disorder transitions establish
a general idea of the mesoscopic conformation, the conforma-
tion of individual Al/Si chains must be indexed to find favourable
modes. In theory, cataloguing these chains would lead to meth-
ods of controlling their shape and orientation, which would
affect the integrity of either the C-S-H or C-A-S-H structures.

The AIMD method is suitable for these systems over the
trajectories of the NVE and NPT runs, due to its accuracy of
evaluating the nature of the chemical bonding (including mak-
ing/making), in particular the dynamic bond-angle flexibility. This
allowed for the models to be characterised without relying on
forcefields (reactive or otherwise) built on crystal structures and
simplified C-S-H models, which may not have revealed the order-
disorder transitions in these nano-particle cement models. The
trends uncovered in this work provide the groundwork for build-
ing larger C-(A-)S-H clusters, into mesoscale sizes (100s of nm
and larger. As envisioned in Fig. 4, future studies could evolve such
mesoscale models with their short range order (SRO) built-up from
(semi-)amorphous Al-substituted cements, where we anticipate
similar structural and functional trends remain consistent.
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