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1. Introduction 

The interface between the solid and liquid phases 

plays a fundamental role in determining the 

physicochemical behavior of a wide range of natural and 

engineered systems. Processes such as lubrication, 

corrosion resistance, catalysis, energy storage, and 

biomedical interactions are strongly influenced by the 
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The solid–liquid interface plays a crucial role in determining the physicochemical 

behavior of both natural and engineered systems, influencing processes such as 

lubrication, corrosion resistance, catalysis, energy storage, and biomedical 

interactions. Interfacial films are formed through complex molecular interactions 

governed by surface chemistry and environmental conditions, thereby controlling 

macroscopic performance. Recent advances in chemical modulation strategies have 

enabled precise control over the structure and functionality of these films through 

approaches such as surface functionalization, molecular adsorption, and 

development of stimuli-responsive systems. This review presents a comprehensive 

overview of the mechanisms underlying interfacial film formation, including 

adsorption, self-assembly, and film growth dynamics, along with the key 

thermodynamic and kinetic considerations. Emphasis is placed on both covalent 

and non-covalent modification strategies, including pH-, ionic strength-, and redox-

responsive systems, which provide tunable and adaptive interfacial behaviors. The 

stability of the interfacial films was critically examined in terms of mechanical 

integrity, chemical resistance, and long-term durability under varying 

environmental conditions. Advanced characterization techniques and 

computational modelling approaches are discussed for their ability to provide 

molecular-level insights into the structure–property relationships. Furthermore, the 

functional implications of chemically modulated interfacial films have been 

explored across a wide range of applications, including tribology, corrosion 

protection, electrochemical systems, biomedical devices, and industrial processes. 

Finally, emerging trends, current challenges, and future research directions are 

highlighted, focusing on the development of adaptive, durable, and high-

performance interfacial systems. 
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phenomena occurring at this interface. A key feature 

governing these processes is the formation of thin 

interfacial films or sol–gel-like structures that develop 

between a solid substrate and the surrounding liquid. 

Although these films are typically only a few molecular 

layers to several nanometers in thickness, they exert a 

disproportionately large influence on the macroscopic 

properties. Consequently, understanding and controlling 

solid–liquid interfacial films has become a central 

objective in surface and interface science, materials 

chemistry and engineering [1]. 

At the molecular scale, the solid–liquid interface 

exhibits characteristics that differ significantly from 

those of bulk solids and liquids. Surface atoms possess 

unsatisfied coordination environments and altered 

bonding configurations, leading to distinct structural and 

energetic properties. Simultaneously, liquid molecules in 

proximity to a solid surface experience restricted mobility 

and modified solvation structures compared to those in 

bulk liquid. These deviations from bulk behavior create a 

unique interfacial environment that promotes the 

formation of organized molecular assemblies [2]. 

Interfacial films emerge through processes such as 

adsorption, self-assembly, and interfacial chemical 

reactions, which are driven by the minimization of 

interfacial free energy and establishment of favorable 

molecular interactions. 

These interfacial films function as dynamic 

intermediaries that regulate mass transport, energy 

dissipation, and chemical reactivity at the interface. By 

controlling the exchange of molecules and ions between 

phases, they influence the reaction kinetics, transport 

phenomena, and overall system efficiency. Importantly, 

the structure and properties of interfacial films are not 

static; rather, they continuously evolve in response to 

variations in operating conditions and environmental 

stimuli, such as temperature, pH, ionic strength, and 

mechanical forces [3]. This dynamic behavior 

underscores the importance of understanding both the 

formation mechanisms and adaptive nature of interfacial 

films. 

Historically, investigations of solid–liquid interfaces 

have relied on empirical and continuum-based models 

rooted in classical thermodynamics. These approaches 

provide valuable macroscopic insights into interfacial 

energy, wetting behavior, and adsorption phenomena. 

However, they offer a limited understanding of the 

molecular processes governing film formation, structural 

organization, and stability. In recent years, significant 

progress has been achieved through the development of 

advanced experimental techniques with high surface 

sensitivity and computational methods, such as molecular 

dynamics simulations and theoretical modelling 

frameworks. These tools have enabled the direct 

observation and analysis of interfacial structures at 

nanometer and sub-nanometer scales, providing deeper 

insights into molecular interactions and dynamic 

processes [4]. Consequently, interfacial films are now 

widely recognized as structurally heterogeneous, 

dynamically evolving, and highly sensitive to subtle 

changes in the chemical environment. 

In this context, chemical modulation has emerged as a 

powerful and versatile strategy for tailoring the properties 

of solid–liquid interfacial films. Chemical modulation 

involves the deliberate alteration of the surface chemistry 

to control the intermolecular interactions, film 

architecture, and functional performance [5]. This can be 

achieved through various approaches, including the 

modification of surface functional groups, adjustment of 

molecular architecture and charge distribution, and 

incorporation of reactive or responsive chemical 

moieties. Such modifications enable the precise tuning of 

interfacial properties, allowing the design of films with 

specific structural characteristics and targeted 

functionalities [6]. 

One of the most significant advantages of chemically 

modulated interfacial films is their ability to exhibit 

adaptive and stimuli-responsive behavior. Unlike 

conventional static coatings, these films can dynamically 

respond to changes in their surrounding environment. 

External stimuli, such as variations in pH, ionic strength, 

redox potential, temperature, and mechanical stress, can 

induce changes in the molecular conformation, charge 

distribution, and intermolecular interactions within the 

film. This responsiveness allows the films to reorganize, 

self-heal, and switch between different functional states 

in real time, thereby maintaining optimal performance 

under fluctuating conditions [7]. Such adaptive behavior 

is particularly valuable in applications in which 

environmental conditions are complex or unpredictable. 

The ability to engineer responsive and multifunctional 

interfacial films has opened new avenues for the 

development of advanced materials and technologies. 

Chemically modulated interfaces are increasingly being 

explored in next-generation systems that require high 

performance, durability, and adaptability. These include 

applications in tribology, where interfacial films reduce 

friction and wear; corrosion protection, where they act as 

barriers against aggressive environments; 

electrochemical systems, where they regulate charge 

transfer and ion transport; and biomedical devices, where 

they influence biocompatibility and surface interactions 

[8]. The integration of chemical modulation strategies 

into these applications offers significant potential for 

enhancing their efficiency, reliability, and functionality. 

Despite these advancements, several challenges 

remain in the rational design and practical 

implementation of chemically modulated interfacial 

films. The formation and stability of these films are 

governed by a complex interplay of thermodynamic and 

kinetic factors and environmental influences. This 

complexity makes it difficult to establish clear and 
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predictive relationships between the molecular structure, 

interfacial properties, and macroscopic performance. 

Furthermore, the multiscale nature of interfacial 

phenomena, ranging from atomic-level interactions to 

macroscopic behavior, adds an additional layer of 

difficulty in understanding and controlling these systems 

[9]. 

Another critical challenge is the long-term stability 

and durability of the interfacial films under real-world 

conditions. Factors such as aging, chemical degradation, 

mechanical stress, and environmental fluctuations can 

lead to a gradual loss of functionality over time. Ensuring 

that chemically modulated films maintain their structural 

integrity and performance during prolonged operation is 

essential for their successful application in practical 

systems. Addressing these challenges requires a 

comprehensive understanding of the degradation 

mechanisms and the development of robust design 

strategies that balance stability and responsiveness [10]. 

Overall, the study of chemically modulated solid–

liquid interfacial films represents a rapidly evolving and 

interdisciplinary field. Continued advancements in 

experimental characterization, theoretical modelling, and 

material design are expected to further enhance our 

ability to control interfacial phenomena at the molecular 

level. Such progress is crucial for developing adaptive, 

durable, and high-performance interfacial systems that 

meet the demands of emerging technologies. 

2. Fundamentals of Solid–Liquid Interfacial 

Chemistry 

The solid-liquid interfacial chemistry is that part of 

chemistry that examines the physical characteristics at the 

interface between a solid and a liquid and the interactions 

between the two. The solid-liquid interface is responsible 

for many processes that are important for all types of 

chemical reactions, such as adsorption, wetting, 

dissolution, corrosion, and film formation. The structure 

and energy of the solid-liquid interface are different from 

those of the bulk phases of the solid and liquid [1]. Figure 

1 describes the key concepts governing solid–liquid 

interfaces, including interfacial formation, intermolecular 

interactions, surface chemistry, interfacial 

thermodynamics, and the structure and dynamics that 

control interfacial behavior. The fundamentals of solid–

liquid interfacial chemistry are shown in Figure 1. 

2.1. Physicochemical Nature of Solid–Liquid 

Interfaces 

The interface between the solid and liquid phases 

comprises locally heterogeneous regions, wherein each 

part has a different chemical environment compared to 

the bulk. Molecules in the solid phase and molecules 

located within the liquid phase interact with each other by 

a combination of van der Waals forces, electrostatic 

interactions, hydrogen bonds, and possibly covalent 

linkages; thus, the spatial arrangement and relative 

strengths of these interactions dictate how adsorbates 

attach to the surface of a solid, their orientation, and their 

movement [2]. The interfacial behavior of solid–liquid 

systems is further complicated by the presence of surface 

roughness, crystallographic differences in orientation, 

and chemical heterogeneity, which can result in the 

development of vertically or laterally varying properties 

of the solid–liquid interface, which in turn influences the 

physical characteristics of a film during its formation and 

growth [3]. 

 

Fig. 1. Schematic representation of the fundamental concepts 

of solid–liquid interfacial chemistry 

2.2. Interfacial Free Energy, Wetting, and Adhesion 

Phenomena 

The free energy of the interface is a hub 

thermodynamic parameter that connects molecular 

interactions with macroscopic observables. Any 

modifications made to the chemical environment of a 

solid surface will Change its Surface Energies, and 

therefore Change the Wetting Characteristics of that 

surface from Hydrophobic to Hydrophilic. Both 

applications rely on controlling the wetting transition. In 
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addition to these uses, controlling the interfacial 

energetics has other uses; for example, controlling the 

surface energy will also help meet the adhesion 

requirements in coatings, combinatorial chemistries, and 

other applications [4].  

2.3. Molecular Interactions Governing Interfacial 

Film Formation 

The creation of an interfacial film can be influenced 

by several factors, such as the attraction between two 

substances and restrictions on movement due to 

confinement or fitting into a certain order within the 

interfacial structure. These factors include the molecular 

size, shape, polarity, and flexibility of the molecules 

adsorbed onto the surface. Cooperative interactions 

between adsorbing molecules create a type of cooperative 

effect that can result in phenomena such as phase change, 

orderliness, and multilayering among adsorbed 

molecules [5]. 

3. Mechanisms of Interfacial Film Formation 

Various types of solids and liquids are formed in an 

interfacial state. As a result of the molecular interaction 

between the two materials, several molecular 

interactions, transport processes, and surface chemical 

compositions are required. Unlike the transformation of 

solid–liquid into bulk form, the solid–liquid is less 

uniform and has a variable effect of confinement, which 

results in an interfacial film that is not only metastable 

but also evolves over time [6]. Figure 2 shows oil–water 

(O/W) and water–oil (W/O) emulsions stabilized by 

different classes of emulsifiers, including small-

molecular surfactants, macromolecular emulsifiers, and 

solid particle emulsifiers, highlighting their roles in 

interfacial stabilization. 

3.1. Adsorption and Self-Assembly Processes 

Adsorption is the primary mechanism at the solid-

liquid interface.  

The molecules in the liquid move toward the solid and 

adsorb to the surface when the gain in free energy due to 

interaction with the surface is greater than the loss of 

entropy due to confinement. Physisorption occurs 

through weak intermolecular forces and allows molecules 

to continuously exchange with the bulk; in contrast, 

chemisorption occurs through the formation of stronger 

irreversible bonds [7, 8].  

Self-assembly processes provide a second level of 

structural organization, particularly for amphiphilic 

molecules, block copolymers, and biomimetic systems. 

The self-assembly process can result in the spontaneous 

formation of one or more layers from a pool of these 

molecules, with the driving force for this organization 

being the reduction of interfacial free energy, resulting in 

anisotropic properties in the produced films and defined 

functional domains [9, 10].  

3.2. Role of Surface Functional Groups and Chemical 

Heterogeneity 

Functional groups on surfaces are used as molecular 

recognition surfaces and are the determining factors in 

selecting the appropriate substrates to adsorb onto with 

the appropriate binding energy. Highly acidic or basic 

surfaces can form electrostatic interactions, whereas 

polar functionalization provides the opportunity to create 

hydrogen bonds [11].  

The presence of chemical heterogeneity on a substrate 

surface creates different levels of adsorption density and 

film structure compared to a chemically uniform surface. 

While this level of heterogeneity can be used 

advantageously in applications requiring gradient 

properties, it can present challenges in achieving 

reproducibility and accurate predictive design. There is 

still much research being conducted to understand how 

the atomic arrangement of a substrate's surface chemistry 

relates to the film's overall properties [12].  

 

Fig. 2. Schematic illustration of oil-in-water (O/W) and water-in-oil (W/O) emulsions stabilized by different classes of 

emulsifiers 
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3.3. Influence of Solvent Properties and Interfacial 

Solvation 

The solvent molecules do not passively observe the 

formation of the interfacial film; they actively participate. 

The solvents form structured solvation layers near solid 

surfaces. The solvation layer can have a different density 

and correlation with the solid surface than that found in 

the bulk solvent. Thus, they can compete with the 

adsorbates for solid surface sites or provide a route for 

indirect interactions between the surface and film-

forming species [13]. The polarity of the solvent, its 

ability to form hydrogen bonds, and the ionic strength of 

the solvent have a significant influence on the kinetics 

and equilibrium of the adsorption of a film onto a solid 

surface. The hydration forces and ion-specific forces in 

aqueous systems can dominate interfacial behavior, 

resulting in non-classical phenomena in the adsorption of 

a film onto a solid surface [14, 15]. 

3.4. Kinetics and Thermodynamics of Film Growth 

Striking a balance between thermodynamically stable 

interface structures and kinetically limited non-

equilibrium interfaces has implications for interfacial 

film development.  

For example, thermodynamics determines which side 

of an interface is the most stable film structure; however, 

the kinetics of a film determine whether the film is 

created in equilibrium with respect to its upper or lower 

limit. Therefore, the growth of interfacial films depends 

on the kinetics of diffusion, surface diffusion, and 

molecular rearrangements [16].  

4. Chemical Modulation Strategies at Solid-Liquid 

Interfaces 

4.1. Surface Functionalization and Chemical Grafting 

When surfaces are covalently modified with specific 

chemical groups, chemical modifications can be achieved 

at the interface between the solid substrate and liquid 

phase (Table 1). Examples of these methods include 

silane chemistry, sulfide bonding, and the use of 

polymers to coat solid surfaces. 

Table 1. Chemical Modulation Strategies for Solid–Liquid Interfacial Films and Their Key Characteristics. 

Modulation 

Strategy 

Representative 

Modifiers / 

Methods 

Nature of 

Interaction 

Tunable 

Parameters 

Stability 

Characteristics 

Representative 

Applications 

References 

Surface 

Functionalization 

and Chemical 

Grafting 

Silanes, thiols, 

phosphonates, 

polymer brushes 

Covalent 

bonding 

Surface 

chemistry, 

grafting 

density, chain 

length 

High 

mechanical and 

chemical 

stability 

Corrosion 

protection, 

adhesion 

control, 

biosensing 

[17] 

Surfactant 

Adsorption 

Ionic and non-

ionic surfactants 

Non-covalent 

(electrostatic, 

hydrophobic) 

Concentration, 

pH, ionic 

strength 

Moderate 

stability; 

reversible 

adsorption 

Lubrication, 

wetting control, 

detergency 

[18] 

Polymer 

Adsorption and 

Assembly 

Polyelectrolytes, 

block 

copolymers 

Physical 

adsorption, 

electrostatic 

interactions 

Molecular 

weight, charge 

density, 

solvent quality 

Enhanced steric 

and electrostatic 

stabilization 

Tribology, 

antifouling 

coatings 

[19] 

Small-Molecule 

Modifiers 

Organic acids, 

inhibitors, 

corrosion 

suppressors 

Weak 

chemical or 

physical 

interactions 

Molecular 

structure, 

surface affinity 

Limited long-

term stability 

Corrosion 

inhibition, 

surface 

passivation 

[20] 

pH-Responsive 

Modulation 

Weak 

polyelectrolytes, 

ionizable ligands 

Reversible 

electrostatic 

interactions 

pH, buffer 

composition 

Dynamic and 

reversible 

Controlled 

release, smart 

coatings 

[21] 

Ionic Strength-

Responsive 

Modulation 

Salt-sensitive 

polymers, 

charged 

surfactants 

Electrostatic 

screening 

effects 

Salt type and 

concentration 

Tunable but 

environment-

sensitive 

Colloidal 

stabilization, 

lubrication 

[22] 

Redox-

Responsive 

Modulation 

Disulfide 

linkages, redox-

active polymers 

Reversible 

covalent or 

coordination 

bonds 

Redox 

potential, 

chemical 

environment 

Stimuli-

triggered 

stability 

switching 

Electrochemical 

interfaces, drug 

delivery 

[23] 

Stimuli-

Responsive and 

Adaptive Films 

Multi-responsive 

polymers, hybrid 

systems 

Combined 

covalent and 

non-covalent 

pH, 

temperature, 

light, redox 

state 

Adaptive, self-

regulating 

stability 

Smart surfaces, 

biomedical and 

energy systems 

[24] 
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Covalent modification of a surface can create 

irreversible changes in the surface, including changes in 

its electrostatic and chemical properties [25]. 

Grafted or chemisorbed molecules can exhibit 

significantly greater stability during the washout process 

than other types of surface modifications. The grafting 

density and molecular configuration can be 

systematically adjusted to achieve the desired level of 

chemical reactivity and thickness of the interfacial film. 

Surface modifications, when performed properly, are 

commonly employed in applications such as antifouling, 

lubrication, and biomodification [26]. 

4.2. Use of Surfactants, Polymers, and Small-

Molecule Modifiers 

Surface-active agents, polymeric materials, and small-

molecule modifiers interact through reversible adsorption 

at the solid-liquid interface via non-covalent bonding 

forces. Surfactants reduce the interfacial tension at the 

solid-liquid interface, promote the formation of organized 

films, and increase stability through their capacity for 

multiple valences [27].  

In addition to providing pro-stabilizing features in a 

system, polymers allow fine adjustment of the packing 

density and chemical functionality and are a source of 

secondary stabilization. These systems can reorganize the 

interfacial layer as needed by changing the conditions. 

Because of their reversible layers, these systems are self-

healing and adaptive [28].  

4.3. pH-, Ionic Strength-, and Redox-Responsive 

Modulation  

The interfacial film structure and properties can be 

modified using chemical stimuli, such as pH, ionic 

strength, and redox potential. The protonation or 

deprotonation of ionizable groups alters the charge and 

conformation of the surface. In addition, changes in ionic 

strength can affect electrostatic screening and adsorption 

characteristics. Additionally, redox-active compounds 

may enable switchable bonding/permeability control 

mechanisms. This level of control over interfacial 

dynamics is necessary for the design of sensors/smart 

coatings and controlled-release systems [29].  

4.4. Stimuli-Responsive and Adaptive Interfacial 

Films 

Interfacial films equipped with the ability to respond 

to stimuli change their structure and function in response 

to external stimuli. Examples of these external stimuli 

include temperature, mechanical stress, light, and 

chemical signals. Stimuli-responsive interfacial films can 

be considered to have characteristics similar to those of 

biological interfaces by incorporating various responsive 

components [30].  Additionally, they can switch between 

multiple functional states and reorganize and self-repair 

on a reversible basis, all of which allow them to perform 

better under changing operational conditions. 

Nonetheless, the major obstacle facing researchers today 

when developing such materials is ensuring that they 

remain responsive for extended periods [31].  

5. Stability of Solid–Liquid Interfacial Films 

The stability of solid–liquid interfacial films is an 

important factor in determining their long-term 

functionality and reliability. Stability comprises three 

components: mechanical integrity, chemical stability, and 

the ability to maintain stability over time under changing 

operating conditions.  

Films that are chemically modulated must be able to 

withstand environmental changes while remaining 

structurally sound [32, 33]. If one can understand how 

films degrade and age, then one can estimate the length 

of service they will have before failure occurs. The 

stability of solid–liquid interfacial films can also create 

trade-offs in designs between maintaining stability and 

providing adequate response and adaptability [34].  

5.1. Mechanical and Structural Stability under Static 

Conditions 

The mechanical stability of an interfacial film 

indicates how well it can maintain itself and adhere to the 

substrate over a long period of time or with minimal 

shear. The mechanical stability of a film is mainly 

affected by three factors: the thickness of the film, the 

number of molecules packed together in the film, and the 

strength of the bonds between the molecules at the 

interface of the film and the substrate [35].  

Mechanically stable films have strong crosslinking 

and multivalent attachment interactions that offer the 

greatest resistance to failure owing to deformation. A 

poorly constructed film either peels away from the 

substrate or breaks apart owing to high internal stress 

levels.  

Therefore, to support the weight of the clipboards and 

offer protection from falling debris, the film must 

maintain structural integrity [36].  

5.2. Chemical and Environmental Stability 

Chemical stability is the ability of an item to remain 

intact when exposed to solvents, pH changes, oxidative 

agents, and temperature fluctuations [37]. The chemical 

composition of the film and chemical bonding at the 

interface can change as a result of exposure to the 

environment. The use of chemically resistant functional 

groups and covalently bonded anchoring systems 

enhances the stability of these items [38]. Environmental 

compatibility is critical when handling corrosive or 

biologically active materials. Therefore, long-term 

performance relies on advancing methods to reduce the 

likelihood of chemical deterioration [39].  
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5.3. Interfacial Aging, Degradation, and 

Reconstruction 

Interfacial films can experience aging over time due 

to various slow molecular rearrangements, chemical 

reactions, or desorption processes. The primary 

degradation mechanisms that can act on an interfacial 

film are oxidation, hydrolysis, and chain scission. In 

some instances, there may be sufficient reconstruction or 

reorganization of the interfacial film to restore 

functionality, whereas in other instances, gradual 

performance loss can occur as a result of the aging 

process [40].  

Therefore, to accurately predict the lifetime of 

materials and optimize their characteristics, it is essential 

to understand these processes [41].  

5.4. Factors Influencing Long-Term Film Integrity 

The molecular architecture of the material, the amount 

of interfacial bonding strength between the components 

and substrate, the amount of environmental exposure, and 

the number, location, and size of mechanical constraints 

influence its long-term integrity.  

The high-density packing of materials and strong 

surface-to-surface interactions result in high durability 

while at the same time potentially limiting adaptability 

[42]. The film thickness and crosslinking density also 

play a role in the degradation resistance. These factors 

must be considered when designing for both stability and 

functionality [43].  

6. Characterization Techniques for Interfacial Films 

Advanced characterization techniques are beneficial 

for analyzing the characteristics of interfacial films 

(Table 2). Because the film is very thin at the nanoscale, 

advanced surface-sensitive methods are required for 

analysis.  

A combination of different techniques would be 

helpful in providing a full understanding [44]. The use of 

in-situ techniques is becoming increasingly important for 

observing dynamic characteristics. Ultimately, to fully 

understand the relationship between the structure of the 

film and its performance, it is necessary to characterize 

the height, thickness, and performance under real-life 

conditions [45]. 

6.1. Spectroscopic and Microscopic Approaches 

Electron Spectroscopy is used to measure the 

chemical composition and bonding information of 

substances. Microscopic Methods are used to study the 

morphology of a surface at the nanoscale. Atomic Force 

Microscopy (AFM) is used to study the mechanical and 

topological properties of a surface. Microscopic and 

spectroscopic techniques are key techniques for studying 

interfacial films with molecular-scale to nanoscale clarity 

[53].  

6.2. Surface Force and Interfacial Rheology 

Measurements 

The measurement of Surface Forces provides 

significant information about Interaction Forces, 

Adhesion, and Mechanical Responses at the interfaces. 

Interfacial Rheology measures the viscoelastic behavior 

of materials under Shear or Confinement of Normal 

Loads.  

These methods are essential for investigating 

Lubrication and Adhesion phenomena. They are direct 

connections from the molecular level to the macroscopic 

level for mechanical performance. Without such 

measurements, performance cannot be adequately 

assessed [54].  

6.3. In Situ and Operando Characterization Methods 

Operando and in situ methods help researchers 

observe the growth or dissolution of interfacial films 

when the systems are functioning.  

The data acquired from these studies can provide 

valuable information on the dynamic behavior of 

systems. Additionally, operando studies can improve our 

ability to link static characterization with the real-world 

functions of materials and systems built from them. 

Studies of this type are essential for all electrochemical 

and tribological systems, and they provide insights that 

are not possible through ex situ studies of materials or 

systems [55]. 

6.4. Computational and Theoretical Modelling of 

Interfacial Films 

Computational methods provide molecular-level 

insights into the interfacial behavior of materials. 

Molecular dynamics provides information on molecular 

structure, dynamics, and transport [56-58]. Continuum 

and Multiscale models provide insight into how the 

behavior of molecules at the atomic level relates to the 

larger-scale physical properties of materials [59]. 

Theoretical models have been developed to help 

researchers anticipate how films behave and how to 

design them. Researchers often incorporate modelling 

into the experimental phase of their work [60].  

7. Performance Metrics and Functional Implications 

Measurable functional outcomes are achieved through 

the performance metrics of interfacial film properties, 

which are relevant to specific applications and reflect the 

requirements of the application (e.g., friction reduction, 

barrier efficiency, or reactivity control). Chemical 

modulation is used to optimize the performance of 

interfacial films [61].   

Understanding the relationship between performance 

and structure will facilitate rational performance design. 

Performance evaluation assists in selecting materials and 

engineering methods to optimize performance [62].  
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Table 2. Summary of key techniques for characterizing solid–liquid interfacial films and their capabilities 

Technique 

Category 

Representative 

Methods 

Information 

Obtained 

Spatial/Temporal 

Resolution 

Key 

Advantages 

Limitations References 

Spectroscopic 

Techniques 

FTIR, Raman, XPS, 

NMR, UV–Vis 

Chemical 

composition, 

bonding 

states, 

molecular 

orientation, 

surface 

functional 

groups 

Molecular-level; 

ensemble-

averaged 

High chemical 

specificity; 

non-destructive 

(in some cases) 

Limited 

spatial 

resolution; 

often 

requires dry 

or vacuum 

conditions 

[46] 

Microscopic 

Techniques 

AFM, SEM, TEM, 

STM, Optical 

Microscopy 

Surface 

morphology, 

film 

thickness, 

roughness, 

nanostructure 

Nano- to 

microscale 

Direct 

visualization of 

interfacial 

structures 

Sample 

preparation 

artifacts; 

limited 

chemical 

information 

[47] 

Surface Force 

Measurements 

Surface Force 

Apparatus (SFA), 

Colloidal Probe 

AFM 

Interfacial 

forces, 

adhesion, 

steric and 

electrostatic 

interactions 

Ångström–

nanometer 

Quantitative 

force–distance 

measurements 

Complex 

experimental 

setup; model 

systems 

required 

[48] 

Interfacial 

Rheology 

Shear and 

dilatational 

rheometry, Quartz 

Crystal 

Microbalance 

(QCM-D) 

Viscoelastic 

properties, 

film rigidity, 

adsorption 

kinetics 

Dynamic, time-

resolved 

Sensitive to 

weakly bound 

and soft films 

Interpretation 

can be 

model-

dependent 

[49] 

In Situ / 

Operando 

Methods 

In situ AFM, ATR-

FTIR, 

Electrochemical 

QCM 

Real-time 

film 

formation, 

restructuring, 

and 

degradation 

Time-resolved, 

molecular to 

mesoscale 

Captures 

dynamic 

interfacial 

processes 

Instrumental 

complexity; 

limited 

environments 

[50] 

Electrochemical 

Techniques 

Cyclic 

voltammetry, EIS, 

chronoamperometry 

Interfacial 

charge 

transfer, 

redox 

behavior, 

film 

permeability 

Time-resolved Essential for 

electrochemical 

interfaces 

Indirect 

structural 

information 

[51] 

Computational 

and Theoretical 

Approaches 

Molecular 

dynamics, Monte 

Carlo simulations, 

continuum 

modelling 

Molecular 

organization, 

energetics, 

transport 

mechanisms 

Atomic to 

mesoscale (model-

dependent) 

Mechanistic 

insight beyond 

experiments 

Accuracy 

depends on 

force fields 

and 

assumptions 

[52] 

7.1. Transport, Barrier, and Lubrication Properties 

Interfacial films control the transport of ions, 

molecules, and solvents through an interface barrier 

layer. Barrier properties are important for both corrosion 

protection and membrane applications, whereas the 

boundary film in lubrication creates stable friction and 

wear [63]. The chemical and physical composition of an 

interfacial film can significantly affect its ability to 

transport materials. Optimized interfacial films tend to 

perform better and last longer than other types of 

interfacial films [64].  

7.2. Adhesion, Friction, and Wear Behavior 

The adhesive bond and frictional force are governed 

by intermolecular interactions and the film's structural 

properties at its interface. A chemically designed surface 

can be selected to enhance the bond or maximize slip 

based on the type of application [65]. The amount of wear 

experienced is heavily influenced by the stability of the 

film under mechanical stress. The good tribological 
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performance of a material is highly responsive to the 

chemical properties of its interface and can be controlled 

through the modulation process [66].  

7.3. Interfacial Reactivity and Mass Transfer Control 

Chemical reactivity is ultimately controlled by how 

'interfacial films' control the ability of reactants to react 

with the surface interface, including catalytic and 

electrochemical systems, which also determine the rate of 

a chemical reaction and its products. In addition to 

controlling mass transport limitations, the design of 

interfacial chemistry influences energy and catalytic 

applications, where efficiency is a concern [67].  

7.4. Structure–Property-Performance Relationships 

To rationally design materials, it is critical to 

understand the relationship between the molecular 

structure, interfacial properties, and macroscopic 

performance. Correlations at all scales of composite 

materials are complicated by multiscale complexity; 

however, improvements in characterization and 

modelling methods allow us to make predictions about 

the sustainable performance of composites much more 

effectively. The relationships established in the future 

will ultimately be the basis for interfacial engineering 

[68].  

8. Applications of Chemically Modulated Interfacial 

Films 

In many technological areas, interfaces comprise 

chemically modified (functionalized) surfaces (Figure 3). 

The performance and lifetime of these interfaces can be 

enhanced by modifying their surface interaction 

characteristics. Interface design strategies are dictated by 

application-specific requirements, and through ongoing 

innovation, these systems continue to expand their 

functionality. Consequently, these systems will serve as a 

connecting link between fundamental sciences and 

applied engineering/development [73]. Figure 3 

describes the wide range of possibilities for chemically 

controlled interface coatings and the ways they can be 

utilized for biomedical applications, energy and 

environment technologies, industrial and materials 

engineering, and advanced functional surfaces, all 

accomplished due to the ability to alter interface 

chemistry through a variety of means and make 

responsive to changes in the environment through the 

properties of the coating films. 

8.1. Tribology and Lubrication Systems 

In tribological applications, interfacial films serve as 

protective boundary layers between two materials, 

reducing friction and wear. Chemical modulation allows 

for increased adaptability to different loading and 

environmental factors. Responsive Films are responsive 

to the variability of stresses at the interface [69]. This 

system improves the overall energy efficiency and 

lifetime of the components through enhanced mechanical 

strength/efficiency and adaptability to various 

environmental conditions. These films are essential for 

both mechanical and industrial applications [70].  

8.2. Corrosion Protection and Surface Coatings 

Interfacial films protect against corrosive reactions by 

providing both chemical and physical barriers. By using 

chemical grafting and responsive coatings, the chances of 

survival in harsh environments are increased. 

 

Fig. 3. Overview of applications of chemically modulated solid–liquid interfacial films 
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Long-term protection can only occur when the 

integrity of the protective film is preserved. Many 

infrastructure and marine applications utilize these 

coatings because of their advanced protection 

capabilities. An improved interfacial design provides 

enhanced durability and safety [71].  

8.3. Energy Storage, Conversion, and 

Electrochemical Interfaces 

Interfacial Films allow for efficient charge transfer 

and ion transport through stable interfacial films within 

electrochemical interfaces. Chemically modulated 

interfacial films have increased the cycle stability and 

safety of such devices. In addition to their value in terms 

of battery, supercapacitor, and fuel cell performance, 

their application within the interfacial engineering 

process also enhances the performance of these devices. 

The importance of Interfacial Engineering in the 

development of sustainable energy technologies cannot 

be overstated [72].  

8.4. Biomedical, Environmental, and Industrial 

Applications 

Antifouling coatings, drug delivery systems, 

membrane technology, and industrial processing 

machinery are examples of potential applications. The 

compatibility of a film with humans/animals and the 

environment is an important factor in the production of 

coatings. Chemical modulation allows purposeful 

interactions with various types of chemical/biological 

species, enhancing the performance and safety of coating 

technology. The ability of these films to be modified for 

use in numerous ways supports their wide-ranging 

applications [73].  

9. Emerging Trends and Future Perspectives 

The field of allenes and similar compounds is 

developing rapidly. Advances in the design, 

characterization, and analysis of materials using data 

science to understand the behavior of interfaces have 

created new possibilities in interfacial science. Future 

materials will be adaptable, multifunctional, and 

sustainable. Addressing these limitations will facilitate 

the widespread use of these materials. Ongoing 

interdisciplinary collaborations are necessary for 

continued development in this area [74].  

9.1. Smart and Multifunctional Interfacial Films 

Interfacial smart films incorporate sensing, actuation, 

and self-healing properties. The integrated multi-

properties allow for the concurrent manipulation of 

mechanical, chemical, and transport characteristics. 

These multifunctional materials utilize the biologically 

based architecture of living organisms to create 

intelligent interfaces with enhanced adaptive capabilities. 

Therefore, they will be a major driving factor for future 

developments in this area [75].  

9.2. Integration of Machine Learning and Predictive 

Design 

Complex interfacial datasets are analyzed with 

increasing frequency using machine learning to predict 

the performance of materials. Data-driven models allow 

new materials to be discovered and optimized faster than 

previous methods, such as heuristics [76]. The use of 

machine learning in combination with experimental and 

simulation techniques enhances the efficiency of 

designing new materials. Predictive analytics tools limit 

trial-and-error design processes. Therefore, the interfacial 

engineering paradigm is changing owing to the 

implementation of machine learning [77].  

9.3. Challenges, Knowledge Gaps, and Research 

Opportunities 

Multiscale characterization, long-term stability, and 

scalability are some of the key challenges in this field. 

However, our understanding of the dynamic and non-

equilibrium behaviors of these systems is still lacking. 

Bridging laboratory experiments with their field 

applications remains a challenge. Therefore, addressing 

these issues will provide many new research 

opportunities and will be accomplished through 

coordinated efforts between experimentalists, theorists, 

and computational scientists. [78]. 

10. Conclusions 

Chemical modulation is a promising method for 

creating, maintaining, and controlling solid-liquid 

interfaces for multiple applications. Chemical 

modulation provides a wide variety of possibilities for the 

design and application of solid-liquid interfacial films by 

modifying chemically functionalized surfaces, molecular 

architecture or structural arrangements, and 

environmental stimuli-induced adaptations. Covalent and 

non-covalent chemical modulation approaches provide 

long-lasting stability, flexibility, and responsiveness 

under different environmental conditions. The ability of 

interfacial films to sustain mechanical forces, chemical 

environments, and aging effects is the critical factor that 

currently limits their stability. Recent advancements in in 

situ engineering analysis and computational modelling 

have led to a greater understanding of the molecular-level 

properties of these complex systems, which will be 

utilized to establish structure-performance relationships 

that guide the rational design of interfacial films to 

enhance their smartness, durability, and performance in 

future technologies. The combination of chemical design, 

advanced characterization techniques, and predictive 

Modelling will be key to the continued growth of the 

smart, durable, and high-performance Solid-Liquid 
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Interfacial Films required by future technologically 

oriented markets. 

References  

[1] J. Vignesh, B. Ramesh and J. R. Xavier, Recent advances 

in multifunctional nanocomposites for high-performance 

and durable concrete in harsh environments. Results Eng., 

29 (2026) 108840. 
[2] O. Al-Jenabi, Z. Aslam, R. F. Cochrane and A. M. Mullis, 

Microstructural characterisation and compound formation 

in rapidly solidified SiGe alloy. J. Alloys Compd., 992 

(2024) 174560. 

[3] M. Zare, M. S. Saleheen, N. Singh, M. J. Uline, M. Faheem 

and A. Heyden, Liquid-Phase Effects on Adsorption 

Processes in Heterogeneous Catalysis. JACS Au, 2 (2022) 

2119–2134. 

[4] S. Najafi, S. Lobo, M. S. Shell and J.-E. Shea, Context 

Dependency of Hydrophobicity in Intrinsically Disordered 

Proteins: Insights from a New Dewetting Free Energy-

Based Hydrophobicity Scale. J. Phys. Chem. B, 129 (2025) 

1904–1915. 

[5] J. Jia, Y. Zhang, X. Liu, H. Wang, Z. Chen, L. Wang, et 

al., Review of the Interfacial Structure and Properties of 

Surfactants in Petroleum Production and Geological 

Storage Systems from a Molecular Scale Perspective. 

Molecules, 29 (2024) 3230. 

[6] Y. Fan, X. Huang, J. Ji, W. Zhang, J. Zhang and X. Hou, 

Building Functional Liquid‐Based Interfaces: From 

Mechanism to Application. Angew. Chem., 136 (2024). 

[7] J.-G. Choi, D. D. Do and H. D. Do, Surface Diffusion of 

Adsorbed Molecules in Porous Media: Monolayer, 

Multilayer, and Capillary Condensation Regimes. Ind. 

Eng. Chem. Res., 40 (2001) 4005–4031. 

[8] S. Ahmadi, S. Habibzadeh, K. Didehban, P. Dalir, K. 

Nezhad and Z. Rostami, Acrylamide adsorption on the 

surfaces of pristine , B , N and Si-doped fullerenes : A 

comparative DFT study. Chem. Res. Technol., 3 (2026) 

68–77. 

[9] K. Kuperkar, D. Patel, L. I. Atanase and P. Bahadur, 

Amphiphilic Block Copolymers: Their Structures, and 

Self-Assembly to Polymeric Micelles and Polymersomes 

as Drug Delivery Vehicles. Polymers (Basel), 14 (2022) 

4702. 

[10] K. J. Rad, E. Vaziri and H. Gholipor, Nitrofurantoin 

Adsorption on the Surface of B12N12: DFT Studies. J. 

Med. Med. Chem., 2 (2026) 26–32. 

[11] S. Satyam and S. Patra, Innovations and challenges in 

adsorption-based wastewater remediation: A 

comprehensive review. Heliyon, 10 (2024) e29573. 

[12] B. Charmas and R. Leboda, Effect of surface heterogeneity 

on adsorption on solid surfaces. J. Chromatogr. A, 886 

(2000) 133–152. 

[13] M. Österberg, K. A. Henn, M. Farooq and J. J. Valle-

Delgado, Biobased Nanomaterials─The Role of Interfacial 

Interactions for Advanced Materials. Chem. Rev., 123 

(2023) 2200–2241. 

[14] X. Zhang, M. M. Cunningham and R. A. Walker, Solvent 

Polarity at Polar Solid Surfaces: The Role of Solvent 

Structure. J. Phys. Chem. B, 107 (2003) 3183–3195. 

[15] M. A. Syed and S. Nahida, Effect of Sonication on 

Solubility of Posaconazole in Different Solvents. J. 

PharmTechNova, 1 (2026) 42–48. 

[16] M. Schweizer, H. C. Öttinger and T. Savin, 

Nonequilibrium thermodynamics of an interface. Phys. 

Rev. E, 93 (2016) 052803. 

[17] K. Wieszczycka, K. Staszak, M. J. Woźniak-Budych, J. 

Litowczenko, B. M. Maciejewska and S. Jurga, Surface 

functionalization – The way for advanced applications of 

smart materials. Coord. Chem. Rev., 436 (2021) 213846. 

[18] S. Paria and K. C. Khilar, A review on experimental 

studies of surfactant adsorption at the hydrophilic solid–

water interface. Adv. Colloid Interface Sci., 110 (2004) 

75–95. 

[19] X. Yan, J. Zhang, H. Zhang, L. Wang, F. Liu, Q. Zhang, et 

al., Reduction of Friction at Oxide Interfaces upon 

Polymer Adsorption from Aqueous Solutions. Langmuir, 

20 (2004) 423–428. 

[20] L. V. Chopda, Small Organic Molecule as Corrosion 

Inhibitors for Mitigating Metal Corrosion. Introduction to 

Corrosion - Basics and Advances, (2023). 

[21] L. Zhang, J. Zhang, J. Zhang, X. Huang and J. Shi, 

Advances in pH-Responsive Release Technologies in 

Food System: Mechanisms, Strategies, Application Forms 

and Future Directions. Foods, 14 (2025) 3896. 

[22] M. C. García, Ionic-strength-responsive polymers for drug 

delivery applications. Stimuli Responsive Polymeric 

Nanocarriers for Drug Delivery Applications, (2019) 393–

409. 

[23] H. F. Abed, W. H. Abuwatfa and G. A. Husseini, Redox-

Responsive Drug Delivery Systems: A Chemical 

Perspective. Nanomaterials, 12 (2022) 3183. 

[24] Z. Sheikh, M. Sheikh, M. Khan, A. Sheikh and A. Hasnain, 

STIMULI-RESPONSIVE SMART POLYMERS: 

INNOVATIONS, APPLICATIONS, AND FUTURE 

HORIZONS IN ADAPTIVE MATERIAL SCIENCE. 

Asian J. Pharm. Clin. Res., (2025) 1–9. 

[25] Y. Xie, C. A. S. Hill, Z. Xiao, H. Militz and C. Mai, Silane 

coupling agents used for natural fiber/polymer composites: 

A review. Compos. Part A Appl. Sci. Manuf., 41 (2010) 

806–819. 

[26] D. Suresh, P. S. Goh, A. F. Ismail and N. Hilal, Surface 

Design of Liquid Separation Membrane through Graft 

Polymerization: A State of the Art Review. Membranes 

(Basel), 11 (2021) 832. 

[27] A. Striolo and B. P. Grady, Surfactant Assemblies on 

Selected Nanostructured Surfaces: Evidence, Driving 

Forces, and Applications. Langmuir, 33 (2017) 8099–

8113. 

[28] Y. Jiang, L. Wang, H. Liu, J. Zhang, X. Li, Y. Chen, et al., 

Conductive polymers in smart wound healing: From 

bioelectric stimulation to regenerative therapies. Mater. 

Today Bio, 34 (2025) 102114. 

[29] T. Kruk, K. Chojnacka-Górka, M. Kolasińska-Sojka and 

S. Zapotoczny, Stimuli-responsive polyelectrolyte 

multilayer films and microcapsules. Adv. Colloid Interface 

Sci., 310 (2022) 102773. 

[30] R. T. Shafranek, S. C. Millik, P. T. Smith, C.-U. Lee, A. J. 

Boydston and A. Nelson, Stimuli-responsive materials in 

additive manufacturing. Prog. Polym. Sci., 93 (2019) 36–

67. 



Chem Rev Lett 9 (2026) 453-465 
 

464 

[31] F. Yang, A. Cholewinski, L. Yu, G. Rivers and B. Zhao, A 

hybrid material that reversibly switches between two 

stable solid states. Nat. Mater., 18 (2019) 874–882. 

[32] T. Xiao, L. Zhang, Y. Wang, H. Li, J. Chen, X. Liu, et al., 

Advances in emulsion stability: A review on mechanisms, 

role of emulsifiers, and applications in food. Food Chem. 

X, 29 (2025) 102792. 

[33] V. Dasari, R. Kumar, S. Mitra, P. Sharma, A. Mishra, K. 

Singh, et al., Stability Study of Mucoadhesive 

Microsphere Containing Nateglinide by Using 

Biodegradable Polymer Chitosan. J. Pharm. Res. Int., 

(2021) 866–872. 

[34] E. Pameté, G. A. Müller, M. S. Schulz, F. A. Kreth, J. R. 

Binder and A. Balducci, The Many Deaths of 

Supercapacitors: Degradation, Aging, and Performance 

Fading. Adv. Energy Mater., 13 (2023). 

[35] P. A. Steward, J. Hearn and M. C. Wilkinson, An overview 

of polymer latex film formation and properties. Adv. 

Colloid Interface Sci., 86 (2000) 195–267. 

[36] F. Xie, C. Gao and L. Avérous, Alginate-based materials: 

Enhancing properties through multiphase formulation 

design and processing innovation. Mater. Sci. Eng. R 

Reports, 159 (2024) 100799. 

[37] S. C. Shaikh, M. A. Ali, S. K. Bose, P. K. Singh, R. K. 

Mishra, S. S. Jha, et al., Pharmaceutical and 

biopharmaceutical aspects of quantum dots-an overview. 

Int. J. Appl. Pharm., 13 (2021) 44–53. 

[38] E. M. Pritchard, P. B. Dennis, F. Omenetto, R. R. Naik and 

D. L. Kaplan, Physical and chemical aspects of 

stabilization of compounds in silk. Biopolymers, 97 (2012) 

479–498. 

[39] O. O. Ekerenam, T. C. Ezenwa, C. I. Nwoye, O. K. 

Sunmonu, E. C. Onyekwere, O. S. Ighodaro, et al., 

Advancements in corrosion studies and protective 

measures for copper and copper-based alloys in varied 

environmental conditions. Results Eng., 26 (2025) 105257. 

[40] M. Pedroni, M. Saleh, E. Vassallo, G. Firpo, E. Drago and 

R. Campardelli, Enhanced hydrophilicity and aging 

resistance of zein via low-pressure oxygen Plasma: Role 

of localized plasticizing effects. Surfaces and Interfaces, 

72 (2025) 106961. 

[41] B. Taşcı, A. Omar and S. Ayvaz, Remaining useful 

lifetime prediction for predictive maintenance in 

manufacturing. Comput. Ind. Eng., 184 (2023) 109566. 

[42] D. Daneshvar, A. Behnood and A. Robisson, Interfacial 

bond in concrete-to-concrete composites: A review. 

Constr. Build. Mater., 359 (2022) 129195. 

[43] V. Mannari and R. Kommineni, A Model Study for 

Prediction of Performance of Automotive Interior 

Coatings: Effect of Cross-Link Density and Film 

Thickness on Resistance to Solvents and Chemicals. SAE 

Int. J. Mater. Manuf., 12 (2019) 05-12-02–0007. 

[44] P. Jagadeesh, S. M. Rangappa and S. Siengchin, Advanced 

characterization techniques for nanostructured materials in 

biomedical applications. Adv. Ind. Eng. Polym. Res., 7 

(2024) 122–143. 

[45] R. Yuan, H. Jiao, H. Zhu, D. Fang and S. Jiao, In situ 

characterization techniques and methodologies for high-

temperature electrochemistry. Chem, 9 (2023) 2481–2508. 

[46] R. S. Saji, J. C. Prasana, S. Muthu and J. George, 

Experimental and theoretical spectroscopic (FT-IR, FT-

Raman, UV-VIS) analysis, natural bonding orbitals and 

molecular docking studies on 2-bromo-6-

methoxynaphthalene: A potential anti-cancer drug. 

Heliyon, 7 (2021) e07213. 

[47] A. Aziz, H. Shaikh, A. Abbas, K. E. Zehra and B. Javed, 

Microscopic Techniques for Nanomaterials 

Characterization: A Concise Review. Microsc. Res. Tech., 

88 (2025) 1599–1614. 

[48] J. Israelachvili, R. M. Pashley, M. W. Emmerton, A. M. 

Stewart, S. Hyde, B. W. Ninham, et al., Recent advances 

in the surface forces apparatus (SFA) technique. Reports 

Prog. Phys., 73 (2010) 036601. 

[49] M. E. H. van den Berg, S. Kuster, E. J. Windhab, L. M. C. 

Sagis and P. Fischer, Nonlinear shear and dilatational 

rheology of viscoelastic interfacial layers of cellulose 

nanocrystals. Phys. Fluids, 30 (2018). 

[50] R. Wu, M. Matta, B. D. Paulsen and J. Rivnay, Operando 

Characterization of Organic Mixed Ionic/Electronic 

Conducting Materials. Chem. Rev., 122 (2022) 4493–

4551. 

[51] H. E. Rodríguez Lucas and F. Garay, Mathematical model 

for evaluating permeability and electrode reversibility in 

thin-film voltammetry. Part 1: Chronoamperometric 

behavior. Electrochim. Acta, 514 (2025) 145648. 

[52] B. G. Laycock, C. M. Chan and P. J. Halley, A review of 

computational approaches used in the modelling, design, 

and manufacturing of biodegradable and biobased 

polymers. Prog. Polym. Sci., 157 (2024) 101874. 

[53] A. Venkateshaiah, V. V. T. Padil, M. Nagalakshmaiah, S. 

Waclawek, M. Černík and R. S. Varma, Microscopic 

Techniques for the Analysis of Micro and Nanostructures 

of Biopolymers and Their Derivatives. Polymers (Basel), 

12 (2020) 512. 

[54] R. Lhermerout, The Influence of Mechanical 

Deformations on Surface Force Measurements. 

Lubricants, 9 (2021) 69. 

[55] F. A. Kreth, L. H. Hess and A. Balducci, In-operando GC-

MS: A new tool for the understanding of degradation 

processes occurring in electrochemical capacitors. Energy 

Storage Mater., 56 (2023) 192–204. 

[56] R. M. Suryawanshi, S. S. Patil, V. B. Sutar, A. A. Jagtap, 

R. D. Patil, S. M. Bhoite, et al., ADME, Toxicity, 

Molecular Docking, Molecular Dynamics, Glucokinase 

activation, DPP-IV, α-amylase, and α-glucosidase 

Inhibition Assays of Mangiferin and Friedelin for 

Antidiabetic Potential. Chem. Biodivers., 22 (2025). 

[57] R. Behjatmanesh-Ardakani and T. T. Magkoev, C24 

nanocatalyst effects on the collision between 

phenylenediamine and formic acid in the benzimidazole 

synthesis mechanism: A molecular dynamics study. J. 

Chem. Lett., 6 (2025) 264–271. 

[58] R. Baeelashaki, A Comprehensive update Review on 

Zearalenone Toxicity and Determination Methods. A 

Compr. Updat. Rev. Zearalenone Toxic. Determ. Methods, 

2 (2026) 1–10. 

[59] S. Mathews, A. Guerra, P. Servio and A. Rey, Molecular 

dynamics characterization of the interfacial structure and 

forces of the methane-ethane sII gas hydrate interface. 

Colloid Interface Sci. Commun., 62 (2024) 100800. 

[60] E. Motamedi, D. K. Kholgh, S. Saghari, M. Elahi, F. Barile 

and M. Tkalcic, Predicting movies’ eudaimonic and 

hedonic scores: A machine learning approach using 



Chem Rev Lett 9 (2026) 453-465 
 

465 

metadata, audio and visual features. Inf. Process. Manag., 

61 (2024) 103610. 

[61] L. Tian, J. Liu and C. Wöll, Surface-anchored, oriented, 

monolithic Metal–Organic framework thin films: Surface 

and interface phenomena in crystalline MOF architectures. 

Surf. Sci. Rep., 80 (2025) 100669. 

[62] Y. Liu, X. Huang, X. Yan, T. Zhang, J. Sun and Y. Liu, 

Performance Optimization Engineering of 

Multicomponent Absorbing Materials Based on Machine 

Learning. ACS Appl. Mater. Interfaces, 15 (2023) 27056–

27064. 

[63] Y. Kong, S. Ma and F. Zhou, Bioinspired Interfacial 

Friction Control: From Chemistry to Structures to 

Mechanics. Biomimetics, 9 (2024) 200. 

[64] Y. Hong, X. Wang, Y. Zhang, L. Li, K. Wang, J. Zhao, et 

al., Regulation of the Interfacial Effects of Thin 

Polystyrene Films by Changing the Aromatic Group 

Structure on Substrate Surfaces. J. Phys. Chem. C, 123 

(2019) 19715–19724. 

[65] A. Ghatak, K. Vorvolakos, H. She, D. L. Malotky and M. 

K. Chaudhury, Interfacial Rate Processes in Adhesion and 

Friction. J. Phys. Chem. B, 104 (2000) 4018–4030. 

[66] H. Sun, Z. Li, D. Wang and H. Zhou, Friction reduction 

and wear mechanisms of Si-DLC film in humid 

environment: A ReaxFF MD study. Diam. Relat. Mater., 

154 (2025) 112186. 

[67] M. Dunwell, W. Luc, Y. Yan, F. Jiao and B. Xu, 

Understanding Surface-Mediated Electrochemical 

Reactions: CO 2 Reduction and Beyond. ACS Catal., 8 

(2018) 8121–8129. 

[68] Z.-Q. Cheng, H. Liu and W. Tan, Advanced computational 

modelling of composite materials. Eng. Fract. Mech., 305 

(2024) 110120. 

[69] P. Huang, X. Chen, W. Deng and J. Luo, Superlubricity 

based on tribolayer. Mater. Today, (2025). 

[70] Y. Wang, X. Liu, J. Zhang, H. Wang, L. Chen, Y. Li, et 

al., A review on energy-efficient manufacturing for high-

performance fibre-reinforced composites. Compos. Part A 

Appl. Sci. Manuf., 192 (2025) 108779. 

[71] W. Bai, Y. Zhang, X. Liu, H. Wang, Z. Chen, L. Wang, et 

al., Intelligent anti-corrosion coating with multiple 

protections using active nanocontainers of Zn Al LDH 

equipped with ZIF-8 encapsulated environment-friendly 

corrosion inhibitors. Prog. Org. Coatings, 185 (2023) 

107940. 

[72] Q. Feng, C. Xu, X. Xie and N. Liao, Enabling high 

performance all-solid-state thin films microbatteries with 

silicon oxycarbide/lithium-metal composites anodes. 

Surfaces and Interfaces, 44 (2024) 103759. 

[73] S. Yao, H. Yan, S. Tian, R. Luo, Y. Zhao and J. Wang, 

Anti-fouling coatings for blood-contacting devices. Smart 

Mater. Med., 5 (2024) 166–180. 

[74] N. Di Pasquale, A. Wang, B. Chen, L. Zhang, X. Liu, H. 

Wang, et al., Solid–Liquid Interfacial Free Energy from 

Computer Simulations: Challenges and Recent Advances. 

Chem. Rev., 125 (2025) 5003–5053. 

[75] F. Arab Hassani, J. Zhang, X. Liu, H. Wang, Z. Chen, L. 

Wang, et al., Smart materials for smart healthcare– moving 

from sensors and actuators to self-sustained nanoenergy 

nanosystems. Smart Mater. Med., 1 (2020) 92–124. 

[76] Y. Liu, T. Zhao, W. Ju and S. Shi, Materials discovery and 

design using machine learning. J. Mater., 3 (2017) 159–

177. 

[77] S. M. Pai, K. A. Shah, S. Sunder, R. Q. Albuquerque, C. 

Brütting and H. Ruckdäschel, Machine learning applied to 

the design and optimization of polymeric materials: A 

review. Next Mater., 7 (2025) 100449. 

[78] M. R. Gilbert, J. Zhang, X. Liu, H. Wang, Z. Chen, L. 

Wang, et al., Perspectives on multiscale modelling and 

experiments to accelerate materials development for 

fusion. J. Nucl. Mater., 554 (2021) 153113. 

 

 

 

 

 

 


