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ABSTRACT: Organic—inorganic composites play a crucial role in modulating concrete properties, encompassing interfacial
interactions and their synergistic mechanisms. Unraveling these interactions presents a formidable challenge. In this study, molecular
dynamics simulations were employed to probe the intricate structure, competition, and equilibrium state of interfacial connections
involving a temperature rise inhibitor (TRI), C,S, and water. Computational results reveal that the interplay of different bonding
networks significantly influences the equilibrium state of the C;S—TRI interfacial interactions, marked by dynamic adsorption—
desorption equilibria. The interaction between C;S and TRI manifests in intricate calcium—oxygen and hydrogen bonding networks,
which are both easily disturbed by water molecules. Oxygen sites in water serve as binding sites for calcium atoms in C;S and
hydrogen atoms in TRI, thereby attenuating the C;S—TRI bonding. Simultaneously, hydrogen sites in water engage with oxygen
sites in the TRI, diminishing calcium—oxygen bonding and prompting the detachment of TRI from the C;S surface. Moreover, these
hydrogen sites interact with the oxygen sites on the C;S surface, inducing lattice structure alterations and removal of calcium atoms
from C;S. As TRI detaches into the liquid phase, it forms complexes with calcium ions, reducing the migration rate of calcium ions
within the liquid phase. This study represents the inaugural comprehensive evaluation of the interfacial interaction mechanism
between TRI, C;S, and water, offering fundamental insights into the impact of TRI on the evolution of the C;S phase. These findings
contribute to a deeper understanding of the complex interplay governing concrete properties, paving the way for enhanced control
and optimization in concrete technology.

1. INTRODUCTION transport inhibitors at the capillary interface of hydration
In recent years, sustainable buildings have emerged as a pivotal products was examined by Huang et al,'" employing drug
endeavor in cutting CO, emissions, significantly shaping delivery concepts. They subsequently developed a constitutive
urbanization dynamics.' > These sustainability initiatives model involving organic matter to counter salt ion erosion.
encompass diverse strategies, such as reducing concrete Zhou et al.'' enhanced the interfacial bonding of cement
cracking risks," extending the service life of concrete,” and composites to increase their tensile and bending resilience. In

facilitating carbon capture.7 Essential within this context,
chemical admixtures constitute an important component in
civil engineering materials, endowing concrete with enhanced
performance, durability, and aesthetic attributes.® This
intricacy is inherently linked to the interface modulation of
concrete components through chemical admixtures. For
instance, Mishra et al.” delved into the adsorption mechanism
of organic agents at the cement interface, quantitatively
elucidating aggregation parameters for distinct grinding aids
at the tricalcium silicate (C,S) interface. The interaction of ion

this context, diverse polymers emerge as viable agents to effect
manifold performance enhancements through their interfacial
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Figure 1. Schematic diagram of the computational model (the lower left side represents the tricalcium silicate region, green balls represent calcium
atoms, red and orange balls represent silicate tetrahedra, and the upper left side represents the region of the aqueous solution containing TRI, gray
balls represent carbon atoms, red balls represent oxygen atoms, and white balls represent hydrogen atoms. The molecular structure of the TRI
monomer is shown in the upper right, and the molecular structure of tricalcium silicate is shown in the lower right).

interactions with phases inherent to cementitious materi-
als."”™"* Modern buildings are often faced with mass concrete
construction, and temperature cracking is the greatest concern
in this construction process, which is closely related to the
exothermic process of cement hydration.

Given its highest content in cement compositions, CsS is
widely recognized for its pivotal role in governing hydration
reactions and the subsequent effects of heat.'>'® This
exothermic heat release rate profoundly influences the
equilibrium of internal thermal stress in concrete, thereby
influencing the propagation of temperature-induced cracks.
Recent studies have introduced a starch-based hydration
temperature rise inhibiting material (TRI), grounded in the
notion that organic—inorganic composite systems can
modulate hydration reactions.'” At a macroscopic scale, this
category of admixture controlled exothermic release during
hydration, effectively curbing temperature elevation by
reducing the exothermic peak of hydration heat and altering
the nature of cement’s concentrated exothermic behavior.

Numerous researchers have investigated this fascinating
phenomenon. Yan et al.'”'® proposed that the predominant
factor influencing the rise in hydration temperature within
cement paste is the conformational evolution of TRI, and this
is more important than the effect of degree of polymerization.
Additionally, TRI’s impact on the initial hydration of C;S is
also attributed to its adsorption on the C;S surface.
Subsequent to TRI depletion, the “second peak” of C;S
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hydration occurs, leading to the occurrence of a second
exothermic peak. Zhang et al."”** suggested that, on the one
hand, the nucleation growth of C—S—H continued only after
the continuously generated C—S—H consumed the dissolved
TRI, and on the other hand, the dissolved TRI was partially
adsorbed on the surface of C—S—H, resulting in the inhibition
of C—S—H growth. Although these studies have systematically
demonstrated the capacity of TRI to influence the overall
hydration process of cementitious materials by exerting an
impact on the initial mineral hydration, the microscopic
mechanism has not been elucidated due to the limitations of
experimental equipment resolution. This phenomenon is
intricately linked to the interactions of TRI at the surfaces of
cement minerals, particularly C;S, and the conformational
evolution of TRI in solution. Such interactions and their
synergistic effects depend on the interfacial interactions among
cement minerals, water, and TRI following its incorporation.
To bridge this knowledge gap and gain a deeper under-
standing of how TRI regulates hydration heat evolution, the
mechanisms and synergistic effects between solid and liquid
(water and TRI) interfaces are investigated, thereby providing
insights at the nanoscale. In this context, molecular dynamics
simulations™ ~** can offer reliable insights into the intricate
details of the interactions between solid and liquid (water and
TRI) interfaces. In this study, the composition, structure, and
stability of various interface bonding networks between C;S
and aqueous solutions, with and without TRI, are explained

https://doi.org/10.1021/acs.jpcc.3c07380
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Figure 2. Topological evolution diagram of the tricalcium silicate-water model with and without TRI (upper section depicting interactions in the
presence of TRI; green spheres represent calcium atoms, red and orange spheres represent silicate tetrahedra, gray spheres represent carbon atoms,
red spheres represent oxygen atoms, and white spheres represent hydrogen atoms; lower section depicts interactions without TRI).

through molecular simulations. This work provides insights
into in situ interactions between organic molecules and
inorganic minerals at the interfaces.

2. SIMULATION METHODS

The C;S model employed in this investigation was built based
on the crystal structure resolved by NI Golovastikov et al.**
This structure aligns with the Q-chain distribution of C;S in
cement and X-ray diffraction patterns and has been
demonstrated to be suitable for molecular simulations in
cement systems.”” The C,S-liquid interface model was
established, as shown in Figure 1, with dimensions of a
4874 A, b=5628 A, c=80 A, a=90° =90°and y = 90°. A
total of 4 X 8 X 2 C;S unit cells were included. The TRI
consisted of a long-chain sugar structure, while a monomer
structure was used to investigate the interactions among C,S,
water, and TRI at the interface region. In the solvent region, 20
TRI molecules were randomly placed, and subsequently, water
absorption simulation was performed by Monte Carlo,
resulting in a liquid-phase water density of 1 g/cm?>.
Subsequently, empirical force fields were employed to
examine the interactions between Cs;S, water, and the TRI
For C,S, the CLAYFF force field*® was utilized, which has
been successfully applied to molecular models of clay phases,
hydration compounds, and hydroxides. The SPC water
model”” was used to describe the behavior of water and
hydroxyl groups. The hydration TRI developed by the Jiangsu
Provincial Academy of Building Sciences, has been chosen due
to its experimental validation for the suppression of early
cement hydration and the mitigation of hydration heat.'” For
the TRI molecules, the consistent valence force field (CVEF)*®
was employed, known for its accurate representation of system
structures and binding energies. The CVFF force field is
particularly suitable for low-molecular-weight organic crystals
and encompasses bond lengths, bond angles, torsional angles,
and dihedral interactions. In this study, a hybrid approach was
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used, where the CLAYFF force field described the interactions
between C;S and water molecules, while the CVFF force field
described the TRI molecules.” Specifically, both the CLAYFF
force field and the CVFF force field use the Lennard-Jones
description of van der Waals, with the expression shown in eq
1.

12 6

Ry R

Evpw = Z DO,ij
i#j "i i (1)
The crossed parameters for the organic—inorganic inter-
action are obtained by the Lorentz—Berthelot mixing rules,
with the following expressions shown in equation (eqs 2 and

3)

1
RO,ij = E(Ro,i + Ro,;) )
Dy, = \/ Dy, Dy, (3)

The LAMMPS software was employed for conducting
molecular dynamics simulations.””" For the C;S dissolution
model, an initial energy relaxation was performed using a
combination of force fields. Subsequently, a 2 ns dynamics and
production process were carried out using the velocity-Verlet
integration scheme. During this stage, atomic trajectories were
sampled every 0.1 ps for structural and dynamic statistical
information. The simulations were carried out under the NVT
ensemble at 298 K, with a temperature damping parameter of
100 fs and a time step length of 1 fs.

3. RESULTS AND DISCUSSION

The topological configuration, conformational evolution, and
interface affinity of TRI with C;S are reported in Section 3.1. A
comparison is drawn with scenarios in which TRI is absent,
aimed at investigating the interaction trends of TRI on the

https://doi.org/10.1021/acs.jpcc.3c07380
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surface of C;S. These observations potentially exhibit their
influence on the solid-phase topology and solution environ-
ment. The comprehension of intricate interactions between
solid and liquid (water and TRI) interfaces is crucial for
elucidating the environmental evolution and phenomena
occurring when TRI molecules come into contact with
cementitious minerals. Subsequent sections, namely, Sections
3.2—3.4, particularly investigate the interactions between each
pair of phases. Section 3.5 integrates and discusses the
aforementioned subsections. Through the process of dissecting
and subsequently reassembling the tripartite interactions, we
acquired a more profound understanding of the distinct
contributions and synergistic impacts of each phase to the
overarching intricate interactions.

3.1. Interaction Tendencies of TRI on the Surface of
C3S. The evolution of the topological configuration of the
solid—liquid interface model contributes to the preliminary
insights into potential interactions among the respective
phases. Figure 2 shows snapshots of the topological changes
within C;S’s internal atoms under the presence and absence of
TRIL Evidently, as time progresses, the positions of calcium
atoms on the surface of C;S and silicate ions are induced to
rearrange due to their interactions with water, transitioning
gradually from the solid-phase C;S to the liquid-phase aqueous
solution. This finding aligns with previous results.”"*>”> To
elaborate, in the initial state, the entire system maintains
thermodynamic equilibrium, with no repositioning of atoms.
As time advances, some calcium atoms exhibit positional
changes at 0.5 ns. In the presence of TRI, certain TRI
molecules migrate to the solution region, accompanied by
conformational rotations, while others adhere to the surface of
C;S. Interestingly, the conformations of TRI adsorbed onto
the C;S surface exhibit variation, with some adopting a
perpendicular orientation while others assuming a parallel
alignment relative to the C;S surface. These conformations
exhibit a dynamic evolution over time.

Between 1 and 1.5 ns, some calcium atoms migrate to the
intermediate region of the liquid phase. When TRI is present,
TRI demonstrates a propensity to migrate to the same
intermediate region. Figure 2 depicts that the density of
calcium atoms in the intermediate region of the liquid phase is
noticeably lower in the presence of TRI than in the control
group. Additionally, it can be observed that the calcium atoms
within the liquid phase region remain in close proximity to
TRI, implying a potential interaction between them, which will
be studied in Section 3.3. Thus, on the one hand, TRI interacts
with the C;S surface, influencing the interaction between water
and the C,;S surface. On the other hand, in the liquid-phase
environment, TRI continuously undergoes conformational
changes, such as rotations, impacting the distribution density
of various atoms within the liquid phase.

For the purpose of analytical clarity, the dynamic evolution
of TRI's conformation is consolidated in Figure 3a. Within this
depiction, distinctive configurations are denoted: @ signifies
TRIs inclination for adsorption onto the C;S surface,
accompanied by ensuing conformational adjustments as
portrayed in @, ®, or @. Specifically, @ represents stable
adhesion onto the C;S surface, with TRI adopting a flattened
orientation. ® illustrates TRI occupying select vacancies on a
segment of the C;S surface, following the induced restructuring
of its topological framework. @ depicts TRI relinquishing its
adhesion from the C;S surface and transitioning to the solution
region due to the intrusion of water. ® represents the entry of
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Figure 3. Illustrations of the interactions between TRI and water with
tricalcium silicate. (a) Evolutionary diagram depicts the adsorption
conformation of TRI on the C;S surface: gray spheres represent
carbon atoms, red spheres represent oxygen atoms, and white spheres
represent hydrogen atoms. (b) Topological diagram illustrates the
arrangement of water on the C;S surface: green spheres denote
calcium atoms, while red and orange spheres denote silicate
tetrahedra.

TRI into the solution region. These intricate processes are
closely intertwined with the interactions among TRI, water,
and C;S. This emphasizes the necessity to segregate these
interactions into distinct categories, specifically the interactions
between C,S and water, the interactions between C;S and TR],
and the interactions between TRI and water, prior to
amalgamating their individual contributions.

The initial focus is directed toward the interaction between
C;S and water in the absence of TRI. Insights from previous
research”** have provided enlightening revelations concern-
ing the interaction between C;S and water molecules. As
depicted in Figure 3b, when water molecules come into
contact with C;S, the dissociation of water molecules leads to
the disruption of Si—O—Ca chemical bonds on the surface of
C;S following the well-known proton-metal exchange mech-
anism.”**> When hydrogen ions adhere to the surface of
silicate minerals, resulting in the formation of a dissociation
layer, the hydroxyl adsorption sites generated through the
dissociation of water molecules induce a reduction in the
binding between surrounding calcium ions and silicate ions.
This effect renders calcium ions more predisposed to form
stronger associations with the more reactive hydroxyl groups in
water. Subsequently, the mutual binding between silicate ions
and calcium ions is further compromised, thereby facilitating
the release of ions into the solution. It is worth noting that the
force field employed in this study cannot account for the
breaking and reforming of bonds. Nonetheless, they effectively
characterize interactions between the liquid and solid phases.
Thus, the mechanistic section incorporates the aforementioned
insights into the explanation, with the aim of unveiling the
interactions and synergistic effects between solid and liquid
(water and TRI) interfaces. The analysis of the interaction
between C,S and water will be elucidated in detail in Section
3.2.

3.2. Interaction Between C;S and Aqueous Solution.
Subsequently, the focus shifts toward elucidating the
interaction between C;S and TRI. In this context, the interface
binding energy is evaluated using LAMMPS to quantitatively
characterize the degree of affinity between TRI and the C;S
interface. The temporal profile is presented in Figure 4,
indicating that the average adsorption energy between TRI and
C;S remains approximately 300 kcal/mol until the 1.2 ns mark.

https://doi.org/10.1021/acs.jpcc.3c07380
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Figure 4. Evolutionary diagram of adsorption and desorption of TRI
on the surface of C;S.

This adsorption behavior corresponds to states @, @, and @), as
depicted in Figure 3a. Around the 1.2 ns time frame, a
transient fluctuation in the adsorption energy between C;S and
TRI is observed, gradually diminishing over time. The
computed average adsorption energy between TRI and C;S
is approximately 175 kcal/mol, aligning with a detachment
state represented by conditions @ and ® in Figure 3a.
Importantly, this process showcases a phenomenon of partial
adsorption and partial detachment, signifying the existence of
diverse interaction modes between C;S and TRI. Additionally,
it suggests a potential competitive adsorption between water
and TRI molecules on the C;S surface. The comprehensive
analyses of the interactions involving C;S and TRI, as well as
the interactions between water molecules and TRI, will be
expounded in Section 3.3.

The topological evolution of the interface region provides
initial insights into the interaction between C;S and aqueous
solutions. Figure Sa,b presents the distribution intensities of
calcium and silicate ions at the C;S interface region, employing
the zoning criteria established by Kalinichev.*® Figure Sa
illustrates a gradual decrease in the distribution intensity of
calcium ions within the interface region over time, with
migration from the interface region to the solution region.
Figure Sb shows a similar migration trend for silicate ions as

for calcium ions, with a gradually decreasing distribution in the
interfacial region and a gradually increasing distribution in the
solution region. Part of the dissociated silicate ions still
aggregates in the interface region, while a small fraction
separates into the solution region.

It is noteworthy that the distribution of calcium ions in the
solution region exhibits a trend of aggregation at the interface
and boundaries with dispersion in the middle. Taking into
consideration the findings from the reports of Manzano et al,”!
when calcium ions depart from the interface region of C;S, the
original binding sites may be occupied by hydrogen ions in
water molecules, yet the charge at these sites remains negative.
Consequently, the topological changes in the interface region
of C;S lead to an overall negative charge in this area. However,
this negative charge is insufficient to attract calcium ions from
the solution region to precipitate onto the C;S surface due to
the presence of hydrogen ions. Furthermore, when water
molecules dissociate into hydroxyl groups and hydrogen ions
in the solution, part of the hydroxyl groups form hydroxyl-
calcium structures by binding to calcium ions that have
dissociated from the C;S surface. At this point, calcium jons on
the surface dissolve by changing their coordination from Oy,
to OWater'

To characterize this interesting phenomenon, attention is
directed toward the coordination numbers (CNs) of calcium
ions with oxygen sites on the C;S surface and hydroxyl sites in
water molecules, as illustrated in Figure 6. Changes in the
atomic coordination environment can also aid in comprehend-
ing the bonding situations of atoms during dynamic processes.
Prior to 0.7 ns, the difference in CNs between oxygen in water
and calcium ions on the C;S surface is relatively small,
implying competitive adsorption of oxygen in water and
oxygen on the C;S surface for calcium ions. However, as time
progresses, after 0.7 ns, the CNs of calcium with oxygen on the
C,S surface gradually decrease, while the CNs of calcium with
oxygen in water gradually increase. This indicates that at this
point calcium ions detach from the C;S surface and diffuse
outward through oxygen in water molecules. The dissociated
hydrogen ions formed by water molecules on the C;S interface
region continually spread into the interior of C;S, deteriorating
the bonding capacity of the C;S surface. As a result, the
bonding interaction (Ca—Oc) between the C;S surface and
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Figure 6. Evolutionary diagram of CNs between calcium atoms in
tricalcium silicate and oxygen atoms in water solution, as well as
oxygen atoms in tricalcium silicate.

calcium ions is disrupted, leading to the dissolution of calcium
ions.

In summary, the atomic topological evolution in the C;S
interface region follows two processes: detachment of atoms
from the C;S surface and diffusion of dissolved ions through
the solvent.

3.3. Interaction Between TRI and the C;S Interface.
This section focuses on the interaction between TRI and the
C;S interface region. First, the density distribution function of
calcium atoms and silicate ions in the C;S—water interface
region is analyzed and presented in Figure 7a,b. From Figure
7a, it is evident that upon the addition of TRI, the calcium ion
distribution in the interfacial region similarly appeared to be
reduced. Moreover, in comparison to the situation without
TR, the distribution of calcium atoms in the solution region is
more uniform, implying that the presence of TRI might
influence the interaction between surface and calcium atoms
on the C;S surface as well as the concentration gradient
distribution of calcium atoms in the solution region.

Similarly, it is observed from Figure 7b that the tendency of
silicate ions to aggregate in the interface region is relatively
weaker compared to the case without TRI. This consistency

with the density distribution phenomenon of calcium atoms in
the interface area suggests that TRI might influence the
attractive forces exerted by the C;S interface region on the
detached ions.

The differences in atomic density distribution are likely
triggered by the interaction between TRI and the C;S
interface. The radial distribution function is employed to
comprehend the spatial correlations of atoms, offering
extensive insights into the interaction between TRI and C;S.
As depicted in Figure 8a, the spatial correlations of calcium
atoms on the C,S surface are examined. Calcium atoms can
interact with silicate tetrahedra on the C,S surface, water
molecules, and oxygen sites in TRI to form Ca—O bonding
networks. The order of interaction probabilities is Cac,s—Oc,s
> Cacs—Owyer > Cacs—OHrpgr > Cacg—Org;. Additionally,
two oxygen sites in TRI, namely, the hydroxyl oxygen and the
oxygen in the carbonyl group, can interact with calcium atoms
on the C;S surface. The structural snapshots in Figure 8b
illustrate the various Ca—O bonding interactions, where @
stands for Cacg—Oc, that represents the internal bonding

within C;S, with a peak value at around 2.3 A. The interaction
distance between Cac g—Oyyye, represented by @ and Cacg—

Oy represented by ® and @ is 2.4 and 2.6 A, respectively.
Notably, TRI contains two types of oxygen sites that can
interact with calcium ions in C;S: the hydroxyl oxygen site
represented by @ and the oxygen site in the carbonyl group
represented by @. The results from the radial distribution
function indicate a more probable interaction between calcium
atoms and hydroxyl oxygen atoms. This is attributed to the
hydroxyl oxygen atoms being more capable of providing lone
pair electrons than the oxygen atoms in the carbonyl group, in
addition to having smaller spatial hindrance. The shorter
interaction distance between calcium atoms and water
molecules compared to that between calcium atoms and TRI
can be attributed to the smaller volume of polar water
molecules, which allows them to approach calcium atoms more
easily. This observation is consistent with the findings of Lu et
al’s study on the binding characteristics of sugars and calcium
ions based on FTIR spectroscopy.’’

Furthermore, Figure 9 illustrates that the hydrogen sites of
TRI can also form hydrogen bonding networks with oxygen
atoms of silicate groups at the C;S interface with a bonding
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Figure 7. Space-time evolution of ion density distribution on the surface layer of C;S with TRI: (a) calcium ions and (b) silicate ions.
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Figure 8. Radial distribution functions of calcium atoms in C;S with respect to oxygen atoms in different phases (green spheres represent calcium
atoms, red and orange spheres represent silicate tetrahedra, gray spheres represent carbon atoms, red spheres represent oxygen atoms, and white

spheres represent hydrogen atoms).
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distance of approximately 1.55 A. This implies that the
interaction between TRI and the C,S surface is not solely
based on a Ca—O bonding network; there is also a presence of
hydrogen bonding networks. However, previous studies'”**
have shown that hydrogen bonding networks are less stable
compared to Ca—O bonding networks and are susceptible to
disruption by water molecules. Considering the analysis
presented earlier, we propose that the adsorption and
desorption of TRI on the C;S surface likely result from the
dynamic evolution of TRI-C,S interactions influenced by
water molecule disturbances. This dynamic evolution contrib-
utes to the synergistic effects between solid and liquid (water
and TRI) interfaces at the interface region. A more detailed
analysis is provided in Section 3.5, following the elucidation of
the mechanisms and evaluation of the stability of various
bonding networks involved in TRI—water molecule inter-
actions.

Thereafter, it can be observed that the calcium atoms on the
C;S surface are intricately involved in a complex network of
interactions with oxygen atoms in C;S, oxygen atoms in water
molecules, and oxygen atoms in TRI. These interactions form a
competitive environment for various Ca—O bonding inter-
actions, influencing the physicochemical state of calcium
atoms, such as their charge, chemical interactions, hydration
effects, and solubility. Ultimately, this competition could
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impact the evolution of the C,S surface’s topological structure.
Therefore, the coordination environment of calcium atoms on
the C;S surface is investigated to uncover this intricate
competition.

Figure 10 illustrates the changes in the coordination
environment of calcium atoms in a TRI solution. The CN of
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Figure 10. Evolution of CNs of calcium atoms in C3S with respect to

oxygen atoms from water solution, calcium silicate, and TRL

calcium atoms with oxygen in water gradually increases over
time, while the CN with oxygen in C;S decreases. As
mentioned earlier, this suggests that calcium atoms at the
C;S interface are undergoing dissolution. However, in the
presence of TRI, the CN of calcium atoms with oxygen in
water only increases to 2.75 compared to around 3.7 in the
water solution. Furthermore, the CN of calcium atoms with
oxygen in C;S decreases to 2.75, while it decreases to around
2.2 in the water solution. This further indicates that the
interaction between calcium atoms on the C,;S surface and
oxygen atoms in water molecules is restricted in the presence
of TRI interference. This observation supports the mechanism
of interaction between TRI and C;S discussed in the previous
section. Some calcium atoms break their bonds with C;S due
to the influence of TRI, but they are partially retained on the
C;S surface due to the binding effect of TRI molecules.
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Beyond the interaction observed between a fraction of TRI
molecules adhering to the surface of C;S and calcium atoms,
there is an additional interaction occurring between a subset of
TRI molecules and the liberated calcium atoms within the
solution. In the aqueous environment, the diffusion kinetics of
atoms play a pivotal role in governing cementitious chemical
reactions, encompassing equilibrium phenomena such as
dissolution—precipitation equilibrium and the nucleation and
growth processes of calcium—silicate—hydrate (C—S—H)
phases. In this context, the mean square displacement function
emerges as an invaluable tool, furnishing comprehensive
insights into the dynamic behavior of atoms within the liquid
phase. A comprehensive record of the mean square displace-
ment functions corresponding to calcium atoms within diverse
solution environments is meticulously presented in Figure 11.
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Figure 11. Mean square displacement function of calcium atoms in
tricalcium silicate solution systems with and without TRI.

Globally, the diffusion propensity of calcium atoms within the
TRI solution environment exhibits conspicuous attenuation
compared to their behavior in an aqueous solution, as
informed by the kinetic dynamics of TRI—C;S interactions.
This tempered diffusion trend of calcium atoms within the TRI
environment can be ascribed to a dual influence. Primarily,
preceding the 0.1 ns interval, a complete congruence of the
mean square displacement functions of calcium atoms is
evident in both solution contexts. Nevertheless, as TRI
progressively engages with the C;S interface, effectuating
intricate networks of calcium—oxygen bonds and hydrogen
bonds, the topographical architecture of the C;S surface
undergoes a fortification process due to the transformative
actions of TRI. Consequently, the mobility of calcium atoms
on the C;S surface becomes restricted, as they become
entrapped by the augmenting TRI-C;S interplay. Over time,
this dynamic interaction is perturbed by the ingress of water
molecules, prompting a diversified structural evolution of TRI.
This evolution encompasses scenarios wherein TRI adheres to
the C;S surface and alternately remains unbound within the
solution medium.

Concurrently, at the juncture of 1.2 ns, Figure 4 showcases a
discernible trend toward TRI detachment. Furthermore,
discernible in Figure 11, a subtle inflection point characterizes
the diffusion profile of calcium atoms within the TRI solution.
This pivotal juncture signifies a reduction in the slope of the
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mean square displacement function, indicating that despite the
precipitation of calcium atoms into the solution environment,
free TRI molecules within the solution retain their propensity
to engage in bonding interactions with these calcium atoms.
Consequently, this phenomenon induces a gradual decrease in
the diffusion capacity of calcium atoms. In summation, it is
evident that TRI exerts a multifaceted influence—by
orchestrating interactions with the C;S surface, TRI impacts
the topological evolution of the C;S interface, and by engaging
with calcium atoms emancipated into the solution milieu, TRI
regulates the migration velocity of calcium atoms.

3.4. Interaction Between TRI and Aqueous Solution.
TRI demonstrates a dual capacity: it not only engages with the
C,S surface but also exerts an influence on the migration rate
of free calcium ions within the solution. These interactions are
primarily contingent upon the conformational changes that
TRI undergoes within the solution environment, a phenom-
enon intrinsically linked to the influence of water molecules.
This section is dedicated to exploring the intricate interplay
between TRI and water molecules. Initially, the underlying
mechanism governing the connection between TRI and water
molecules is meticulously examined, leading to the identi-
fication of pivotal functional groups. Subsequently, by
leveraging the insights gleaned from the preceding analysis,
coupled with the evolving distribution and transformation of
functional groups, a comprehensive elucidation of the intricate
interaction dynamics between water molecules and TRI is
presented.

Figure 12 depicts the radial distribution functions that
elucidate the intricate interactions between water molecules
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tri

o
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Figure 12. Radial distribution function depicting the interaction
between TRI and water molecules.

and the distinct hydrogen bonding sites on TRI. As shown in
Figure 12, pronounced hydrogen bonding occurrences are
observed between the oxygen atoms within water and both the
hydroxyl and carbon—hydrogen sites on TRI. However, a
noteworthy disparity arises in the extent of these hydrogen
bonding interactions. Specifically, the first peak of the RDF
associated with TRI's hydroxyl hydrogen sites is positioned
around 1.75 A, whereas for the carbon—hydrogen sites, it is
situated at approximately 2.95 A. This distinct contrast
highlights the hydroxyl hydrogen sites as the primary sites of
binding engagement. Concomitantly, the hydroxyl sites serve
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as binding sites for the interaction between TRI and calcium
ions within both TRI and C;S. Hence, the dynamic binding
behavior at these specific sites potentially has a decisive
influence over the intricate calcium ion interactions.

The spatiotemporal evolution of the density distribution of
functional groups within TR, specifically hydroxyl groups, was
systematically analyzed and is presented in Figure 13.
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Figure 13. Time-varying density distribution of hydroxyl functional
groups in TRI in the solution region.

Observations derived from the figure illustrate distinctive
trends: the hydroxyl functional groups on TRI molecules
exhibit a leftward shift in their first peak at 0.5 ns compared to
the initial state, followed by another leftward shift at 1 ns, and
subsequently a gradual rightward shift after 1.5 ns. This
evolution corresponds to the appearance of partial diffusion of
TRI molecules, which coincides with the commencement of
the phenomena detailed in Section 3.1. This validation further
confirms the sequential adsorption and subsequent desorption
of TRI molecules from the C;S surface. The underlying
rationale for this phenomenon can be attributed to the
intricate bonding interactions established between the calcium
atoms at the C,S interface and TRI molecules. However, these
bonding interactions are susceptible to the perturbing
influence of water molecules. Specifically, hydroxyl oxygen
sites within TRI and calcium within C5S can form bonds, albeit
with a lower probability than bonds between calcium and
internal oxygen in C;S or oxygen in water. This disparity
suggests interference in the connection between TRI and
calcium on the C;S surface, rendering TRI unable to achieve
stable adsorption on the C;S surface through calcium—oxygen
bonding.

Furthermore, Figure 9 visually represents the formation of
hydrogen bonding interactions between TRI’s hydrogen sites
and C;S’s oxygen sites, although with a relatively modest
binding strength. Inspection of TRI’'s inherent molecular
configuration reveals a pervasive distribution of hydrogen sites
across the carbon ring. The formation of hydrogen bonding
networks significantly influences TRI’s conformation on the
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C;S surface. Specifically, the greater the number of hydrogen
sites binding on the carbon ring, the tighter the association
between TRI and C;S, resulting in a propensity for TRI to lie
more horizontally on the C;S surface. Concurrently, the
structural integrity of the C;S surface is enhanced. On one
hand, water molecules, owing to TRI’s spatial hindrance effect,
face challenges in interacting with the reinforced C;S surface.
On the other hand, water molecules necessitate the disruption
of the hydrogen bonding network formed between TRI and
C;S before they can dissociate from the C;S surface. This
undoubtedly amplifies the demand for the dissolution driving
forces. These two distinct modes of bonding interaction
collectively account for the phenomenon of partial detachment
and partial adsorption of TRI at the interface. This correlation
aligns with the TRI-C;S interaction elucidated in Section 3.3.

3.5. Synergistic Mechanism of the Interaction Net-
work among C;S, Water, and TRI. The preceding sections
have separately dissected the interactions involving C;S and
water, C;S and TRI, and TRI and water. This detailed analysis
has furnished a wealth of information that is pivotal for
unraveling the synergistic mechanisms governing the inter-
actions between solid and liquid (water and TRI) interfaces
within the interfacial region. This section aims at consolidating
the three interactions mentioned above, evaluating the stability
of all bonding networks, and proposing a collaborative
mechanism for the C;S—water—TRI interaction network
based on the earlier delineated mechanisms.

The accuracy of the adsorption properties of TRI on the
surface of C;S, as well as the complexation with calcium ions in
solution, as proposed by molecular dynamics, was exper-
imentally verified. For this purpose, a TOC (MultiN/C 3100)
was utilized to test the adsorption properties of TRI in cement
as well as in C;S, and ion chromatography (IC, Dionex DP
series ICS-3000) was employed to measure the concentration
of calcium ions in the pore solution. In Figure S, it can be
observed that TRI can be adsorbed in both C;S and cement
systems. However, the amount of adsorption in the cement
system is significantly stronger than that in the C;S system.
This suggests that, on the one hand, the adsorption capacity of
the rest of the mineral phases in the cement system with TRI is
stronger than that of the C;S with TRI, and, on the other hand,
TRI is not completely adsorbed on the surface of the C;S, as
mentioned in the previous conclusions. As mentioned
previously, some TRI adsorbs on the surface of C;S, and
some TRI will be free in the solution system. Both types of
interactions are influenced by water molecules. Figure S2
shows that the concentration of calcium ions detected in the
pore solution after the addition of TRI was slightly lower than
that of the control group. Interestingly, after 12 h, the
concentration of calcium jons in the experimental group with
the addition of TRI was higher than that in the control group,
and the difference in the calcium ion concentration between
the two experimental groups first increased and then
decreased. This suggests that initially, TRI forms complexes
with calcium ions, causing a decrease in the concentration of
free calcium ions in the pore solution, and as the reaction
proceeds, this complexation is disrupted by water molecules.

The stability of bonding interactions is intricately linked to
the strength and dynamic characteristics of the interactions. To
assess the stability of such bonding interactions, time
correlation functions (TCFs) are employed, as depicted by
the equation (eq 4).
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_ (6boby)

TCF =
(6by0b,)

(4)
where b, = b, — (b), and b, is a binary operator. If a
connection is established, the TCF value equals 1, and if the
connection is destroyed, it becomes 0. (b) implies the mean of
this operator for all of the pairs and simulation. The definition
of connection is based on the information provided by the
radial distribution function. Specifically, when the distance
between two atoms is smaller than the horizontal coordinate
corresponding to the first minima of the radial distribution
function, we define it as a connection, and the value of TCF is
1. Conversely, if the distance between two atoms is larger than
this horizontal coordinate, it is a nonbonding, and the value of
TCEF is 0.

Figure 14 depicts the interaction stability between the
oxygen sites within each phase (water, TR, and C,S) and the
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Figure 14. TCF of the C;S—water—TRI interaction network.

calcium atoms on the C,S surface in the presence of TRI
Notably, the arrangement of bonding stability among the
various bonds is illustrated as

Cagzg = Ocss > Cacys = Owgeer > Caggs — Orpy

This follows a sequence as that observed in Figure 10, which
portrays the order of interaction probabilities of the radial
distribution function. The stability of bonding between calcium
atoms on the C;S surface and oxygen atoms exhibits two

distinct phases: the adsorption stage spanning O to 1.2 ns
shown in Figure 4. During this stage, two types of interactions
are prevalent between TRI and the calcium atoms on the C;S
surface: calcium—oxygen networks and hydrogen bonding
networks, both of which play essential roles in TRI’s
adsorption. However, water molecules exert a disruptive effect
on both of these interactions.

For the calcium—oxygen networks, oxygen sites within water
molecules can interact with calcium atoms, and the stability of
this interaction is slightly stronger than that of the calcium—
oxygen networks formed between TRI and C;S. Therefore, it
can be deduced that a significant portion of the calcium—
oxygen networks formed between TRI and C;S will be
disrupted due to the presence of water. As water molecules
progressively form a dissociation layer on the C;S surface, their
competition with calcium atoms transitions to the oxygen sites
on the C;S surface. The hydrogen sites within water molecules
are responsible for disrupting the interaction between oxygen
sites on the C;S surface and calcium atoms. These hydrogen
sites within water molecules bind to oxygen sites on the C;S
surface, weakening the interaction between surface oxygen and
calcium atoms. Additionally, hydroxyl sites within water
molecules interact with calcium atoms, further diminishing
calcium’s dependence on the C;S surface. Consequently,
calcium atoms are detached from the C;S surface, leading to a
cascading effect where the interaction between TRI and C,S is
subsequently weakened. At this juncture, TRI gradually
migrates into the liquid phase environment.

The stability of bonding between calcium atoms on the C;S
surface and oxygen atoms then transitions to a second stage,
occurring after 1.2 ns. During this stage, a fraction of TRI
dissociates from the C;S surface and interacts with calcium
atoms that have also detached from the C,S surface within the
liquid-phase environment. It is important to note that at this
juncture, calcium atoms interact not only with TRI but also
with water molecules. The diffusion of calcium atoms in the
liquid phase is directly related to their interactions with both
calcium atoms and water molecules. If these interactions are
hindered, then the diffusion of calcium atoms is consequently
affected. Indeed, it is the interaction between TRI and calcium
atoms that results in a reduction in the diffusion rate of calcium
atoms in the liquid phase.

It is worth noting that Figure 14 also assesses the bonding
stability within water molecules under different solution
conditions. However, when TRI is present, the bonding
stability within water molecules appears slightly higher
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Figure 15. Schematic diagram of the C;S—water—TRI interaction network.
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compared to that under conditions without TRI. This
phenomenon is intriguing and suggests that the presence of
TRI may potentially decrease the dissociation capability of
water molecules. As a result, interactions between C;S and
water molecules may not be as pronounced in the presence of
TRI compared to situations where TRI is absent. However,
this conclusion remains qualitative in nature.

In summary, when TRI is involved in interactions at the C;S
interface, the interactions among different phases influence
each other. To investigate the impact mechanism of TRI on
C,S interfacial reactions, it is necessary to decouple these
interactions and explore the synergistic effects between them.
Figure 15 illustrates a schematic representation of the
interactions in the C;S—water—TRI system. In the presence
of TRI, the TRI molecules in the liquid phase environment
simultaneously interact with both C;S and water molecules.
When TRI comes into contact with C;S, the polar functional
groups of TRI that interact with C;S can also disrupt the Si—
O—Ca chemical bonds on the C;S surface. However, unlike
water molecules, where dissociated H ions are independently
connected to hydroxyl groups, the polar hydroxyl group on the
TRI’s polar functional group connects with the rest of the
hydrogen atoms through covalent bonds, forming a relatively
fixed rigid structure.

Therefore, after disrupting the Ca—O-Si bonds, TRI’s
hydroxyl groups bind with calcium ions, and TRI’s hydrogen
sites form a hydrogen bond network with oxygen atoms on the
silicate group of the C;S interface. This results in the
phenomenon of TRI being adsorbed on the C;S surface,
forming an O¢ s—TRI—Cac_g structure. When water molecules

come into contact with TRI, the polar functional groups, i.e.,
hydroxyl groups, attract the hydrogen atoms in water
molecules. In other words, TRI undergoes a hydration
phenomenon in aqueous solution, which helps in reducing
the reactivity of water molecules on the C;S surface. This
implies that water molecules are less likely to form hydrated
ions or, if they do, these hydrated ions preferentially adsorb
onto TRI. Consequently, this further influences the interfacial
interactions between water molecules and C;S.

4. CONCLUSIONS

This study uses molecular dynamics simulations to investigate
the interfacial interaction mechanisms between the solid and
liquid (water and TRI) interfaces. By decoupling and
recoupling the interaction mechanisms between pairs of
these phases, a comparison is made to elucidate the differences
in the composition, topology, liquid-phase evolution, and
diffusion of the bonding network involved in the C;S interface
reactions with and without TRL

The interaction dynamics between the TRI and C;S
interfaces exhibits a dual-phase process: adsorption and
desorption. Adsorption primarily stems from the calcium—
oxygen network between TRI and C;S, alongside the hydrogen
bonding network. These bonding types are easily affected by
water molecules, leading to competitive adsorption and
subsequent desorption of TRI. This competitive adsorption
not only hinders the water interaction with the C;S surface,
specifically impacting the protonation reaction (evidenced by a
decrease in the CN of calcium in C;S and oxygen in the water
from 3.7 to 2.75 after doping TRI) but also facilitates TRI’s
complexation with free calcium ions in the solution upon
detachment from the C;S surface. This, in turn, inhibits the
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diffusion of calcium ions within the liquid phase, influencing
the dissolution—precipitation equilibrium in the hydration
reaction and the nucleation growth of C—S—H.

In essence, this study uniquely decouples and recouples the
competitive relationships between the solid and liquid (water
and TRI) interfaces. The intricate understanding of TRI’s role
in C;S dissolution holds significant implications for the design
of innovative additives in cement hydration. By shedding light
on the complex interplay of these components, this research
lays the groundwork for the development of novel strategies to
optimize concrete properties, offering potential advancements
in cement technology in the future.
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