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applications such as fiber-reinforced polymer repair, strengthening, and additive concrete manufacturing.
However, debonding and cracking at the epoxy-calcium-silicate-hydrate (CSH) interface under conditions such
as elevated temperature, moisture, or fatigue-loading remain long-standing challenges. A fundamental under-
standing of the atomic-level interactions governing macroscopic interfacial properties is essential to optimize
the performance of these composites; however, these remain largely unexplored by conventional analytical
techniques owing to the buried nature of the nanoscale epoxy—CSH interface. In this study, we employed clas-
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Concrete sical molecular dynamics (MD) simulations to elucidate the molecular mechanisms associated with epoxy-
Epoxy modifier-incorporated (nanofillers-incorporated) epoxy prepolymer (ie., liquid epoxy) adsorption, wetting,
Durability and adhesion to CSH surfaces. We investigated three epoxy systems: epoxy prepolymer, acrylamide-modified
Interfacial strength (AM-modified) epoxy prepolymer, and nanosilica-reinforced (nano-SiO,-reinforced) epoxy prepolymer, with
Molecular dynamics simulations their pre-curing interactions with CSH simulated for the first time. Key interfacial parameters, including inter-

phase formation, wetting ratio, atomic-density profile, monomer-concentration profile, interfacial ionic and
hydrogen bonding, interaction energy, and work of adhesion, were rigorously analyzed. Our MD simulations
revealed that the diethyltoluenediamine (DETDA) epoxy hardener preferentially adsorbs over bisphenol F digly-
cidyl ether (DGEBF) resin on the CSH surface, leading to a hardener-rich interphase. Both resin and hardener
components were found to concentrate within approximately 5 A of the CSH surface and exhibit molar ratios
significantly higher than that of the bulk, suggestive of a potentially stiffer interphase. The incorporation of
AM was found to significantly enhance interfacial adhesion and improve adsorption and wetting through strong
electrostatic and hydrogen bonding, resulting in a 16.43% increase in the work of adhesion compared to neat
epoxy. The nanosilica filler, while improving interfacial interactions, aggregated and yielded a modest enhance-
ment of 4.45% in the work of adhesion. These findings provide fundamental and novel molecular-level insights
for the rational design of epoxy-modified cementitious composites with enhanced interfacial-bonding, durabil-
ity, and mechanical properties. This study underscores the critical role played by nanofiller selection in tailoring
interfacial properties and offers valuable guidelines for material formulations that optimize the interphase region
in high-performance polymer-cement hybrid materials.
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1. Introduction

Cement-based materials are cornerstones of modern infrastruc-
ture and provide essential structural frameworks for buildings,
bridges, and transportation networks [1,2]. While inherently
exhibiting a low embodied carbon footprint per unit mass, the
sheer scale of global cement production contributes significantly
to anthropogenic CO, emissions, accounting for approximately
5%-8% of total emissions [3]. Enhancing the mechanical perfor-
mance and durability of a cementitious structure is therefore cru-
cial for mitigating its environmental impact and fostering
sustainable construction practices [4,5]. Furthermore, given the
substantial economic and environmental costs associated with
structural demolition and reconstruction, extending the service life
of existing infrastructure through repair, retrofitting, and strength-
ening (often termed structural intervention) has become a crucial
strategy for sustainable infrastructure management [1,6].

Epoxy-based adhesives are increasingly vital in structural inter-
ventions, including concrete repair and strengthening [6], fiber-
reinforced polymer (FRP) bonding [7], and in advanced applica-
tions, such as self-healing concrete [8,9], multilayered concrete
composites [10,11], protective coatings [12] and three-
dimensional (3D)-printed concrete [13]. The performance of these
applications depends critically on interactions at the epoxy-
inorganic interface [14-16] that occur at various stages before,
during, and after the epoxy curing process [14], resulting in a struc-
turally unique interphase region [17] widely considered to be a
critical factor in establishing polymer/solid-surface adhesion [18]
and interfacial fracture toughness [19]. However, inadequate
bonding at epoxy/concrete interfaces remains a significant chal-
lenge, leading to debonding, stress concentration, and premature
material failure in service environments. Therefore, achieving
strong interfacial adhesion between the epoxy and calcium-
silicate-hydrate (CSH), which is the primary binding phase in
cement, is essential for long-term performance. The challenge here
lies in understanding and controlling the complex molecular inter-
actions that govern interfacial behavior.

Characterizing the epoxy/CSH interface presents substantial
experimental challenges. The inherent inaccessibility of this buried
interface, coupled with the nanoscale dimensions of the interphase
region [14,15] raises fundamental questions regarding its structure
and properties. Indeed, available experimental analysis techniques
often lack the required sensitivity and spatial resolution at such
small scales. For instance, X-ray photoelectron spectroscopy
(XPS), which is useful for studying the binding modes of individual
epoxy and amine molecules on metal-oxide surfaces [20,21], can-
not fully capture the complex interplay between molecular adsorp-
tion, wetting, and network formation that define a realistic
interphase [14,19].

Molecular dynamics (MD) simulations offer a powerful comple-
mentary approach for investigating buried interfaces at the atomic
level by providing insights that are difficult to obtain experimen-
tally [22-24]. Despite not capturing reactive bond formation, clas-
sical MD simulations are able to elucidate adsorption mechanisms,
dynamic behavior, interphase formation, and interfacial energetics
[24-27]. Indeed, combining MD simulations with experimental
characterization techniques offers a holistic and powerful
approach for elucidating the complex mechanism associated with
polymeric interphase formation on a solid surface [28,29].

While recent MD simulations have focused on the cured epoxy/
CSH interface, examining its mechanical properties and debonding
mechanisms [30-32], the critical pre-curing stages that involve lig-
uid epoxy (prepolymer) adsorption, wetting, and adhesion to the
CSH surface, have received surprisingly little attention. This over-
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sight is significant because these initial interactions fundamentally
dictate the subsequent structure of the interface, interphase devel-
opment, and composite performance. Addressing this knowledge
gap is essential for rationally designing improved epoxy formula-
tions and adhesion strategies. Indeed, understanding the pre-
curing behavior of liquid epoxy components on CSH is crucial for
controlling the early stage of interface formation, which influences
polymer network homogeneity and the durability of systems such
as FRP-concrete repairs and additively manufactured cementitious
structures. Furthermore, strategically incorporating a filler, such as
nanosilica (nano-SiO;) or acrylamide (AM), as an interfacial modi-
fier [28] is a promising strategy for tailoring adsorption, wetting,
and interfacial bonding, and the development of sustainable and
high-performance polymer-cement composites.

In this study we leveraged comprehensive MD simulations to
investigate the molecular origins of pre-cured epoxy monomer
adsorption, wetting, and adhesion on a CSH surface, with a specific
focus on the influence of nanofiller modification. To this end, we
constructed detailed atomistic models of CSH, an epoxy prepoly-
mer (EP), an EP modified with AM filler (EPAM), and an EP with
a nano-SiO, filler, after which they were subjected to all-atom
equilibrium classical molecular dynamics (EMD) simulations.
These simulations yielded detailed descriptions of the adsorption,
wetting, and adhesion mechanisms of each EP system on CSH,
including its wetting ratio, local density, molar-ratio distribution
of the epoxy monomer near the CSH surface, interfacial ionic and
hydrogen-bond formation, interaction energies, and work of adhe-
sion. These simulation results were used to establish design princi-
ples for enhancing the interfacial properties of polymer-
cementitious composites. This study provides a fundamental
understanding of the molecular mechanisms that govern epoxy-
CSH interactions and provides a pathway for the development of
advanced cement-based materials with superior performance
characteristics, such as improved epoxy/concrete interfacial bond-
ing properties.

2. Computational methods

In this section, we describe the computational modeling proce-
dures necessary to accurately capture the adsorption mechanism
and wetting behavior of the EP and epoxy-modified nanofillers
on the CSH surface (Fig. 1). MD simulations require accurate
molecular structures and appropriate force fields to reproduce ato-
mistic interactions and interfacial characteristics. Section 2.1 pre-
sents details of how molecular models for the EP, EPAM, EP
modified with nano-SiO, (EPSiO,), CSH, and the interfaces between
them (i.e., EP/CSH, EPAM/CSH, and EPSiO,/CSH) were constructed,
while section 2.2 details the force fields and simulation settings
used to examine microscopic details and interaction mechanisms.
Materials Studio® version 2023 (Dassault Systémes, France) was
used to construct and equilibrate epoxy and CSH models. All sim-
ulations were conducted using the open-source large-scale
atomic/molecular massively parallel simulator (LAMMPS) code
(Sandia National Laboratories, USA) [33], with data analyzed and
visualized using Python (Python Software Foundation, USA), Excel
(Microsoft Corporation, USA), visual molecular dynamics (VMD;
Theoretical and Computational Biophysics Group, University of Illi-
nois at Urbana-Champaign, USA) [34], and the open visualization
tool, OVITO (OVITO GmbH, Germany) [35].

2.1. Model construction

CSH is the primary binding phase in a cement-based material
and is crucial for its strength and durability. At the molecular level,
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Fig. 1. Computational workflow adopted in this study. CSH: calcium-silicate-hydrate; DGEBF: bisphenol F diglycidyl ether; DETDA: diethyltoluenediamine; AM: acrylamide;
nano-SiO,: nanosilica; MD: molecular dynamics; RDF: radial distribution function. NVT denotes the canonical ensemble, characterized by a constant number of particles (N),

volume (V), and temperature (T).

CSH structures represent the core building blocks of cement mortar
and concrete; however, they are complex. Creating a realistic CSH
model for investigating polymer adsorption performance is essen-
tial to ensure that adsorption properties are realistically repro-
duced. Drawing on previous CSH molecular-modeling research
[36-38], we constructed a CSH slab based on the crystalline struc-
ture of 11 A-tobermorite (a = 11.6 A, b= 7.39 A, c = 22.77 A, and
o =f=7=90° here, 1 A=1x 1071 m) (Fig. 2(a)) [39,40]. Firstly,
the ordered water molecules present in the interlayer of the 11 A
tobermorite structure were removed. Secondly, the silicate chains
of tobermorite 11 A were cleaved from its bridging sites to match
the real distribution of the silicate chains in the CSH structure
obtained using nuclear magnetic resonance (NMR) spectroscopy
[41]. Thirdly, the CSH gel structure was constructed by adding
water molecules to the dry disordered tobermorite structure via
a grand canonical Monte Carlo simulation at 300 K, with the con-
jugate gradient algorithm then used to optimized the CSH gel
structure by minimizing its energy. The CSH slab was subsequently
cleaved along the [0 0 1] direction to expose the interlayer region
and its surface hydroxylated [42,43]; this cleavage direction
exposes the interlayer calcium ions and the terminal oxygen atoms
or hydroxyl groups of the silicate chains, which are expected to
interact strongly with the functional groups of the polymer and
are consequently critical for understanding adsorption phenomena
on the CSH surface. The resulting CSH surface was equilibrated for
1000 ps (1 ps = 1 x 1072 s) at room temperature (300 K) and
atmospheric pressure in the NPT ensemble (i.e., constant number
of atoms (N), pressure (P), and temperature (T)), after which a
supercell was created by expanding the amorphous CSH surface
in the x- and y-directions. The supercell was then relaxed for
1000 ps under NPT conditions at room temperature to achieve a
steady-state system. The final CSH model exhibited the following
lattice parameters: a = 90.87 A (x), b = 88.50 A (y), c = 20.78 (2),
and o = B =y = 90° which is endowed with sufficient space for
epoxy molecules to form a film with a flat-on conformation on
the CSH surface. Notably, the equilibrated CSH model has a density
of 2410 kg-m~ and a Ca/Si ratio of 1.49, which are consistent with
previous experimental and MD simulation results [31].

Three epoxy systems were modeled to investigate the molecu-
lar mechanisms associated with polymer adsorption, wetting,
adhesion on the CSH surface: D EP (i.e., neat liquid epoxy), @ EP
reinforced with an AM filler, and @ EP reinforced with nano-SiO,
particles. AM and nano-SiO, were chosen as epoxy modifiers with

the aim of assessing their potential for enhancing interfacial epoxy/
CSH adhesion via migration of the nanofiller toward the CSH sur-
face. Previous studies have demonstrated that AM efficaciously
improves interfacial bonding. For instance, research by Amorn-
sakchai et al. [44] revealed that grafting AM molecules onto poly-
ethylene (PE) fibers enhances the strength of the bond between the
epoxy and PE fibers by a factor of approximately 3.5 compared to
untreated fibers. Jiao et al. [28] used XPS and MD simulations to
show that the AM molecules used as filler in liquid vinyl ester
(VE) migrate to carbon fiber (CF) surfaces. This migration facilitates
the formation of chemical bonds between the AM and both the CF
surface and VE matrix, which enhances the interfacial and inter-
laminar shear strengths of the CF/VE composite by 126.98% and
81.86%, respectively, as a consequence, which suggests that they
may also be able to enhance the epoxy/CSH interfaces in this study.
On the other hand, the nano-SiO, filler is widely recognized for its
ability to enhance the mechanical properties of epoxy resins,
including toughness, tensile strength, and elastic modulus [45].
In addition to improving the bulk properties of epoxy, nano-SiO,
has been shown to enhance the strength of epoxy-glass/carbon-
fiber interfaces and their delamination resistances [46,47], which
suggests that epoxy/CSH interfaces may experience analogous
benefits.

The EP model comprised 60 bisphenol F diglycidyl ether
(DGEBF) units and 30 diethyltoluenediamine (DETDA) molecules,
which corresponds to a 2:1 stoichiometric resin-to-hardener
functional-group ratio. DETDA, an aromatic diamine bearing two
primary amino groups, can react with up to four epoxy functional-
ities (each amino group provides two reactive hydrogen atoms),
thereby contributing four reactive sites, whereas DGEBF con-
tributes two reactive epoxide sites. The initial structure was built
with a target density of 1170 kg-m~>, consistent with experimental
data for epoxy—-amine prepolymer systems [48]. For the EPAM, 18
AM molecules were randomly dispersed within the bulk EP, which
corresponds to a filler content of 5 wt%. This concentration was
selected based on previous studies that showed that similar filler
loadings led to improved interfacial properties [49,50]. Similarly,
the nano-SiO,-reinforced epoxy model was prepared by incorpo-
rating five nano-SiO, particles into the bulk EP, which also afforded
a filler content of 5 wt%. The nano-SiO, particles were derived from
o-quartz and thermally quenched from 3000 K to ambient condi-
tions to form amorphous nanoparticles approximately 6 A in diam-
eter. The surface was hydroxylated by protonating the surface


move_f0010

CM. Fame, T. Ueda, M.A. Ntjam Minkeng et al.

Engineering xxx (XXxX) XXx

7o EP/CSH

EPAM/CSH

EPSiO,/CSH >

Vacuum

Vacuum

Vacuum

Fig. 2. Step-by-step interfacial model construction: (a) 11 A tobermorite unit cell; (b) equilibrated CSH surface model; (c) equilibrated EP model; (d) equilibrated EPAM
model; (e) equilibrated EPSiO, model; (f) EP/CSH model; (g) EPAM/CSH model; and (h) EPSiO,/CSH model. Color code: carbon, grey; calcium, green; hydrogen, white;
nitrogen, blue; oxygen, red; silicon, yellow. The AM molecules are indicated in dark brown in panel (g).

oxygen atoms to generate hydroxyl (-OH) groups that increase
nanoparticle reactivity and improve compatibility with the epoxy
monomers and the CSH surface. Ten amorphous cells were con-
structed in each case, and their energies were minimized using
the gradient-descent optimization method for 10 000 steps to pre-
vent atomic contact. The configuration with the lowest energy was
selected for subsequent MD simulations to afford relaxed and equi-
librated structures. The system was initially subjected to a 100 ps
NVT simulation at 300 K, followed by energy minimization. The
system was then annealed by cycling the temperature between
300 and 650 K for five cycles (250 ps NVT simulations each) to

overcome energy barriers and explore a broader configurational
space, after which its energy was minimized under NPT conditions
at 1 atm (1 atm ~ 0.1 MPa) and 300 K for 500 ps until the cell vol-
ume had equilibrated. The system was subsequently further
relaxed in the NVT ensemble for 500 ps at 300 K, and its energy fur-
ther minimization to yield relaxed and stable EP, EPAM, and EPSiO,
structures for use in subsequent simulations [51]. The equilibrated
EP, EPAM, and EPSiO, amorphous cells have dimensions of 33.71
Ax3371Ax33.71 A 32.74 A x 32.74 A x 32.74 A, and 33.95 A
x 33.95 A x 33.95 A, respectively. Three interfacial models, namely
EP/CSH, EPAM/CSH, and EPSiO,/CSH were created after the CSH
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surface and various epoxy models had been built by placing the
epoxy molecules at a distance of ~5 A above the CSH surface, after
which a vacuum layer at least 50 A thick was created above the
epoxy layer (in the z direction) to prevent interactions between
the epoxy molecules and the periodic image of the CSH surface.
The EP/CSH, EPAM/CSH, and EPSiO,/CSH systems contained 16
762, 16 942, and 16 877 atoms, respectively. Such large models
ensure that possible finite-size effects ascribable to periodic
boundary conditions are avoided.

2.2. Force fields and simulation parameters

The interface force field (IFF) was used to describe bonding and
non-bonding interactions among atoms within the various epoxy/
CSH models with energies expressed using the polymer consistent
force field (PCFF). Referred to as “IFF-PCFF,” the force field uses the
9-6 Lennard-Jones (LJ) parameters [52]. IFF-PCFF was developed
using consistent descriptions for chemical bonding in silicates
(such as CSH) and clay minerals, while also incorporating PCFF
parameters for polymers such as epoxy [53]. This choice was moti-
vated by the accuracy exhibited by the IFF when modeling and
simulating CSH/polymer interactions, which provided superior
accuracies in terms of predicting properties across a range of struc-
tural, energetic (e.g., cleavage, hydration, and organic binding), and
mechanical scenarios compared with other force fields and alter-
native approaches (e.g., cement force field (CementFF), clay force
field (CLAYFF), calcium silicate hydrate force field (CSH-FF),
condensed-phase optimized molecular potentials for atomistic
simulation studies (COMPASS) force field, reactive force field
(ReaxFF), universal force field (UFF), and off-the-shelf density func-
tional theory (DFT) [52-55]). For instance, IFF-predicted adsorption
energies of cement components are typically within 10% of the
experimental values, which is approximately ten-times more accu-
rate than the results obtained using other force fields, while elim-
inating uncertainties that exceed 50% when other force fields are
used [54]. The IFF-PCFF potential-energy expression detailed by
Heinz et al. [52] includes contributions from: (D bonded interac-
tions (i.e., functional terms for bond stretching Epong, angle bending
Eangle» dihedral-angle torsion Eiorsion, and improper torsion Ejm-
proper), @ cross-coupling interactions (i.e., bond-bond Epond-bond,
bond-angle Epond-angle, angle-angle Ejngie-angles bond-bond-angle
Ebond-bond-angtes torsion-bond Eigrsion-bond» and torsion-angle Eio-
sion-angle Cross-terms), and @ non-bonded interactions (i.e. van
der Waals E,qw with the 9-6 L] potential and Coulombic or electro-
static interaction Ecoy terms). Detailed information on the IFF-PCFF
and force field parameters are provided by Heinz et al. [52].

The adsorption and wetting mechanisms associated with the
various epoxy/CSH systems were examined by subjecting epoxy/
CSH interfacial models to MD simulations in the NVT ensemble
for at least 2000 ps, which was sufficiently long to observe
dynamic equilibrium in these models. Simulations were repeated
three times under different initial conditions (different starting
conformations and atomic velocities) for each system to ensure
that the results are statistically significant. A spherical cutoff dis-
tance of 15 A was imposed for the pairwise summations of L] inter-
actions and short-range Coulombic interactions, while the
particle-particle particle-mesh solver (PPPM) was applied with a
high accuracy of 10~ kcal-mol~! for long-range electrostatic inter-
actions. The velocity Verlet algorithm [56] with a time step of
0.001 ps was used to integrate Newton's equations of motion,
and periodic boundary conditions were imposed in all directions.
The temperature was set to 350 K and controlled using a Nosé-
Hoover thermostat [57] with a damping constant of 0.1 ps [58].
This temperature represents a trade-off between a system with
excessive kinetic energy, in which the epoxy molecules desorb
from the surface, and one with insufficient kinetic energy for the
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epoxy molecules to adsorb and diffuse on the CSH surface. The
pressure was maintained at 101.325 kPa (i.e., atmospheric pres-
sure) and controlled using a Nosé-Hoover barostat [57] with a
damping constant of 1 ps [58]. Four invisible L] walls were placed
at the vertical faces of the simulation box to prevent the epoxy
molecules from escaping. A snapshot of the trajectory, which cor-
responds to 20 000 frames, was stored every 0.1 ps, and the last
5000 frames of the trajectory were considered for subsequent
structural analyses.

3. Results and discussion
3.1. Adsorption and wetting mechanism for epoxy on CSH

Fig. 3 shows snapshots of the progressive formation of the EP/
CSH, EPAM/CSH, and EPSiO,/CSH interfaces at various simulation
times. The epoxy molecules were initially placed approximately
5 A above the CSH surface to create a thin vacuum gap prior to
the commencement of the adsorption process (Figs. 3(a), (f), and
(k)). The epoxy molecules became reoriented and coalesced into
circular droplets during the early stages (0-30 ps) of adsorption,
which is understood as an energetically favorable arrangement
that minimizes the total surface free energy [59]. Droplet forma-
tion is governed by van der Waals forces that operate between
epoxy molecules and internal dipolar interactions involving the
resin/hardener/filler functional groups. Attractive electrostatic
and van der Waals interactions between the epoxy molecules
and the polar CSH surface drove the droplets toward the surface,
where the epoxy initially contacted the surface, as the simulation
proceeded. The adsorbed monomers then spread laterally, which
increased the wetted area over time (Figs. 3(b), (g), and (1)). This
behavior is consistent with previous MD studies, which showed
that polymer films reorganize themselves on polar substrates to
maximize interfacial adhesion [54,60]. However, the epoxy mono-
mers spread more slowly over the CSH surface by ~1500 ps and the
interfacial region began to stabilize, suggestive of the start of
epoxy/CSH interfacial dynamic equilibration (Figs. 3(c), (d), (h),
(i), (m), and (n)). Stable and equilibrated interfaces were observed
at the end of the simulation process (t = 2000 ps), with the EPAM
molecules observed to adopt a flatter conformation over the CSH
surface than either EPSiO, or EP (Figs. 3(e), (j), and (0)). That is,
epoxy wettability on the CSH surface is enhanced by the AM and
nano-SiO, fillers. Notably, both the AM and nano-SiO, fillers
appeared to migrate toward the CSH surface to form thin inter-
phases that bridge the epoxy molecules and the atoms at the
CSH surface (Figs. 3(j) and (0)).

Fig. 4 displays the final conformations of the DGEBF resin and
DETDA hardener molecules on the CSH substrate. Notably, Fig. 4
(a) reveals that DGEBF molecules tend to cluster or aggregate on
the CSH surface. The top-down view (Fig. 4(b)) confirms this clus-
tering by showing a region of high DGEBF concentration orthogo-
nal to the CSH surface. The resin molecules do not appear to
have spread uniformly; rather, they appear to form a somewhat
layered arrangement in which molecules stack or align in strata
parallel to the CSH surface with limited direct contact. This strati-
fication is highlighted in the inset of Fig. 4(a), which shows that a
subset of DGEBF molecules form two adjacent layers (orange and
tan). This behavior suggests that DGEBF molecules interact more
strongly with other DGEBF molecules than with the CSH surface,
which is possibly ascribable to steric hindrance stemming from
the relative largeness and complex structure of DGEBF, which
may hinder its ability to effectively diffuse and adsorb at binding
sites on the CSH surface. In contrast, the DETDA molecules appear
to be significantly more dispersed on the CSH surface. As depicted
in Fig. 4(c), DETDA molecules are more likely to lie flat and be scat-
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Fig. 3. Snapshots of epoxy/CSH interface formation at various simulation times. (a-e) EP/CSH, (f-j) EPAM/CSH, and (k-o0) EPSiO,/CSH interfaces at 0, 500, 1000, 1500, and
2000 ps, respectively. The snapshots illustrate the evolution from initial droplet formation, spreading, to final stabilized interfacial structure. DGEBF molecules (resin) are
depicted in blue, DETDA molecules (hardener) in purple, AM filler molecules in cyan, and nano-SiO, filler particles in orange. Calcium atoms shown in green, oxygen atoms in

red, hydrogen atoms in white, and silicon atoms in yellow.

Fig. 4. Local monomer conformations at the EPAM/CSH interface at 2000 ps. (a)
Side-view snapshot of DGEBF (purple) with the inset showing a subset of two
adjacent layers of DGEBF color-coded according to distance from CSH surface
(orange and tan) to highlight the stratified arrangement. (b) Top-down view of
DGEBF molecules that show their aggregation. (c) Side-view of DETDA molecules
(blue), with the inset showing direct contact with the CSH surface. (d) Top-down
view of DETDA molecules showing their dispersed distribution on the CSH surface.

tered on the surface, thereby maximizing their contact area with
superficial CSH atoms (Fig. 4(c)). The top—down view (inset) con-
firms this dispersion, with DETDA exhibiting a strong affinity for
CSH. This behavior suggests that DETDA molecules interact more
strongly with the CSH surface than with each other, which is likely
ascribable to the smaller molecular weight and simpler structure of
DETDA that enables it to easily migrate toward the interface and
interact with a greater number of polar sites on the CSH surface.

Fig. 5 shows the migration of the AM (cyan) and nano-SiO, (or-
ange) fillers toward the CSH surface, with the epoxy resin (DGEBF)
and hardener (DETDA) molecules omitted for clarity. Side-view
snapshots of AM migration are shown in panels (a)-(e), with the
corresponding top views depicted in panels (f)-(j). Similarly, pan-
els (k)-(o) and (p)-(t) display the side and top views of nano-
SiO, migration, respectively. Both fillers were initially uniformly
dispersed within the epoxy matrix (Figs. 5(a), (f), (k), and (p)). Both
fillers apparently overcome intermolecular forces binding them to
the resin/hardener network as the simulation proceeds, and
migrate to the CSH surface (Figs. 5(b)-(e) and (k)-(0)). The fillers
exhibit distinct distribution patterns following adsorption and
interface formation; the AM molecules are evenly dispersed across
the CSH surface, indicative of strong affinity that is likely driven by
hydrogen bonding and/or electrostatic interactions between the
functional groups of AM and the polar sites of the CSH substrate.
In contrast, nano-SiO, particles tend to aggregate and form local-
ized clusters, despite being well-dispersed within the epoxy matrix
at the start of the simulation; this clustering behavior suggests that
nano-SiO, particles are more attractive to each other than to the
CSH surface. The distinct migration and distribution patterns of
AM and nano-SiO, underscore the different roles that they play
in modulating interfacial properties: AM promotes a uniform and
homogeneous interface that exhibits enhanced adhesion, whereas
nano-SiO, aggregation creates regions of high filler concentration.

Probing the contact area between the epoxy molecules and the
CSH surface is a straightforward way of monitoring the formation
of the epoxy/CSH interface during the simulation. Contact area was
calculated using the following equation:

_1
)

Where A is the contact area, ¢ is the simulation time, SASAgpoxy (£), and
SASAcsu(t) are the solvent-accessible surface areas (SASAs) of the
epoxy alone and CSH alone, respectively, at time ¢, and
SASAgpoxy-csu is the SASA of the combined epoxy/CSH system. Note
that all SASAs were computed at a solvent probe radius r of 1.4 using

A(t) (SASAgpoxy () + SASAcsu(t) — SASAgpoxy+cs(t)) (1)


move_f0025

CM. Fame, T. Ueda, M.A. Ntjam Minkeng et al.

Engineering xxx (XXxX) XXx

Filler A
AM
AM
Nano-SiO,
Nano-SiO,
N o . o4 Loty
(p) (@) () (s) ®)
1 1 1 1 1 >
0 500 1000 1500 2000 Time (ps)

Fig. 5. Snapshots of filler migration toward the CSH surface. (a-e) Side-view and (f-j) top-view snapshots of AM migration. (k-o) Side-view and (p-t) front-view snapshots of
nano-SiO, migration. AM molecules are depicted in cyan, and nano-SiO, particles are shown in orange.
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Fig. 6. (a) Contact area between the epoxy molecule and the CSH surface as a function of time for each system. (b) EP/CSH, EPAM/CSH, and EPSiO,/CSH wetting ratios.

a developed TCL (i.e., the embedded scripting language used in VMD)
script implemented in the VMD software. Fig. 6(a) shows the tempo-
ral evolution of the epoxy/CSH-surface contact area for the EP/CSH,
EPAM/CSH, and EPSiO,/CSH systems, which reveals three distinct
stages of interface formation: (D adsorption, @ wetting, and Q@ inter-
facial equilibrium. The contact area increases rapidly during the
adsorption stage (0-200 ps), with contact times of approximately
110, 60, and 50 ps recorded for EP/CSH, EPSiO,/CSH, and EPAM/

CSH respectively, which suggests that the AM or nano-SiO, present
in the epoxy phase accelerates kinetics associated with the initial
adsorption of epoxy molecules onto the CSH substrate. The epoxy
continues to spread across the CSH surface during the subsequent
wetting phase (200-1000 ps), which further increases the contact
area. This process is driven by attractive forces between the atoms
on the CSH surface and epoxy molecules, which collectively outcom-
pete the cohesive forces that operate within the bulk epoxy, thereby


move_f0030

CM. Fame, T. Ueda, M.A. Ntjam Minkeng et al.

promoting wetting. EPAM/CSH exhibited a particularly large and uni-
form contact area owing to the strong affinities of the AM functional
groups for the CSH surface. In contrast, EPSiO,/CSH showed more
localized wetting behavior, which we attribute to nano-SiO, aggrega-
tion hindering uniform spreading, whereas the EP/CSH system con-
sistently exhibited the smallest contact area among the three
systems. Finally, interfacial equilibrium phases were observed from
approximately 1000 ps to the end of the simulation (2000 ps). The
contact area between the epoxy and CSH surface stabilized during
this phase, as clearly evidenced by the plateaus in Fig. 6(a). Sustained
plateauing in the contact area provides key quantitative evidence
that each interface had reached dynamic equilibrium within the
2000 ps simulation timeframe.

Wettability, which describes the ability of the epoxy molecules
to spread over the CSH surface, is critical for interfacial bonding
(Fig. 6(b)). Accordingly, we calculated the wetting ratio for each
system to assess how each nanofiller influences this property. Wet-
ting ratio was determined from the time-averaged contact area
during the final 500 ps of the simulation (i.e., the interfacial equi-
librium stage) and normalized against the total CSH surface area
(Scsu) [61]. The values presented in Fig. 6(b) are averages from at
least three independent simulations, with error bars corresponding
to standard deviations.

Fig. 6(b) shows that EPAM delivered the highest wetting ratio
(71.05%), followed by EPSiO, (66.18%) and EP (62.15%). These
quantitative results are consistent with the visual data provided
by the simulation snapshots presented in Fig. 3, where EPAM and
EPSiO, exhibit larger contact lines and smaller contact angles than
EP, indicative of enhanced wetting. Notably, nano-SiO, appears to
enhance epoxy wettability on CSH, although more modestly than
AM. This improvement is attributable to two primary contributions
from the nano-SiO, particles. Firstly, their migration to the inter-
face increases interfacial polarity via surface silanol (Si-OH) groups
that attract epoxy molecules and enhance molecular interactions,
particularly hydrogen bonding, with the CSH surface. Secondly,
nano-SiO, particles alter the surface-energy characteristics of the
epoxy system and potentially create a more-favorable interfacial
tension that facilitates spreading over inorganic surfaces [47].
However, nano-SiO, aggregation at the interface (Fig. 5) limits wet-
ting uniformity compared to AM. Despite this, nano-SiO, is still
able to foster more-favorable wetting than neat epoxy, although
further treatment to reduce aggregation may enhance its effective-
ness. These findings highlight the importance of both filler func-
tionality and dispersibility when optimizing interfacial adhesion,
with the organic AM filler providing superior wetting performance
compared to its inorganic nano-SiO, counterpart.

—FEP
—— EPAM
—— EPSIO,

Number density (A™)

5 10 15 20 25 30
Distance from CSH surface (A)

Fig. 7. Number-density profiles for the three epoxy systems as functions of distance
from the CSH surface at equilibrium.
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3.2. Structural properties of the epoxy/CSH interfaces

3.2.1. Local density distributions

Fig. 7 shows equilibrium atomic number density profiles of the
three epoxy systems (EP, EPAM, and EPSiO,) along the z-direction
(orthogonal to the CSH surface). Atomic number densities were
computed by binning the simulation box into successive 1 A-
thick slabs using the VDM plugin developed by Giorgino [62].
The profiles depict the combined atomic density of all epoxy com-
ponents (DGEBF, DETDA, AM, and SiO, where applicable) in each
system as a function of the distance from the CSH surface, which
were time-averaged over the last 500 ps of the simulation. The
number density of each system exhibited a sharp peak at the inter-
face before experiencing a relatively constant decrease with
increasing distance from the CSH surface. The EPAM system exhib-
ited the highest peak intensity (~0.043 1/A3), with its peak located
at ~4 A from the surface. This significantly more-intense peak
strongly suggests that the addition of AM promotes the adsorption
of epoxy molecules, leading to a more densely packed and well-
defined interfacial layer. This observation is attributable to several
factors: (D The polar AM amido group (carbonyl (C=0) connected
to nitrogen (N)) strongly hydrogen bonds to both the CSH surface
and epoxy molecules, thereby acting as a bridge between the
epoxy monomers and CSH, and @ AM promotes a more-
favorable epoxy packing arrangement near the interface. The peak
observed for the EPSiO; system is slightly further from the surface
(at 5 A) and is less intense (0.036 1/A%) compared with that
recorded for EPAM. The less-pronounced peak close to the CSH sur-
face is possibly explained by nano-SiO, aggregation at the interface
that may hinder direct contact and create a less-ordered arrange-
ment of epoxy molecules. The EP (neat epoxy) system exhibited
the least-intense peak (0.0348 1/A%) at 4 A from the CSH surface,
indicative of weaker adsorption in the absence of a filler. This
observation underscores the importance of using an appropriate
filler to enhance epoxy/CSH interactions.

These results have significant implications for the design of
epoxy-modified CSH composites. The high density of epoxy com-
ponents at the interface, particularly in the EPAM/CSH system, sug-
gests strong interfacial interactions that are expected to translate
into superior mechanical properties.

3.2.2. Concentration profiles

We analyzed the relative concentration profile of each mono-
mer (DGEBF, DETDA, AM, and nano-SiO;) along the z-direction
(orthogonal to the CSH surface) to shed further light on the molec-
ular interactions that govern the interfacial behavior of the epoxy
systems on CSH. The profiles shown in Figs. 8(a)-(c) for the EP/
CSH, EPAM/CSH, and EPSiO,/CSH systems, respectively, provide
valuable insight into how each species is distributed at the inter-
face and their preferential adsorption onto the CSH substrate. We
divided the simulation cell into successive 1 A-thick slabs, with
the local relative concentration (C) of monomer i in each slab
defined as its molar ratio in a given slab normalized against its cor-
responding molar ratio in the entire bulk epoxy system [26,27,63].

That is, C = ’;—:‘;ﬁ where N, is the number of atoms of that

monomer in the slab, Vq.p, is the volume of the 1 A-thick slab, Nyux
is the total number of atoms of that monomer in the entire liquid
epoxy, and Vy,y is the total liquid epoxy volume in the simulation
cell. Accordingly, a relative concentration of 1.0 indicates that the
concentration of component i is the same in the slab as in the bulk
(horizontal dash-dot black line in Figs. 8(a)-(c)); values greater
than 1.0 signify enrichment, while values less than 1.0 indicate
depletion at a given location.

The DGEBF resin in the neat epoxy system (Fig. 8(a)) exhibits a
concentration peak at 4 A from the CSH surface; this peak corre-
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Fig. 8. Relative concentration profiles of epoxy components at interfacial equilibrium. (a) EP/CSH, (b) EPAM/CSH, (c) EPSiO,/CSH interfaces, (d) hardener-to-resin relative
concentration ratio (DETDA/DGEBA) for EP/CSH, EPAM/CSH, and EPSiO,/CSH interfaces at interfacial equilibrium.

sponds to approximately twice the concentration observed for the
bulk EP, which is suggestive of resin enrichment at the interface. In
contrast, the DETDA hardener exhibited more significant enrich-
ment at the interface, with a peak relative concentration of ~3.2
recorded at 4 A, which indicates that DETDA has a stronger prefer-
ence for adsorption on the CSH surface than DGEBF. This observa-
tion is consistent with previous reports on the preferential
adsorption of the MXDA amine hardener over the DGEBA resin
on iron-oxide surfaces before [64] and after curing [29]. The
observed differences in the DGEBF and DETDA distributions sug-
gest that DETDA may play a more dominant role in the initial
stages of interfacial adhesion by anchoring the epoxy to the CSH,
whereas DGEBF contributes to overall film formation and bulk
properties but with less specific surface interactions. The local rel-
ative concentrations of both DGEBF and DETDA converge towards
their respective bulk concentrations with increasing distance from
the CSH interface (z > ~10 A), which suggests that attractive forces
involving the CSH surface influence epoxy monomers less.

The addition of AM significantly altered the interfacial composi-
tion, as shown in Fig. 8(b). AM is very strongly enriched at the CSH
surface, with a peak relative concentration of ~8.7 occurring at 3 A
from the CSH surface atoms, a value that greatly exceeds its bulk
concentration. This peak is observed to be 1 A closer to the CSH
surface than to the epoxy atoms in the EP/CSH system, which sug-
gests that AM filler molecules migrate within the epoxy/CSH van
der Waals gap, indicative of a tighter interface. This observation
confirms the strong affinity of AM for CSH. Interestingly, the AM
present on the system significantly enhances DETDA adsorption
while slightly increasing DGEBF adsorption. As a result, DGEBF
exhibited a broader peak relative concentration that is about 2.5
times higher than its bulk value, and is located between 5 and

12 A from the CSH surface, whereas DETDA demonstrated a sharp
peak with a value of ~5.4 at 4 A, which is approximately five-times
higher than its average concentration in the bulk resin. This behav-
ior is possibly rationalized by the AM nanofiller competing with
DGEBF for CSH surface-binding sites, while synergistically promot-
ing DETDA adsorption. These findings suggest that AM acts as a
coupling agent, with a stronger preference for adsorption on the
CSH surface than either DETDA or DGEBF, thereby effectively
bridging the epoxy components and the CSH surface. AM exhibited
a sharp decrease in concentration (from ~8.7 to ~0.4) at z > 3 A,
indicative of the formation of an AM monolayer on the CSH surface.
The formation of this monolayer is further supported by the very
low concentration of AM in the bulk region (i.e., z > 10 A), where
its relative concentration approaches zero, as evidenced by snap-
shots shown in Figs. 5(a)-(e).

The nano-SiO, particles in the EPSiO, system (Fig. 8(c)) are
moderately enriched near the CSH surface when compared to the
AM system, with a peak relative concentration of approximately
3.8 at 3 A. This distribution is likely influenced by several factors,
including the aggregation tendencies of the nanoparticles, the bal-
ance between particle-particle and particle-surface interactions,
and the surface chemistry of the nanoparticles (i.e., silanol groups
interacting with the CSH surface). The nano-SiO, in the system
appears to have affected both the DGEBF and DETDA distributions
little when compared to the AM in the EPAM system. DGEBF exhib-
ited a peak relative concentration of ~2.0 at 5 A, while DETDA
showed a peak with a value of ~2.6 at 4 A; both relative concentra-
tions gradually decreased and converged toward their respective
bulk concentrations with increasing distance from the CSH surface
(z > 10 A). These results suggest that nano-SiO- influences interfa-
cial properties through a different mechanism to AM. Nano-SiO,



C.M. Fame, T. Ueda, M.A. Ntjam Minkeng et al.

was indeed found to exhibit a more-localized effect (Fig. 5), in
which regions containing concentrated particles are primarily
affected, with the overall distributions of DGEBF and DETDA influ-
enced less than AM. Nano-SiO, exhibited a relative concentration
that approached zero at distances greater than 15 A, confirming
that most of the nano-SiO, particles also migrate to the CSH sur-
face, as expected.

Based on the observed concentration profiles of the individual
epoxy monomers, we further investigated interfacial compositions
by analyzing the relative concentration ratios of DETDA (hardener)
to DGEBF (epoxy resin) as functions of distance from the CSH sur-
face (Fig. 8(d)). The dashed line at a ratio of 0.5 depicts the stoichio-
metric molar ratio for the bulk epoxy formulation. This analysis is
critical as it rationalizes deviations from the ideal stoichiometry in
the interfacial region; such deviations may significantly impact
local curing behavior and resultant interfacial properties. Fig. 8
(d) reveals that all three systems exhibit significant hardener
(DETDA) enrichment relative to that of the epoxy resin (DGEBF)
within the immediate vicinity (0-5 A) of the CSH surface. Specifi-
cally, the neat EP prepolymer exhibited a DETDA/DGEBF peak ratio
of approximately 1.6 at 3 A. This hardener segregation is consider-
ably more pronounced in the EPAM system, which displayed a
peak ratio of approximately 3.0 at 3 A. Such substantial DETDA
accumulation in the EPAM system is suggestive of significantly fas-
ter interfacial curing and the formation of a distinct, potentially
highly crosslinked interphase. In contrast, the DETDA in the EPSiO,
system is modestly enriched, with a peak ratio of approximately
1.5 at ~4 A, indicative of a less pronounced change in the interfacial
epoxy-monomer composition compared to that of the EPAM sys-
tem. All three systems exhibit hardener-to-resin ratios that pro-
gressively decrease and subsequently fluctuate around the bulk
stoichiometric value with increasing distance from the CSH surface
(i.e., beyond 5 A). These overall stoichiometric deviations, particu-
larly the hardener enrichment observed near the CSH surface, are
attributable to differential adsorption of DETDA and DGEBF onto
the CSH substrate. Moreover, the CSH surface is Lewis acidic, which
means that it can accept electron pairs. Conversely, the amino
nitrogen in DETDA acts as a Lewis base and is capable of donating
electrons [65]. Therefore, the DETDA enrichment observed at the
interface is expected to significantly improve interfacial adhesion
by donating a substantial number of electrons to the cement sur-
face. This analysis underscores the significant impact of fillers, par-
ticularly AM, on the molecular conformations and reactivities of
epoxy monomers near the CSH surface, and highlights the impor-
tance of understanding these interfacial phenomena when design-
ing tailored epoxy-modified cementitious materials.

3.2.3. Interfacial ionic bonds and hydrogen-bonding networks (H-
bonds)

Interfacial epoxy/CSH bonding is significantly influenced by
ionic bonds involving Ca®" on the CSH surface and the electroneg-
ative polar atoms of the epoxy, which include Ca-Opgggr, Ca-
Nperpas Ca-Oam, Ca-Naym, and Ca-Osjp, ionic bonds, in which
Obceer Nperpa, Oam, Nam, and Oso, refer to the ether oxygen atom
of DGEBF, the amino nitrogen of DETDA, the carbonyl oxygen of
AM, amino nitrogen of AM, and the silanol oxygen of nano-SiO,,
respectively. We analyzed their radial distribution functions (RDFs)
in order to gain insight into the local microstructures of these
interfacial ionic bonds, the results of which are shown in Fig. 9.
An RDF is defined as the probability density g(r) of finding atom
w at a certain distance from the central atom u, which provides
insight into the spatial arrangements and packing efficiencies of
the atoms, as well as intermolecular spacings at the interfaces
[51]. Fig. 9(a) shows Ca-Opcepr RDFs for the EP/CSH, EPAM/CSH,
and EPSiO,/CSH systems; each RDF shows a sharp peak at 2.85 A
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that corresponds to the characteristic Ca-O ionic bond length
involving the ether oxygen in DGEBF. However, the various sys-
tems show slightly different peak intensities, with values of
~2.85, ~3.58, and ~4.37 for EP/CSH, EPAM/CSH, and EPSiO,/CSH,
respectively. A more-intense RDF peak usually signifies a greater
probability of finding ether oxygen atoms around Ca®" at that
specific distance. However, slight increases in peak intensity in
the presence of fillers may not result in any significant differences
in the microstructures of the Ca-0 bonds in the neat epoxy. Fig. 9
(b) displays Ca-Npgrpa RDFs, which reveals that all three systems
exhibit an average Ca-Npgrpa length of 2.85 A. Notably, this peaks
was much more intense for the EPAM/CSH system (~11.05) com-
pared to that recorded for EP/CSH (~7.26) and EPSiO,/CSH
(~4.88), confirming that the interface contains a higher concentra-
tion of hardener molecules in the presence of AM compared to the
other systems, as shown in Fig. 8. Although Ca-N bonds tend to be
slightly weaker than Ca-0 bonds [13,66], the significantly higher
intensity of the Ca-N peak compared to the Ca-0O peak in the pres-
ence of AM indicates that the DETDA molecules adopt certain con-
formations and form local environments that favor strongly locally
ordered nitrogen atoms around Ca®* sites upon adsorption. One
plausible mechanistic explanation involves the strong affinity of
AM for CSH, coupled with its own polar interactions, influencing
the DETDA conformation such that ionic Ca-N binding becomes
more energetically favorable than Ca-O binding. Consequently,
more amino nitrogen atoms cluster in the immediate Ca®* coordi-
nation shell, resulting in a significantly higher DETDA molar ratio
at the interface, as shown in Fig. 8(b). Fig. 9(c) compares the RDFs
of Ca®" and the filler polar atoms in the EPAM/CSH and EPSiO,/CSH
systems. The RDF for Ca-Oay exhibits a peak at 2.55 A with a strik-
ingly high intensity of 21.24, indicative of strong, well-ordered, and
localized coordination of the carbonyl oxygen in AM to Ca®*. The
amino nitrogen of AM also exhibits a well-defined peak (Ca-
Nam), although its bond distance (2.65 A) is longer and its intensity
of 9.20 at that distance is less than that of Ca-Oay, Which suggests
that AM primarily adsorbs onto the CSH surface via its carbonyl
oxygen. These findings are consistent with the concentration pro-
file shown in Fig. 8(b), where AM is sharply enriched near the sur-
face. In comparison, the Ca — Osjo, bond is 2.85 A long on average,
with a peak intensity of 8.79, which indicates that nano-SiO, also
binds strongly via Ca-O bonds but interacts more weakly with
the CSH surface compared to AM.

In addition to ionic bonding, the network of hydrogen bonds (H-
bonds) between the epoxy components and the CSH surface plays a
crucial role in determining the strength of the interfacial bond in
an epoxy-modified CSH system. The CSH surface contains several
polar sites capable of hydrogen bonding, including the dangling
oxygen atoms of the silicate chains (Si-O7), surface silanol groups
(Si-OH), and surface water molecules. Two criteria were used to
assess the formation of interfacial H-bonds: @O Whether or not
the distance between neighboring donor and acceptor atoms is less
than the 3.5 A cutoff, and @ if the donor-hydrogen-acceptor angle
is greater than 120° [51]. The number of interfacial H-bonds (nyg)
was calculated over the last 500 ps for three replica simulations for
each system to determine the average number of H-bonds between
the epoxy molecules and the CSH substrate. Fig. 10 compares total
nyp values for the interfaces between the three epoxy systems (EP,
EPAM, and EPSiO,) and the CSH substrate, along with the contribu-
tions from the individual epoxy components. Notably, the EPAM/
CSH system exhibited the highest total nyg (55), which signifi-
cantly exceeded those of the EPSiO,/CSH (38) and EP/CSH (21) sys-
tems. This substantially higher level of hydrogen bonding is
directly attributable to the AM present in the EPAM/CSH system.
AM contributes 28 hydrogen bonds, which corresponds to approx-
imately 51% of the total nyg in this system and underscores its
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strong propensity to form hydrogen bonds with the CSH surface;
this is likely due to the carbonyl oxygen (C=0) and amino (N-H)
groups present in AM that act as hydrogen-bond acceptors and
donors, respectively, to form strong hydrogen bonds with dangling
oxygen atoms, silanol groups, and water molecules on the CSH sur-
face. This observation is consistent with our previous RDF findings
(Fig. 9(c)) that revealed very strong interactions between the oxy-
gen atoms of AM and the calcium ions on the surface. These results
further support the notion that AM acts as an effective interfacial
coupling agent that promotes the formation of a robust network
of hydrogen bonds with the CSH substrate. In a similar manner,
nano-SiO, contributes 20 hydrogen bonds in the EPSiO,/CSH sys-
tem, which corresponds to approximately 52% of the total interfa-
cial nyg (38) in this system, and highlights the significant role
played by nano-SiO, in enhancing interfacial hydrogen bonding.
The hydrogen-bonding capability of nano-SiO, likely stems from
the silanol (Si-OH) groups present on its surface that act as both
hydrogen-bond donors and acceptors, to form hydrogen bonds
with the dangling oxygen atoms, silanol groups, and water mole-
cules on the CSH surface. The DETDA hardener is the primary con-
tributor to H-bond connections in the absence of a nanofiller,
whereas DGEBF contributes relatively few hydrogen bonds in all
three systems (three, five, and four bonds in the EP/CSH, EPAM/
CSH, and EPSiO,/CSH systems, respectively), consistent with the
monomer distributions across their interfaces, as shown in Fig. 8.
These observations are also consistent with a previous experimen-
tal study [65], in which cement paste coated with either an epoxy
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resin (DGEBA) or an amine hardener was subjected to XPS. The
spectrum of the cement coated with the amine hardener provided
evidence of interfacial hydrogen bonding between the hardener
and cementitious substrate, whereas that of the cement coated
with DGEBA resin did not reveal the existence of H-bonds.

3.2.4. Interaction energies

The interaction energy between the epoxy system and the CSH
surface quantifies the adhesion strength at the interface and pro-
vides valuable insight into the adsorption behavior and adhesive
properties of the system. Ej,; was calculated using the “compute
group/group” command in LAMMPS, which evaluates pairwise
interaction energies between specified groups of atoms. Interac-
tion energy is expressed as [31,61,67]:

2)

where Ej,; is the total energy of the epoxy/CSH interfacial system,
Ecsy is the energy of the isolated CSH substrate, and Eepoxy is the
energy of the isolated epoxy components. A more negative Ej,,; value
is indicative of stronger adsorption; hence E;,; helps to elucidate the
binding mechanisms that operate at the epoxy/CSH interface. Inter-
action energies were further deconvoluted into electrostatic (Eejec)
and van der Waals (E,qw) contributions in order to gain deeper
insight into the forces driving epoxy adsorption at the CSH surface.
The electrostatic contribution provides a measure of the ionic and
polar interactions that operate between the polar epoxy groups
and the calcium ions and silanol groups on the CSH surface. The
van der Waals component captures the contributions of dispersion
forces that operate between the nonpolar regions of the epoxy
matrix and the CSH substrate. It should be noted that our analysis
focused on the electrostatic and van der Waals contributions as
defined within the IFF-PCFF. Readers are referred to the work of
Yoshizawa et al. [68] for a more detailed quantum mechanical
deconvolution of the interaction energies, including explicit terms
such as exchange-repulsion and charge-transfer.

Fig. 11 reveals that all three interfacial systems (EP/CSH, EPAM/
CSH, and EPSiO,/CSH) exhibit negative E;,; values, which confirms
that the epoxy components are spontaneously adsorbed onto the
CSH surface. As expected, EP/CSH exhibited the least negative Ej;
(—4523.74 kJ-mol~!) among the three systems. Notably, the elec-
trostatic (Eelec ~ 51% of the Ej,;) and van der Waals (Eyqw ~ 49%
of the Ej,¢) components are comparable in magnitude, suggestive
of a balanced synergy between polar and nonpolar interactions.
The ether oxygen and amino nitrogen functionalities in DGEBF
and DETDA provide moderate ionic and H-bond interactions with
the calcium and silanol groups in CSH and are complemented by
dispersion forces that further promote adsorption. EPSiO,/CSH
exhibited a more negative Ei, (~5045.20 kJ-mol~') than EP/CSH,

Eint = Eepoxy+CSH - (Eepoxy + ECSH)


move_f0055

CM. Fame, T. Ueda, M.A. Ntjam Minkeng et al.
0
-1000

-2000

L -3000
E
2 —4000
>
&
& -5000
w
-6000 [ E.
—7000 |- B ..
..
-8000

EP/CSH EPAM/CSH

Interfacial system

EPSIO,/CSH
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associated with each epoxy/CSH system.

consistent with stronger adsorption that stems from a higher Egje.
contribution (=~ 61% of the E;,¢) and a lower E,qw component (= 39%
of the Ej,;) compared to those of the neat epoxy system. This shift
in the relative contributions of the interaction components sug-
gests that the enhanced adsorption and wetting of epoxy on the
CSH surface in the presence of nano-SiO, are primarily driven by
electrostatic forces, although van der Waals forces still play a sig-
nificant role. Although the nano-SiO, additive aggregates at the
interface, the silanol groups still engage in favorable ionic and
hydrogen bonding with the CSH surface (Figs. 9 and 10) leading
to stronger electrostatic attraction at the interface. EPAM/CSH evi-
dently exhibited the most negative interaction energy of —6074.7
5 kJ-mol~!, which indicates that this system is expected to show
the strongest rate of epoxy-component adsorption onto the CSH
surface in the presence of the AM filler. This strong adsorption is
driven predominantly by electrostatic interactions (Eejec ~ 64% of
the Ejn), which stems from the highly polar amido groups in AM
that engage in strong ionic and hydrogen bonds with charged spe-
cies on the CSH surface (mainly calcium ions and silanol groups), as
previously discussed in section 3.2.3. The smaller relative van der
Waals contribution, which accounts for 36% of the Ej, in the
EPAM/CSH system, further supports the notion that enhanced
adsorption and wettability are predominantly governed by electro-
static interactions that operate between the epoxy molecules and
the polar groups on the CSH surface. Overall, the interaction-
energy analysis provides strong quantitative evidence for
enhanced interfacial adhesion between the epoxy and CSH in the
presence of both organic (AM) and inorganic (nano-SiO,) fillers.
Specifically, the significantly higher adsorption energy, particularly
the electrostatic component, highlights the crucial role played by
AM in strengthening epoxy/CSH bonding through strong electro-
static interactions that include both ionic and hydrogen bonds.
This finding is consistent with the observed migration of AM
toward the CSH surface, its strong hydrogen-bonding and ionic
interactions, and its ability to enhance the adsorption of other
epoxy components, particularly DETDA. Although nano-SiO, also
improves the interaction energy when compared to the neat epoxy
system, it is less effective than AM.

3.2.5. Work of adhesion

We evaluated the work of adhesion (W) for each interfacial sys-
tem with the aim of further quantifying the effectiveness of AM and
nano-SiO, in strengthening the epoxy/CSH interface, the results of
which are depicted in Fig. 12. W was determined by normalizing
the absolute value of the interaction energy against the interfacial
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Fig. 12. Total (Wictal), electrostatic (Weiec), and van der Waals (W,qw) works of
adhesion for each epoxy/CSH system.

contact area; thatis, W = — % [69-71], where E; is the total inter-
action energy (Eq. (2)) and A is the interfacial contact area (Eq. (1)).
Conceptually, W is widely used to quantify adhesion at a fundamen-
tal molecular level [69], as it represents the reversible thermody-
namic work required to separate the epoxy/CSH interface to
infinite distance, thereby serving as a measure of the strength of
the interfacial bond [71]. A larger W value is indicative of stronger
interfacial adhesion, which implies that more energy is required to
separate the surfaces or create new surfaces, and correlates with a
higher resistance to interfacial failure [71]. Deconvoluting W into
its electrostatic (Wejec) and van der Waals (W,qw) contributions fur-
ther helps to elucidate the relative importance of polar/ionic interac-
tions and dispersive forces toward governing adhesion strength.

Fig. 12 reveals that EP/CSH exhibited the lowest total work of
adhesion (Wiotal = 149.02 mJ-m~2), with Weiec and Wiay contributing
nearly equally to the interfacial bond strength. The addition of nano-
SiO, raises the total work of adhesion to 155.66 mJ-m~2, which corre-
sponds to a modest 4.45% increase. This slight improvement in adhe-
sion strength is primarily driven by enhanced electrostatic
interactions between the silanol groups of nano-SiO, and the CSH
surface, while the van der Waals contribution remains relatively
unchanged compared to that of the neat epoxy system. In contrast,
the addition of AM to the epoxy significantly increases the work of
adhesion (from 149.02 to 173.50 mJ-m~2), which corresponds to a
substantial (16.43%) increase relative to that of the EP/CSH system.
Such a significant increase in Wiy highlights the potential for
marked improvements in the mechanical performance of the inter-
face, and underscores the pivotal role played by the polar amido
groups of the AM; these groups form strong ionic bonds with calcium
ions and hydrogen bonds with silanol sites on the CSH substrate,
leading to a dominant electrostatic contribution, as discussed in sec-
tions 3.2.3-3.2.5. Overall, these results confirm that, while nano-SiO,
provides a slight (~5%) increase in interfacial adhesion, the AM filler
enhances it significantly more (~17%). Consequently, AM emerges
as a more effective additive for improving the strength of the
epoxy/CSH interface and, by extension, the mechanical properties
and durability of the composite interface. This insight highlights the
importance of leveraging polar functionalities, particularly amido
groups, when designing next-generation epoxy-modified cementi-
tious materials with superior interfacial performance.

3.3. Implications of the study results

The findings of this study provide critical atomic-level insight
into the adsorption, wetting, and interfacial interactions associated
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with epoxy systems on CSH surfaces in the presence of fillers
(epoxy modifiers). This insight has significant scientific and engi-
neering implications for the design and optimization of polymer
cementitious composites, particularly for applications such as
structural repair, enhancing the adhesion in 3D printed concrete
layers, and improving durability. The most important implications
of our study results are discussed below.

3.3.1. Selective monomer adsorption and interphase formation

The epoxy hardener (DETDA) adsorbs onto the CSH surface in
preference to the resin (DGEBF) despite the 1:2 DETDA/DGEBF
molar ratio in the bulk phase prior to adsorption, which is a key
finding of this study. This observation is consistent with previous
research findings [29,54,60,64] that demonstrate that smaller,
more polar molecules tend to preferentially adsorb onto polar sub-
strates. This selective adsorption is particularly pronounced in the
presence of AM, leading to the formation of a “hardener-rich”
interphase that constitutes a distinct region close to the CSH sur-
face where the concentration of DETDA significantly exceeds that
found in the bulk epoxy. The formation of this interphase has sig-
nificant implications for adhesion, mechanical performance, and
durability. Given that local curing reaction rates depend on hard-
ener availability, the elevated DETDA concentration at the inter-
face, particularly within the EPAM/CSH system, suggests that the
curing kinetics near the CSH surface differ markedly from that of
the bulk epoxy, which is expected to accelerate the polymerization
process [72] at the interface, potentially resulting in a highly cross-
linked interphase proximal to the CSH surface with mechanical
properties distinct from those of the epoxy regions further from
the CSH surface. This highly crosslinked interphase is expected to
significantly enhance the strength of the epoxy/CSH interface and
its resistance to delamination, while increasing the glass transition
temperature of the epoxy near the cement-substrate surface [15].
These properties lead to the formation of a stiff interphase [73-
75], whereas the bulk region (i.e., the epoxy region further from
the CSH surface) remains more flexible. However, an excessively
high crosslinking density within the interphase relative to that of
the bulk region may lead to interfacial brittleness and diminish
the capacity to dissipate energy [76], which promotes microcrack
formation under applied stress [77,78] or leads to interfacial
debonding under conditions of dynamic load [79,80]. Therefore,
the potential tradeoff between strength and toughness must be
carefully considered for each specific application. For example,
Ueda [6] noted that both high strength and stiffness are important
for non-interventional structures, whereas high fracture strains
and low stiffnesses are crucial for structural-intervention materi-
als. Thus, a more brittle interphase may be detrimental because
ductility and toughness are paramount. On the other hand, any
unreacted amines remaining within the interphase following cur-
ing may form a protective coating on the CSH surface, fill surface
pores, or even trigger intrinsic self-healing reactions by providing
reactive amino curing agents for additional crosslinking when
the existing network is disrupted under applied load [81].

3.3.2. Impact of the filler on interfacial properties

The addition of the organic (AM) or inorganic (nano-SiO,) filler
to the epoxy matrix significantly alters interactions involving CSH
and the resultant interfacial properties. However, these two nano-
fillers exhibit notable differences in migration behavior, dispersion,
and ability to enhance adhesion. AM is more affinitive for the CSH
surface and forms a uniform monolayer that effectively bridges
epoxy molecules and the CSH substrate. This migration is driven
by strong hydrogen-bonding and electrostatic interactions
between the amido group of AM and the polar sites of CSH, as evi-
denced by the RDF and H-bonding analyses (Figs. 9 and 10). The
AM-rich monolayer not only enhances interfacial adhesion (by
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~17% compared to neat epoxy) but also promotes the adsorption
of the epoxy monomer (particularly DETDA) at the interface. These
findings highlight the potential use of functional additives, such as
AM, for not only improving adhesion but also for promoting selec-
tive monomer adsorption at the interface, thereby enabling better
control over curing kinetics and interphase formation. In contrast,
nano-SiO, exhibited a tendency to aggregate while enhancing
interfacial adhesion (by ~5% compared to neat epoxy), leading to
a less-uniform interphase layer. Taken together, these results sug-
gests that AM is a more-effective interfacial adhesion promoter,
whereas nano-SiO, is more suitable for mechanical reinforcement
rather than directly enhancing interfacial adhesion [82].

The contrasting behavior of AM and nano-SiO, highlights three
critical requirements for fillers to effectively improve epoxy/CSH
interfacial bonding:

(1) Complete migration and bridging: The filler must migrate to
the epoxy/CSH interface during adsorption and wetting to effec-
tively bridge the CSH and epoxy phases. Both AM and nano-SiO,
meet this requirement (Fig. 5).

(2) Uniform dispersion on the CSH surface: The filler should
become uniformly dispersed over the CSH surface to maximize
the contact area and promote the homogeneous distribution of
stress. AM becomes highly dispersed, unlike nano-SiO, whose
aggregation limits its ability to spread uniformly.

(3) Strong interfacial interactions: The filler must interact
strongly with both the CSH surface and epoxy components. AM
was found to interact strongly with CSH (Figs. 9(c) and10) and
potentially crosslink with DGEBF. By contrast, nano-SiO, interacts
more weakly with the CSH surface, and previous experimental
studies [83] have revealed that epoxy molecules and nano-SiO,
particles interact weakly.

The superior performance of AM over nano-SiO, in terms of
enhancing the work of adhesion underscores the importance of ful-
filling all three requirements. While nano-SiO, fulfills the first
requirement and, to some extent, the third, its failure to uniformly
disperse impedes its overall effectiveness.

3.3.3. Implications for current design codes and standards

Current engineering design codes and standards for polymer-
reinforced cementitious materials primarily focus on macroscopic
properties, such as bond strength, durability, and failure mode. How-
ever, they often overlook critical molecular-level interfacial interac-
tions, such as selective monomer adsorption, interphase formation,
and nanofiller dispersion at the polymer-cement interface, which
may govern the performance of these materials, especially when
nanofillers are added. This study highlighted the need to integrate
molecular-level criteria when designing and optimizing polymer-ce-
mentitious materials. Future standards may include specific guideli-
nes for nanofiller selection based on their role in enhancing
adhesion, mechanical strength, and interfacial wetting. In addition,
performance metrics beyond traditional bulk properties, such as the
work of adhesion, wettability, and nanofiller-dispersion uniformity,
should be considered. Incorporating these parameters is expected to
enable design codes to more effectively account for factors that gov-
ern interfacial performance at the nanoscale. Furthermore, polymer-
cementitious composite designs may follow a more application-
specific approach, in which polymer components and nanofiller
incorporation are optimized based on specific structural demands.
Integrating this molecular-level insight into construction-material
guidelines is expected to improve material reliability and reduced
premature failures in infrastructure applications.

3.3.4. Limitations of existing MD simulations of epoxy/CSH interfacial
systems

Most, if not all, previous MD simulations of epoxy/CSH systems
overlooked the critical influence of interphase formation due to
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preferential epoxy monomer adsorption, as demonstrated in the
current study. Many studies performed epoxy crosslinking inde-
pendently of modeling the CSH surface [30,32,84,85], thereby fail-
ing to capture the enrichment phenomenon of the hardener
observed in this study. Such simplifications can lead to inaccurate
predictions of interfacial properties and performance. An improved
approach involves performing the crosslinking process in-situ, in
which the epoxy monomers are first allowed to adsorb and wet
the CSH surface before initiating the crosslinking simulation. This
procedure reflects interfacial bonding more realistically, and cap-
tures how preferential adsorption influences the curing process
and the resulting interphase structure. Adopting in-situ crosslink-
ing in future MD simulations is expected to facilitate the develop-
ment of more-realistic models that better predict epoxy/CSH
system behavior, thereby providing a pathway to more accurate
computational designs of epoxy-modified cementitious materials
and their optimization that ultimately lead to improved perfor-
mance and durability in real-world applications.

3.4. Design principles that afford superior epoxy/CSH interfacial
properties

The new molecular-level insights gained in this study provide a
framework for optimizing epoxy/CSH interfacial properties
through judicious choice of filler, precise control over the interfa-
cial structure, and tailoring epoxy formulations. Three key princi-
ples aimed at guiding the designs of high-performance polymer-
cementitious composites are proposed, as summarized in Table 1:
(D optimizing filler-CSH and filler-epoxy interactions, @ ensuring
effective filler migration and uniform dispersion, and @ fine-
tuning interfacial characteristics by tailoring the epoxy
composition.

A critical factor in enhancing epoxy/CSH adhesion involves
selecting a functionalized filler or additive that demonstrates
strong interfacial interactions with both the epoxy matrix and

Table 1
Design principles for enhancing epoxy/CSH interfacial properties through filler
addition.

Principle Guidelines Examples

Select a filler or additive
with polar functional
groups (e.g., amido,
hydroxyl, carboxyl) that
can form strong hydrogen
bonds and attractive
electrostatic interactions
with CSH. Ensure
compatibility with both the
epoxy resin and hardener

Optimize filler-
CSH and
filler-epoxy
interactions

AM exhibits strong affinity
for CSH and can crosslink
with epoxy. Fillers with
carboxyl groups (-CO0™)
also interact strongly with
cement components
[54,60]

Ensure filler
migration
and uniform
distribution

Tailor epoxy
composition

Select a filler with an
appropriate size, shape, and
surface chemistry that
promotes full migration
and has a strong affinity for
the CSH surface. Prevent
aggregation to achieve a
uniform interphase and
smooth stress transfer
between the epoxy and CSH
Adjust the resin-to-
hardener ratio to avoid
excessive hardener
enrichment at the interface
and a hardener-deficient
bulk region. Introduce
additives to modulate the
monomer distribution and
optimize crosslinking
uniformity

The smallness of AM and its
high affinity for CSH
facilitate complete
migration and uniform
distribution at the
interface. Surface-modified
SiO, can reduce
aggregation and enhance
dispersion

Significant amine hardener
enrichment occurs at the
interface when AM is
present
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the CSH surface, thereby ensuring that the nanofiller acts as an
effective bridge between the organic and inorganic phases, thereby
mitigating delamination risks, and bolstering the overall bonding
strength. This study revealed that fillers with polar functional
groups, such as amides (-CONH;), markedly enhance adhesion
via hydrogen bonding and electrostatic interactions with CSH.
Other organic fillers with strong polar functional groups, such as
hydroxyl (-OH) and carboxyl (-COO~), are also good choices [54].
Engineered additives should be selected based on their capacities
to enhance ionic and hydrogen bonding with CSH, prevent
adhesion-weakening interfacial defects, and improve stress trans-
fer by forming well-integrated interphases. Kim et al. [86] provides
an avenue for improving interactions between an inorganic filler,
such as nano-SiO,, surface-modified SiO, (e.g., silanized SiO,),
and both epoxy and CSH compared to untreated SiO,, thereby mit-
igating its tendency to aggregate while still contributing to
mechanical reinforcement. Other inorganic fillers (e.g., silicon
nitride (SizN4) nanoparticles) that interact strongly with epoxy
polymers [50] may be effective targets for future material-
development studies. MD simulations provide an excellent tool
for screening suitable fillers during material selection, thereby
avoiding time-consuming and resource-intensive trial-and-error
laboratory experiments.

Moreover, the epoxy formulation needs to be carefully tailored
to balance adhesion strength and toughness. Optimizing the resin-
to-hardener ratio in a manner that prevents excessive variations in
crosslinking density at the interface is also crucial. For instance, the
introduction of controlled amounts of a plasticizing agent or hybrid
polymer matrix can further enhance fracture toughness without
compromising strong adhesion.

3.5. Limitations of the study

Although this study offers valuable molecular insight into how
nanofiller-modified EPs interact with CSH, the findings must be
interpreted within the context of specific computational and
scope-related limitations. Specifically, this work focused on the
critical initial stages of adsorption, wetting, and interphase forma-
tion involving epoxy monomers and nanofillers on the CSH surface
and did not model the epoxy curing process (polymerization).
Although our findings on preferential monomer adsorption suggest
that it influences local stoichiometry and curing kinetics, directly
simulating curing and the mechanical performance of the cured
nanofiller-modified epoxy/CSH interface using reactive force fields
is an essential future study that will complement the current
study. The quantitative results reported herein (e.g., work of adhe-
sion, degree of monomer segregation) are specific to the DGEBF/
DETDA epoxy with 5 wt% AM and nano-SiO; filler systems, and
an idealized 11 A tobermorite-derived CSH model; variations in
epoxy chemistry, filler type and concentration, or CSH characteris-
tics (surface defects, C/Si ratio) may provide different outcomes,
although the fundamental molecular-interaction principles are
expected to be applicable to a broad range of similar materials. Fur-
thermore, while the CSH model assumed a defined hydrated state
(Section 2.1), the amount of water adsorbed on a hydrophilic sili-
cate surface, depends considerably on environmental humidity,
and variations in humidity have been shown to influence polymer
adhesion and interfacial behavior [87]. Therefore, how the water
on the CSH surface influences nanofiller-modified epoxy-system
adhesion warrants further investigation. Finally, the observed
enrichment of DETDA over DGEBF was primarily attributed to
enthalpic factors (e.g., specific interactions with the CSH surface)
during our analysis of monomer adsorption; however, entropic fac-
tors, including molecular size, shape, and conformational freedom,
can also promote monomer segregation at solid surfaces in multi-
component epoxy systems, as reported by Yamamoto and Tanaka
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[88]. While a holistic thermodynamic analysis in which the free
energy of adsorption is deconvoluted into its enthalpic and entro-
pic contributions was beyond the scope of the current study, it rep-
resents an important future research direction.

4. Conclusions

In this study, we used MD simulations to provide fundamental
insight into the molecular mechanisms associated with adsorption,
wetting, and interfacial interactions involving EP systems on a CSH
surface, the primary binding phase in concrete. Importantly, this
study uniquely focused on the behavior of EPs modified with fillers
before the onset of curing, thereby providing a novel perspective
that complements existing studies that primarily focused on cured
epoxy systems. We elucidated the critical role played by the filler
in modulating interfacial behavior and enhancing adhesion by
investigating neat epoxy, epoxy modified with AM, and epoxy
modified with nano-SiO,. The following conclusions are drawn:

(1) DETDA, the epoxy hardener component, adsorbs on the CSH
surface in preference to DGEBF, the resin component, leading to the
formation of a hardener-rich interphase that affects the local struc-
ture and bonding at the interface.

(2) Interfacial interactions are dramatically altered by the addi-
tion of a filler, particularly AM, which migrates to the CSH surface
to form a uniform and strongly bound monolayer through a com-
bination of hydrogen bonding and electrostatic interactions. This
AM-rich monolayer further promotes the adsorption of DETDA
and DGEBF. While nano-SiO, also enhances interfacial interactions,
its tendency to aggregate reduces its effectiveness in promoting
uniform wetting and the adhesion of epoxy molecules on the
CSH surface compared to AM.

(3) Quantitative analyses of the interaction energies and the
work of adhesion confirmed that AM effectively enhances the
strength of the interfacial bond, primarily through stronger elec-
trostatic interactions. The work of adhesion of the EPAM/CSH sys-
tem was calculated to be ~17% higher than that of the neat epoxy
system, which highlights the potential of AM as a highly effective
coupling agent for organic-inorganic interfaces such as those
found in epoxy-cementitious materials. In contrast, nano-SiO,
only provided a modest improvement in the work of adhesion
(4.45%) when compared against neat epoxy.

Based on the findings presented above, we proposed a set of
design principles for optimizing the strength of the epoxy/CSH
interface through the use of a filler. These principles emphasize
the importance of D selecting a filler with appropriate functional-
ities that can interact strongly with both the CSH surface and
epoxy components; @ promoting filler migration to the interface
and ensuring its uniform dispersion; and @ tailoring the epoxy
composition, including the resin-to-hardener ratio, to maximize
favorable interactions and control the distribution of components
at the interface. Specifically, the use of fillers with polar functional
groups, such as the amido group in AM or carboxyl groups is
recommended.

The insights gained from this study have significant implica-
tions for the design and development of high-performance con-
crete materials for use in strengthening and repair applications.
Engineering epoxy systems that exhibit enhanced interfacial adhe-
sion is possible by gaining an understanding of the fundamental
mechanisms governing epoxy/CSH interactions, particularly in
the liquid state prior to curing, and applying the proposed design
principles, thereby potentially leading to concrete structures that
exhibit superior performance and durability. We believe that the
development of a more comprehensive framework for the design
of next-generation polymer-reinforced cementitious materials
with tailored interfacial properties and superior performance is
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possible by combining advanced nanoscale-level computational
modeling with experimental testing
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