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Abstract: The use of rapid-hardening cementitious materials for the emergency repair of critical
infrastructure in coastal environments is becoming increasingly widespread, and concrete surface
hydrophobic protection treatment is equally necessary to improve the durability of both new and
old concrete. Among them, silane-based hydrophobic materials play an important role in concrete
hydrophobic protection. Graphene oxide (GO)-modified silane materials can significantly improve
the hydrophobic performance of coatings, but the hydrophobic mechanism of coatings modifying the
sulfoaluminate cement’s main hydration product ettringite (AFt) has not yet been explored. In this
study, molecular dynamics simulations were conducted to investigate the wetting properties of water
droplets on the surface of AFt, isobutyltriethoxy silane (IBTS)-modified AFt, and IBTS/GO-modified
AFt. It was found that the AFt substrate had good hydrophilicity, and the droplets could wet the
interface through Ca-O ionic bonds and H-bonds. The IBTS coating initially impeded droplet wetting,
but the adsorption stability of IBTS on the AFt substrate surface was poor under droplet action,
leading to droplet penetration and dispersion of the IBTS coating on the AFt surface. However, the
IBTS/GO coating significantly restricted droplet wetting due to the stable adsorption of GO on the
AFt surface and the strong stability of hydrogen bonds between IBTS and GO. In conclusion, selecting
a suitable bridging material between AFt and silane is crucial for improving the hydrophobic stability

of silane coatings on sulfoaluminate cement materials.

Keywords: ettringite; wetting behavior; isobutyltriethoxy silane; graphene oxide; molecular dynamics

simulation; local structure

1. Introduction

Concrete is one of the most widely used materials in infrastructure construction [1].
Throughout its lifespan, the durability of concrete structures has always been a focus of
researchers to determine the safe operation and service life of buildings [2,3]. However, in
coastal environments, concrete is often subjected to problems such as wave erosion (the
damage from waves) [4], carbonation (the damage from reactions to CO,) [5], freeze—thaw
cycles (the damage from water freezing and thawing) [4,6], wet—dry cycles (the damage
from water loss) [7], and harmful ion erosion (the damage from ion intrusion) [8], which
can cause concrete damage and cracking. In cases where important infrastructure concrete
structures are damaged and need to be temporarily preserved to achieve rapid rescue [9],
special cements, such as sulfoaluminate cement, high-alumina cement, and magnesium
phosphate cement, usually play a crucial role [10,11]. Among them, sulfoaluminate cement
has the advantages of fast setting, high early strength, and low shrinkage [12]. It has the
inherent property of slight volume expansion, which can compensate for shrinkage and
prevent concrete from cracking. It not only has better resistance to chloride and sulfate than
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high-alumina cement but also compensates for the weakness of magnesium phosphate
cement in terms of water corrosion resistance [12]. Therefore, sulfoaluminate cement is
favored in emergency repair projects.

Meanwhile, hydrophobic treatment places high demands on the concrete used in
marine engineering [13]. Effective waterproof treatment can significantly reduce the surface
energy of concrete, improve the hydrophobicity of composite materials, reduce water
ingress and the intrusion of harmful ions caused by water transport [14], and prevent the
corrosion of reinforcement [15-17]. Among them, silane groups have strong inorganic
silicon-oxygen main chains and flexible hydrophobic organic tails and are widely used for
the surface treatment of metals, glass, polymers, and ceramics [18-20].

In the construction industry, silane coating is an effective surface treatment method to
improve the durability of concrete. Silane-based waterproof materials can penetrate to a
certain depth on the surface of the concrete by utilizing their permeability and form a strong
waterproof film layer that can maintain the permeability and water vapor permeability
of the concrete surface [21]. This enables concrete to “breathe” freely [22] and has been
widely used in the waterproof protection of concrete. The surface modification of sulfoalu-
minate cement-based materials from the aspects of the water absorption rate, carbonate
mineralization rate, and pore structure by different silanes showed that isobutyltriethoxy
silane (IBTS) was effective in hydrophobicity and anti-carbonation, with a reduced water
absorption rate of up to 94.0%, which can effectively reduce the porosity below 50 nm and
densify the microstructure.

One study [23] showed the influence of IBTS coating and coating layers on the chloride
ion penetration resistance of concrete and found that the inhibition effect of a two-layer
coating on the chloride ion-penetration resistance of concrete was the most significant. The
waterproof effect of silane on cement-based materials under different exposure environ-
ments was evaluated and it was found that the waterproofing effect of the impregnation
layer on the surface of cement-based materials was better under a relative humidity of
approximately 50% [24]. Additionally, Zhu et al. [25] studied the protective properties of
silane on the high water absorption rate of recycled aggregate concrete and found that silane
treatment could effectively improve the anti-capillary water absorption, anti-carbonation,
and anti-chloride ion-penetration properties of recycled aggregate concrete but could lead
to a decrease in compressive strength. Wu et al. [26] found that the monomer viscosity of
silane was low, and the volatility was strong. When in a high-temperature, low-humidity,
and windy environment, the hydrophobic component of silane evaporated quickly, which
seriously affected the application of silane on the surface of the concrete.

Therefore, researchers have carried out modification studies on silane waterproof
materials. Among them, graphene oxide (GO) has unique and excellent mechanical [27,28],
chemical [29], and electrical [30] properties due to its nanoscale two-dimensional layer
structure and high specific surface area. Studies have found that graphene oxide can not
only regulate the microstructure of cement hydration crystals, improve the strength of
cement-based materials, and delay crack development [31,32] but also prevent the intrusion
of harmful ions from the outside [33], making it an ideal material for concrete reinforcement.
Currently, one research team has successfully used GO to nanomodify IBTS to produce
IBTS/GO composite emulsions and has found that the IBTS/GO composite emulsion
improved the water resistance [34] of silicate cement-based materials compared to IBTS.

However, research on the improvement of sulfate-aluminum cement-based materials
using IBTS/GO composite emulsions is relatively scarce, and the interaction mechanism be-
tween IBTS/GO and sulfate-aluminum cement-based materials is not yet clear. Traditional
experimental methods have difficulty breaking through the limitations of the nanoscale.
Fortunately, molecular dynamics (MD) simulations can reveal the mechanisms between
molecules at the nanoscale and display the movement patterns of molecules under different
environmental factors. There have been a large number of studies on the adsorption and
transport properties of solutions in the nanopores of cement hydration products, among
which Yu et al. [35] used the MD method to investigate the adsorption and transport
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ability of water in C-S-H nanopores under different silicon coverage rates, believing that
the rate of water ingress was inversely proportional to the silicon coverage rate, and the
silicon coating would significantly reduce the adsorption capacity of the C-S-H interface to
water molecules. Duan et al. [14] found that the IBTS coating could effectively block water
transmission in AFt (ettringite, the main hydration product of sulfoaluminate cement)
nanopores, and the GO-modified IBTS coating further improved its hydrophobic efficiency
by forming a composite hydrogen-bond (H-bond) network. Wang compared the wetting
characteristics of nanodroplets on the surfaces of various cement hydration products and
revealed the driving force for water-droplet wetting based on the microstructures of differ-
ent atoms at the water/substrate interface. Li et al. [36] used the MD method to investigate
FAS-modified C-S-H and proposed a coating modification scheme for resisting saltwater
erosion. However, the protection mechanism of hydrophobic coatings on the surface of AFt,
the movement patterns of water droplets, and the driving force for wetting at the interface
of water molecules are currently unknown.

This study used the MD method to investigate the wetting phenomenon of water
droplets on the surface of the main hydration product AFt in fast-hardening sulfoaluminate
cement, as well as the effects of one-layer IBTS and IBTS/GO coatings on the wettability
of droplets on the surface. The wetting driving force of droplets at the AFt interface was
explored from a molecular perspective, and the influence of the coating on the interaction
force and motion behavior of water molecules in water droplets was identified. This study
provides molecular insights into the adsorption and hydrophobic characteristics of coatings
on the AFt surface, as well as the application of coatings in emergency repair projects.

2. Methods
2.1. Model Construction

The model construction of the substrate is divided into two parts, consisting of the AFt
substrate and coatings. The AFt initial cell model was obtained from the Crystallography Open
Database [37], as shown in Figure 1a,b, with a size of 21.35 A x 1117 A x 1934 A, and the
molecular formula is a column structure of 3CaO-Al,03-3CaSO4-32H,0. The [AI(OH)¢]*~
octahedrons and CaOg polyhedrons are arranged alternately along the direction of the
column, forming a cylinder [CazAl(OH)4-12H,01%*, SO4%2~ and water molecules in a
hexagonal distribution along the central axis of the cylinder in the gap of the cylinder [38].
The hydroxylated IBTS monomer model and GO model are displayed in Figure 1c,d. In the
GO model, hydroxyl, carboxyl, and epoxy groups are randomly located on both surfaces of
GO. The number of functional groups occupies 10% of the number of carbon (C) atoms in
the GO sheet, and the size of GO is 47.63 A x 45.25 A. The -COOH groups are located at
the edges of GO, whereas the -O- and —-OH groups are distributed on the surface of GO
and they do not occupy the same carbon atom. The details of GO are shown in Figure 1d.

The AFt cell was expanded 12 times along the x—direction and 6 times along the z-direction
using supercell demand in Material Studio. Then, it was cut on the optimal cleavage plane (010)
to obtain the AFt substrate [39], whose size was 134.04 A x128.10 A x 19.34 A.

A total of 432 IBTS monomers were completely laid on the surface of the AFt substrate
to build the IBTS-modified AFt substrate model. On the basis of the substrate above,
the GO was placed under the central IBTS to build the IBTS/GO-modified AFt substrate
model. It is worth noting that the IBTS molecules were placed 2 A above the AFt substrate
surface in the AFt/S system, and in the AFt/S/GO system, the IBTS molecules and GO
sheets were placed 2 A above the AFt substrate surface, with the distance between GO and
the surface-bound IBTS molecules also being 2 A. Then, a cubic water droplet (1 g/cm?)
with a size of 28.80 A x 28.80 A x 28.80 A containing 800 water molecules, constructed
using the Amorphous Cell tools in Material Studio, was placed on the surface of the AFt,
IBTS—-modified Aft, and IBTS/GO-modified AFt substrate. In addition, to eliminate the
influence of the lower boundary of the AFt substrate on the droplet because of the existence
of a periodic boundary, a sufficiently sized vacuum was expanded in the Y-direction. The
model diagram of the three systems is shown in Figure 2.
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Figure 1. (a,b) Diagram of the AFt unit cell. Diagram of the (c) IBTS model and (d) GO model.

2.2. Force Field and Simulation Details

The ClayFF force field [40] was employed to accurately describe the interactions
between the cement hydration products and solutions and to calculate the differences in
the surface wetting behavior and state of water droplets on the AFt substrate. The SPC
model was used to simulate the water molecules [41]. In addition, the sulfate parameter of
AFt was chosen according to the research of Cannon [42], and the OPLS-AA force field [43]
was used to describe the interaction parameters of IBTS and GO.

The simulations of the three systems were performed in LAMMPS [44]. Throughout
the simulations, the models used a time step of 1 fs, were kept at 300 K, and were equi-
librated for 1 ns at the canonical (NVT) ensemble. Atoms located in the range of 5-10 A
of the AFt substrate were set as rigid bodies to ensure the stability of the AFt substrate.
The simulations consisted of two parts. First, the AFt, AFt/S, and AFt/S/GO substrates
were optimized for 1 ns to ensure that the energy of the system remained stable. After
the system reached equilibrium, the droplets fell freely on the substrate surface, and the
system continued to operate for 2 ns. Finally, the atom coordinates were counted every
0.1 ps, and 20,000 atomic trajectories were obtained, which were used for structure and
dynamic analysis.

The analysis software included VMD and Matlab. VMD software (1.9.3) was used to
process the trajectory to obtain the image, and Matlab software (R2020a 9.8.0.1323502) was
used to analyze the parameters of the study.
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Figure 2. The models of (a) Aft, (b) AFt/S, and (c,d) AFt/S/GO.

3. Results and Discussion
3.1. Wetting Behavior of Droplets at the Different System Interfaces

Figure 3 shows snapshots of the wetting behavior of water droplets on different
surfaces at different times during the simulation process. As shown in Figure 3a, the water
droplet appeared to be wet and spread on the surface of the AFt substrate during the
simulation process. As the simulation time increased, the area of the droplet spreading
on the surface increased, indicating that the AFt substrate had good wettability toward
water droplets. In contrast, the process of water—droplet wetting at the AFt/S system
interface is displayed in Figure 3b. Initially, the water droplet contacted the IBTS coating
and exhibited a nonwetting state on the low—surface—energy hydrophobic alkyl surface.
Then, as the simulation time increased, the water droplet penetrated and disrupted the
coating composed of IBTS monomers and directly contacted and wetted the AFt substrate
surface. As shown in Figure 3¢, in the AFt/S/GO system, the water droplet existed in a
spherical shape after falling onto the surface of the IBTS/GO composite coating, and during
the 2000 ps simulation process, the droplet remained on the IBTS/GO coating surface,
and its motion along the xoz plane was restricted. The wetting behavior did not change
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significantly. Most of the IBTS monomers were adsorbed on the GO surface, and some of
the IBTS monomers were detached and attached to the water droplet. In summary, the AFt
substrate is hydrophilic, and the modification of the IBTS single-layer coating reduced the
wettability of the water droplet on the AFt substrate, whereas the modification of IBTS/GO
effectively restricted water wetting.

(a) AFt system (b) AFt/S system
200ps

200ps

Figure 3. Snapshots of the wetting process of water droplets on the surfaces of the (a) AFt, (b) AFt/S,
and (c) AFt/S/GO systems.

To quantitatively understand the wetting conditions of water droplets at the substrate
interface of the different systems, the evolution of the contact angle over time was calculated,
as shown in Figure 4. From the distribution curve of the contact angle changing with time,
it can be seen that in the AFt system, water droplets first fell onto the AFt substrate surface
at a faster speed and then wetted the AFt surface. The value of the contact angle decreased
rapidly to 21.2° at 500 ps and 11.6° at 1500 ps and remained stable in the later period. In
the AFt/S system, water droplets first contacted the IBTS coating, and the initial contact
angle on the IBTS coating was approximately 100°. With the simulation operating, after
400 ps, the contact angle gradually decreased, indicating that water droplets had good
wettability at the interface, and the change in this phenomenon may be related to the
desorption of the IBTS coating, namely the water droplets broke through the IBTS coating
and directly contacted the AFt substrate, wetting its surface. In contrast to the AFt/S/GO
system, the contact angle value of water droplets always fluctuated at approximately 132°
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after self-dripping onto the surface of the IBTS/GO composite coating, indicating that the
composite coating effectively prevented water diffusion.

200 T T
—a— AFt
—a— AFtS
s 1604 AFtSG
2
(o))
c 120 1
<
s :
c 804 1
4=
5
QO 404
0 T T T 1
0 500 1000 1500 2000

Time (ps)
Figure 4. Statistical diagram of contact angle variation over time.

Atomic intensity diagrams can be used to quantitatively analyze the droplet distri-
bution in different systems. The atomic and ionic intensity distributions in the droplet
equilibrium state from 1800 to 2000 ps were analyzed, as shown in Figure 5. The surface
line of AFt was at 24 A, where Ca, Al, S, Oh, 0s04%2~, and Owi represent calcium ions,
aluminum atoms, sulfur atoms, oxygen atoms of hydroxyl groups, sulfate ions, and bound
water in the AFt substrate, respectively. Ow represents the oxygen atom in the droplet, Si is
the Si atom in IBTS, and C comes from GO. The intensity distribution of atoms after droplet
wetting on the AFt substrate in the AFt system is shown in Figure 5a. The curve of Ow
atoms exists in the interior of the AFt substrate across the surface line, indicating that the
droplet will enter the interior of the AFt substrate in large quantities during the wetting
process. At the same time, it was observed that Owi atoms also crossed the surface line
and existed on the surface of the AFt substrate, indicating that the bound water molecules
inside the AFt substrate would exchange with the water of the droplets. In addition, atoms
in AFt were distributed across the surface lines, indicating that the structure of the AFt
surface would change, and internal ions would disintegrate during the process of droplets
wetting onto AFt.

In the AFt/S system, as illustrated in Figure 5b, water molecules in water droplets
also penetrated the IBTS coating, touched the AFt substrate, and wetted the interface,
but the intensity distribution of Ow at the interface was significantly lower than that in
the AFt system. Moreover, the overlapping distribution of the Si, Owi, and Ow curves
in the z—direction indicates that droplets penetrated the IBTS into the AFt substrate and
exchanged water molecules with it. However, some droplets were still blocked by the
IBTS coating.

In the AFt/S/GO system, as shown in Figure 5¢, it can be seen from the atomic intensity
curve that the Ow curve is located on the right side of the C atomic curve, Owi atoms are
distributed on the left side of C, and Si and Ow have overlapping distributions, showing
that the combination of GO and IBTS successfully prevented droplets from diffusing on
the GO surface and contacting the AFt substrate. The interaction between GO and IBTS
made it difficult for IBTS to be dispersed by droplets, and the graphene sheet also had
non-wetting properties. Additionally, the stability of the interaction between GO and IBTS
was stronger than that between GO and the AFt substrate, which further prevented the
diffusion of the droplet.
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Figure 5. Intensity distribution diagram of atoms and ions in the (a) AFt, (b) AFT/S, and
(c) AFT/S/GO systems.

To investigate the wetting characteristics of droplets, the dipole moment of water
molecules at the interface of the different systems within the range of surface lines +1.5 A
was calculated, which can reflect the polarity characteristics of water molecules in droplets
at the AFt interface and characterize the influence of the coating on the hydrophilicity
and hydrophobicity at different interface locations. Figure 6 and Table 1 show the dipole
moments of the three systems within the time interval of 1800~2000 ps. In the AFt system,
the dipole moment value was approximately 2.5 D, which was consistent with previous
research [45]. The peak value was greater than the value (2.44 D) of water molecules
in bulk water reported previously [46], indicating that the Aft substrate showed good
hydrophilicity. After IBTS modified the Aft surface, the peak value of the dipole moment
was 2.48 D, slightly less than that of water droplets in the Aft system, and the dipole moment
curve shifted slightly to the left, indicating that the IBTS coating changed the interaction
between the Aft substrate and water. In the Aft/S/GO system, the dipole moment on the
surface of the IBTS/GO composite coating moved further to the left compared to the Aft/S
system, indicating that the affinity of the IBTS/GO composite coating to water molecules
was smaller than that of the Aft substrate.

Table 1. The values of dipole moment in different systems.

AFt AFY/S AFt/S/IGO Bulk Water
Dipole moment (D) 2.5 2.48 2.46 2.44 [46]
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3.2. Local Structure

The radial distribution function (RDF) can help analyze the interactions between the
coating and AFt substrate, the interactions between coatings, and the interaction between
the droplet and the substrate. In this section, the interaction between different atoms is
analyzed and displayed as RDF curves.

To understand the interaction between IBTS-AFt and GO-AFt, the RDF curves be-
tween the coating and AFt substrate of the AFt/S and AFt/S/GO systems are shown in
Figure 7a,b. Figure 7a shows that the interaction of IBTS and AFt in the AFt/S system can
be divided into two forms, ionic bonds and H-bonds. The Ca ions in the AFt substrate and
oxygen atoms (Ojprs) in IBTS have an obvious peak at 2.45 A. The results show that there
existed an ionic interaction between them in the form of Ca—Ojgrg ionic bonds. In addition
to the interaction between Ca—Ojgrg ions, there was an H-bond interaction between IBTS
and the AFt substrate. According to the RDF diagram, the H atoms (Hjgrs) in the hydroxyl
group of IBTS interacted with the Oh atoms, Owi atoms, and Os042~ atoms, as the RDF
curves have obvious peaks at 1.7 A, 1.75 A, and 1.65 A, respectively. The positions of the
peaks in different H-bonding curves indicate that the Oso4>~ atoms more easily formed
H-bonds with the Hjgrs atoms, followed by the Oh and Owi atoms.

By comparing the peaks of the three types of H-bond RDF curves, it can be seen that
the Oso4?~ atoms formed the largest number of H-bonds with IBTS, followed by the Owi
and Oh atoms, indicating that Oso4%~ atoms accepted H-bonds from IBTS due to their
high electronegativity. As there were far more Owi atoms in the AFt interface than Oh
atoms, more Owi atoms with weaker electronegativity formed H-bonds with Higrs. The
microstructure between IBTS and the atoms of the AFt substrate is displayed in Figure 7c.

In the AFT/S/GO system, the RDF curve of the ionic bond interaction between the
GO and AFt interface was calculated, as shown in Figure 7b. GO also interacted with the
AFt substrate via ionic bonds and H-bonds. The peak of the Ca—Ogo curve located at
2.5 A indicates that the Ca ions in the AFt substrate interacted with the oxygen atoms in
GO. For H-bonding, Os and Hgo have prominent and sharp peaks at 1.5 A, indicating
strong H-bonding between 0so042~-Hgo atoms. For H-bonding between Oh-Hgo and
Hwi-Ogo, the peak of the RDF is located at 1.75 A, which is obviously offset to the right
compared to the Os-Hgo curve, indicating that the H-bonding ability between them was
slightly weaker than that of Oso04> -Hgo. Compared with IBTS, GO was more inclined to
form a H-bond with the AFt substrate. The microstructure of the interactions between GO
and the AFt substrate is shown in Figure 7d.
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Figure 7. RDFs of (a) IBTS and (b) GO interacting with the AFt substrate. Snapshots of (c) AFt-IBTS
and (d) AFt-GO.

Figure 8a illustrates the RDF of the interaction between IBTS and GO. The peak of
HIBTS-Ogp at 1.75 A indicates that IBTS donated H-bonds to oxygen atoms on the GO
surface and rarely received H-bonds from functional groups on the GO surface. The local
microstructure of the H-bond between IBTS-GO is shown in Figure 8b.
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Figure 8. (a) RDFs of IBTS-GO; (b) local structure of IBTS-GO.

The RDF curves of atoms in droplets interacting with the particles in the AFt substrate
were calculated. Figure 9a shows the forms of interaction between water droplets and
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the AFt substrate in the AFt system, including ionic and H-bonds. The RDF of Ca-Ow
possessed a sharp peak at 2.45 A, demonstrating that strong ionic bonds existed between
water droplets and the AFt substrate. For the RDF curve of the H-bond, it can be seen
that the RDF of Oso,2~—Hw had an obvious peak at 1.5 A, whereas the locations of the
Oh-Hw and Owi-Hw peaks were at 1.75 A and 1.85 A, respectively, showing that Osoy?~
atoms in AFt were more likely to produce H-bonds with Hw atoms in droplets. The local
microstructure of the interactions of the different atoms is shown in Figures 9c and 9d.

40 . , . . :
(a) —— Ca-Ow (b)12 —— Ca-Ow
[ —— Oh-Hw h —— Oh-Hw
32 Owi-Hw 10+ Owi-Hw
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Y B SR

Figure 9. RDF curves of droplets interacting with the AFt substrate in the (a) AFt system and
(b) AFt/S system; local structure of the (c,d) water-AFt substrate.

-

Figure 9b shows the RDF curve of the water droplets interacting with the substrate
in the AFt/S system. The Ca—Ow curve also occupied a peak at 2.45 A. For the H-bond,
the peak position of the RDF of Oso42~—Hw was 1.65 A. Compared to the curve of the AFt
system, there was a clear shift to the right, indicating that the presence of IBTS changed
the H-bonding between the water droplets and Os atoms. The peaks of the RDF curves of
Oh-Hw and Owi-Hw were at 1.75 A and 1.85 A, respectively, and the presence of IBTS did
not significantly affect the interaction distance between H-bonds.

In terms of the RDF peak value, based on the combination of the two systems, the
peak value in the presence of the IBTS coating was significantly smaller than that in the
AFt system, indicating that IBTS had a significant influence on the wetting of the water
droplets at the AFt interface.

3.3. Distribution Characteristics of Water Molecules at the Interface

Based on the existence of the above H-bond interactions, Figure 10 displays the distri-
bution of the average H-bond numbers of water molecules in droplets in the
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(a)

y—direction of the three systems, which can intuitively indicate whether water molecules
accepted or donated H-bonds and explain the distribution of the H-bond supply of water
molecules at the interface position. The definition of the H-bond is displayed in Figure 10a,
requiring that the distance between the hydrogen atom in the H-bond donator and the
oxygen atom as the H-bond acceptor be closer than 2.45 A, and the angle between both

oxygen atoms in the water molecules and the OH vector as the donator be less than 30°.
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Figure 10. (a) Schematic diagram of H-bonds; statistical diagrams of the average H-bond supply
quantity of individual water molecules in different position intervals in the (b) AFt, (c) AFt/S, and
(d) AFt/S/GO systems.

As shown in Figure 10b, the water invaded the interior AFt substrate and was located
within the surface line with H-bonding interactions with hydrophilic ions in the interior of
the AFt substrate. According to the observation along the surface line toward the interior
direction of the AFt substrate (z—negative direction), the average H-bond of a single water
molecule showed a trend of stabilizing first and then decreasing, indicating that water
molecules existed in a relatively stable state within a certain range inside the interface.
However, within 20 A inside the AFt substrate, the supply relationships of the H-bonds
between the water molecules in the droplet, Ow—a-Ow (an Ow atom in a water molecule
accepted the H-bond from a Hw atom in another water molecule), and Ow—-d-Ow (Hw
atoms in one water molecule donated to Ow atom H-bonds in another water molecule),
decreased significantly, indicating that water molecules inside the substrate were affected
by the action of other ions, which weakened the H-bond binding sites. The number of
Ow-d-0S04%~ showed an increasing trend, and the number was the largest, demonstrating
that sulfate ions with greater electronegativity were the main H-bond acceptors. The
decrease in the total number of H-bonds was due to the change in Ow-a-On, and the
number of H-bonds accepted by water molecules in the droplets decreased significantly,
indicating that cations (Ca ions) in the AFt substrate formed Ca—Ow ionic bonds with
oxygen atoms in water, thus replacing the sites where Ow accepted H-bonds. According to
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the observation along the surface line in the direction outside the AFt substrate (y—positive
direction), the average number of H-bonds showed a decreasing trend, mainly because
the number of H-bonds contributed to the gradual decrease of sulfate ions and hydroxyl
groups as they moved away from the AFt substrate. In addition, the supply of H-bonds
inside the droplets in the droplet gradually tended to balance. Meanwhile, Ow—a-Owi and
Ow-d-Owi also reached dynamic equilibrium because water molecules in the middle of
AFt were exchanged into the droplet after dissociation. Outside 28 A, due to the location on
the surface of the droplet, the H-bond supply direction of the water molecules was toward
the interior of the droplet, making the sites receive H-bonds vacantly, and the average
H-bonds decreased sharply.

In the AFt/S system, as shown in Figure 10c, droplets broke through the single layer
of the IBTS coating and penetrated the interior of the AFt substrate. In addition, the
average H-bonds of water molecules within the surface line gradually decreased along the
z-negative direction, which also indicated that ionic bonds replaced the receiving sites of
H-bonds to reduce the number of H-bonds. Beyond the surface lines, the average number
of H-bonds of water molecules increased slightly and tended to be stable, illustrating
that the presence of the IBTS coating limited the dissolution ability of ions in the AFt
substrate and enhanced the interfacial stability. At the same time, IBTS, as an amphiphilic
material, on the one hand, restricted water penetration through the alkyl groups with
high surface energy at the hydrophobic end, and on the other hand, it formed an H-bond
network with water molecules through the hydrophilic end so that water molecules could
exist relatively stably at the AFt/S interface. In addition, the H-bond supply relationship
between the inner droplets outside the positive direction of y along the interface line was
Ow-d-Ow > Ow—-a—Ow, which also confirms that Ow atoms were exposed in the outermost
layer, and hydrogen atoms provided H-bonds to Ow atoms in the lower outer layer.

In the AFt/S/GO system in Figure 10d, the droplets located on the surface of GO
supplied H-bonds to GO and IBTS, whereas the supply relationship of H-bonds inside
the droplets was always Ow—a—-Ow < Ow-d-Ow. The total average number of H-bonds
was closely related to the Ow—a—Ow number, indicating that Hw atoms in the outermost
layer of the droplet easily supplied H-bonds to Ow atoms inside the droplet, whereas the
H-bond receiving site of the surface water molecules was vacant. The water molecules
located at the GO interface supplied H-bonds to the Os atoms of the polar groups on
the surface, but almost no H-bonds from GO and IBTS were detected, indicating that a
relatively stable interaction was formed between GO and IBTS through H-bonding, which
improved the surface energy and prevented the droplet from wetting through the polar
functional groups on the GO surface.

The interaction energy is used to reflect the interaction relationship between AFt and
droplets in different systems [14]. Figure 11 displays the interaction energy of AFt and
droplets at 2000 ps. The interaction energy values of droplets in the AFt, AFt/S, and
AFt/S/GO systems were —18,116.9 kcal/mol, —12,047.8 kcal/mol, and —323.58 kcal/mol,
respectively. The AFt substrate, as a hydrophilic substrate, had the strongest effect on
droplets. The presence of IBTS in the AFt/S system significantly weakened the interaction
between the AFt substrate and droplets, which also confirmed that IBTS could effectively
weaken the affinity of AFt to water molecules. The presence of GO in the AFt/S/GO system
shielded the interaction between droplets and the AFt substrate. The root cause of this
shielding effect was that GO and IBTS formed a stable bond cooperation, thus increasing
the surface energy of the interface and improving the ability of anti-droplet wetting.

The orientation distribution of water molecules is usually characterized by the dipole
angle (DA), which helps understand the distribution characteristics of water molecules at
the interface and reveals the influence of the substrate and coating on the wetting behavior
of water molecules. Figure 12 shows the definition of the calculation method of the DA
of water molecules. The vector perpendicular to the substrate pointing upwards is called
@a, the vector addition of two OH vectors of water molecules is called @b, and the angle
between the @a and @b vectors is defined as DA (¢c).



Coatings 2023, 13, 1299

14 of 21

-5,000 :

gy (Kcal/mol)

-10,000 4 4

—15,000 4

-20,000 T T T
AFt AFt/S AFt/S/IGO

Interaction Ener

Figure 11. Interaction energy of droplet and AFt substrate at 2000 ps.

¢b

Substrate

Figure 12. Definition of the dipole angle.

Figure 13a shows the distribution of the DA of water molecules at the AFt interface
(surface line =2 A) position. Within the range of 22-24 A inside the surface line, a broad
peak was observed in the angle range of 65°-115°, and the angle distribution was relatively
symmetrical. This indicates that water molecules showed a specific orientation due to the
H-bond interaction between the internal ionic bonds and polar functional groups of the AFt
substrate, as shown in Figure 13b. In the range of 24-26 A, the angle distribution of water
molecules became significantly broader, indicating that the restriction of water molecules
by the AFt substrate was reduced, and the orientation of water molecules became freer.

In the AFt/S system shown in Figure 13c, compared to the AFt system, the water DA
distribution within 2 A inside the surface line was freer, indicating that the IBTS coating
reduced the restriction of the AFt substrate on water molecules. In the range of 24-26 A,
the DA of water molecules tended to be approximately 90°. This is because the water
molecules that penetrated the interface between IBTS and AFt were affected by both the
substrate and the coating. In other words, the water molecules donated H-bonds to the
Orprs atoms of IBTS and the On atoms in the AFt substrate, resulting in a distribution of
the orientation with a peak at approximately 90°, as shown in Figure 13d.

Figure 13e shows the water molecule DA distribution within the 5 A region outside the
surface line. In the 30-33 A region, compared to the AFt system and the AFt/S system, the
orientation distribution outside the surface line was freer. The proportion of DAs between
10° and 50° significantly increased. This is because water molecules received H-bonds
from the oxygen—containing functional groups on GO, and the HO vector in the water
molecules pointed toward GO, as shown in Figure 13f. In addition, due to the occupation
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of the oxygen—containing functional groups on the surface of GO by IBTS and the partially
infiltrated water molecules, water molecules exhibited a free distribution characteristic on
the low—surface—energy graphene surface.
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Figure 13. DA distribution diagrams of the (a) AFt, (c) AFt/S, and (e) AFt/S/GO systems. Local
structure diagrams of water molecules in the (b) Aft, (d) Aft/S, and (f) Aft/S/GO systems.

3.4. Dynamic Properties

The time correlation function (TCF) is a measure of the temporal correlation between
physical quantities, providing a qualitative characterization of the stability of chemical
bonds formed between the coating and Aft substrate, as well as water and the substrate.

The TCF curves in 1950-2000 ps are shown in Figure 14. Figure 14a shows the TCF
curve of IBTS and Aft. With increasing time, the TCF values of IBTS and AFt decreased
significantly. The TCF values of Oh-Hjgrs, Os—Hjprs, and Owi-Hjgts decreased to 0.55,



Coatings 2023, 13, 1299

16 of 21

0.75, and 0.34, respectively, at 50 ps, which corresponded to the peaks in the H-bond curve
of the RDEFE. This indicates that the stability of H-bonds between the AFt substrate and
IBTS followed the order Os-Hjgtg > Oh—-Hjgrg > Owi-Hjgrs. The TCF value of Ca—Og1g
decreased to 0.59, showing that the stability of the Ca—O1pts ionic bond at the AFt interface
was slightly stronger than that of the H-bonds.

1.2 T T T 1.2
(a) —=—Ca-Oygrs (b)
10 —e— Oh-Hgs 1.0
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Figure 14. TCF of the interaction between the coating and AFt substrate in the (a) AFt/S system and
(b) AFt/S/GO system.

The TCFs of GO and AFt are illustrated in Figure 14b. Compared to the AFt/S
system, the TCF attenuation values of Ca—~Ogo, Oh-Hgo, Os-Hgp, and Owi-Hgo were
all smaller. The TCF value of Os-Hgo attenuated to 0.80 within 50 ps, demonstrating
that the H-bonding of Os-Hgo was more stable than that of Os—Hjgrs. The TCEF values
of Oh-Hgo and Hwi-Ogo were 0.62 and 0.50, respectively, both of which were not less
than 0.5, showing good stability. The H-bond stability was also Os-Hgo > Oh-Hgo >
Hwi-Ogo. The TCF value of Ca-Ogo decreased from 1 to 0.88, indicating that the ionic
bond of Ca—Ogo also showed good stability on the AFt surface. The TCF results illustrate
that the bond stability of GO and the AFt substrate was better than that of IBTS and the
AFt substrate.

In addition, according to the TCF curve of Higrs—Ogo, the TCF curve decreased to
0.81 over 50 ps, indicating that IBTS was still adsorbed on the GO surface with relatively
stable H-bonding in the presence of water droplets, thus further restricting the wettability
of the droplet at the coating interface.

In addition, the bonding stability between water droplets and atoms of the ettringite
substrate in the time interval of 1950-2000 ps was studied, as shown in Figure 15. In the
AFt system shown in Figure 15a, the final TCF values of Ca—-Ow and Os-Hw were 0.71 and
0.65, which were attenuated by 0.29 and 0.35, respectively, in the time interval of 50 ps,
showing strong bonding stability. For the TCF curves of Oh-Hw and Owi-Hw, it can be
seen that the values of the curves decayed rapidly in the first 10 ps and then at a lower rate,
and the attenuation values in the whole interval were 0.69 and 0.85, demonstrating that the
H-bonds between Oh and Owi atoms and Hw were weak.

As shown in Figure 15b, in the AFt/S system, the TCF value of Ca—Ow decayed by
0.3 in the last 50 ps, which is similar to the Ca—Ow TCF curve in the AFt system. Ionic
interactions between water droplets and Ca ions showed good bond—formation stability.
For the TCF curve of the H-bond, the TCF values of Oh-Hw, Os-Hw, and Owi-Hw were
0.69, 0.80, and 0.92, respectively, at 50 ps, showing relatively weak H-bond interactions.
In contrast to the AFt system, the presence of the IBTS coating in AFt/S greatly reduced
the stability of the H-bond interaction of droplets and the AFt substrate and reduced the
binding ability between water droplets and AFt.
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Figure 15. TCF of the interaction between the droplets and AFt substrate in the (a) AFt system and
(b) AFt/S system.

The mean square displacement (MSD), a parameter that can characterize the motion
state of particles in a system over time, can reflect the motion characteristics of particles.
Figure 16 shows the MSD of water molecules in water droplets in the three systems after
free release, and it can be seen that the MSD curves of the different models are distributed
in a parabolic shape. In the first 100 ps after releasing water droplets, water molecules fell
freely, and their MSD values increased rapidly. The curves in the three systems almost
coincided. With the operation of the simulation, the variation trend of the MSD value
changed. In the AFt system, the MSD value continued to increase at a relatively high rate,
indicating that water droplets were rapidly wetted at the AFt interface. After 270 ps, the
MSD value increased, the rate decreased, and water molecules moved due to the interaction
with the AFt substrate. In the AFt/S system, the presence of IBTS significantly reduced the
MSD value and limited the wetting of water droplets on the surface. In the AFt/S/GO
composite system, the MSD value hardly increased after 500 ps, indicating that water
droplets were limited on the surface of the IBTS/GO composite coating.

2000 . T
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Figure 16. MSD curve diagram of droplets.

Based on the analysis above and the conceptual diagram in Figure 17, it can be
observed that the main hydration product of sulfoaluminate cement, ettringite, exhibits
good hydrophilicity. Water droplets can spread and infiltrate at the interface, as shown in
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Figure 17a. However, when the interface of AFt modified with IBTS (Figure 17b) is present,
the wetting behavior of water droplets at the interface is significantly inhibited. This is
because the silane is adsorbed on the substrate surface in the form of ion pairs and hydrogen
bonds. However, the stability of this interaction force is poor, and the wetting process of
water droplets at the interface disrupts the interaction between IBTS and AFt, leading to the
detachment of IBTS from the substrate surface and a weakening of the hydrophobic effect of
the coating. On the other hand, as displayed in Figure 17c the GO/IBTS composite system
can effectively achieve hydrophobicity at the interface. Firstly, due to its large specific
surface area and a high number of polar functional groups, GO can stably exist on the
surface of the AFt substrate. Secondly, IBTS can establish stable interactions with the polar
functional groups on the surface of GO through hydrogen bonding. Under the influence
of water droplets, this interaction remains stable. Moreover, since the polar sites on the
GO surface are occupied by IBTS, nanodroplets cannot effectively wet the interface of the
GO/IBTS composite system. Therefore, the key to improving the hydrophobic stability
of silane—series composite coatings on sulfoaluminate cementitious materials lies in the
selection of suitable materials that can stably adsorb on the ettringite surface while bridging
with silane.

(a)

released

(b)

\ broken

(c)

interaction of IBTS/AFt
¢ interaction of GO/AFt and GO/IBTS

O l“‘ L ,e,:XiSt {

Figure 17. Conceptual diagrams of (a) AFt system, (b) AFt/IBTS system, and (c) AFt/IBTS/GO system.

4. Conclusions

In this study, we investigated the wetting characteristics of water droplets on the sur-
face of AFt, single-layer IBTS-modified AFt, and IBTS/GO-modified AFt using molecular
dynamics simulations. The analysis included contact angle measurements, atomic intensity
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distribution, local structure, H-bond distribution, orientation distribution, and dynamic
properties. The conclusions are as follows:

(1) The AFt substrate has good hydrophilicity, and the contact angle of water droplets on
the AFt substrate surface is 9.8°. The IBTS coating can effectively reduce the wetting
rate, but the water droplets will still penetrate and disperse the IBTS coating on the
AFt surface. The IBTS/GO coating significantly improves the interface hydrophobicity,
and the wetting of water droplets is restricted.

(2) IBTS and GO are adsorbed on the surface of the AFt substrate through Ca-O ionic
bonds and H-bonds, and the adsorption stability of GO is higher than that of IBTS.
IBTS is adsorbed on the GO surface through H-bonds and has good stability. The
driving force for the wetting of water droplets on the AFt surface also comes from the
actions of the ionic bond and H-bond inside the AFt substrate.

(3) There are abundant H-bond interactions between water molecules and the AFt sub-
strate, and the IBTS coating extends the distance of H-bond interactions between
water molecules and the AFt substrate, significantly reducing the wetting ability of
water droplets at the substrate interface. The IBTS/GO coating limits the wettability
of droplets at the interface through stable H-bond interactions between IBTS and GO.

(4) The dynamic characteristic results demonstrate that the IBTS and IBTS/GO coatings
initially inhibit the wetting behavior of water droplets, but due to the relatively low
interaction stability between IBTS and the AFt substrate, water molecules eventually
wet the substrate in the middle and late stages. In contrast, GO acts as a bridge
and stably adsorbs IBTS on the AFt surface, significantly improving the interface
hydrophobicity. Therefore, it is crucial to choose a suitable material to bridge AFt and
silane to improve the hydrophobic stability of silane coating on the sulfoaluminate
cementitious materials.
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