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ARTICLE INFO ABSTRACT

Keywords: Understanding the role of aluminum incorporation in calcium-aluminosilicate-hydrate (CASH)
Interfacial tension gels is crucial for enhancing cement-based materials’ durability. The presented research employs
CASH gel

molecular dynamics simulations and quantum chemical calculations to examine how changing
the Al/Si ratio affects the interfacial tension of CASH gels with water. The results reveal that
initial aluminum addition increases interfacial tension, while further increases in the Al/Si ratio
lead to a gradual reduction, indicating an optimal aluminum content for minimizing solution
transport. Analysis of the interface microstructure and lamellar interfacial tension suggests that
increased Al/Si ratios contribute to a more homogeneous interface. Molecular interaction analysis
shows that calcium is a key factor in interfacial bonding, with aluminum enhancing calcium
adsorption and inhibiting its detachment. Quantum chemical analysis confirms that calcium
adsorption occurs via electrostatic interactions, with weaker electron localization in aluminum-
containing structures. These findings shed light on the mechanism by which aluminum in
CASH gels inhibits transportation at the molecular level, offering valuable guidance for designing
durable concrete materials.
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Quantum chemical calculation
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1. Introduction

Durability is a crucial performance characteristic for concrete structures, which significantly affects the long service-life design of
infrastructure, such as bridges, offshore platforms, tunnels, et al. [1,2]. Concrete structures are inevitably exposed to corrosive me-
diums in natural environments such as the atmosphere, rain, and, most importantly, seawater [3,4]. Harmful substances will transport
the pores of concrete along with the seawater medium and cause corrosion or deterioration, thus threatening durability. These pores
originate from the development of cement hydration product that is mainly consisted by Calcium-Silicate-Hydrate (CSH) and also
decide the transportation process [5,6]. The corrosion or deterioration of reinforcement concrete will unavoidably occur once the
transportation has occurred [7]. Therefore, controlling solution transport within the nanopores is an essential strategy for enhancing
concrete durability.

To date, numerous methods have been proposed to regulate solution transport on concrete surfaces, which are generally divided
into two primary groups: external surface modifications and internal microscopic treatments. Regarding the external surface, applying
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a hydrophobic treatment to reduce surface energy has proven to be an effective method for enhancing concrete durability by pre-
venting solution transportation [8-10]. For instance, a continuous film of varying thickness, commonly referred to as a coating, can be
applied to the concrete surface to restore its hydrophobic properties [11,12]. While this method performed well initially, the coating’s
degradation weakens the bond with the concrete, ultimately shortening the concrete’s lifespan [13]. Moreover, on a microscopic scale,
optimizing the nanoporous framework within cementitious materials enhances the concrete’s internal density, thereby increasing its
durability throughout its service life [14]. Compared with surface treatments, optimizing the internal microstructure offers a more
effective solution for controlling solution transportation. Interestingly, research has shown that concrete’s transportation properties
can also be improved without substantial changes to its internal porosity [15-17]. Qomi et al. built a CASH model utilizing nuclear
magnetic resonance (NMR) test results and confirmed that aluminum addition enhances the long-term stability of hydrated products
[18]. Hou and Li investigated the transportation of NaCl solution in CASH gel’s nanopores and found that, relative to movement
through CSH pores, the migration rate of both water and ions is more slowly in CASH gel [19]. Hou et al. further examined how
aluminate affects the transportation of water and ions within the nanoporous structure of CSH gel. They found that CASH gel is more
effective at retaining sodium and chloride ions on its surface compared to CSH gel, leading to a 50 % reduction in the mobility of
sodium ions confined within the nanopores [20]. It should be noteworthy that many commonly used supplementary cementitious
materials (SCMs), including materials like coal combustion residues and slag from ironmaking processes, are rich in aluminum [21,
22]. Replacing part of the cement with SCMs during concrete production not only reduces CO2 emissions but also enhances the
concrete’s durability [23-25]. However, the challenge is how the addition of the aluminum phase changes the transportation prop-
erties of concrete. Solving this issue will help the promotion of anti-transportation capabilities.

Solution transport in micro-/nano-pores primarily depends on permeation, which is influenced by the interfacial tension [26]. On
the scale of molecules, interfacial tension is a result of energy difference between the substrate materials and the solution phase [27]. It
is also accurately defined as the energy required to form an interface per unit area [27]. The presence of interfacial tension between the
solution and the CSH gel leads to the development of negative capillary pressure inside the gel. This negative capillary pressure drives
external solution into the gel’s nanopores via the capillary permeation effect [28]. The resulting pressure gradient drives the migration
of water and ions from the external environment into CSH gel, explaining the mechanism behind the permeation process. Therefore,
the key to controlling solution transportation lies in investigating the influence of interfacial tension at the nanoscale.

Analyzing nanoscale interfacial tension can be effectively achieved through molecular dynamics (MD) simulations. MD simulations
can not only illustrate the microscopic changes observed in macroscopic experiments, but also reveal the underlying mechanisms at the
nanometer scale. Hou et al. modelled the wettability changes induced by the concentration of NaCl droplets on the CSH surface using
the MD method, predicting the contact angle by calculating the interfacial tension between each droplet and the CSH gel [29]. Yang
simulated the interfacial tension between CSH and three other materials, and assessed the bonding performance at the interface using
stress—strain analysis [30]. Additionally, several studies have focused on using MD simulations to calculate interfacial tension in order
to explore the strength of interfacial bonding between different materials [31-33]. However, it should be noted that these studies have
primarily explored specific values of interfacial tension through MD simulations, with few investigating the hierarchical variations of
interfacial tension. Furthermore, variations in interfacial tension strength between water and CASH gel remain unexplored in existing
research. Therefore, this study investigates the interfacial tension between CASH gel and water at various aluminum to silicon ratios
using MD simulation method. The findings demonstrate that the aluminum phase will increase the interfacial tension in the pores and
thus prevent the transportation process of solution. The introduction of aluminum results in an increase in the CASH gel-water
interfacial tension, then with the interfacial tension gradually decreasing as the ratio of aluminum to silicon increases, which im-
plies the existence of optimal Al content. Calculations of lamellar interfacial tension indicate that a higher Al/Si ratio leads to a more
homogeneous interfacial structure. Electronic structure analysis reveals that the adsorption of calcium ions at the interface occurs
through electrostatic interactions, and the addition of aluminum weakens the localisation of electrons. This study reveals how
aluminum incorporation influences the interfacial tension of CASH gel and provides essential guidance for designing concrete with
improved resistance to ion transportation.

2. Methodologies
2.1. C-S-H and C-A-S-H modelling

Structure of tobermorite 11 A model serves as a crystalline template for constructing the molecular structure of CSH and CASH
[34]. CSH gels are x-ray amorphous materials that do not have crystal-like long-range ordering, but short-range ordering can be found
on the atomic scale [35]. Previous experiments by NMR, synchrotron X-ray diffraction, and others have identified tobermorite is quite
similar to CSH gel [36-38]. Moreover, recent research have indicated that among various tobermorite phases, the 11 A variant most
closely resembles the atomic configuration of CSH gel [39,40]. Thus, the selection of 11 A tobermorite as the basis of the model is
generally accepted.

2.2. Force field of simulation

In this study, we used the reactive force field (ReaxFF) to perform molecular dynamics simulations. ReaxFF is capable of modeling
and describing chemical reaction processes, including bond formation and breaking between atoms and electron transfer [41,42].
Meanwhile, it realizes the accurate description of chemical reactions by combining empirical parameters and quantum chemical data
and is widely used in fields such as gelling materials [43-46]. Taken together the use of Reaxff provides a better description of the
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change in CASH gel-water interfacial tension.
2.3. Modelling construction

To explore the effects of the Al phase on the interfacial tension, we first constructed a reasonable CSH/CASH model. The realistic
molecular model of CSH/CASH is according to the research of Pellenq et al. [47], in which the calcium to silicon ratio of 1.7 is
established through previous measurements [36]. The 11 A anhydrous tobermorite cell was first supercellularized and expanded to
dimensions of 22.32 A x 22.17 A x 22.77 A. Subsequently, the bridging SiO, groups in the silica-oxygen tetrahedra were randomly
removed based on NMR results [48,49]. This modification resulted in a defective CSH model with ratio of calcium to silicon is 1.65,
exhibiting a distribution of Q° = 10.3 %, Q' = 69 %, and Q* = 20.7 %, as shown in Fig. 1a. To construct a saturated CSH model, the
defective structure was subjected to Grand Canonical Monte Carlo (GCMC) simulation. The simulation employed the NVT ensemble
and achieved equilibrium after 26 ps with a timestep of 1 fs. The CSH’s interlayer area was visibly adsorbed with water molecules after
equilibration, as illustrated in Fig. 1b. This saturated CSH model provides a basic platform for more detailed investigations into CASH
gel’s molecular structure.

The CASH model incorporating different aluminum to silicon ratios was established using the previously proposed defective CSH
model. Prior to this, it’s necessary to identify the preferred binding site for aluminum incorporation within the CSH structure. Previous
Si-NMR and Al-NMR studies have demonstrated that tetra-coordinated aluminum, Al (IV), preferentially occupies the bridging sites in
the silicate chains of CSH gel [50-53]. Upon aluminum incorporation, the original silicate dimer structure merged into a pentamer,
with the resulting charge imbalance compensated by the oxygen atoms’ protonation at aluminum-oxygen tetrahedra’s bridging sites.
As illustrated in Fig. 2a, CASH models were constructed with ratio of aluminum to silicon is 0.1, 0.2, 0.3, and 0.4. The choice of an
aluminum-silicon ratio with a wide range of variation enables a better study of whether there is an optimal aluminum content to
modulate interfacial tension. This is critical for minimizing solution transport. Then the resulting CASH model was further super-
cellularized, and 2000 water molecules were added to its surface. Besides, in order to exclude the influence of different surface mo-
lecular structures on the interfacial properties, we carried out a unified design of the surface molecular structure at the CASH interface
under each system. The final model dimensions were 44.64 A x 44.34 A x 105 A, as shown in Fig. 2b.

2.4. Simulation details

This study utilized the LAMMPS software to perform MD simulations [54]. The NVE ensemble was used to simulate systems with
varying Al/Si ratios, enabling full interactions at the CASH gel-water interface. In the NVE ensemble, the number of particles (N),
volume (V) and total energy (E) are kept constant. This method is widely used in MD simulations. Simulations employed a Berendsen
thermostat set at 298 K, with a timestep of 0.25 fs. Each simulation was run for a total duration of 1 ns to achieve equilibrium. The
simulation utilized a reactive force field during the entire process and the three stress components — Pxx, Pyy, and Pzz — were
recorded along the Z direction to facilitate subsequent calculations of interfacial tension. As illustrated in Fig. 2b, the equilibrium state
reveals the position of the interface after the CASH gel-water react.
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Fig. 2. The schematic diagram of (a) CASH modelling with different Al/Si ratios. (b) modelling was conducted to simulate the interfacial tension
and the location of the interface between CASH and water.

2.5. Calculation of interfacial tension

The interfacial tension ¢ can be determined using the subsequent equation:

6:/{P,—%(Pa+Pﬁ)}dz ™

Here, ¢ denotes the interfacial tension, typically expressed in mN/m. P,, P, and P, denote the sum of the stresses in the X, Y, and Z
axes, correspondingly, for all atoms within the calculated interfacial layer. Based on this equation, the model was laminated into thin
layers along the Z direction from bottom to top. The interfacial tension for each layer in the simulated system was determined by
calculating the sum of the stresses exerted by all atoms in the X, Y, and Z directions. Using this approach, it enables further investi-
gation of the interfacial tension variations across layers in systems with different Al/Si ratios.

2.6. Quantum chemical calculation

In this study, a quantum chemical computational approach was employed to further analyze the MD simulation results. Upon
completion of the MD simulation, the system’s equilibrium configuration was obtained, and the corresponding atomic trajectories
were extracted. To further analyzed the type of the interfacial interactions and the change in the strength after addition of the
aluminum phase, we choose representative surface molecular structures: silicon-oxygen and aluminum-oxygen tetrahedral monomers.
The key molecular structures were subjected to single-point (SP) calculations using the CP2K software package [55] to determine the
modeled electronic structure.

The SP calculations utilized the PBE functional [56] with the TZVP-MOLOPT-GTH all-electron basis set [57], while Grimme’s
DFT-D3 (BJ) method [58] was applied to account for dispersion interactions. To enhance the accuracy in describing interfacial in-
teractions, wave function files generated from the SP calculations were analyzed using the Multiwfn software [59]. The reduced
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Fig. 3. Histogram of CSH/CASH-water interfacial tension in five types of systems.
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density gradient (RDG) and electron localization function (ELF) were calculated to characterize the electronic structure. Additionally,
the adsorption energy [60] for different electronic structure systems was calculated using the following equation:

E= E(ion+xub) - Eion - Esub (2)

Where Ej,, represents the energy of the adsorbed ion and E, represents the energy of the substrate, usually expressed in units of eV.
Energy calculations were performed on the basis of the optimized molecular structure to avoid errors caused by structural changes
during the calculation of adsorption energy.

3. Results and discussion
3.1. Variation of interfacial tension

Fig. 3 presents the calculated interfacial tension values at CASH gel-water reaction interface for five simulated systems. According
to the results in Fig. 4, water molecules can penetrate into the interior of the CASH gel to a depth of about 5 A and show an increasing
trend in density at the interface. Therefore, we choose the range of 3 A above and below the interface as the interfacial region for
calculating the interfacial tension. The data indicate that the interfacial tension peaks at a ratio of aluminum to silicon is 0.1,
considerably greater than that observed in the other systems. Notably, the initial introduction of aluminum to the CSH structure leads
to an increase in interfacial tension. At a ratio of aluminum to silicon is 0.2, however, the interfacial tension decreases dramatically as
the Al content gradually rises. As the Al content increases further, the interfacial tension continues to decline. The underlying
mechanisms driving this trend require further investigation. To elucidate the observed variation in interfacial tension, we examined
two key aspects: the interfacial microstructure and the interfacial interactions.

3.2. Interface microstructure analysis

To investigate the influence of interfacial structure on interfacial tension, we first examined the distribution of 2000 water mol-
ecules at the interface. Fig. 4 presents the density distribution of water molecules along the direction perpendicular to the substrate
surface. The zero coordinate on the horizontal axis denotes the position of CASH gel-water interaction interface. The findings indicate
that water penetrate approximately 5 A within the CASH gel. There is a rising tendency in the density of water molecules at interface.
However, the differences in water distribution across the various systems are not distinctly evident. Consequently, further investi-
gation of the two-dimensional (2D) density distribution of water molecules is required to gain deeper insights.

Fig. 5 presents the 2D density distribution of 2000 water molecules in the XOZ plane. In these visualizations, darker regions indicate
higher density and a greater concentration of water molecules. Fig. 5b shows that after aluminum is added to the CSH structure, the
quantity of interfacial water molecules is decreasing when compared to Fig. 5a. However, with increasing aluminum content, Fig. S5c—e
clearly shows a more concentrated distribution and a progressive rise in the quantity of interfacial water molecules. This trend
demonstrates that interfacial tension is related to the distribution of water molecule density. The original CSH gel has more water
molecules at interface, but after adding aluminum, the interfacial tension increases, making the interface more hydrophobic and
reducing the amount of water molecules. As the aluminum content continues to increase, the interfacial tension decreases, resulting in
weaker hydrophobicity and a denser distribution of interfacial water molecules.

To further investigate the role of water in interfacial chemical reactions, we analyzed the water molecules’ dipole orientations, as
illustrated in Fig. 6. Longer line segments in the figure represent a more concentrated dipole distribution in that direction, indicating a
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Fig. 5. 2D density profiles of 2000 water molecules of (a) Al/Si= 0, (b) Al/Si= 0.1, (c) Al/Si= 0.2, (d) Al/Si= 0.3, (e) Al/Si= 0.4 systems.

higher degree of water adsorption. Fig. 6a shows that when aluminum is added to CSH, the dipole distribution becomes relatively more
uniform, suggesting that most water molecules are in a free state and that aluminum incorporation restricts water molecule adsorption
at the interface. The quantity of water adsorbed in the 270° direction grows steadily from a ratio of aluminum to silicon is 0.2 onwards,
as seen in Fig. 6b-d. This observation indicates that more water molecules are actively involved in the reaction at the interface when
aluminum to silicon ratio is higher.

To investigate changes in the interfacial structure, the systems with different Al/Si ratios were laminated into several thin layers in
a direction perpendicular to the substrate. We obtained a graphic illustrating the variation of interfacial tension for lamellar systems
with different Al/Si ratios by calculating it for each thin layer. The spatial fluctuations of the lamellar interfacial tension curves are
directly related to local density inhomogeneities. Moreover, the changes in the interfacial properties induced by different amounts of
aluminum doping can also be captured by the lamellar interfacial tension curves. This method has been widely validated for char-
acterizing the structural properties of interfaces [61-63]. Fig. 7b shows that the interfacial tension curves for the lamellar systems
exhibit minimal change compared to those in Fig. 7a. This indicates that the interfacial structure remains relatively unchanged at a
ratio of aluminum to silicon is 0.1, which is consistent with the small increase in interfacial tension observed upon the initial addition
of aluminum to the CSH structure. However, when the aluminum to silicon ratio reaches 0.2, as shown in Fig. 7c, the curve shows
distinct fluctuations, indicating a significant change in the interfacial structure. This, in turn, results in a marked change in interfacial
tension. An intriguing observation is that as aluminum content continues to increase, the curve becomes more distinct, as seen in
Fig. 7d—e. This suggests that a higher aluminum to silicon ratio result in a more homogeneous interfacial structure and a corresponding
decrease in interfacial tension.

3.3. Molecular interaction analysis

Interactions between atoms and molecules at the interface also influence the interfacial tension. Particles’ probability distributions
at different distances from a reference particle can be measured using the Radial Distribution Function (RDF), thereby indicating the
strength of bonds between specific atoms. As depicted in Fig. 8a, the RDF between Ca and aluminum-oxygen tetrahedra in systems with
varying Al/Si ratios exhibits peaks at 3.1 A. The RDF peak is significantly higher in systems with aluminum to silicon ratio is 0.1
compared to the others, suggesting stronger interactions between Ca and aluminum-oxygen tetrahedra. In contrast, as the aluminum
content increases, the RDF peak decreases, indicating weaker interactions. Based on these results, it suggests that the interfacial
interaction is enhanced when aluminum is initially added to CSH, preventing calcium from detaching easily from the CASH surface.
However, as the aluminum content increases, the interaction between Ca and aluminum-oxygen tetrahedra weakens, making it more
likely for calcium to detach from the surface. Similar trends are observed in Fig. 8b, where the peak for the Ca-O(water) bond increases
with higher aluminum content, indicating stronger bonding. This suggests that as aluminum content increases, calcium is more likely
to enter the water and participate in reactions. In Fig. 9a and Fig. 9b, the peaks for Si-O(water) and Al-Owater) are largest when the Al/Si
ratio is 0.1. The peaks decrease significantly at an Al/Si ratio of 0.2 but gradually rise thereafter. This indicates a weakening of the
interfacial interactions at a ratio of aluminum to silicon is 0.2, accompanied by a decrease in the strength of Si-O(water) and Al-Owater)
bonds. As the aluminum content increases, the bond strength gradually improves. Overall, calcium is the main determinant of the
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Fig. 6. The dipole direction distribution of H,O with (a) Al/Si= 0.1, (b) Al/Si= 0.2, (c) Al/Si= 0.3, (d) Al/Si= 0.4 systems.

CASH-water interface interaction.

The time correlation function (TCF) is used to characterize the stability of chemical bonds. As shown in Fig. 10a, the stability of the
Ca-O(water) bond gradually decreases with increasing aluminum content. This suggests that as more calcium enters the water and
participates in reactions, the Ca-O(yater) bond becomes less stable and more prone to breaking. For the Si-Oyater) bond, the trend in
stability mirrors that observed in the RDF, as depicted in Fig. 10b. When aluminum to silicon ratio is 0.2, the bond’s stability decreases
significantly, resulting in the breaking of more bonds. However, as the aluminum content continues to increase, the stability of the Si-
O(water) bond gradually improves. Fig. 10c illustrates that the Al-O(yater) bond remains poorly stabilized across all Al/Si ratio systems.
This indicates that aluminum promotes active participation in the interfacial reaction, leading to more frequent breaking of the Al-
O(water) bond.

In addition to studying chemical bonds’ breakage using the TCF, the bonding time evolution (BTE) was employed to assess the
number of bonds broken and regenerated. The magnitude of the vertical coordinate, P(t), indicates the ratio of the number of a specific
chemical bond at time t to the initial number of bonds, allowing for the evaluation of the bond’s state at time t. If P(t)> 1, it indicates
that the number of new bond formations exceeds the number of bond breaks. Conversely, if P(t)< 1, it suggests that the number of
newly formed bonds is fewer than the number of broken bonds. Fig. 11a shows that for an aluminum to silicon ratio of 0.1, P(t) is
consistently greater than 1, which means that new bonds are being formed for the Ca-O(water) bond at a faster rate than old ones are
being broken. For the systems with other Al/Si ratios, the P(t) values fluctuate slightly around 1, suggesting that the Ca-O(yater) bond is
relatively weaker compared to the system with a ratio of aluminum to silicon is 0.1. In Fig. 11b, P(t) is generally less than 1 when the
ratio of aluminum to silicon is 0.2, implying that more bonds are broken than are formed between Si and Owater). For the other systems,
the P(t) values show minor fluctuations around 1. In Fig. 11c, for the Al-O(water) bond, the P(t) value remains near 1 across all Al/Si
ratios, suggesting that the Al-O(water) bond is weaker in comparison.
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3.4. Adsorption energy analysis

To further investigate the changes in the interface’s adsorption strength of calcium ions, we constructed and optimized the key
molecular structures of silicon and aluminum, as depicted in Fig. 12a-b. Subsequently, we calculated the adsorption energy of calcium
ions for the two different molecular structures using Eq. (2), with the results presented in Fig. 12c. The findings demonstrate that the
molecular structure containing the aluminum phase exhibits a higher adsorption energy for calcium ions compared to the silicon
system. This is consistent with the molecular interaction analysis from the previous section, where the introduction of the aluminum
phase enhances the adsorptive nature of the interface for calcium ions, making it more difficult for the calcium ions to detach from the
surface and participate in reactions.

3.5. Electronic structural information

The interactions were identified by the electronic structures. We use Reduced Density Gradient analysis to reveal that non-bonding
interactions play a pivotal role in calcium ion adsorption at the interface. Fig. 13 shows the RDG isosurfaces and scatter plots depicting
the adsorption of calcium ions onto the silica-oxygen and aluminum-oxygen tetrahedral monomer molecular structures. The red, blue,
and green isosurface regions in the figures correspond to steric hindrance effects, hydrogen bonding or electrostatic interactions, and
van der Waals interactions, respectively. As shown in Fig. 13c, the silica-oxygen tetrahedral monomer molecular structure adsorbs
calcium ions through strong electrostatic interactions of approximately —0.041 and —0.047, which correspond to the two blue iso-
surface regions in Fig. 13a. Notably, no chemical bonds are formed during this adsorption, indicating that this is a physical adsorption
process. A similar conclusion is drawn from the aluminum-oxygen tetrahedral monomer molecular structure. As shown in Fig. 13d, the
aluminum-oxygen tetrahedral monomer molecular structure adsorbs calcium ions via strong electrostatic interactions of approxi-
mately —0.033 and —0.036, corresponding to the upper two blue isosurface regions in Fig. 13b. Once again, no chemical bonds are
generated, confirming that this is also a physical adsorption process. Based on the RDG results, physical adsorption controls the
calcium ion adsorption by both the silicon and aluminum molecule structures at the interface, with strong electrostatic interactions but
no chemical bond formation. This is different from the interactions involving chemical bonding between calcium ions and water
obtained from previous analyses of results such as RDF. Fundamentally, the adsorption of calcium ions on the CASH gel surface and the
reaction of calcium ions with water are two different processes, and the two are not related in terms of the type of interaction.
However, this further confirms the complexity and diversity of interfacial interactions.

To further investigate the understanding of how the two molecular systems’ electronic structures differ when adsorbing calcium
ions, we analyzed the Electron Localization Function. The ELF provides insights into the structure of atomic shells and specific
chemical bond characteristics. Higher ELF values indicate greater stability in the corresponding isosurface region, with restricted
internal electron movement and more localized electrons. Conversely, lower ELF values suggest weaker electron localization and a
higher likelihood of electron movement. Fig. 14 displays the local electronic structure that forms when oxygen is adsorbed onto
calcium ions at two distinct sites within the molecular structures of silicon and aluminum, respectively. In Fig. 14a2-d2, the four peaks
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Fig. 8. The RDF of (a) Ca-AlO tetrahedra, (b) Ca-Owater)-

from left to right correspond to: (1) electrons from calcium ions, (2) shared electrons provided by calcium ions to the Ca-O pairs, (3)
shared electrons provided by oxygen to the Ca-O pairs, and (4) electrons from oxygen. From these figures, it is evident that in the case
of electrostatic interactions, the ELF values are close to 0, which demonstrates weak electron localization. This weak localization
inhibits the formation of covalent bonds. Notably, in Fig. 14c2 and d2, compared to Fig. 14a2 and b2, the ELF values are lower and the
lone-pair domains are larger at the positions indicated by the blue arrows in the isosurface plots. This suggests that in the aluminum-
oxygen tetrahedral monomer molecular structure, the lone-pair domains are less localized, allowing for more freedom of electronic
motion. These results indicate that the oxygen atom in the aluminum-oxygen tetrahedral monomer molecular structure is more weakly
electronically localized to the calcium ion, which is in agreement with the RDG analysis from the previous section that identified an
electrostatic interaction for calcium ion adsorption.

4. Conclusion

In this study, the CASH gel-water interfacial tension was systematically investigated through molecular dynamics simulations,
focusing on varying Al/Si ratios. The magnitude of interfacial tension is influenced by a combination of interfacial structural changes
and molecular interactions at the interface. These changes were observed by analyzing the interfacial tension across layers, while the
molecular interactions at the interface were further explored using functional images and quantum chemical calculations. As follows
are the main conclusions:

(1) Aluminum incorporation leads to a small increase in interfacial tension between CASH gel and water. However, as the Al/Si
ratio increases, the interfacial tension gradually decreases.

(2) The interfacial structure remains largely unchanged when aluminum is first introduced into CSH. A significant structural
change occurs when the aluminum to silicon ratio reaches 0.2, with larger Al/Si ratios leading to a more homogeneous interfacial
structure.

(3) Interfacial interactions are predominantly influenced by calcium. The incorporation of aluminum impedes the detachment of
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calcium from the surface of CASH, while increasing the ratio of aluminum to silicon facilitates calcium entry into the water and

strengthens its binding with water molecules.
(4) The addition of aluminum enhances the interfacial adsorption energy of calcium ions, while simultaneously weakening the

localization of electrons in the lone-pair domains. The interfacial adsorption of calcium ions is a physical process driven primarily by

electrostatic interactions.
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