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ABSTRACT: The application of silane in sulfoaluminate cement repair materials can
improve its waterproof, permeability, freeze—thaw, and other properties, but it would
reduce the mechanical properties of sulfoaluminate cement-based materials, making it
unable to better meet the engineering requirements and durability indices. The
modification of silane with graphene oxide (GO) can effectively address this issue.
However, the failure mechanism of the interface between silane and sulfoaluminate
cement-based materials and the modification mechanism of GO remain unclear. In this
paper, the interface-bonding mechanical models of isobutyltriethoxysilane (IBTS)/
ettringite and GO-IBTS/ettringite are established by molecular dynamics method to
study the source of interface-bonding properties of IBTS, GO-IBTS, and ettringite, as well
as the failure mechanism of interface bonding, to reveal the mechanism of GO-modifying
IBTS to improve the interface-bonding properties of IBTS and ettringite. This study finds
that the bonding properties of the IBTS, GO-IBTS, and ettringite interface are derived
from the amphiphilic nature of IBTS, which can only produce unilateral bonding with ettringite, thus becoming a weak link in
interface dissociation. The double-sided nature of GO functional groups enables GO-IBTS to interact well with bilateral ettringite,

GOBTS  Earingie

thus enhancing the interface-bonding properties.

1. INTRODUCTION

Concrete has been in use for over 100 years, and owing to its
abundant raw materials, simple technology, and excellent
performance, it has become one of the most crucial building
materials in modern engineering. In addition to the construction
and transportation, water conservancy, port and other civil
engineering fields, the shipbuilding industry, machinery
industry, ocean development, geothermal engineering, and
other related fields also have good applications.'~* Concrete
in the process of long-term bearing,” subject to wind and snow
erosion,” deicing salt corrosion,” especially in the dry and wet
cycles of marine concrete,®’ chloride ion erosion,'°~ "% and wave
impact13 and other multiple effects, would appear cracks, fall off,
and other defects and affect the use of esthetic appearance and
durability. However, the solution of large-scale demolition and
construction is faced with capital consumption, material cost
caused by a large amount of construction waste, and time cost
caused by shutdown.'*'® Therefore, the research on the repair
problem of this kind of project has become a major topic of
universal attention in the international engineering field.
Ordinary Portland cement is prone to cracking after it shrinks,
which can greatly impact concrete durability, corrosion
resistance, and permeability resistance. Therefore, repair
engineering often chooses to use sulfoaluminate cement,
which can shorten the construction time; the performance of
microvolume expansion can also compensate for shrinkage,
effectively improve the efficiency of construction, to prevent
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subsequent cracking problems. The main mineral components
of sulfoaluminate cement are anhydrous calcium sulfoaluminate
and dicalcium silicate, iron phase, gypsum, and mineral
admixture.'® The main hydration products are ettringite,
aluminum glue, and calcium silicate hydrate gel, of which
ettringite accounts for more than 50%, which is the main source
of strength of sulfoaluminate cement-based materials. The
durability of sulfoaluminate cement-based materials after the
repair is the focus of engineering application, especially in the
face of the harsh environment such as ocean and cold, where
structural deterioration would occur in the form of freeze—thaw
damage, chemical erosion, alkali aggregate reaction, and other
factors. Therefore, researchers have used various methods to
modify it, especially polymer-modified cement-based repair
mortar, which can achieve a good fit and has been widely
studied. The commonly modified polymers include ethyl
acetate, polypropylene, and styrene butadiene emulsion,
among which organosilane is favored by researchers because

its hydrophilic and hydrophobic ends can produce high
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Figure 1. Initial unit cell of (a) ettringite, (b) IBTS, and (c) GO-IBTS.
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plasticity. Guo et al."”'® found that the addition of silane-
modified substances can form a network hydrophobic siloxane
film on the surface of sulfoaluminate cement-based materials,
which improves permeability and freezing resistance. Chen et
al." studied several commonly used surface treating agents on
the surface of sulfur aluminate cement-based materials and
found that the hydrophobic properties of methyl triethoxy silane
had the optimal effect on carbonation resistance, effectively
reducing porosity under 50 nm, and densifying the microscopic
structure.

In addition to modifying the waterproofing, permeability,
freeze—thaw damage, and other properties of cement-based
materials, silane has been found by many researchers to decrease
the mechanical properties of the modified cement-based
materials to a certain extent.”’”>* As for repairing mortar, its
mechanical properties are also important working properties.
Therefore, it is urgent to develop new silane-modified materials
that have little influence on the mechanical strength of concrete.
Our research group uses isobutyltriethoxysilane (IBTS) as a
monomer, uses GO to modify IBTS, and develops a new type of
GO-IBTS composite emulsion. Research found that the GO-
IBTS composite emulsion has improved compared with IBTS in
terms of waterproof performance,”*”*° anti-icing perform-
ance,”’ anticarbonization performance,28 antibacterial proper-
ties,”” and chloride ion permeability,”® and the protective
mechanism is carefully analyzed. In addition, the test found that
the mechanical properties of concrete mixed with GO-IBTS
emulsion are stronger than those of IBTS. However, there is still
a lack of internal mechanism explanation for the macroscopic
phenomenon of GO-modified IBTS to improve the mechanical
properties of concrete, and traditional experimental methods are
difficult to break through the limitation of the nanometer scale.
Therefore, the work uses molecular dynamics simulation to
explore the mechanism at the atomic level.

Molecular dynamics simulation can visually display the
information in microscopic physical and chemical processes,
establish the relationship between nanoscale and macroscopic
scale, and explore the internal mechanism to achieve the
regulation of macroscopic performance. As an effective and
powerful research tool, molecular dynamics simulation has been
widely used in the field of concrete performance research. Hou
et al.” explained the intrinsic mechanism of the mechanical
properties of PEG, PVA, and PAA polymer fibers from the
perspective of dynamics and energetics through molecular
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dynamics simulation. Wang et al.’' studied the bonding
properties of epoxy resin and the C—S—H interface under a
corrosion environment and revealed the peeling mechanism of
epoxy resin at the C—S—H interface. Zhou et al.** studied the
effect of PVA fiber modification on the interface properties and
revealed the interaction mechanism between the modified PVA
fiber/nanosilica coating and the cementitious phase interface. In
addition, molecular dynamics can reveal the microscopic
physical and chemical processes and mechanisms of concrete
under macroscopic phenomena such as erosion resistance,””**
elastic properties,”> >’ fluidity,® wettability,””*’ fracture tough-
ness," etc,”” thus comprehensively understanding the struc-
tural properties and mechanical behavior of building materials
and providing a strong guarantee for the prediction and
modification of new materials.

Based on the reasons mentioned above, ettringite, the main
hydration product of sulfoaluminate cement, is selected as the
research base in this work, and molecular models of interfacial-
bonding forces of IBTS/ettringite and GO-IBTS/ettringite are
established through molecular dynamics simulation to reveal the
sources of interfacial-bonding properties of IBTS, GO-IBTS,
and ettringite from a molecular perspective. Additionally, the
failure mechanism of the interface bond is studied to reveal the
mechanism of GO modification of IBTS to improve its interface
bond performance with ettringite and further understand the
enhancement mechanism and approach of macroscopic
mechanical properties to provide guiding significance for the
subsequent modification of sulfoaluminate cement-based
materials.

2. METHODS

2.1. Model Construction. The ideal initial unit cell of
ettringite is shown in Figure 1a, which is established according to
references.*’ Ettringite is a columnar structure with the
molecular formula 3Ca0-Al,0;-:3CaS0O,-32H,0. The [Al-
(OH)4]* octahedron and CaOg polyhedron distributed in the
(001) direction are alternately arranged to form the basic unit of
the cylinder [Ca;Al(OH)(12H,0]%*, SO,*7, and the rest of the
water molecules are distributed in the interspace of the cylinder
in a hexagonal arrangement around the central axis of the
positively charged cylinder.*"** The molecular structure of the
modified waterproof material is shown in Figure 1b,c.
Isobutyltriethoxysilane (IBTS) is selected for silane. Three
ethoxy groups in IBT'S will be hydrolyzed into silanol groups. As

https://doi.org/10.1021/acsomega.2c08123
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shown in Figure 1b, the hydrolyzed IBTS is selected in the
simulation. Subsequently, GO is used to modify the IBTS to
improve its stability, and the changes in mechanical properties
after modification are observed. The constructed GO sheet
contains hydroxyl, epoxy, and carboxyl groups. The total
coverage of the three surface functional groups is 20%, and the
sheet size is about 24 A X 20 A. In the experiment, GO-modified
silane is measured to improve its stability through dehydration
reaction of the hydroxyl group of GO and hydroxyl group after
hydrolysis of IBTS, which produced a bond.”* Therefore, we
construct the molecular model shown in Figure 1c, the GO-
IBTS molecular model in which IBTS is connected to GO
through a Si—O—C bond, and four IBTS are connected to each
GO.

Based on the above unit model, the mechanical model with
the structure as shown in Figure 2 is established. Based on the
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Figure 2. Mechanical model of (a) IBTS/ettringite and (b) GO-IBTS/
ettringite.

ettringite unit cell, the supercell operation is carried out, and the
middle 20 A nanopore is reserved by translating the upper and
lower substrates to place IBTS and GO-IBTS. The parameters of
the upper and lower substrates are as follows: a = 44.6675 A, b =
38.6832 A, ¢ = 20.3855 A, @ = 90°, # = 90°, and y = 90°. The
model is divided into the ettringite substrate and channels
outside the interface with the surface calcium ions as the
boundary. IBTS and GO-IBTS are randomly placed into the
ettringite channels, and the number of IBTS is 10 to ensure that
the relative molecular mass of the substances in the channels of
the two systems is the same. To eliminate the statistical error
caused by the size effect, a periodic boundary is set in the xoy
plane during the simulation. To prevent the stretching phase
from crossing the periodic boundary, a 20 A vacuum layer is
reserved above ettringite in the z direction.

2.2. Force Field and Simulation Details. The molecular
force field is a potential function used to describe the interaction
of the molecular system. In this simulation work, the empirical
force field is used to describe the interaction of ettringite
substrate, IBTS, and GO. Ettringite substrate adopts the ClayFF
force field. The ClayFF46 force field was developed by Cygan et
al. It is mainly used to simulate inorganic materials such as oxides
and hydroxides and has relatively mature applications. Mean-
while, the ClayFF force field has been widely used to simulate
cement-based materials. The effect of silane and GO organic

phases is described by the CVEE"” force field, which is suitable
for the calculation of various polypeptide proteins as well as a
large number of organic molecules.

In this work, the whole system is simulated under
LAMMPS,* and the steepest descent method is used to relax
the whole system to minimize the energy of the whole system.
The simulation process is divided into two stages. The first stage
is the equilibrium stage. The established models of the two
systems are subjected to free relaxation for 3 ns at a simulated
temperature of 300 K in the NVT* ™" ensemble, and the
trajectories are output every 1 ps for subsequent interaction
analysis. Figure 3 shows the force diagram of IBTS, GO-IBTS,

() (b)

F=K[(xy+VE)-Xom] F=K[(xgvt)-Xeom]

X

IBTS/Ettringite

GO-IBTS/Ettringite

Figure 3. At 3000 ps, the equilibrium diagram and tensile force form of
(a) IBTS/ettringite and (b) GO-IBTS/ ettringite.

and ettringite substrate models. Under the NVT ensemble and
300 K simulation temperature, the external force in the form of
the following formula is applied to the center of mass position of
the upper substrate

F=K((X,+Vxt)—X

com)

The external force applied is in the form of spring force, denoted
by F.> K is the spring force constant. According to the
verlﬁcatlon of the simulation effect, 0.01 kcal/mol/nm? is the
most appropriate value. X is the coordinate in the Z direction of
the center of mass applied by the external force. Vis the tensile
velocity of the external force along the Z-axis. We set 100, 80, 40,
10, 5, and 2 m/s to explore the influence of velocity on interface
bonding. T is the simulation time. To ensure the same stretching
distance under different stretching speeds, the simulation time is
set as 0.2, 0.24, 0.5, 2, 4, and 10 ns, respectively. X, is the
dynamic position of the selected force acting on the ettringite
center along the Z direction. Finally, the F and X, data in the
simulation process are extracted to obtain the pulling force—
displacement curve.

3. RESULTS AND DISCUSSION

In this work, the molecular dynamics simulation method is used
to study the changes in the bond properties of the whole system
after adding IBTS and GO-IBT'S to modify the ettringite system
and to analyze the internal mechanism of GO-modified IBTS.
The whole simulation is divided into two stages: the equilibrium
adsorption stage and the dynamic tensile stage.

https://doi.org/10.1021/acsomega.2c08123
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Figure 4. Density distribution of Ca, Si, and O atoms in (a) the IBTS system before and (b) after GO modification.

3.1. Equilibrium Adsorption Stage. The equilibrium
adsorption stage takes the change of the centroid of the entire
system as the judgment of the equilibrium of the simulated
system, and both systems achieve equilibrium within 3000 ps.
Through the local structure and dynamic characteristics of the
two admixtures in the equilibrium stage, the interaction between
them and ettringite is analyzed.

3.1.1. Molecular Structural Transformation of Ettringite.
The atomic density distribution can directly show the
distribution of the modified IBTS, GO-IBTS, and ettringite to
obtain the binding characteristics of the interface structure
between them. We extract the atomic density distribution of the
IBTS system in the z direction before and after GO
modification. In terms of atomic selection, the Ca atom is
selected to represent the behavior characteristics of the
substrate, and the Si atom and hydroxy O atom are selected to
represent the behavior characteristics of IBTS. The atomic
density distribution is shown in Figure 4, where the dashed line
is the atomic density distribution before GO modification and
the solid line is the atomic density distribution after GO
modification. Each of the Ca ions in the upper and lower
ettringite substrates around 20 A on the abscissa of Figure 4a has
four groups of intensity peaks, which represent the behavior
characteristics of the four-layer ettringite in the established
model. The four groups of intensity peaks show different
distributions. The closer the IBTS is to 20 A, the stronger the
bias of Ca ion distribution and the more obvious the broadening.
The peak width of Ca ions in the surface layer closest to IBTS at
around 17 and 24 A is the largest, and the density distribution of
Ca, Si, and O atoms appears staggered in the red box. Figure 4b
shows the enlarged figure, which qualitatively indicates that the
Ca atomic layer in the basal surface layer interacts with IBTS.

By comparing the atomic density distribution curves before
and after GO modification, it is found that the three atomic
distributions of Cago.grsy Sigo.asrsy and Ogo.prs are more
concentrated in the intermediate modified layer, indicating that
the interaction between the intermediate modified layer and
ettringite is enhanced by GO modification. Preliminary analysis
of the reasons is as follows: (1) the connection of GO makes
IBTS rely on the large specific surface area of GO, its degree of
freedom has decreased, and the atomic distribution interval of
Sigosrs and Opprs.go has shrunk; (2) the hydroxyl, carboxyl,
and epoxy oxygen functional groups on the surface of GO itself
increase the interaction form between the intermediate modified
layer and ettringite, making the Cago_prg curve biased to the
intermediate modified layer distribution; and (3) the large
specific surface area of GO is bonded to ettringite, which
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increases the stability of the ettringite to a certain extent and
makes the intermediate modification more fully combined with
ettringite.

The density distribution diagram in this section analyzes the
molecular structure transformation of ettringite modified by
IBTS and GO-IBTS from the atomic perspective. The bias
distribution of the characteristic atomic curves qualitatively
indicates that there is an interaction between IBTS, IBTS-GO,
and ettringite. This section can guide the subsequent specific
analysis of the forms of interaction, and the interaction range of
13—26 A IBTS, GO-IBTS, and ettringite determined by the
atomic distribution diagram can be used to define the scope of
subsequent radial distribution curve analysis and increase the
accuracy of data analysis.

3.1.2. Interface Ca—0O Bond and Its Structure. The radial
distribution function can reflect the order degree of the
structure.” By analyzing the sharpness, width, and position of
the peak of RDF, the spatial correlation between ions and ions,
ions and solid atoms, and water molecules and solid atoms can
be qualitatively obtained. Figure S shows the RDF and local
structure diagrams of calcium atoms on the surface layer of
ettringite substrate and oxygen atoms on the functional group of
IBTS before and after GO modification of the IBTS system.
Among them, the limitation of the data analysis range of the
radial distribution curve in this section is taken from 13 to 26 A
obtained by the atomic density distribution curve of the previous
section. In the RDF curve of Figure 5Sa, the dashed line is the
pure IBTS system before GO modification and the solid line is
the GO-IBTS system after GO modification.

In the IBTS curve, it can be seen that the Ca—Ogrg curve has
the first peak at 2.65 A, and this bond length is within the range
of 2.35—2.75 A in the ettringite crystal, indicating that the added
IBTS can produce a strong interionic interaction with the Ca ion
of the ettringite substrate through the oxygen atom of the
alcohol hydroxyl group. The Ca—O ion pair is formed, and its
structure is shown in Figure Sb. In addition, the Ca—O gy curve
has a second peak at 3.95—4.55 A, which is beyond the Ca—O
bond range, indicating that there is a remote interaction between
Ca and O atoms. The local structure (Figure Sc) is extracted to
observe the action form, and it is found that the hydroxyl oxygen
atom of IBTS had an indirect interaction with the Ca atom
through forming a hydrogen bond bridge interaction with the
water molecule, and the specific expression form is “Ca—Ow—
Hw—Oqgrs”. The above two direct and indirect forms of
interaction realize the bond between IBTS and ettringite.

The GO-IBTS curve after IBTS is modified by GO has the
first sharp peak at 2.55 A and the second broad peak at 3.95 A.

https://doi.org/10.1021/acsomega.2c08123
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Figure S. (a) Radial distribution function diagram; local structure diagram of (b, c) Ca—O bond of IBTS before and (d) after GO modification.

We extract the local structure (Figure Sd) and find that there are
also two forms of interaction between IBTS and Ca ions of the
ettringite substrate: (1) the left side of Figure Sd shows the
direct effect of the Ca—O ionic bond. (2) The right side of
Figure 5d shows the indirect effect of “Ca—Ow—Hw—O¢o 575"
remotely. Comparing the two solid and dashed line curves, it is
found that the modification of GO reduces the two peak
positions of RDF and the sharpness of the first peak increases
significantly. This phenomenon indicates that the GO

connection effectively enhances the interaction between IBTS
and ettringite substrate without changing the interaction form
between them. This effect is closely related to the large surface
area of GO, which effectively limits the confusion of the upper
and lower ettringite, makes Ca ions accumulate on the GO
surface, limits the degree of freedom of Ca ions, and increases
the probability and strength of interaction between GO-linked
IBTS and Ca. In addition, functional groups carried by GO will

https://doi.org/10.1021/acsomega.2c08123
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Figure 6. (a) Radial distribution function of the GO-IBTS system and (b—e) local structure diagram of the Ca—O ionic bond in GO.

also interact with Ca ions, thus attracting Ca ions to gather near
GO. This interaction will be analyzed below.

In addition to modifying the interaction of the interface of
IBTS and ettringite, GO also interacts with the ettringite
substrate to affect the bonding property of the system. Figure 6
shows the RDF curves and local structure diagrams of GO
surface functional groups and ettringite surface Ca ions in the
GO-IBTS system. It can be observed from the RDF curve in
Figure 6a that Ca—Ocgo.prsy Ca—Ohgo.prs, and Ca—
Oco0go.prs have the first peak at 2.6S, 2.95, and 2.55 A,
respectively, indicating that the epoxy, hydroxyl, and carboxyl
groups on GO have different degrees of ionic interaction with
the Ca atoms of ettringite. The smaller the peak position, the
stronger the ion interaction is. Therefore, the curve shows that
the ionic interaction size of the three functional groups of GO is
carboxyl group > epoxy group > hydroxyl group.

The specific bond forms of three functional groups are
observed separately. First, the peak position of the first peak of
Ca—Ocgo.prsis at 2.65 A, indicating that Ca forms a direct ionic

bond cooperation with O, and the local structure is shown in
Figure 6b. The curve of Ca—Ocgq.prs has a broad second peak
at 3.25 A, which reflects the indirect interaction between Ca—QOc¢
as shown in Figure 6¢. The Ca ion binds to the surrounding
water molecules, and the H atom in the hydroxyl group of water
molecules forms a hydrogen bond interaction with the Oc atom;
thus, the Ca ions have a remote interaction with the Oc atoms.
Compared with the first peak of Ca—Ocgg_prs, the first peak of
the RDF curve of Ca—Ohgg_prs shifts to the right. The peak at
2.95 A shows that the bond form of Ca and Oc is indirect. As
shown in Figure 6d, the Ca ions bind to the surrounding water
molecules. The H atom of the hydroxyl group forms a hydrogen
bond with the Oh atom to realize the remote and indirect
capture of the Ca ion by Oh. Compared with the previous two
curves, the first peak of Ca—Oco00go.prs is sharper and smaller,
indicating that there is a strong interaction between the Ca
atoms in the surface layer of ettringite and the carboxyl group of
GO. And Ocoo has a stronger ability to directly capture Ca ions
in the short range than Oc, forming Ca—O ion pairs on the left of
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Figure 7. Radial distribution function of hydrogen bonds of (a) IBTS before and (b) after GO modification; local structure diagram of (c) IBTS before
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Figure 6e. Its second peak is located at 3.65 A, indicating that
Ocoo also has an indirect effect on the Ca ions in the form of
Ca—Ow—Hw—Oh. The local structure is shown on the right of
Figure Ge.

3.1.3. Hydrogen Bond Network. In addition to Ca—O ion
interactions, hydrogen bond networks formed between water
molecules, aluminum hydroxyl groups, sulfate, and functional
groups also play a pivotal role in the bonding properties between
IBTS, GO, and ettringite substrate. Figure 7 shows the RDF
curves and local structure diagram of the hydrogen bonds
formed between IBTS and ettringite before and after GO
modification. In the RDF graph of Figure 7a, the solid lines are
those of the IBTS system, and the dashed lines are those of the
GO-IBTS system. All curves in the figure satisfy the hydrogen
bond formation condition that the distance between hydrogen
donor and oxygen acceptor should be less than 2.45 A. Hydroxyl
hydrogen atoms of IBTS, as donors, can form three types of
hydrogen bonds with aluminum hydroxyl groups of ettringite
substrate, sulfate, and oxygen acceptors of water molecules.

It can be observed from the curve that these three types of
hydrogen bonds exhibit different degrees of interaction. The
peak positions of Ho—Oal, Ho—Os, and Ho—Ow of the dashed
IBTS curves are 1.55, 1.55, and 1.75 A, respectively. The
relationship between the hydrogen bond interaction of the three
is as follows: Ho—Os > Ho—Oal > Ho—Ow, and the diagram of
the bonding mode is shown in Figure 7c. The solid line after GO
modification of IBTS shows that the GO connection does not
change the peak positions of the three hydrogen bonds but
decreases the peak values. This is because the hydroxyl group of
GO is connected to the hydroxyl group of IBTS through a
dehydration reaction, and the reduction of the hydroxyl site of
IBTS decreases the peak value of three types of hydrogen bonds.
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The schematic diagram of the hydrogen bond structure of IBTS
after GO modification is shown in Figure 7d.

Similarly, GO would form hydrogen bond interactions with
the ettringite substrate to enhance the stability of the interface.
As donors, hydrogen atoms of GO functional groups can form
three types of hydrogen bonds with the aluminum hydroxyl
group of ettringite substrate, sulfate group, and oxygen acceptor
of the water molecule, as shown in Figure 7b. Besides, the RDF
curve of IBTS forming hydrogen bonds with water molecules of
ettringite substrate has been noted and the second peak is larger
than the first peak, indicating that the hydrogen bond interaction
between IBTS and ettringite substrate is mainly derived from the
hydrogen bond network formed by indirect interaction.

3.1.4. Time Correlation Function. 1t is qualitatively obtained
from the previous local structure analysis that ionic bonds and
hydrogen bonds between calcium atoms and oxygen in IBTS
and GO functional groups play a pivotal role in improving the
bonding properties between IBTS and ettringite. Time
correlation function (TCF)**** can quantitatively describe the
strength and stability of various chemical bonds formed between
molecules, between ions, and between ions and molecules. The
relationship is shown as follows

ct) = (8b(t) 6b(0))

(8b(0) 8b(0))
where b(t) is a binary operator, which only changes with the
change of time, and its value is only 0 or 1. The value is 1 if bonds
are formed between atoms, 0 otherwise, and (b) is the average of
b. The chemical bonds in the system will form or break over
time. The TCF value of the two atoms is close to 1, indicating
that the bond between them is stable. On the contrary, if the
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Figure 9. TCF of hydrogen bonds: (a) hydrogen bonds of IBTS before and after GO modification and (b) hydrogen bonds of GO.

bond stability is poor, the value of TCF will quickly decay to 0
with the increase of time.

Figure 8 shows the TCF of the Ca—O ionic bond at the
modified interface, where Figure 8a shows the stability of the
Ca—O0 ionic bond formed by the hydroxyl oxygen atom of IBTS
and Ca ions before and after GO modification, and the dashed
line is the GO-unmodified system. The solid line shows the GO-
modified system, and Figure 8b shows the stability of the Ca—O
ionic bond formed between the three oxygen atoms on the GO
functional group and Ca ions. It can be seen from Figure 8a that
the TCF values of Ca—Oyzrg and Ca—Ogoprs in the two
systems show a small attenuation. At 50 ps, values of Ca—Oygrg
and Ca—Ogo_prs decay to 0.86 and 0.96, respectively, which
indicates that the hydroxyl oxygen atom of IBTS can form a
relatively stable ionic bond with Ca of ettringite, and the
modification of GO increases the stability of the Ca—O bond
between IBTS and ettringite. Three kinds of Ca—O ionic bonds
in Figure 8b, Ca—Ocgo.prsy Ca—Ohgo.iprs, and Ca—
Ocoogoprsy formed by the oxygen-containing functional
groups of epoxy, hydroxyl, and carboxyl groups on the surface
of GO and Ca, show different stabilities. At S0 ps, values of Ca—
Ocgo.rsy Ca—Ohgo prs, and Ca—Ocoogq s decay to 0.83,
0.86, and 0.88, respectively. The hydroxyl oxygen atom of GO
has high electronegativity and a strong affinity with Ca ions to
make the Ca—Oh with high stability. Compared with Oh, the
Ocoo of GO is more electronegative, Ca ions show a stronger
affinity for carboxyl groups, and the Ca—Ocoo bond has higher
stability. At the same time, combined with the local structure
analysis, the two oxygen atoms of the carboxyl group enhance
the stability of the ion connection. Based on the above TCF
analysis, the order of bond stability between calcium ions and
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different functional groups is as follows: Ca—Oco0¢o.prs > Ca—
Ohgo.srs > Ca—Ocgo.prs:

Figure 9 shows the TCF diagram of the hydrogen bond, where
Figure 9a shows the stability of the hydrogen bond formed
between the hydroxyl hydrogen atom of IBTS and oxygen of the
ettringite substrate before and after GO modification; the
dashed line is the GO-unmodified system, and the solid line is
the GO-modified system. Figure 9b shows the stability of the
hydrogen atom of the GO functional group forming a hydrogen
bond with oxygen atoms of the ettringite substrate. The TCF
curve in Figure 9a shows that the three hydrogen bonds formed
by the substrate exhibit different stabilities. This TCF value at 50
ps shows that Ho—Os, HO—Oal, and Ho—Ow decreased to
0.88, 0.78, and 0.48, respectively, indicating that the stability
order of the three hydrogen bonds is Ho—Os > Ho—Oal > Ho—
Ow. This also indicates that the hydrogen bond between IBTS
and ettringite mainly originates from the oxygen atom in the
aluminum hydroxyl group or sulfate. According to the RDF
analysis above, the hydrogen bond interaction between IBTS
and water molecules mainly comes from the indirect hydrogen
bond network, which is relatively poor in stability, and it can well
explain the reason the TCF value of Ho—Ow decreases by half.
After the GO modification, the TCF values of the hydrogen
bond formed by IBTS and ettringite decrease, Ho—Os decreases
by 7%, Ho—Oal decreases by 36%, and Ho—Ow decreases by
8%, which shows that the modification of GO can reduce the
stability of the IBTS hydrogen bond. The modification of GO
reduces the number of hydroxyl groups in IBTS, thus affecting
the bonding of hydrogen bonds. In addition, the competitive
relationship between the functional groups of GO and IBTS will
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Figure 10. (a) Structure diagram of IBTS, GO-IBTS, and ettringite at different simulation times; (b) at 3050 ps, the structure diagram of IBTS; and (c)

at 3050 ps, the structure diagram of GO-IBTS.

preoccupy the binding sites, affecting the stability of forming
hydrogen bonds between IBTS and the ettringite substrate.

Figure 9b shows the TCF curve of GO-forming hydrogen
bonds. It can be found that the stability of GO-forming
hydrogen bonds with aluminum hydroxyl groups is basically
unchanged, indicating that GO can form stable hydrogen bonds
with aluminum hydroxyl groups. H—Osgo.;prs and H-—
Owgo.iprs decrease to 0.81 and 0.85, respectively. By
comparison, the hydrogen bond stability of GO is significantly
stronger than that of IBTS. Therefore, it can be said that the
stability of the hydrogen bond formed by ettringite is improved
by the modification of GO, which enhances the interface-
bonding property between ettringite and modified substances.

3.2. Dynamic Tensile Stage. Based on the analysis of the
interaction forms and stability between IBTS, GO-IBTS, and
ettringite in the previous equilibrium stage, this section mainly
investigates the strength of bond properties between them and
the reasons for bond failure in the dynamic tensile simulation
stage.

3.2.1. Tensile Simulation Diagram. To reduce the influence
of simulation velocity on tensile behavior, we select the
minimum tensile velocity of 2 m/s as an example and extract
the structure diagram of the tensile phase to intuitively display its
behavior characteristics. Figure 10a shows the behavior
diagrams of IBTS, GO-IBTS, and ettringite at different moments
in the whole simulation process. It can be observed from Figure

10 that IBT'S and GO-IBTS are unilaterally adsorbed due to the
electronegative attraction of ettringite in the equilibrium stage
from 0 to 100 ps, resulting in bonding. Then, the two substrates
gradually converge and come to bond with each other from 100
to 3000 ps. After 3000 ps, the tensile force is gradually applied,
and at 3025 ps, the volume of the IBTS system first shows tensile
growth. At 3050 ps, the IBTS of the middle layer shows obvious
peeling voids, and GO-IBTS bonded closely, which qualitatively
indicates that GO-IBTS is stronger than IBTS. After 3100 ps,
IBTS, GO-IBTS, and ettringite have an obvious interface peeling
and only adsorb on one side of the substrate.

At 3050 ps, Figure 10b shows that the behavior of IBTS at the
interface during the stretching stage is consistent: the hydro-
philic hydroxyl end of IBTS tends to the ettringite distribution
on the proximal side, while the hydrophobic alkyl end tends to
the middle plane distribution. As can be seen from the molecular
behavior diagram, the fracture surface in the tensile stage occurs
at the interface between IBTS and ettringite. The difference
between the hydrophilicity and hydrophobicity of both ends of
IBTS leads to the bonding between IBTS and ettringite only on
one side, which becomes the weak link of interface tensile
fracture. At the same time, this phenomenon is consistent with
previous studies on the hydrophobicity of IBTS: the hydrophilic
end of IBTS interacts with ettringite, and the hydrophobic
endpoints into the channel, thus protecting IBTS from water
transport in the ettringite channel. Figure 10c of the GO-IBTS-
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modified ettringite system at 3050 ps shows that the functional realize the interaction with ettringite on both sides. Moreover,
groups on the surface of GO itself have two sides, which can the large specific area of GO makes it have higher cohesion and
16025 https://doi.org/10.1021/acsomega.2c08123
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bind more closely with ettringite. IBTS is connected with GO by
the hydroxyl group, which makes them have a synergistic effect.
IBTS improves its adhesion by relying on the strong interaction
between GO and ettringite to realize the improvement of the
ettringite bond performance of the IBTS-GO-modified system.

In addition, this work well explains the rationality of the
waterproof modification of ettringite by GO-IBTS. The bond
performance between GO and ettringite is better than that of
IBTS. GO can capture the IBTS that are removed from ettringite
adsorption due to water transfer, realizing the stability
modification of IBTS by GO, to achieve a better waterproof
effect.

3.2.2. Tensile Curve. On the basis of qualitative analysis of the
molecular structure diagram above, we extract the mechanical
curve at the tensile speed for quantitative analysis, as shown in
Figure 1111a—f. The tensile curves at different speeds show the
following phenomena: (1) the whole tensile curve is divided into
two stages. In the former stage, the curve increases with the
increase of tensile displacement. In this stage, the tensile force
needs to overcome the bonding between IBTS, GO-IBTS, and
ettringite substrate, and the tensile force increases gradually.
When the tensile force reaches the maximum, that s, the top part
of the curve, the tensile force has completely overcome the
bonding force between the two, and IBTS, GO-IBTS, and
ettringite substrate are separated. Then, the curve enters the
unloading stage, and the separated upper ettringite substrate
part breaks away from the bonding effect and is pulled up by
gradually small forces. (2) The stripping tensile force of the GO-
IBTS system is higher than that of the IBTS system. The
mechanical curves of six groups at different speeds all show that
the tensile force required for the separation of GO-IBTS and
ettringite substrate to overcome the bonding effect is greater
than that of IBTS, indicating that the modification of GO can
effectively improve the interface-bonding property between
IBTS and ettringite substrate. (3) The tensile speed affects the
force required for interface peeling. By comparing the required
peeling tensile force at different speeds, it is found that with the
increase of the tensile speed, the required peeling force increases
gradually in both systems. In addition, with the increase of the
tensile speed, the degree to which GO modification improves
the tensile force of IBTS gradually increases. As shown in Table
1, the tensile force improvement degree increased from 33.22%

Table 1. Size of Interface Pulling Force and the Degree of GO
Modification Enhancement at Different Speeds

tensile pulling force of
speed IBTS separation

pulling force of
GO-IBTS separation

lift degree of GO
separation pulling

(m/s) (kcal/mol-A) (kcal/mol-A) force (%)
2 0.09902 0.13191 33.22
S 0.09527 0.13857 45.45
10 0.09853 0.146 48.18
40 0.09917 0.16429 65.67
80 0.11543 0.18233 57.96
100 0.11744 0.19532 66.31

at 2 m/s to 66.31% at 100 m/s. It can be seen that the tensile
speed will have a certain influence on the size of the peeling
force, which is consistent with the actual macroscopic
mechanic’s test.

Therefore, in this work, the stretching rate and tensile force
are curve-fitted, as shown in Figure 11g. The tensile force whose
theoretical tensile rate is 0 is found by fitting the curve, and the
influence of the tensile rate on the simulation results is

eliminated. As can be seen from Figure 11g, when the speed is
0, the tensile force of IBTS is 0.0955 kcal/mol-A and that of GO-
IBTS is 0.1361 kcal/mol-A. The modification of GO makes the
tensile force of GO-IBTS increase by 42.51% compared with
that of IBTS, which greatly enhances the bonding property of
the interface.

3.2.3. Dynamic Coordination Number. According to the
interface analysis in the equilibrium stage, IBTS and GO-IBTS
interact with ettringite through the Ca—O ionic bond and
hydrogen bond, thus realizing the interface adhesion between
them. Starting from the source of bond properties, this work
analyzes the dynamic changes in the number of bonds formed by
the two types of bonds before and after interface peeling to
reveal the causes of the interface tensile failure process and the
reasons for the improvement of bond properties by GO
modification of IBTS from the perspective of bond bonding.

Figure 12 shows the dynamic coordination number of the
whole simulation process. The first 3000 ps is the equilibrium
adsorption state and the last 200 ps is the tensile stage. Figure
12a shows the coordination situation of Ca—O ionic bonds
formed by IBTS before and after GO modification, which is
analyzed in combination with the previous local structure
diagram. At the initial stage of 0—100 ps, the number of Ca—O
ion bond coordination number of IBTS and GO-IBTS systems
increases sharply, indicating that IBTS and the ettringite
substrate have strong interaction through the Ca—O ion bond,
which makes IBTS adsorbed on the unilateral ettringite
substrate. 100—3000 ps is the equilibrium adsorption stage.
After adsorbing IBTS and GO-IBTS, the upper and lower layers
of ettringite substrates have a strong adsorption effect due to the
difference in electronegativity, which makes the two substrates
converge and realize the balance of the whole system. It can be
found from the curve that the dynamic coordination number
fluctuation of the Ca—O bond of IBTS is greater than that of the
GO-IBTS system during the equilibrium process, indicating that
the Ca—O ionic bond of IBTS is prone to bond breakage and
recombination and has poor stability, which is consistent with
the previous TCF analysis results.

It is worth noting that in the equilibrium stage, both curves
have a period of the first decline and then stability, which are
2700—3000 ps of IBTS and 1000—3000 ps of GO-IBTS,
respectively. Combined with the local analysis figure, it can be
seen that the curve process of 2700—2900 ps of IBT'S and 1000—
1300 ps of GO-IBTS corresponds to the stage of complete
adsorption and bonding of the two substrates, and the interface
bonding of the Ca—O bond is weakened by the coupling effect of
the bonding of the two substrates: the number of bonds formed
by IBTS of the two systems shows a downward trend. Figure
12¢,d shows the density contour map of Ca ions and IBTS
hydroxyl oxygen atoms during the complete bonding stage of the
two substrates. The red is the hydroxyl oxygen atom
representing the behavior of IBTS, and the green is the calcium
atom of the base. Figure 12c shows that most of the oxygen atom
trajectories are scattered, indicating that the Ca—O bond
stability is poor. Figure 12d shows that the link of GO makes the
oxygen atom trajectories of IBTS more concentrated, indicating
that the modification of GO increases the stability of ionic bonds
of IBTS. In addition, as can be seen from the density contour
map of GO and basal calcium atoms in Figure 12e, the
trajectories of GO are more concentrated and the ionic bonds
formed by GO are more stable, which is closely related to its
large specific surface area. The time of 2900—3000 ps of IBTS
and 1600—3000 ps of GO-IBTS corresponds to the stage after
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Figure 12. (a) Ca—O dynamic coordination number of IBTS before and after GO modification; (b) GO-IBTS system, the Ca—O dynamic
coordination number of IBTS; (c) trajectories of oxygen atoms of IBTS and calcium atoms of ettringite in the IBTS system; (d) trajectories of oxygen
atoms of IBTS and calcium atoms of ettringite in the GO/IBTS system; and (e) trajectories of oxygen atoms of GO and calcium atoms of ettringite in

the GO/IBTS system.

the stable bonding of the two substrates. The number of Ca—O
bonds of IBTS at the interface of the two systems shows a stable
value, and the stability of the bonds is increased.

During the tensile stage of 3000—3200 ps, the number of Ca—
O bonds of IBTS shows an increasing trend, indicating that with
the gradual separation of the two substrates during the stretch,
IBTS gradually gets rid of the influence of the nonadsorbed
ettringite substrate on the bonding of the IBTS-adsorbed
ettringite, showing the Ca—O ionic bond properties formed by
the unilateral adsorption of ettringite on IBTS. This process can
be regarded as the reverse process of the adsorption and
converging of the 2700—2900 ps two substrates of IBTS.
Compared with the tensile stage of IBTS, the number of ionic
bonds formed by IBTS does not fluctuate significantly,
indicating that the modification of GO makes the binding of
IBTS to the Ca—O ionic bonds of ettringite on the adsorption
side more stable and is not affected by the nonadsorption
ettringite substrate.

In addition to the effect of GO modification on the bond
number of IBTS, the bond number of its own functional groups
with ettringite is shown in Figure 12b. Similarly, after the initial
stage of unilateral adsorption of GO-IBTS and ettringite, the
number of three kinds of Ca—O bonds of GO increased. The

16027

coordination number curve is stable after the two substrates are
attracted to each other and reach the equilibrium stage. At the
last stretch stage of 3000—3200 ps, the three Ca—O bonds all
show a significant decrease, indicating that the interface stretch
makes the Ca—O bond between GO and ettringite break, which
leads to the failure of interface bonding. In addition, the number
of coordination numbers after complete tensile separation can
be found to be significantly decreased compared with that in the
equilibrium adsorption stage, indicating that compared with
IBTS, GO can increase the bonding property between the two
substrates in the equilibrium adsorption stage by relying on its
double-sided functional group characteristics.

In addition to the Ca—O ionic bond, hydrogen bonding is also
the source of interfacial bonding. Therefore, in the interfacial
tensile fracture stage, in addition to the coordination number of
the Ca—O ion bond, the relationship between the hydrogen
bond and interfacial bond failure is analyzed. Figure 13 shows
the dynamic coordination numbers of IBTS and GO-IBTS
systems, where Figure 13a,b shows the coordination numbers of
hydrogen bonds formed between IBTS and ettringite substrate
under the two systems. Similar to the case of the Ca—O ionic
bond, the number of hydrogen bond coordination in IBTS and
GO-IBTS systems first increased after the initial one-sided
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Figure 13. Dynamic coordination number: (a) IBTS system, the number of hydrogen bonds of IBTS; (b) GO-IBTS system, the number of hydrogen
bonds of IBTS; and (c) GO-IBTS system, the number of hydrogen bonds of GO.

adsorption process. The coordination number of the three
hydrogen bonds of IBTS shows different changes. From 2700 to
2900 ps, the coordination number of Ho—Oaljzrs and Ho—
Osgrg increases, while the coordination number of Ho—Ow
decreases. The results indicate that the number of hydrogen
bonds formed by IBTS with the ettringite aluminum hydroxyl
group and sulfate group increases, while the number of hydrogen
bonds formed by IBTS with water molecules decreases, which is
closely related to the degree of freedom of the three substrate
substances. Compared with water molecules, the aluminum
hydroxyl group and sulfate group have poor degrees of freedom.
In the phase of substrate approaching, the aluminum hydroxyl
group and sulfate group increase the possibility of forming
hydrogen bonds with bilateral substrates, increasing in
coordination number. However, because of the free distribution
of water molecules in ettringite, the coordination number of
water molecules tends to decrease as ettringite comes closer
together and exhibits large mobility. In general, it can be seen
from the Ho—O total curve that the total number of hydrogen
bonds still shows an upward trend in the base convergence stage.
At the same time, limited by the large specific surface area of GO,
the degrees of freedom of IBTS in the GO-IBTS system
decreased, so the coordination number did not change
significantly in the phase of substrate convergence.

Figure 13a,b in the mechanical tensile stage of 3000—3200 ps
shows that the number of hydrogen bonds in IBTS and GO-
IBTS systems decreased, and Figure 13c shows the number of
hydrogen bonds between GO and ettringite in the GO-IBTS
system. Three types of hydrogen bonds formed between GO
and ettringite substrate also showed a significant decrease during
the stretch phase. The three figures show that the rupture of
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hydrogen bonds at the interface caused by tension is also one of
the reasons for the failure of interface-bonding properties.
3.2.4. Interaction Energy. In addition to analyzing the
reasons for the failure of interface-bonding properties in the
tensile stage from the perspective of interface bonding in the
previous section, this section analyzes the failure from the
perspective of interaction energy. We extract the interaction
energy curves of IBTS, GO-IBTS, and ettringite interface at the
stretch stage of 3000—3200 ps, as shown in Figure 14. It can be
seen from the curve that at 3000 ps equilibrium adsorption stage,
the interaction energy between IBTS and ettringite interface is
—490 kcal/mol, while that of GO-IBTS is —650 kcal/mol. The
interaction energy of IBTS is higher than that of GO-IBTS,
indicating that the modification of GO reduces the interaction
energy between IBTS and ettringite interface. As a result, the
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Figure 14. Interaction energy curve.
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interface adhesion performance of GO-IBTS and ettringite is
stronger than that of IBTS, and the interface bonding is more
stable. At 3050 ps, the interface of IBTS, GO-IBTS, and
ettringite breaks away due to the effect of tensile force, and the
interface interaction energy of the two systems increases,
showing the adsorption characteristics of IBTS, GO-IBTS, and
unilateral ettringite substrate. The energy order of the two at the
initial separation stage of 3050 ps is Ejgrs > Eqo.msrs-

In the interface separation process of 3000—3050 ps, the
relationship between the interaction energy change of the two
systems is Ejpgrg < Ego.prs. It indicates that the tensile force
makes GO-IBTS and ettringite from a stable binding state to an
interface separation state need to overcome a larger energy
barrier, and the bonding property of the GO-IBTS interface is
stronger than that of the IBTS interface. Within 3050—3200 ps
after interface separation, IBTS quickly reaches the equilibrium
stage of IBTS double-sided stable adsorption, and the energy is
stable and unchanged. However, the interaction energy of GO-
IBTS increases stably with the increase of stretching distance
because the single-sided functional group is detached from
adsorption under the action of the stretching force. This
phenomenon indicates that the amphiphilic property of IBTS
makes the hydrophilic end produce surface adsorption with
ettringite, while the hydrophobic end hinders the adsorption,
resulting in relatively poor interfacial bonding performance of
IBTS system. For the GO-IBTS system, there are polar
functional groups on the GO surface to “bridge” the ettringite
substrate, which improves the interface bonding performance.

4. CONCLUSIONS

In this work, the mechanism of interaction between silane and
cement-based materials and the causes of interface bond failure
under tensile force is studied by molecular dynamics simulation
method to reveal the mechanism of GO modification of silane to
improve interface bond performance from the molecular
perspective. To further understand the mechanism and way of
enhancing the macroscopic mechanical properties and guide the
subsequent modification of sulfoaluminate cement-based
materials, the specific conclusions are as follows:

(1) The interfacial-bonding properties of IBTS, GO-IBTS,
and ettringite are derived from the bonding of ionic and
hydrogen bonds between them. The modification of GO
enhances the strength and stability of the Ca—O ionic
bond formed by IBT'S and ettringite. In addition, the three
oxygen-containing functional groups on the surface of GO
will also form a Ca—O ionic bond and hydrogen bond
with ettringite, which is more stable than IBTS.

(2) In the tensile stage, the failure of the interface bond is due
to the fracture of the ionic bond and hydrogen bond. The
dynamic coordination number reflects the bond for-
mation changes of the two systems during the tensile
stage. The Ca—O ionic bond and hydrogen bond of the
interface are broken due to the application of tensile force,
which leads to the interface peeling. The tensile speed
affects the force required to peel the interface. With the
increase of the stretching speed, the force required by the
two systems increases gradually. At the same tensile
speed, the bond strength relationship of the two systems is
GO-IBTS > IBTS.

(3) The bond strength between GO-IBTS and ettringite is
greater than that of the IBTS system. In the stable
adsorption state, the interaction energy between GO-

IBTS and ettringite at the interface is lower than that of
IBTS. The GO-IBTS system needs to overcome a larger
energy barrier from the stable binding state to the
interface separation state, and the bonding property of the
GO-IBTS interface is stronger than that of the IBTS
interface. In addition, the amphiphilicity of IBTS results in
its interaction with unilateral ettringite, while the double-
sided nature of GO’s functional groups enables IBTS to
interact well with bilateral ettringite, thus enhancing the
interface-bonding performance.
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