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xide interfaces in XHNBR/PA6
blends: computational insights toward sustainable
crosslinking
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and Fernando Ruipérez *ad

Polyamide 6 (PA6) is a high-performance thermoplastic widely used in engineering applications, while

carboxylated hydrogenated nitrile rubber (XHNBR) provides viscoelastic damping and reactive carboxyl

groups for efficient ionic crosslinking with metal oxides. Their combination enables thermoplastic

elastomer systems with improved toughness and vibration attenuation. In this work, the interfacial

interactions between PA6, XHNBR, and representative metal oxides (ZnO, MgO, CaO, and MgO2) were

investigated using density functional theory (DFT) combined with a conformational clustering approach.

Cluster models of the oxides, (MO)12 and (MO2)6, were employed to reproduce local coordination

environments and enable detailed electronic characterization through natural bond orbital (NBO) and

quantum theory of atoms in molecules (QTAIM) analyses. The results reveal distinct binding preferences

among polymer functional groups: carboxyl moieties exhibit the strongest and most complex

interactions, involving proton transfer and metal–oxygen coordination, while amine and amide groups

form weaker, primarily electrostatic contacts. Among the oxides, CaO produces the most exothermic

and predominantly ionic interactions, making it a promising, less toxic alternative to ZnO for crosslinking

applications. To account for conformational flexibility, a clustering-based sampling strategy was applied

to PA6-XHNBR dimers, allowing exploration of the configurational landscape and evaluation of

Boltzmann-weighted interaction energies. The analysis demonstrates that conformers with significant

population weights govern the effective interfacial stabilization, underscoring the importance of

conformational diversity in accurately describing polymer–oxide and polymer–polymer interfaces. These

findings provide molecular-level guidelines for designing greener damping materials for automotive and

industrial applications.
1 Introduction

The reduction of structural vibrations remains a key perfor-
mance requirement across industries such as automotive,
railway, and aeronautics. A widely adopted strategy to address
this challenge is the incorporation of viscoelastic materials,
which can dissipate vibrational energy and thereby improve
damping efficiency.1–3 Within this context, thermoplastic elas-
tomers (TPEs) have gained signicant attention. These mate-
rials combine the elasticity of rubbers with the processability of
thermoplastics, offering a unique balance between mechanical
performance and manufacturing versatility.4 A related class of
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materials, thermoplastic vulcanizates (TPVs), are obtained
through dynamic vulcanization of rubber dispersed in a ther-
moplastic matrix, which further enhances their damping
behavior and broadens their application window.5

Among the practical routes to TPEs and TPVs, melt mixing of
rubbers and thermoplastics is particularly attractive for its
simplicity, scalability, and compatibility with standard com-
pounding operations. In this work, we focus on a hybrid system
formed by polyamide 6 (PA6) as the thermoplastic matrix and
carboxylated hydrogenated nitrile butadiene rubber (XHNBR) as
the elastomeric component. XHNBR is a strong candidate for
damping applications owing to its viscoelastic response and the
presence of carboxyl functionalities that enable efficient
chemical or ionic crosslinking.6 A conventional approach to
enhance crosslink density and damping in carboxylic rubbers is
the addition of metal oxide (MO) nanoparticles as crosslinking
agents. Besides, when blended with PA6, XHNBR can impart
improved damping while contributing to the overall toughness
of the composite, making the blend relevant for demanding
engineering uses.
RSC Adv., 2026, 16, 9167–9179 | 9167
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The processing method strongly inuences the microstruc-
ture and, therefore, the properties of the material. If metal oxide
nanoparticles are rst dispersed within the rubber and only
then blended with PA6, the system tends to form MO-XHNBR
domains embedded in a continuous PA6 matrix (Fig. 1a).
Conversely, when the three components are combined simul-
taneously, congurations that promote direct contact among
rubber, PA6, and MO at a shared boundary become more likely
(Fig. 1b).

These two limiting scenarios, schematically depicted in
Fig. 1, naturally lead to three distinct interphases: metal
nanoparticle-rubber (MO-XHNBR), metal nanoparticle-
thermoplastic matrix (MO-PA6), and rubber-thermoplastic
matrix (XHNBR-PA6). The MO-PA6 and XHNBR-PA6 inter-
phases might inuence morphology, load transfer, and energy
dissipation and must be considered in a comprehensive
description of the material. In contrast, the MO-XHNBR inter-
phase is expected to dominate the crosslinking chemistry and,
in turn, the damping response, because the oxide surface sites
interact strongly with the carboxyl groups of XHNBR.7 Metal
oxide nanoparticles, such as ZnO and Al2O3, provide mechan-
ical reinforcement, attributed to enhanced MO-PA6 interfacial
adhesion.8 Meanwhile, the XHNBR-PA6 interfacial interaction
may induce changes in morphology and cristallinity due to
hydrogen bonding and dipolar interactions between the
carboxyl and nitrile groups of XHNBR and the amine or amide
end groups of PA6.9

Despite the technological importance of such multiphase
systems, the molecular mechanisms that control polymer–
metal oxide interactions and their translation into macroscopic
damping remain insufficiently understood. Much of the exist-
ing literature emphasizes macroscopic performance metrics,
offering limited insight into how oxide surface chemistry,
dispersion state, and polymer conformations couple at the
interface. Computational studies have provided valuable clues,
but oen at the cost of oversimplication—e.g., using small
organic fragments or idealized oxide clusters that do not fully
capture the structural complexity of the polymer matrix or the
extended nature of realistic oxide surfaces.10–12
Fig. 1 Schematic representation of the two composite architectures
considered in this study. (a) MO nanoparticles coated with XHNBR and
dispersed within a PA6 matrix. (b) Fully mixed system in which MO,
XHNBR and PA6 are homogeneously blended without a defined
interphase.

9168 | RSC Adv., 2026, 16, 9167–9179
To ll these gaps, we perform interphase-resolved density
functional theory (DFT) calculations to study the atomic-scale
interactions between XHNBR/PA6 blends and different metal
oxides. Our objective is to characterize the interactions at the
MO-XHNBR, MO-PA6, and XHNBR-PA6 interphases, and to
relate these molecular signatures to processing routes and tar-
geted damping performance. Historically, zinc oxide (ZnO) has
been widely employed as a crosslinking agent because of its
strong reactivity toward carboxyl groups; however, it presents
drawbacks including premature reactivity, dispersion chal-
lenges, and environmental toxicity concerns.13 These limita-
tions motivate the search for safer and more sustainable
alternatives. Therefore, rather than facusing only on ZnO
nanoclusters, we also perform a screening of different MOs to
investigate their crosslinking performance and identify greener
substitutes.14

To address the complexity of the XHNBR/PA6 blend and the
variety of metal oxides considered, we develop a systematic
workow that integrates a clustering procedure to identify
representative congurations, reducing the effective congura-
tional space while preserving chemically relevant diversity. This
methodology enables a consistent comparison across oxides
and interphases, with particular emphasis on the MO-XHNBR
interactions that primarily govern crosslink formation. By
establishing molecular-level guidelines for interfacial design,
our results provide insights for the development of safer, gre-
ener, and more effective damping materials for advanced
engineering applications.
2 Computational procedure and
models
2.1 Quantum chemical calculations

All quantum chemical calculations were performed within the
framework of density functional theory (DFT) using the
Gaussian 16 program package.15 Geometry optimizations and
harmonic frequency calculations were carried out at the
uB97XD/6-31+G(d,p) level of theory. Zero-point vibrational
energy (ZPVE) and thermal corrections to the enthalpy and
Gibbs free energy at 298 K were obtained from the frequency
analyses. Single-point energy renements were performed on
the optimized geometries at the uB97XD/6-311++G(2df,2p) level
to improve the electronic energy description. The total enthalpy
(H) of each species was evaluated as H= Eelec + H

corr, where Eelec
is the single-point electronic energy and Hcorr represents the
vibrational and thermal corrections. Interaction enthalpies
(DH) were calculated using the supermolecular approach.

Periodic DFT calculations were conducted using the VASP
package16–19 with the PBE0 functional and projector-augmented
wave (PAW) potentials.

2.1.1 Analysis of bonding interactions. The nature of the
interactions was analyzed by means of the natural bond orbital
(NBO) method,20–23 using the Gaussian 16 suite of programs,15

and the quantum theory of atoms in molecules (QTAIM),24–27

using the AIMAll program.28 In QTAIM, the bond critical point
(BCP) denes the bond path connecting two atoms within
© 2026 The Author(s). Published by the Royal Society of Chemistry
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a molecule, and its properties serve to characterize the nature of
their interaction.24 The BCP parameters analyzed include the
electron density (r), the Laplacian of the electron density, (V2r),
the kinetic (G), the potential (V), and the total (H) electron
energy densities. These parameters provide information on the
density of electrons in a given bond path. The negative value of
V2r denotes electron density concentration in the interatomic
region of a bond, corresponding to covalent bonds, whereas
a positive value indicates depletion of electron density usually
attributed to non-covalent interactions. If the V2r is positive but
H is negative, the interaction is classied as partially covalent. If
r > 0.03 a.u. and H is negative, the interaction is electrostatic
with partially covalent characteristics.29
2.2 Clustering

The conformational complexity of the XHNBR-PA6 interphase is
very high due to the large number of internal degrees of
freedom, especially in dimer models. To efficiently explore this
congurational space, we rst generated a conformer ensemble
using the CREST program,30 employing an energy window of
9 kcal mol−1. As CREST retains only conformers within this
window relative to the lowest-energy structure, the number of
sampled conformers reects not only the size of the system but
also the strength and directionality of the intermolecular
interactions present. In particular, for the combined PA6-
XHNBR system, strong stabilizing interactions restrict the
accessible low-energy conguration space, resulting in fewer
retained conformers compared to the more exible isolated
systems. The resulting conformers were then subjected to
a clustering analysis in order to identify representative struc-
tures for further renement at a higher level of theory. This
procedure allows a systematic reduction of redundancy while
retaining chemically meaningful diversity.

2.2.1 K-means clustering. Given a set of n observations {x1,
x2, ., xn}, where each xi is a d-dimensional real vector, the K-
Means algorithm seeks to partition the data into k(#n)
disjoint subsets S = {S1, S2,., Sk}. The objective is to minimize
the within-cluster sum of squares (WCSS), i.e., the total variance
within each cluster. Formally, the optimization problem is

arg min
S

Xk

i¼1

X

x˛Si

kx� mik2 ¼ arg min
S

Xk

i¼1

jSijVarðSiÞ (1)

where mi denotes the centroid of cluster Si,

mi ¼
1

jSij
X

x˛Si

x (2)

jSij is the number of elements in Si, and ‖$‖ is the Euclidean
(L2) norm.

This criterion is equivalent to minimizing the average pair-
wise squared distance between points within the same cluster:

arg min
S

Xk

i¼1

1

jSij
X

x;y˛Si

kx� yk2 (3)
© 2026 The Author(s). Published by the Royal Society of Chemistry
The equivalence follows from the identity

jSij
X

x˛Si

kx� mik2 ¼
1

2

X

x;y˛Si

kx� yk2 (4)

Since the total variance of the dataset is xed, minimizing
the WCSS is equivalent to maximizing the variance between
clusters, also known as the between-cluster sum of squares
(BCSS).31

In the present work, the number of clusters was xed to k =
10 as a practical compromise between structural diversity and
computational feasibility. Selecting too few clusters would not
adequately capture the geometric variability of the conforma-
tional ensemble generated by CREST, whereas a larger number
of clusters would substantially increase the number of subse-
quent high-level DFT optimizations required for representative
structures, rendering the analysis computationally prohibitive.
This choice allows the main conformational basins to be rep-
resented while keeping the electronic-structure calculations
tractable and consistently applied across all systems.

2.2.2 Dimensionality reduction. To visualize the clustering
and highlight structural trends, the descriptor space was
reduced to two principal components using Principal Compo-
nent Analysis (PCA). PCA projects the data into an orthogonal
basis that maximizes variance, obtained by solving the eigen-
value problem

Cvj = ljvj, (5)

where C is the covariance matrix of the descriptor set, lj are the
eigenvalues, and vj the corresponding eigenvectors. The rst
two components (v1, v2) capture the largest variance and were
used to generate 2D projections of the conformational
space.32,33

This clustering and selection protocol ensures that the
chosen structures are both computationally tractable and
structurally representative of the congurational diversity of the
XHNBR-PA6 interphase.

2.2.3 Boltzmann-weighted population. Aer identifying
the representative conformers through clustering, their relative
thermodynamic stability was assessed using Boltzmann statis-
tics. This analysis allows quantifying the population distribu-
tion of each conformer at thermal equilibrium and provides
a more realistic weighting for subsequent energy-averaged
properties.34

Given a set of conformers with electronic energies Ei
(in kcal mol−1), the Boltzmann population pi of each conformer
is expressed as

pi ¼ e
�Ei�Emin

kBT

P
j

e
�Ej�Emin

kBT

(6)

where Emin is the energy of the most stable conformer, kB is the
Boltzmann constant (1.9872 × 10−3 kcal mol−1 K−1), and T is
the temperature (298.15 K).
RSC Adv., 2026, 16, 9167–9179 | 9169
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The Boltzmann-weighted average energy 〈E〉 of the
ensemble is then given by

hEi ¼
X

i

piEi (7)

This quantity represents the thermodynamic mean energy at
equilibrium, accounting for the statistical contribution of all
conformers.
2.3 Molecular models

To capture the variety of interactions present in the multiphase
system, we employed a set of representative molecular models
of the metal oxides (MO), XHNBR, and PA6, as illustrated in
Fig. 2.

Different levels of structural complexity were considered
depending on the specic goal of each simulation. For metal
oxides, small cluster models were chosen to approximate the
reactivity of nanoparticles of reduced size and quantum effects,
while periodic surface models were used to describe interac-
tions with larger particles. For the polymers, simplied molec-
ular fragments were introduced to reduce computational cost
while retaining chemically relevant functionality: characteristic
functional groups of XHNBR and PA6 were studied individually,
and monomeric and dimeric units were also included to
capture larger-scale conformational effects.

2.3.1 MO models. Four different representations of the
metal oxides were considered (Fig. 2a–d). To approximate small
nanoparticles, cluster models of (MO)x with x = 6, 9, and 12
were constructed. These clusters provide a simple yet chemi-
cally meaningful way to probe the size dependence of local
Fig. 2 Molecular models used to represent the different components o
increasing size, (MO)x = 6, 9, and 12, used to approximate small nanop
Periodic slab model of the metal oxide, representative of extended surfac
nitrile fragment, (g) XHNBR monomer, and (h) XHNBR dimer. (i and j) PA

9170 | RSC Adv., 2026, 16, 9167–9179
binding motifs while keeping the calculations computationally
affordable. In addition to these nite clusters, a periodic slab
model was included to describe the crystalline surfaces of the
oxides (Fig. 2d). This representation captures long-range peri-
odicity and extended coordination environments, thus allowing
the investigation of interfacial interactions more relevant to
larger nanoparticles. For MgO, we selected the (100) surface,
which is both the thermodynamically most stable facet and the
most widely studied in the literature.35 The lattice parameter
was xed at 4.190 Å, in agreement with experimental data. In
the case of ZnO, the wurtzite crystal structure was modeled
using the (0001) polar surface, which is characteristic of
hexagonal ZnO. Lattice parameters of a = 3.249 Å and c = 5.206
Å were adopted, consistent with reported crystallographic
values.36 These two oxides were prioritized because ZnO has
been the conventional choice in rubber formulations, while
MgO is the most frequently proposed greener alternative.
Together, the cluster and slab models provide a systematic
framework for analyzing both local and extended interaction
environments.

2.3.2 XHNBR models. The elastomeric component was
represented through four molecular models (Fig. 2e–h), chosen
to balance chemical detail and computational tractability. First,
individual functional groups were isolated to probe their
specic roles in oxide interactions: a carboxyl fragment, which
is the primary site for crosslinking reactions, and a nitrile
fragment, which may contribute to secondary interactions or
inuence polarity. Beyond these fragments, a single monomer
unit of XHNBR was modeled to study the combined inuence of
multiple functional groups within a chemically realistic
repeating unit. Finally, a dimer model was introduced, which
f the XHNBR/PA6/metal oxide system. (a–c) Metal oxide clusters with
articles (metal atoms shown in purple and oxygen atoms in red). (d)
es and larger particles. (e–h) XHNBR models: (e) carboxyl fragment, (f)
6 models: (i) amide fragment, (j) PA6 dimer.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Interaction enthalpies (DH), in kcal mol−1, between the XHNBR
carboxyl model and different oxide and peroxide clusters, (MO)6 and
(MO2)6 (M = Mg, Ca, Sr). The red bar corresponds to the reference
(ZnO)6, while the blue bars indicate the candidates selected for further
analysis.
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incorporates conformational exibility and begins to reect the
structural complexity of the polymer chain. Together, these
representations allow us to systematically dissect the contri-
bution of functional chemistry, local environment, and
conformational freedom to the overall behavior of XHNBR at
oxide interfaces.

While these models do not capture long-range chain exi-
bility on the scale of multiple persistence lengths, they are
designed to isolate local chemical interactions at the interface,
which are the primary focus of the present electronic-structure
analysis.

2.3.3 PA6 models. To represent the thermoplastic PA6
matrix, a simplied set of models was employed (Fig. 2i and j).
Since the polymer backbone is overwhelmingly composed of
amide repeat units, the central model used in this work is an
isolated amide fragment. This model was analyzed through two
complementary interaction motifs: one in which the metal
oxide engages primarily with the carbonyl oxygen (–O), and
another in which the interaction occurs via the amide nitrogen
(–N). Treating these two binding modes separately allows a clear
distinction between the oxygen-driven and nitrogen-driven
coordination patterns that may arise along the polymer back-
bone. Finally, a dimeric unit of PA6 was considered, which
introduces backbone exibility and enables the study of local
conformational effects beyond single functional groups. This
hierarchical modeling strategy ensures that both reactive end
groups and backbone-specic interactions are explicitly
accounted for in the simulations, while maintaining a level of
simplicity suitable for atomistic studies.

We note that the use of fragment and dimer models does not
aim to represent the full polymer-chain exibility expected at
larger length scales, but rather to capture local binding motifs
and short-range conformational effects, which can be reliably
addressed within a quantum-chemical framework.
3 Results and discussion

To systematically unravel the interfacial phenomena governing
the multiphase behavior of the studied system, the results are
organized in a progressive manner from the simplest to the
most complex interactions. Section 3.1 presents the initial
screening of MO/MO2 clusters to identify representative candi-
dates for subsequent analysis. Section 3.2 focuses on the
interactions between XHNBR and the selected MO/MO2,
including both cluster and periodic surface models, and is
subdivided into three parts covering molecular fragments,
monomeric and dimeric units, and extended surfaces. Section
3.3 then addresses the PA6-MO interface following a similar
analytical framework, encompassing geometric analysis, inter-
action energetics, and electronic characterization through NBO
and QTAIM analyses, and the PA6-XHNBR interface.
3.1 Screening of (MO)6 and (MO2)6 clusters as an alternative
to ZnO

A preliminary computational screening was conducted on
alkaline earth oxide clusters (MO)6 and their corresponding
© 2026 The Author(s). Published by the Royal Society of Chemistry
peroxide analogues (MO2)6 (M = Mg, Ca, Sr) to evaluate their
potential as substitutes for ZnO in rubber crosslinking appli-
cations. The interaction of these clusters with the XHNBR
carboxyl model (Fig. 2e) was used as a representative test of their
ability to form stable interfacial bonds with the polar functional
groups of the polymer.

The computed interaction enthalpies (DH), displayed in
Fig. 3, reveal a consistent trend in which alkaline earth oxides
exhibit stronger interactions with the carboxyl group than their
peroxide counterparts. This behavior reects the higher basicity
and stronger Lewis acidity of the metal cations in the oxides,
which favor more robust ionic and coordinative bonding with
the carboxylate oxygen atoms.

Based on the comparison with (ZnO)6, three systems were
selected for detailed analysis in the subsequent sections: MgO,
CaO, and MgO2 (blue bars in Fig. 3). The selection criterion was
primarily the similarity of their interaction energies to that of
ZnO, ensuring comparable reactivity and interfacial stability. In
particular, MgO andMgO2 display interaction enthalpies within
a few kcal mol−1 of the reference, suggesting that they could
reproduce ZnO-like behavior while offering improved environ-
mental compatibility.

The choice of MgO2 (instead of CaO2, which exhibits
a slightly closer DH value) is further justied by its strong
industrial relevance. Magnesium-based additives are widely
used in rubber and polymer formulations, whereMgO acts as an
acid acceptor, cure activator, and stabilizer in halogenated
elastomers.37 This well-established role of magnesium
compounds in elastomer chemistry makes MgO2 a more prag-
matic candidate for translation from computational models to
experimental applications, aligning the theoretical screening
with realistic material considerations.
3.2 Interaction of XHNBR with MO/MO2

Following the preliminary screening, the interaction of XHNBR
with the selected MO/MO2 was investigated in detail. From this
point onward, only the (MO)12/(MO2)6 cluster models were
RSC Adv., 2026, 16, 9167–9179 | 9171
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considered, as they provide a suitable compromise between
computational cost and the accurate representation of the local
coordination environment in oxide nanoparticles. This section
is organized as follows: rst, we analyze the interactions
between the individual XHNBR functional models (Fig. 2e and f)
and the MO/MO2 clusters, followed by the monomeric and
dimeric XHNBR units (Fig. 2g and h) to account for cooperative
effects and intramolecular constraints. Subsequently, (MO)x/
(MO2)x periodic surface models (Fig. 2d) are examined to
capture long-range interfacial effects.

Representative interaction geometries between (ZnO)12 and
the four XHNBR models are shown in Fig. 4 (the coordinates of
all optimized structures can be seen in Section 3 in SI). Each
conguration illustrates the preferred binding arrangement for
the carboxyl and nitrile functional groups, both individually
and in combination within the monomer and dimer models.
These structures serve as reference geometries for the subse-
quent comparison with the alternative oxides, providing
a baseline for assessing how the oxide composition inuences
the interfacial binding motifs.

3.2.1 Interactions of XHNBR functional models with MO/
MO2 cluster models. To gain deeper insight into the nature of
the interactions between XHNBR and the metal clusters,
a detailed structural analysis was performed. The following
section presents an evaluation of the interaction focusing on
key interatomic distances and interaction energies, and their
implications for binding strength and stability.
Fig. 4 Optimized structures of (ZnO)12 and the different models of
XHNBR, obtained at the uB97XD/6-31+G(d,p) level of theory using
Gaussian 16 (see Section 2.1). (a) Carboxyl group, (b) nitrile group, (c)
monomer and (d) dimer.
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The initial analysis of the XHNBR-MO/MO2 interface focused
on the fundamental interaction motifs between the isolated
functional groups of XHNBR and the metal clusters. Two frag-
ment models were employed to represent the reactive sites of
the polymer: the carboxyl and nitrile groups (Fig. 2e and f).
These simplied systems enable a direct evaluation of the
intrinsic binding behavior of each functionality, isolating their
individual contributions to the overall interfacial interaction.
Selected bonds and interactions have been used for the
discussion and labeled according to Fig. 5.

The optimized geometries and interaction enthalpies (DH)
are summarized in Table 1. For the nitrile group, the R1 distance
remains nearly constant at approximately 1.15 Å, indicating
preservation of the C^N triple bond and negligible perturba-
tion of its electronic structure upon adsorption. The R2

distance, describing the coordination between the nitrile
nitrogen and the cluster metal atom, exhibits moderate varia-
tions among the different MO/MO2, primarily reecting the
intrinsic size and Lewis acidity of the cation. In particular, CaO
presents a notably longer R2 distance and a smaller interaction
enthalpy compared with MgO and ZnO. This behavior arises
from the lower charge density and larger ionic radius of Ca2+

(rCa2+ z 0.99 Å vs. rMg2+ z 0.72 Å and rZn+2 z 0.74 Å), which
reduce its ability to polarize and attract the nitrile lone pair,
leading to a weaker coordination. As a result, the nitrile group
interacts more weakly and at a longer distance from the Ca
centers.

In contrast, the carboxyl group exhibits more pronounced
structural rearrangements upon interaction with the oxide
clusters. Proton transfer from the carboxylic OH group to the
cluster occurs in all cases except for MgO2, as indicated by the
short O–H distance to the cluster (R2 z 1.0 Å) in MgO, ZnO, and
CaO. This transfer leads to the formation of a surface hydroxyl
species and a deprotonated carboxylate moiety. In these
systems, the internal C–O bond lengths (R4 and R5) become
nearly equivalent, consistent with increased electronic delocal-
ization within the carboxylate group. In MgO2, however, the
proton remains largely associated with the carboxyl group (R2 =
1.408 Å), and the two C–O bond distances (R4 and R5) are more
different, reecting the absence of full deprotonation and
limited delocalization. These differences highlight the lower
proton affinity and distinct reactivity of the peroxide surface,
Fig. 5 Schematic representation of the interaction and the relevant
bonds between the XHNBR functional groups, (a) carboxyl and (b)
nitrile, and the (MO)12 clusters.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Bond distances (Ri, in Å) of the optimized structures, following the nomenclature defined in Fig. 5, and corresponding interaction
enthalpies (DH, in kcal mol−1). Cluster-based results were obtained fromGaussian 16 calculations at theuB97XD/6-311++G(2df,2p)//uB97XD/6-
31G+(d,p) level of theory, while periodic surface results were obtained from VASP calculations (see Section 2.1). The upper section of the table
corresponds to cluster models ((MO)12 and (MO2)6), while the lower section corresponds to periodic surface models ((MO)x and (MO2)x). Cluster
models were employed to capture local interaction characteristics at the oxide surface, whereas periodic models were used to assess the
influence of extended surface periodicity

Nitrile Carboxyl

R1 R2 DH R1 R2 R3 R4 R5 DH

(ZnO)12 1.151 2.093 −15.61 1.515 1.021 1.929 1.252 1.279 −37.92
(MgO)12 1.152 2.209 −14.73 1.577 1.010 1.982 1.255 1.273 −48.20
(CaO)12 1.154 2.595 −9.13 2.413 0.965 2.392 1.263 1.263 −68.44
(MgO2)6 1.151 2.147 −21.45 1.064 1.408 2.006 1.292 1.249 −40.52
(ZnO)x 1.16 2.05 −50.88 1.32 1.12 1.97 1.27 1.28 −32.84
(MgO)x 1.16 2.25 −42.55 1.42 1.08 2.06 1.29 1.27 −27.17
(CaO)x 1.16 2.62 −40.89 1.82 0.99 2.39 1.28 1.27 −46.20
(MgO2)x 1.16 2.19 −47.54 1.08 1.44 2.05 1.32 1.25 −25.60
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which also contributes to its smaller interaction enthalpy rela-
tive to the oxide clusters.

Thus, carboxyl-functionalized fragments exhibit markedly
stronger binding to the oxide clusters than their nitrile coun-
terparts. This difference arises from the carboxyl group's
capacity to form multiple stabilizing interactions, electrostatic,
hydrogen bonding, and, in most cases, proton transfer, whereas
the nitrile primarily coordinates to surface metal atoms through
its nitrogen lone pair. Consequently, the carboxyl group is ex-
pected to play a dominant role in the interfacial adhesion and
crosslinking activity of XHNBR on metal oxide surfaces.

To further characterize the nature of the interactions at the
metal oxide cluster/XHNBR interface, NBO (Table 2) and QTAIM
(Table 3) analyses were performed. For the nitrile group, the
interaction corresponding to the coordination between the
nitrile nitrogen and the metal atom, is predominantly electro-
static in all cases except for ZnO, where it acquires a partially
covalent character. This stronger polarization in ZnO originates
from the higher polarizability and moderate Lewis acidity of
Zn2+, which facilitate enhanced charge delocalization from the
nitrile lone pair into the metal orbitals. In contrast, Mg2+ and
especially Ca2+, characterized by lower charge density and larger
Table 2 NBO results for the interactions between characteristic XHNBR
occupancy (occ), atomic contribution of the covalent bond (in %) and s
clature from Fig. 5

Group Bond (ZnO)12 (MgO)

Nitrile 2 occ 1.972 —
% M – % N 6.5–93.5% —
DE(2) — 18.9 (N

Carboxyl 1 occ — —
% O – % H — —
DE(2) 10.46 (Osp / s*(O–H)) 42.66

2 occ 1.993 1.998
% O – % H 82.2–17.8% 80.7–1
DE(2) — —

3 occ — —
% O – % M — —
DE(2) 17.1 (Osp / Zn4p) 12.6 (O

© 2026 The Author(s). Published by the Royal Society of Chemistry
ionic radii, form weaker andmore distant electrostatic contacts,
consistent with the longer R2 distances and smaller interaction
enthalpies reported in Table 1. This trend reects the
decreasing ability of the metal center to stabilize donor–
acceptor interactions as the cation becomes more ionic and less
polarizing. For the carboxyl group, the nature of the interactions
is inuenced by the occurrence of proton transfer. InMgO, ZnO,
and CaO, where proton transfer occurs, the O/H interaction in
the carboxyl group (bond 1) is now electrostatic, while the O/H
interaction with the cluster (bond 2) exhibits covalent character.
The M/O interactions (bond 3), representing interactions
between the carboxylate oxygen and nearby metal atoms, are
predominantly electrostatic. In MgO2, proton transfer is absent,
leading to a different bonding pattern: bond 1 shows covalent
character corresponding to the carboxylic O–H bond, while
bond 2 remains electrostatic.

QTAIM analysis corroborates the trends observed in the
geometry and NBO results, providing a clear picture of the
balance between electrostatic and covalent contributions. For
the nitrile group, ZnO exhibits negative total energy density (H)
at the bond critical point (BCP), conrming partial covalency,
whereas MgO, CaO, and MgO2 show positive H and V2r,
model molecules and (MO)12 clusters (M = Zn, Mg, Ca). Covalent bond
econd-order interaction energies (DE(2)), in kcal mol−1. Bond nomen-

12 (CaO)12 (MgO2)6

— —
— —

sp / Mg4s) 8.13 (Nsp / Ca5s) 23.83 (Nsp / Mg4s)
— 1.979
— 83.24–16.76%

(O2p / s*(O–H)) 1.02 (O2p / s*(O–H) —
1.999 —

9.3% 75.8–24.16% —
— 92.47 (Osp

2 / s*(O–H)
— —
— —

sp2 / Mg4s) 6.19 (Osp / Ca5s) 14.23 (Osp / Mg4s)

RSC Adv., 2026, 16, 9167–9179 | 9173
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Table 3 QTAIM results, in a.u., for the interaction between charac-
teristic XHNBRmodel molecules and (MO)12 clusters (M = Zn, Mg, Ca).
Electron density (r), its Laplacian (V2r) and total electron energy
density (H). Bond nomenclature from Fig. 5

Group Bond (ZnO)12 (MgO)12 (CaO)12 (MgO2)6

Nitrile 2 r 0.066 0.025 0.021 0.030
V2r 0.250 0.173 0.104 0.214
H −0.021 0.008 0.004 0.010

Carboxyl 1 r 0.072 0.062 — 0.260
V2r 0.163 0.159 — −1.196
H −0.014 −0.007 — −0.380

2 r 0.291 0.302 0.357 0.098
V2r −1.538 −1.640 −2.006 0.110
H −0.464 −0.489 −0.584 −0.044

3 r 0.093 0.040 0.032 0.041
V2r 0.392 0.355 0.168 0.324
H −0.037 0.015 0.004 0.014

Fig. 6 Optimized structures of (ZnO)x surface and different models of
XHNBR, obtained from VASP calculations (see Section 2.1). (a) Carboxyl
group and (b) nitrile group.
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characteristic of closed-shell electrostatic interactions. The
particularly low electron density (r) and large Laplacian (V2r)
values for CaO reect its weaker and more long-range coordi-
nation to the nitrile nitrogen, consistent with the larger cation
radius and lower polarizing power compared to Mg and Zn. For
the carboxyl group, QTAIM conrms the correlation with proton
transfer observed in the geometries: when proton transfer
occurs (MgO, ZnO, CaO), bond 1 is predominantly electrostatic
and bond 2 covalent, reecting the formation of a stable M–O
bond with the deprotonated carboxylate. In MgO2, the absence
of proton transfer leads to bond 1 adopting covalent character
and bond 2 remaining electrostatic, in agreement with the
retained proton on the carboxyl group and the unequal C–O
bond lengths (R4 and R5). Bond 3 shows partial covalency only
for ZnO, while in the remaining systems it is purely electro-
static, consistent with the lower polarizability of Mg, Ca, and the
peroxide surface.

3.2.2 Interactions of XHNBR monomers and dimers with
MO/MO2 cluster models. General interaction distance trends
remain consistent with those observed for the fragment models
(See Tables 1 and 2 in the SI). In several optimized structures,
some interatomic distances become signicantly elongated as
a consequence of the molecular exibility, particularly in the
dimeric systems, where only a portion of the molecule effec-
tively interacts with the cluster surface.

When comparing different molecular models, monomeric
systems consistently exhibit greater stabilization than their
respective fragments, with the largest increase observed for the
oxides and a more modest effect for the peroxide system. This
suggests that the additional degrees of freedom in the mono-
mer allow for more favorable binding conformations. In the
dimer systems, interaction energies remain slightly more
stabilizing than in the monomers, but the effect is less
pronounced. In the case of the peroxide system, the dimer
interaction energy is even less stabilizing than that of the
monomer, indicating that conformational constraints limit the
extent of interaction with the cluster. Given the small size of the
nanoparticles, only a portion of the dimer is able to effectively
interact with the surface, reducing the overall stabilization.
9174 | RSC Adv., 2026, 16, 9167–9179
These ndings highlight the inuence of molecular exibility
and steric effects on binding strength, reinforcing the role of
system conformation in determining the observed interaction
energies.

3.2.3 Interactions of XHNBR functional models with MO/
MO2 surface models. The analysis of the optimized geometries
at the XHNBR/MO interface reveals fundamental differences in
interaction behavior compared to the cluster models. While the
same bonding motifs observed in the nite systems are gener-
ally retained, the crystalline periodicity and rigidity of the
surfaces substantially limit their structural exibility, prevent-
ing local reorganization upon adsorption (Fig. 6). As a result, the
metal oxide surfaces exhibit more localized and less adaptable
interactions with the functional groups.

In the nitrile group, the C^N triple bond remains structur-
ally intact (R1 = 1.16 Å, see Table 1 lower section), consistent
with the cluster-level observations. The metal–nitrogen
distances (R2) fall within a narrow range of 2.1–2.6 Å across all
surfaces, conrming the formation of a stable coordination
bond. This uniformity indicates that the nitrile group can
effectively adapt to themore rigid environment of the crystalline
oxide surfaces, establishing localized and well-dened interac-
tions even under restricted relaxation conditions. This struc-
tural trend correlates with the gradual weakening of the
interaction enthalpy, which becomes less exothermic along the
same sequence (from −50.88 kcal mol−1 to −40.89 kcal mol−1).

By contrast, the carboxyl group exhibits a reduced capacity
for multidentate coordination and proton transfer. While such
processes were energetically favorable in the cluster models,
they are largely suppressed on the periodic surfaces due to the
limited structural exibility of the lattice. For all analyzed
periodic surfaces except (MgO2)x, a clear proton transfer to the
surface oxygen atom is observed, consistent with the short R2
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Optimized structures of (ZnO)12 and the two coordination
modes of the amide group in PA, obtained at theuB97XD/6-31+G(d,p)
level of theory using Gaussian 16 (see Section 2.1). (a) Amide(–N) and
(b) amide(–O).

Table 4 Bond distances (R1 and R2, in Å) of the optimized structures,
following the nomenclature defined in Fig. 8, and corresponding
interaction enthalpies (DH, in kcal mol−1) between the two confor-
mations of PA6, amide(–N) and amide(–O), with (MO)12 (M = Zn, Mg,
Ca) and (MgO2)6 clusters. Results obtained at the uB97XD/6-
311++G(2df,2p)//uB97XD/6-31+G(d,p) level of theory, using Gaussian
16 (see Section 2.1)

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 1
0:

49
:4

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
distances (typically <1.2 Å) characteristic of newly formed O–H
bonds at the oxide surface. The resulting R4 and R5 distances for
MgO, ZnO, and CaO reect a partially delocalized carboxylate
motif. The broader range of M–O distances (R3–R5 = 1.25–2.39
Å), reects the different coordination environments at the
surface. The CaO surface, despite having the longest metal–
oxygen bonds (up to 2.39 Å), achieves one of the strongest
interaction enthalpies (−46.20 kcal mol−1), suggesting that
electrostatic stabilization compensates for the weaker
geometric overlap. Conversely, MgO2 exhibits the weakest
binding (−25.60 kcal mol−1), in line with its lower proton
affinity and reduced capacity to form stable surface
interactions.

Unlike the cluster models, the electronic structure analyses
based on NBO and QTAIM could not be applied to the periodic
surfaces due to methodological limitations. In periodic calcu-
lations, NBO analysis is not compatible with PAW pseudo-
potentials and therefore cannot be performed. QTAIM can, in
principle, be applied to periodic systems, but the topology
analysis differs substantially from the molecular case and does
not provide the same type or quality of information we obtain
from cluster models. For these reasons, NBO and QTAIM
analyses were not carried out for the periodic surfaces.
Amide(–N) Amide(–O)

R1 DH R2 DH

(ZnO)12 2.182 −17.07 2.034 −23.72
(MgO)12 2.305 −16.64 2.064 −23.83
(CaO)12 2.461 −27.12 2.418 −20.77
(MgO2)6 2.199 −23.74 1.986 −33.98

Fig. 8 Schematic representation of the interaction and the relevant
bonds between the PA6 amide model and the (MO)12 clusters.
3.3 Interaction of PA6 with MO/MO2 cluster models and
XHNBR dimers

Following the same methodological approach applied to the
XHNBR-MO systems, the interaction between PA6 and the
selected metal oxides (ZnO, MgO, CaO) and peroxide (MgO2)
clusters was investigated. Periodic models were not further
explored, since the cluster-based approach was previously
shown to provide an accurate local description of the metal–
oxygen coordination environment while enabling detailed
electronic characterization through NBO and QTAIM analyses.

This section is organized as follows: in Section 3.3.1, the
interaction between PA6 molecular fragments and the oxide
clusters is examined, focusing on the optimized geometries,
interaction enthalpies, and the nature of the interfacial inter-
actions. In Section 3.3.2, the interaction energy of the PA6-
XHNBR interface is discussed, emphasizing the inuence of
the clustering methodology in accurately describing the
conformational and energetic diversity of the interface.

3.3.1 Interactions of PA6 functional model with MO/MO2

cluster models. To elucidate the interfacial behavior of
polyamide-6 (PA6) with metal oxide clusters, model interactions
were investigated using the amide functional group as the
representative structural unit of the polymer backbone. Two
distinct conformations were considered: amide(–N), where the
metal interacts with the amide nitrogen lone pair, and amide(–
O), where coordination occurs through the carbonyl oxygen.
Representative optimized geometries of the PA6 amide models
interacting with (ZnO)12 are shown in Fig. 7. These structures
illustrate the preferred binding modes of the amide functional
group with the metal cluster, serving as reference for compar-
ison among different metal oxides and peroxides. The analysis
of these models enables the evaluation of how the oxide
© 2026 The Author(s). Published by the Royal Society of Chemistry
composition inuences both the interaction strength and the
electronic character of the interface. The optimized geometries
and interaction enthalpies (DH) are summarized in Table 4.
Selected bonds and interactions have been used for the
discussion and labeled according to Fig. 8.

The interaction of PA6 with metal oxide clusters reveals two
distinct coordination modes through the amide functional
group: amide(–N) and amide(–O). The results summarized in
Table 4 show that both coordination strength and geometry
depend on the nature of the metal center and the coordination
site involved. In all cases except for (CaO)12, the amide(–O)
RSC Adv., 2026, 16, 9167–9179 | 9175
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Table 6 QTAIM results, in a.u., for the interaction between charac-
teristic PA6 model molecules and (MO)12 clusters (M = Zn, Mg, Ca).
Electron density (r), its Laplacian (V2r) and total electron energy
density (H). Bond nomenclature from Fig. 5

Group Bond (ZnO)12 (MgO)12 (CaO)12 (MgO2)6

Amide(–N) 1 r 0.060 0.024 0.034 0.032
V2r 0.200 0.135 0.158 0.194
H −0.017 0.005 0.003 0.006

Amide(–O) 2 r 0.068 0.033 0.028 0.040
V2r 0.293 0.251 0.153 0.337
H −0.020 0.011 0.005 0.015

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 1
0:

49
:4

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
conguration is more stable than the amide(–N) one, with
interaction enthalpies between −20.77 and −33.98 kcal mol−1.
This trend reects the intrinsic electronic structure of the amide
group: the carbonyl oxygen carries a signicant partial negative
charge and possesses a localized lone pair, making it a stronger
Lewis base than the partially delocalized nitrogen lone pair.
Consequently, metal cations such as Zn2+ and Mg2+ preferen-
tially coordinate to the carbonyl oxygen, forming M–O bonds
with shorter distances (z2.0 Å) and larger stabilization ener-
gies. The resulting interactions are largely electrostatic in
nature, with minor charge-transfer contributions, consistent
with the moderate Lewis acidity of ZnO and MgO surfaces.

In contrast, the (CaO)12 cluster exhibits an inverted trend,
showing a notably higher stabilization for the amide(–N)
conguration (DH = −27.12 kcal mol−1) compared to amide(–
O) (DH = −20.77 kcal mol−1). Structural analysis reveals that
this stronger interaction arises from proton transfer from the
amide N–H group to a basic surface oxygen atom (R(O–H) =
0.975 Å). The resulting partial deprotonation of the amide
generates an anionic nitrogen that coordinates strongly to Ca2+,
forming an ionic Ca–N bond. This process is driven by the high
basicity and proton affinity of (CaO)12 and is consistent with the
previous observations for amine and carboxylate models of
XHNBR, where CaO surfaces favor proton abstraction and
strong ionic coordination.

For the (MgO2)6 cluster, both orientations form stable
complexes, but the interaction strengths follow the opposite
trend. The amide(–O) conguration displays the strongest
stabilization (DH = −33.98 kcal mol−1), whereas the amide(–N)
interaction is signicantly weaker (DH = −23.74 kcal mol−1). In
contrast to the behavior observed for CaO, no proton transfer
from the amide N–H group is detected in either conguration.

To further characterize the nature of the interactions at the
metal oxide cluster/XHNBR interface, NBO (Table 5) and QTAIM
(Table 6) analyses were performed. The NBO results indicate
that the main donor orbitals correspond to the amide N2p and
Osp lone pairs, which interact with empty metal orbitals (Mg4s,
Ca5s and Zn4p). The second-order stabilization energies, DE(2),
reveal stronger donor–acceptor interactions for (ZnO)12
(20.89 kcal mol−1 for amide(–N)) and (MgO2)6 (17.64 kcal mol−1

for amide(–O)). (CaO)12 and (MgO)12 exhibit weaker DE
(2) values

(5.71–15.39 kcal mol−1), reecting interactions dominated by
ionic rather than covalent contributions.

The QTAIM analysis further conrms the trends observed in
the NBO results. For the amide(–N) interaction mode, (ZnO)12
Table 5 NBO results for the interactions between characteristic PA6 m
atomic contribution of the covalent bond (in %) and second-order inter

Group Bond (ZnO)12 (

Amide(–N) 1 occ — —
% M – % N — —
DE(2) 20.89 (N2p / Zn4p) 1

Amide(–O) 2 occ 1.841 —
% M – % O 1.2–98.8% —
DE(2) — 1

9176 | RSC Adv., 2026, 16, 9167–9179
displays the highest electron density at the bond critical point (r
= 0.060 a.u.) and the only negative total energy density (H =

−0.017 a.u), which indicates a partially covalent character. In
contrast, (MgO)12, (CaO)12, and (MgO2)6 present lower electron
densities and positive H values, reecting closed-shell,
predominantly ionic interactions. In the amide(–O), (ZnO)12
again shows the strongest interaction, with the highest electron
density (r = 0.068 a.u.) and a negative total energy density
(−0.020 a.u). (MgO2)6 also shows a relatively high electron
density (r = 0.040 a.u), although its positive H value indicates
an interaction that remains ionic. (MgO)12 and (CaO)12 exhibit
smaller r values and positive H, consistent with weaker, elec-
trostatic interactions.

Overall, the NBO and QTAIM analyses reveal that the
stronger interactions in the amide(–O) coordination arise from
enhanced orbital overlap and larger electron density at the BCP,
whereas amide(–N) coordination in (CaO)12 remains weak and
predominantly ionic, even aer proton transfer. Thus, the
bonding nature across these systems spans from partially
covalent only in the case of (ZnO)12, while (MgO)12, (MgO2)6,
and (CaO)12 display fully ionic interactions, in direct corre-
spondence with the oxides' increasing basicity and decreasing
polarizing power, and consistent with the trends observed
previously for XHNBR systems.

3.3.2 Interactions of PA6 dimer with XHNBR dimer. The
conformational exibility of both PA6 and XHNBR leads to
a highly multidimensional congurational landscape, making
the evaluation of interfacial interactions particularly sensitive to
the choice of representative structures. To obtain statistically
meaningful interaction energetics, we applied the conforma-
tional sampling and clustering protocol detailed in Section 2.2.
This strategy combines extensive MD and CREST-based
odel molecules and (MO)12 clusters. Covalent bond occupancy (occ),
action energies (DE(2)), in kcal mol−1. Bond nomenclature from Fig. 5

MgO)12 (CaO)12 (MgO2)6

— —
— —

5.39 (N2p / Mg4s) 13.23 (Nsp
2 / Ca5s) 17.46 (N2p / Mg4s)

— —
— —

3.05 (Osp / Mg4s) 5.71 (Osp / Ca5s) 17.64 (Osp / Mg4s)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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sampling with K-means clustering, ensuring that the most
populated regions of the conformational space are adequately
represented while avoiding redundancy. For each subsystem
(PA6 dimer, XHNBR dimer, and the combined PA6-XHNBR
complex), ten representative conformers were selected and
subsequently optimized at the DFT level to compute accurate
Boltzmann-weighted energetics (See Fig. S1–S3 in SI).

Fig. 9a and b illustrate the distribution of the sampled
XHNBR dimer conformers projected onto the rst two principal
components. In Fig. 9a, each point is color-coded according to
its cluster assignment, revealing the structural diversity
captured by the descriptor space. Fig. 9b shows the corre-
sponding Gaussian kernel density map, which highlights the
most populated regions of the conformational ensemble. The
cluster centroids marked with crosses correspond to the
conformers selected for DFT renement.

From a chemical standpoint, the PA6-XHNBR interface is
expected to be strongly inuenced by H-bonding interactions
involving the PA6 amide groups and the polar functionalities of
XHNBR. While no explicit hydrogen-bond analysis was per-
formed for this system, such interactions are consistent with
the chemical nature of the interacting groups and are expected
to contribute signicantly to the stabilization of the most
populated conformers identied in the clustering analysis.

The relative DFT energies of the optimized XHNBR
conformers and their corresponding Boltzmann populations
are presented in Fig. 9c. These results clearly show that only
a small subset of conformers contributes signicantly to the
thermodynamic ensemble. The Boltzmann distribution plotted
in Fig. 9d reinforces this observation, demonstrating that a few
low-energy minima dominate the equilibrium population. This
Fig. 9 Clustering and Boltzmann-weighted analysis of XHNBR dimer
conformers. (a) PCA projection of all sampled conformers colored by
cluster. (b) Kernel density map highlighting the most populated
regions. (c) Relative DFT energies and cluster centroids. (d) Boltzmann
populations of the ten DFT-refined conformers.

© 2026 The Author(s). Published by the Royal Society of Chemistry
conrms the need to account for both conformational diversity
and statistical weighting when evaluating interfacial adhesion.

Using the Boltzmann-weighted energies of the isolated
subsystems and the combined PA6-XHNBR complex, the inter-
action enthalpy was computed as: H]H(PA6-XHNBR) – H(PA6)-
H(XHNBR). Using the weighted energies obtained from the ten
DFT-rened conformers are, the Boltzmann-weighted interac-
tion enthalpy is DH = −23.97 kcal mol−1. Importantly, this
value arises from a conformational ensemble rather than
a single structure, highlighting the necessity of statistically
weighted approaches for polymer–polymer interfaces. Analyses
based solely on a single optimized structure would signicantly
underestimate or overestimate the adhesion energy, depending
on the chosen geometry.

4 Conclusions

For XHNBR, the carboxyl moieties are identied as the domi-
nant contributors to adhesion, exhibiting the strongest and
most complex interactions with the oxide surfaces. These
involve proton transfer, metal–oxygen coordination, and charge
delocalization, leading to stabilized carboxylate-metal motifs
characterized by short O–H contacts and signicant p-electron
delocalization. In contrast, nitrile groups form weaker,
predominantly electrostatic interactions through coordination
of their nitrogen lone pair to surface metal atoms. The inter-
action strength follows the order (CaO)12 > (MgO)12 > (ZnO)12 >
(MgO2)6, reecting the increasing basicity and ionic character of
the oxides. While ZnO promotes partial covalency, CaO forms
largely ionic but stronger bonds, making it a promising, less
toxic alternative to ZnO for crosslinking in XHNBR-based
systems. At the periodic surface level, the same general
binding motifs are maintained; however, surface rigidity limits
interfacial reorganization and reduces overall stabilization.
This restriction weakens the ability of carboxyl groups to form
multiple contacts, shiing the dominant contribution toward
nitrile interactions on crystalline surfaces.

The interaction of PA6 with MO clusters is governed by the
dual coordination capability of the amide group, whose binding
preference depends strongly on the electronic structure and
basicity of the oxide surface. Across ZnO, MgO and MgO2, the
amide(–O) orientation generally provides stronger stabilization,
driven by the localized carbonyl lone pair and its ability to form
stronger contacts with metal centers. Only in CaO does this
trend invert: the high basicity of the CaO surface promotes
proton transfer from the amide N–H group, generating an
anionic nitrogen that binds ionically to Ca2+ and shiing the
preferred mode to amide(–N).

NBO and QTAIM analyses reveal a clear progression from
partially covalent interactions only in ZnO to fully ionic bonding
in MgO, MgO2 and CaO, in line with the increasing basicity and
decreasing polarizing power of the corresponding oxides. These
results show that, although PA6 contains fewer functional
groups than XHNBR, its amide units still establish meaningful
and oxide-dependent interfacial interactions, with oxygen
coordination dominating except in surfaces capable of driving
proton transfer.
RSC Adv., 2026, 16, 9167–9179 | 9177
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The conformational clustering and Boltzmann-weighted
sampling methodology used here enables a realistic descrip-
tion of these exible interfaces, capturing the contributions of
multiple low-energy congurations that govern the overall
interfacial stabilization.

Overall, these results provide molecular-level guidelines for
tailoring interfacial chemistry in hybrid thermoplastic elasto-
mers. By selecting oxides with appropriate basicity (e.g., CaO or
MgO) and optimizing the carboxyl content of XHNBR, interfa-
cial adhesion, crosslink density, and damping performance can
be enhanced while improving environmental compatibility
relative to conventional ZnO-based systems.
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