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Abstract

:

Atomistic modeling methods are successfully applied to understand interfacial interaction in nanoscale size and analyze adhesion mechanism in the organic–inorganic interface. In this paper, we review recent representative atomistic simulation works, focusing on the interfacial bonding, adhesion strength, and failure behavior between polymer film and silicate glass. The simulation works are described under two categories, namely non-bonded and bonded interaction. In the works for non-bonded interaction, three main interactions, namely van der Waals interaction, polar interaction, and hydrogen bonds, are investigated, and the contributions to interfacial adhesion energy are analyzed. It is revealed that the most dominant interaction for adhesion is hydrogen bonding, but flexibility of the polymer film and modes of adhesion measurement test do affect adhesion and failure behavior. In the case of bonded interactions, the mechanism of covalent silane bond formation through condensation and hydrolysis process is reviewed, and surface reactivity, molecular density, and adhesion properties are calculated with an example of silane functionalized polymer. Besides interfacial interactions, effects of external conditions, such as surface morphology of the glass substrate and relative humidity on the adhesion and failure behavior, are presented, and modeling techniques developed for building interfacial system and calculating adhesion strengths are briefly introduced.
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1. Introduction


Thin polymer films play critical roles in various glass industry applications. They have been used as adhesives in automotive and architecture, an anti-fouling coating layer in touch-screen applications, a substrate for organic light emitting diode, and a protective layer for glass packaging [1,2,3,4,5,6]. Required interfacial properties are widely varied depending on the purpose of the coating on the surface. For example, anti-fouling layer requires the hydrophobic/oleophobic property at the interface with high adhesion strength for durability on glass surface [7]. On the other hand, polyimide thin film as a carrier for display glass needs a moderate level of adhesion with the glass surface, which can prevent failure at the interface, as well as allow easy detachment if needed [8,9]. In the case of a glass-surface protection layer, adhesion of polymer layer on the glass is sufficient so long as it can prevent stiction of dust particles or stains. However, the layer should be completely removable by a simple process, such as washing, for easy handling after transportation. Consequently, understanding the interfacial behavior is of primary importance for the development of polymer coating for target goals.



Generally, polymer films are easily deformed, and thereby can form many kinds of interfaces with physical and chemical interactions [10,11,12,13]. For instance, polymeric chains can be diffused into the porous and irregular surface of the substrate and entangle with each other, leading to a mechanically interlocked interface. In cases of epoxy resin or rubber materials, additional heating may induce crosslinking between entangled chains to form harder locking. If surface species of the counterpart substrate have high mobility, an interdiffusion layer can also be formed. However, typical interfacial interactions explained above are significantly limited by surface properties of the glass substrate. It is because polymer chains are hard to diffuse into the glass surface without additional engineering due to low surface roughness and porosity, as well as high cohesive strength of glass [14]. In addition, the strong tetrahedral network of silicate glass maintains its hardness up to a glass transition temperature where the polymer is completely degraded, which implies formation of an interdiffusion layer between glass and polymer at room temperature is almost impossible. Therefore, the most typical way of interface processing would be to utilize intermolecular interactions between the polymer and glass elements on the surface [15]. However, it is notable that there can be various kinds of interactions for polymer–glass interfaces following types of intermolecular force encompassing from weak ‘physical’ interactions to strong ‘chemical’ bonding [16].



Atomistic modeling techniques have proved to be powerful tools for studying the mechanisms of interfacial behavior in molecular scale [17,18,19,20,21,22,23]. Density functional theory (DFT) provides electronic structure of molecules, which gives us an intrinsic information for chemical affinity at the interface. In addition, molecular dynamics (MD) simulation describes a model on the length scale from nanometer to micrometer, and thus both conformational changes of polymers and adhesion/detach process of a film can be analyzed. Chemical bonding and physical interactions mentioned above are often referred to as ‘bonded’ and ‘non-bonded’ interactions in the sense that physical interactions do not ‘tie’ two atoms specifically, rather gather all atoms of the group loosely [16,24]. Non-bonded interactions usually include van der Waals forces, polar interactions including hydrogen bonds, and Coulomb interaction. Often, interfacial adhesion and relevant failure behavior are not easy to understand because the above interactions contribute to the adhesion together. MD simulation can decompose energy terms of non-bonded interactions to track their separate roles for adhesion strength. In this way, it is able to consider possible factors which affect the adhesion such as effects of rigidity of the polymer film and ratio of polar functional groups. Effects of adhesion measurement methods can be also analyzed through simulated adhesion tests with various modes [25,26,27,28]. Meanwhile, the bonded interaction includes strong covalent and ionic bonding. For example, one can form covalent bonding between silane end groups of the specially prepared polymer and silanol groups on the glass surface to greatly improve interfacial adhesion. DFT calculations for such interfaces can reproduce precise steps of bonding formation under hydrolysis and condensation process, and the resultant bonding strength can be also calculated [29]. MD simulation clarifies nanoscale characteristics of the interface, such as the adhesion strength, thickness, and surface density of the polymer film [30]. Furthermore, for both cases of bonded and non-bonded interaction, atomistic modeling can artificially control the extrinsic conditions, such as the surface morphology of the glass substrate and relative humidity, to study their unique effects on the adhesion [29,30,31,32,33].



In this review, recent atomistic modeling works with a focus on the interfacial interaction between polymer coating films and silicate glass are presented. In Section 2, core computational details for building of interfacial systems by MD simulation techniques are described, and useful modeling techniques to reproduce adhesion test are explained. With two categories of non-bonded and bonded interaction, the interfacial mechanism is reviewed in Section 3. In the case of non-bonded interactions, underlying mechanisms of adhesion and failure behavior are discussed for various types of polymers ranging from homopolymer, copolymer, natural polymer, and surfactant. Interfacial properties are investigated by controlling relevant factors, such as the rigidity of the film, polarity of the functional groups, and adhesion test modes. In the case of bonded interactions, the mechanism of covalent bonding formation between the polymer and the glass surface is summarized, and film properties of the polymer coating are estimated by analyzing adhesion strength at the interface. In Section 4, the effects of two extrinsic conditions of surface morphology and relative humidity on the interfacial properties are reviewed in detail.




2. Computational Methodology


The basic procedures of MD simulation applied to the works in this review are as follows: bulk silica structures are generated with melt and quench method, and then the surface is created by considering hydroxylation density and surface roughness. Initial structures of polymers are prepared and relaxed with thermal annealing and combined with silica surface to form interfacial system. Interfacial properties are analyzed after the interfaces are equilibrated, and adhesion between two surfaces are measured [27,28,30,31,33,34]. In this section, a main force field used in the MD works is introduced, and simulated pulling, peeling, and sliding tests are described with Steered Molecular Dynamics (SMD). Techniques for building of ‘rough’ glass surface and dynamic bond creating/breaking method are briefly explained.



2.1. Force Field


Interface force field employs the same functional form of common harmonic force field as PCFF, COMPASS, CHARMM, AMBER, GROMACS, and OPLS-AA, and it has been extended to organic–inorganic and inorganic–biomolecular interfaces [24]. Parameters are developed by understanding of physical and chemical properties and validated with experimental and ab initio results for surface phenomenon. Especially, it successfully predicts adsorption properties of glass–polymer interface [35], and hence adopted in this work. Among the several forms of interface force field, PCFF interface force field, which is an extension of the well-established PCFF force field is adopted, and its functional form is in below.
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More details on the formulation and parameterization of individual terms can be found in the original paper by Heinz et al. [24].




2.2. Pulling, Sliding, and Peeling with Steered Molecular Dynamics


Adhesion behavior of polymer on glass depends on the chain rigidity, binding nature, and detachment process. In this regard, three methods of pulling, peeling, and sliding tests are implemented with steered molecular dynamics (SMD) simulations and applied to the PI–glass [25,27,31] and SPFPE–glass interface systems [30].



SMD can calculate the potential of mean force (PMF) by employing Jarzynski’s equality, which relates the equilibrium quantity (PMF) to the non-equilibrium process [36,37]. In the SMD method, a virtual spring is considered to connect atoms in the structure and dummy atoms, which are displaced with a constant velocity from the atoms. Thus, force is applied on the atoms to detach them from each other, and the generated force due to the constant velocity is defined as follows:


    F →   s p r i n g   = − ∇  U  s p r i n g    



(2)




where Uspring is the generated potential with a harmonic spring type model, and it is defined as follows:


   U  s p r i n g   =  1 2  k   [ v t −    R →   t  −   R →  0    ·  n →  ]  2  ,  



(3)




where k is the spring constant of a virtual spring, v is the constant pulling velocity, t is the time,    R →   t    and     R →  0    are the current and initial positions of the center of mass of the pulled atoms, and   n →   is the pulling direction. Therefore, work performed (W) during the pulling process is calculated as follows:


  W =   ∫   r =  R 0    r =  R f    ∇  U  s p r i n g   · d  r →   



(4)




where R0 and Rf are the initial and final positions of the center of mass. By using Jarzynski’s equality, PMF is computed as follows:


  PMF = −  1 β  l o g 〈  e  − β W   〉    e n s e m b l e    



(5)




where   β =  1   k B  T     with the Boltzmann constant kB and system temperature, T, and angular brackets indicating an ensemble average of the given values. During the SMD simulations, temperature and spring constant are 300 K and 100 kcal/(mol·Å2), respectively. Constant velocity is then applied after testing several velocities in the range 1–100 m/s to obtain the converged behavior of the PMF.



Figure 1 shows schematics of the three methods, along with representative properties during the simulation test. Depending on deformation direction and area, the adhesion mechanism is determined. In the case of a pulling test, uniform velocity is applied to theopposite direction for the polymer and glass, and maximum force and pulling distance for the detachment can be characterized for various interfaces. Peeling test is basically the same as pulling test except the velocity is only applied to a smaller region, and a plateau region in the peeling process is interpreted as homogeneous adhesion between two layers. Adhesion energy is defined as the maximum PMF value divided by the projected interfacial area, and its convergence behavior is used to find an optimal pulling velocity. When the velocity is faster than the converged value, the average PMF is usually overestimated, which implies that the process is no longer in equilibrium. However, adhesion energy from peeling process largely depends on the peeling width, and thus it is hard to determine for the peeling process. The longer peeling width leads to shorter plateau area, which results in smaller PMF for detachment. For the sliding test, a uniform velocity is applied to the polymer atoms with shear stress on both sides. In this case, due to the periodic boundary condition on the sliding direction, the interface of two layers remain in contact with each other, and hence a detachment distance cannot be determined. Instead, the magnitude of average force during sliding can provide insight regarding the adhesion for various interfaces.




2.3. Generation of Surface Roughness


Experimentally, the arithmetic average of height variation of the surface compared to a reference plane, Ra, is usually measured and used as a roughness parameter. However, it does not contain any information regarding the roughness shape, and hence a deterministic surface roughness including both amplitude and spacing parameters is a good choice for the systematic analysis of roughness shape dependence. As shown in Figure 2, predefined parameters can be used to create surface roughness by cutting a bulk material [31]. Firstly, a surface shape with a specific mathematical function is defined, and then the initial bulk structure is cut according to the surface roughness function. The surface is created by keeping all atoms under that function. Roughness can be adjusted by modulating the predefined surface function, and, as one example, a sinusoidal function is presented, as follows, by varying amplitudes and spacing [38]:


  z = A    sin      2  π x     L x      sin     2 π y    L y      +  z 0   



(6)




where A, Lx, Ly, and z0 represent roughness amplitude, spacing along each axis, and the average chosen height, respectively. Various amplitudes and spacings can be considered to analyze the effect of each parameter. To mimic bulk material response during the simulation, atoms at the bottom of the surface should be fixed during simulation run.




2.4. Bond Creating/Breaking


In order to accurately predict interfacial properties in the atomistic simulation, it is required to model dynamic breaking of bonds within the materials. Especially, failure modes for bonded interaction can only be predicted with bond breaking. Reactive force field or ab initio molecular dynamics (AIMD) can treat bond formation and breaking for molecules, but it requires huge computational resources, which greatly limits the system size and simulation time. In this regard, a combination method of density functional theory (DFT) and classical molecular dynamics is developed [30]. Bond dissociation energies (BDE) for any bond considering its neighboring environment can be obtained from DFT. Molecular dynamics simulation is then conducted with the INTERFACE force field which accurately predicts interfacial properties between polymer and silica [24]. In the INTERFACE force field, the bonding energy contribution is represented by using the quartic harmonic approximation with the following form:


  E = K 2 ×   ( R −  R  e q   )  2  + K 3 ×   ( R −  R  e q   )  3  + K 4 ×   ( R −  R  e q   )  4   



(7)




where K2, K3, and K4 are bond constants, and Req is the equilibrium bond distance. Using this equation, we find a value of R when E equals the BDE computed by DFT, where the bond is explicitly broken in the simulation. This method is applied to predict SPFPE detachment process [30], and Figure 3 shows dynamic bond breaking during sliding process. Adopting this method, relatively larger systems can be modeled with accurate bond dissociation information.





3. Mechanism Analysis on Interfacial Interactions


3.1. Non-Bonded Interaction


In the interfacial system based on non-bonded interaction, it is obvious that different kinds of non-bonded interactions critically determine the adhesion strength. For example, polar interactions between permanent dipoles, such as hydroxyl groups and carboxylic acid groups, are relatively strong, and hydrogen bonding between protons and highly electronegative anions is the strongest type of interaction [11,16]. Including the polar groups, chemical composition of a molecule at the level of monomer unit affects interfacial interaction. In the case of polymerized chains, flexibility of the individual chain may be an important factor because it comprises a chain-to-chain interaction of the film and determines the degree of chain conformation, which finally changes adhesion and failure behavior. Meanwhile, even for the same interfacial system, different adhesion measurement methods result in different adhesion values and relevant failure mechanism. In this subsection, several atomistic modeling works on the polymer-glass interface based on non-bonded interaction are reviewed with the relevant factors, such as flexibility of polymer material, polarity of the functional groups for both polymer and glass parts, and modes of adhesion test.



Recently, adhesion behavior of polyimide (PI), which is a rigid type of homopolymer, on the glass surface was intensively investigated from a single monomer to a polymer film [25,26,27,31,34]. Goyal et al. studied fundamental adhesion behavior of PI monomer on the glassy silica surface [25]. Effects of PI chemistry, surface hydroxylation density and crystallinity of the glass on the adhesion strength were considered as a main focus of the report. Four kinds of monomers were prepared on the silica glass, as shown in Figure 4a. Three of them share 3,3′4,4′-biphenyl tetracarboxylic dianhydride (BPDA) with one of three different APB isomers: 1,3-bis(3-aminophenoxy)benzene, 1,3-bis(4-aminophenoxy)benzene, or 1,4-bis(4-aminophenoxy)benzene, and the other one is pyromellitic dianhydride 4,4′-oxidiphenylamine (Kapton). The pulling test was applied to detach the monomer from the glass surface. In the regard to the effect of PI chemistry, adhesion strength for BPDAs with three different APB linkages were similar with each other, whereas Kapton showed 20% higher adhesion than BPDAs. As shown in Figure 4b, the major contributor for the adhesion energy is oxygen in the PI monomers, and thus one concludes that the molecular origin of the difference in adhesion is a higher oxygen density of Kapton than that of BPDA. When the adhesion of fully hydroxylated and non-hydroxylated silica surface is compared, monomer with hydroxylated glass surface showed 20% higher adhesion than non-hydroxylated one. It was understood that hydrogen bonds between oxygen or nitrogen in the PI monomers and hydroxyl groups on the glass surface resulted in higher adhesion energy. Moreover, adhesion for amorphous silica case was more than 30% higher than that for crystalline silica, which can be also explained with hydrogen bonding term. Due to randomness of the surface sites for amorphous silica, chances to form hydrogen bonding between PI monomer and glass were increased.



In addition to the monomer behavior of PI, adhesion of PI film on the glass was studied by Min et al. with a focus on flexibility of the film [26]. One can expect that flexibility of the chain may give different degrees of conformation during adhesion test, which finally affect the adhesion together with van der Waals interaction at the interface. As indicated in Figure 5a, authors found that more flexible PI (3,3′-dihydroxy benzidine with 4-(2,5-dioxotetrahydrofuran-3-yl)-1,2,3,4-tetranaphthalene-1,2-dicarboxylic anhydride, i.e., DHBZ–DTDA) shows larger chain deformation than rigid PI (3,3′-dihydroxy benzidine with 3,3′,4,4′-biphenyl tetracarboxylic dianhydride, i.e., DHBZ–BPDA) during pulling test which resulted in smaller pulling force yet longer detachment distance. Further analysis was performed for the interface by decomposition of energy terms as shown in Figure 5b.



The result shows that, for both DTDA and BPDA, intramolecular energy from C–C bonds in the chain initially increases at the early stage of pulling, but readily reduces to zero and even becomes negative. It implies that bond energy initially plays a role of resistance against the pulling force but stops contributing to adhesion as soon as the film is relaxed after detachment. On the other hand, it turns out that non-bonded Coulomb interaction critically contributes to the adhesion energy throughout the whole process of pulling. This is especially noticeable in the case of rigid PI (BPDA) because strong pulling force is required for detachment the whole film at the same time due to its rigidity.



In addition to a homopolymer, adhesion of copolymer on the glass surface was studied by Hanson et al. [39]. In this work, adhesion of polyester copolymer on soda-lime glass was calculated depending on the composition ratio of ethylene glycol (EG) to cyclohexanedimethanol (CHDM). They report that the adhesion of copolyester film increases as the ratio of EG increases; however, there were no changes in the number of polar functional groups in the copolymer and surface hydroxylation of the glass. Figure 6 shows that the amount of aromatic π stacking between the chains increases as the EG ratio increases. It is thought that this higher rigidity due to denser π stacking leads to an increase of adhesion, which is another example in which the flexibility/rigidity of the polymer itself affects the interfacial adhesion.



Park et al. investigated the interface between glass and paper materials, wherein the paper belongs to the family of natural polymers and its chemical structure is a combination of rigid and flexible polymeric parts [32]. Figure 7a,b describes chemical structures of two polymeric ingredients of the paper material. The main composition consists of rigid cellulose microfibrils which have a crystalline structure, while around 10 wt% of the composition is xylan hemicellulose (abbreviated as xylan), which is a flexible molecule with shorter chain length [40,41,42]. As shown in Figure 7c, the whole structure of the paper film can be described in such a way that xylan molecules are attached on the surface of the cellulose microfibrils with stretched configuration [43]. These two ingredients commonly possess polar functional groups such as hydroxyls or carboxylic acids, and thus one can expect that polar groups as well as flexibility of the paper material affect the adhesion between paper and the silica surface. Compared to cellulose-only case, adhesion calculations show that inclusion of only a few xylan molecules on the cellulose film leads to remarkable enhancement of the adhesion force. This result has two implications: (i) the average strength of hydrogen bonds induced by hydroxyl groups in the cellulose film is not strong, and (ii) only a few carboxylic acid groups in the xylan molecules make strong hydrogen bonds with hydroxyl groups on the silica glass. Furthermore, the high flexibility of xylan molecule enables large deformation which leads to high adhesion force for the cellulose–xylan composite case.



One can expect that precise value of adhesion may be different depending on the kind of adhesion measurement methods. Min et al. prepared two kinds of interfacial systems between aromatic and aliphatic kinds of PI films and the silica glass [27]. Aromatic PI, biphenyltetracarboxylic dianhydride (BPDA), and 4,4′-oxydianiline (ODA) are denoted as BPDA–ODA, and aliphatic PI, 1,2,3,4-butanetetracarboxylic dianhydride (BDA), and 4,4′-diaminodicyclohexylmethane (DMDC) are denoted as BDA–DMDC. Authors applied three kinds of adhesion test modes such as pulling, peeling, and sliding to compare adhesion strengths and the features of dominant interfacial interactions for each mode between them. As shown in Figure 8, for both BPDA–ODA and BDA–DMDC, they found that adhesion force for the pulling mode is three times higher than that for peeling and sliding modes, while it was comparable between peeling and sliding modes. It can be pointed out that the effective volumes where chains experience deformation are different from each other; namely, the volume in the pulling mode is so large that all of the chains in the whole PI film region undergo conformational change whereas volumes for the peeling and sliding modes are only the front and interfacial region of the film, respectively. Authors also studied effect of PI structure on the adhesion force depending on adhesion modes. Due to the presence of charge transfer complex, BPDA–ODA basically shows higher rigidity than BDA–DMDC and thus, adhesion force of the former is higher than the latter. It is noticeable that peeling mode shows larger difference in the adhesion force than other two modes. One can understand that only peeling mode makes the film to be highly bent close to right angle which leads to significantly high pulling force for rigid BPDA–ODA. On the other hand, pulling and sliding modes do not induce such a large conformational change, and thus the difference in adhesion between two PI films is relatively small. One can understand that only peeling mode makes the film to be highly bent close to right angle which leads to significantly high pulling force for rigid BPDA–ODA. On the other hand, pulling and sliding modes do not induce such a large conformational change, and thus difference in adhesion between two PI films is relatively low. Park et al. considered relatively flexible random copolymer films which possess both polar and non-polar functional groups to calculate adhesion on the silica glass by means of pulling and sliding test modes [33]. The result shows that adhesion force for pulling test mode is 40% higher than that for the sliding mode. It is thought that the difference in adhesion is not that significant compared to the above two cases because of two points: (i) Current copolymer films are so flexible that they show a cohesive failure during pulling test, and thus they are more easily and severely deformed against the shear compared to the above cases. (ii) In the copolymer case, some polar functional groups exposed to the interface strongly interact with hydroxyl groups on the silica surface, which finally contribute to the adhesion at some extent. It is also worth revisiting the paper–silica interface case and compare the above results with it [32]. Figure 9 shows an overall comparison of adhesion forces of cellulose and cellulose–xylan composite on silica glass using pulling and sliding tests. Especially, the black bars represent cellulose–silica interface, and adhesion force for the pulling test was about 20 times higher than that for the sliding test. This big difference in adhesion can be attributed to extremely high rigidity of glucose chain in the cellulose film while an abundant amount of surface hydroxyl groups is only a minor factor. However, a comparison of 6 and 2 xylans-added cases between pulling and sliding tests shows that the difference in adhesion is reduced approximately from 200 to 40 kcal/mol/Å and from 250 to 50 kcal/mol/ Å, respectively. It implies that the difference in adhesion is significantly reduced from 20 times to only 5 times. This is because deformations of xylans effectively dissipate free energy to lower a maximal pulling force during pulling, whereas we cannot expect such a large deformation of xylans in the sliding test.




3.2. Bonded Interaction


Since silica surfaces are covered with hydroxyls, siloxane covalent bonds can be formed between hydroxyl groups on the glass surface and functional end groups of the polymers. Created bonds anchor the polymer on glass surface tightly to form an interface based on bonded interaction, and interfacial properties are different from the case of non-bonded interactions. Not only the functional end groups, but also the remaining part of molecules affect properties of the polymer film such as thickness, molecular density, and adhesion on the silica surface. Experimentally, it has been found that topological characteristics and mechanical properties of alkyltrichlorosilane (ATS) on the Si(100) surface strongly depend on the atomic structure of the silane groups due to the steric hindrance between alkyl chains [44], and that the morphology of gold nanoparticles (AuNPs) can be controlled by bonding structures between silane groups of aminopropyltriethoxysilane (APTES) and glass surfaces [45]. Surface reactivity, molecular density, and adhesion property of perfluoropolyether (PFPE) have been recently studied, using atomistic modeling, and are introduced in this review.



3.2.1. Silane Functionalized Perfluoropolyether (SPFPE) and Siloxane Bond Formation


A molecular structure of SPFPE consists of perfluoroether chain and functional end group as shown in Figure 10a. Anti-fouling properties come from perfluoroether chains, and functional end groups anchor the molecules to the glass substrate. As a functional end group of PFPE-derived molecules, alkoxysilanes are frequently adopted because the hydroxyl groups on the glass surface interact with the alkoxy groups of the silanes through hydrolysis and condensation reactions, as shown in Figure 10b [46,47,48]. Hydrocarbon- or fluorocarbon-silane molecules generally form self-assembled monolayers (SAM) on silica surfaces due to the hydrophobicity of both chains, which induce close packing of polymers on hydrophilic silica surfaces [49,50,51,52]. On the other hand, oxygen atoms in the perfluoroether repeat units enhance the affinity of PFPE chains on the hydroxylated silica surface, and thus the driving force for the packing of SPFPE is reduced, and lower molecular density can be expected [29].



The procedure of siloxane bond formation during SPFPE deposition on silica surface is shown in Figure 10b, which is a general surface reaction for silane functionalized molecules. When SPFPE molecules approach to the surface, silanol branches of the silane group can interact with a hydroxyl groups on the silica surface. As a result, siloxane bonds are formed through condensation reaction, and if there are multiple hydroxyl groups on the silica surface, remaining silanol branches of SPFPE molecules can form additional siloxane bonds. Although a single SPFPE molecule contains three silanol branches, it is revealed that only a single siloxane bond can be formed on the silica surface from activation and reaction energy calculations using density functional theory [29]. This is because geometrical deformation of the silane tetrahedron acts as an energy barrier for the additional siloxane bond formation, and pre-existing hydrogen bonds on the silica surface further enhance the energy barrier for the bond formation.




3.2.2. Film Property and Adhesion of SPFPE


Among the various deposition techniques such as spray coating, dip-coating, and physical vapor deposition methods, thermal evaporation deposition was reproduced with sequential SPFPE insertion and relaxation process by Lee et al., and film properties and interfacial behavior of SPFPE are analysed [29,30]. It is known that surface coverage for self-assembled monolayers (SAM) ranges from 2.5 to 5.3 molecules/nm2 [49,53,54,55], and molecules are aligned with a perpendicular orientation on silica surface. On the other hand, the orientation of adsorbed SPFPE on silica surface is parallel to the surface plane, and the estimated surface coverage of SPFPE on the silica surface is only 0.31 molecules/nm2, which means a single SPFPE molecule covers a much larger surface area than the conventional hydrocarbon- or fluorocarbon-silanes [29]. It is also observed that formation of crosslinked structures between the adjacent SPFPE molecules is inhibited, and parallel orientation not only reduces surface coverage but also induces thin thickness of the SPFPE layer on the silica surface. As a result, deposited SPFPE layer on silica surface exhibits 1 nm thickness where the bottom layer is bound to the silica surface as shown in Figure 11 [29,30,56]. Molecular permeability of SPFPE is analysed by means of mean square displacement (MSD), and calculated results revealed that average displacement of the SPFPE is less than 2.5 Å in z direction, which implies additional SPFPE molecules hardly reach the silica surface. Therefore, the additional molecules cannot be bound to the silica surface, and hence remain as several stacks of SPFPE layers, as shown in Figure 11. Thickness of SPFPE is observed as 1 nm on rough surface as well, and hence it is expected that nanoscale roughness of the glass substrate can highly affect the interfacial properties.



The durability of SPFPE on the silica surface is primarily influenced by the reaction between the silane of SPFPE and the hydroxyl groups on the surface. The sliding mode of adhesion is applied to investigate adhesion strength of SPFPE, and siloxane bonds are determined as a major source of adhesion strength [30]. Therefore, the bound layer to the surface is key for the durability of SPFPE, while the additional SPFPE layers on top of the bound layer can be easily detached from the surface during the sliding process. The predicted molecular density of SPFPE on the silica surface is 15 times lower than the conventional hydroxylation density of silica, 4.6 OH/nm2. Therefore, unlike polyimide, the impact of surface hydroxylation density of silica is limited for SPFPE adhesion [25,31]. Instead, modulation of the SPFPE molecular structure can be an effective way to enhance adhesion, and reducing molecular weight, as one example, increases the adhesion strength by enhancing SPFPE molecular density. However, it is noteworthy that a reduced PFPE chain can also decrease the antifouling performance, and thus a comprehensive study is required to find optimal weight for both higher adhesion and antifouling performance.






4. Extrinsic Conditions Affecting Interactions


4.1. Surface Morphology: Effect of Nanoscale Roughness on the Adhesion


Nanoscale roughness exhibits critical role for the adhesion of interfaces with both non-bonded and bonded interactions. For the non-bonded interaction, hydroxylation density on silica surface was one of the key parameters for adhesion of PI [25], and thus it is a practical way to enhance adhesion by increasing hydroxyl density with surface roughness. For the bonded interaction, surface reaction at the interface determines molecular density and hence, roughness is a parameter of interest that impacts adhesion. As described in Section 2.3, ordered roughness is defined by amplitude and spacing (Figure 2) [38], and the effects of individual parameters on the adhesion are investigated for both PI and SPFPE adsorption on the silica surface [30,31].



Figure 12a shows adhesion energy variation for PI–glass interface depending on surface roughness, and roughness amplitude (Ra) exhibits the highest impact on the adhesion. Roughness spacing corresponds to the period of ordered roughness, and it is important to mention that the impact of amplitude is also determined by the roughness period [31]. As the roughness period decreases, un-contacted area between PI and glass increases with formation of vacant pores, and hence effect of amplitude on the adhesion is reduced. As roughness period increases, the two surfaces are well-attached to each other, and adhesion energy is maximized when the period is the longest (see Figure 12a). However, a further increase of spacing implies reduction of the surface area, and thus there exists an optimal roughness spacing for maximal adhesion strength. In addition, the energetic contribution to the adhesion is analyzed by energy decomposition during the pulling process, and it is revealed that not only is there an increase of hydrogen bond energy but also the increase of Coulomb energy contributes to the adhesion energy variation by roughness. The contribution of Coulomb energy becomes more significant when roughness is higher [31].



For the bonded interaction of SPFPE, mode of sliding process is applied, and force for bond breaking is measured varying surface roughness and molecular weight of SPFPE [30]. As shown in Figure 12b, effect of roughness amplitude is different from that for PI. As the roughness amplitude increases, the maximum force decreases which implies reduction of adhesion strength. Due to the low entanglement and 1 nm thickness of SPFPE, only the bound SPFPEs have an impact on the adhesion. Therefore, when there is roughness on the surface, not all SPFPEs are involved in the sliding process, and hence the adhesion strength decreases with increasing roughness. Adhesion energy trend with roughness spacing is similar to that for the non-bonded interaction. With a short roughness spacing, there exist vacant pores at the interface and molecular density reduces. However, when the roughness spacing is long enough to adsorb molecules without pores, adhesion increases due to the increased surface area. For the SPFPE adhesion, molecular density of bound SPFPE is a primary parameter, and the reduction of molecular weight can be a good way to increase adhesion strength, as shown in Figure 12b.




4.2. Humidity


Humidity is one of the dominant environmental factors which hugely affects interfacial properties because of its ability to modify the surface structure of glass, as well as the interface between coating material and glass. It is known that only a few water molecules can induce hydroxylation of the glass surface, and water amounts corresponding to 15% relative humidity are enough to form a hydrated surface with a monolayer of water [57]. Furthermore, water molecules can diffuse into the polymer film and modify flexibility of the chain, thereby affecting adhesion too; therefore, the effect of humidity on the interfacial properties is of great importance.



4.2.1. Comparison of Dry and Wet Condition


In the pulling simulation performed by Park et al., a shift of the failure mode is observed at the random copolymer-silica interface depending on the humidity condition [33]. Figure 13a shows that the copolymer (abbreviated as CP in the rest of the paper) film undergoes cohesive failure in the perfectly dry condition, whereas Figure 13b shows an adhesive failure in the presence of interfacial monolayer of water. Cohesive failure of the CP primarily means that its chain-to-chain interaction is weaker than the interfacial interaction with silica surface, and thus one can conclude that water molecules which were diffused inside the chain enhanced chain-to-chain interaction to overcome interfacial interaction by making the film more rigid. Adhesion energy is lowered during the shift from cohesive to adhesive failure because water molecules effectively remove the additional energy contribution for chain deformation.



Another important class of interfaces regarding water is the surfactant–glass interface [33]. Surfactant materials-cationic surfactant, in particular—are known to form self-assembled (micellar) structures in an aqueous environment, since they consist of a hydrophilic head group with a positive charge at one end and a hydrophobic tail group which is a linear hydrocarbon chain at the other end [58,59,60,61]. In the work of Park et al., 16-hexadecyltrymethylammonium chloride (C16TAC, abbreviated as CTAC in the rest of the paper) was used as an example of popular cationic surfactant for the study of surfactant-glass interface [62]. When CTAC molecules are deposited onto the silica substrate, most of the head groups tend to be adsorbed on the surface, and thus the adhesion strength is mainly determined by net surface coverage of the head group on the silica surface. Now, the introduction of water significantly changes the structure of CTAC–silica interface and the adhesion strength. As shown in Figure 14, introduced water molecules penetrate the interface very well, and the head groups are located further from the silica surface, which leads to a reduction of surface coverage of the head groups. Therefore, one can expect that adhesion strength of CTAC with high coverage is also reduced. In terms of interfacial interactions, the penetration of water molecules between CTAC head groups and silica surface is easy because the basic interactions in the surfactant–silica interface are van der Waals and Coulomb interactions, which are weaker than hydrogen bonding that water forms with the silica surface. This makes a clear contrast with the CP–silica interface case above. In that case, the copolymer itself has a lot of functional groups which serve as potential sites for additional hydrogen bonding with water molecules, so that, when water is introduced, the adhesion can increase.




4.2.2. Control of Relative Humidity


In addition to the comparison between dry and wet conditions, it is also interesting to control the amount of water molecules absorbed in the silica surface, which can be corresponding to atmospheric humidity. In the study by Park et al., the effect of gradual change of relative humidity on the adhesion of paper-silica interfaces was also studied [32]. Various amount of water molecules in the range of 0 to 80 H2O/nm2, where 5 and 20 H2O/nm2 roughly corresponds to relative humidity of 15% and 75%, respectively, were introduced to the paper-silica interface, and the adhesion mechanism was analyzed [57]. Even a low humidity of 5 H2O/nm2 which corresponds to an almost-dry condition significantly enhances adhesion between cellulose–xylan composite and silica compared to the perfectly dry condition. It is thought that this enhancement of adhesion is responsible for another set of hydrogen bonding provided by interfacial water molecules. Interestingly, as shown in Figure 15, adhesion level reached a maximum point at a humidity level of 10 H2O/nm2 and decreased beyond that humidity for both pulling and sliding tests. This implies that, as the water layer increases, the van der Waals interaction at the paper-silica interface becomes dominant, whereas the contribution of hydrogen bond to adhesion is diminished.






5. Conclusions


Interfacial interactions and adhesion behavior of polymer–glass interfaces were reviewed in this paper, with a focus on atomistic simulation methods. Various types of polymers, such as homopolymers, copolymers, natural polymers, and surfactants, were considered, and depending on the surface adsorption behavior, polymer-glass interactions were classified as non-bonded and bonded interactions. In the works for non-bonded interaction, three main interactions, namely van der Waals, polar, and hydrogen bonds, were reviewed, and the contributions to interfacial adhesion energy were extensively analyzed. It was revealed that the dominant interaction for adhesion is hydrogen bonding due to hydroxyl groups from both the polymer molecules and the glass surface. In addition, it was found that the flexibility of the polymer chain and modes of adhesion test can affect adhesion and failure behavior at the interface. In the case of bonded interactions, creation of covalent siloxane bonds between silane groups in the polymer and hydroxyl groups on the glass surface are critical for strong interfacial interaction. A detailed mechanism of covalent bond formation was described, and adhesion properties, along with molecular density analysis, were reviewed with an example of SPFPE. One finds that parallel orientation of SPFPE is observed and only a single siloxane bond is formed among three silanol groups in the branch of SPFPE. Therefore, molecular density and thickness of the film are very low compared to the conventional self-assembled monolayer molecules. It is suggested that one effective way to enhance adhesion is to increase the molecular density of SPFPE rather than increasing the number hydroxyl groups on the silica. Besides interfacial interactions, external conditions, such as the surface morphology of the glass substrate and relative humidity, yield significant effects on the interfacial adhesion. For example, modulation of amplitude of surface roughness is most critical to the adhesion regardless of bonding type. In addition, the introduction of water molecules at the interface not only forms additional amounts of hydrogen bonds but also makes the polymer film more rigid, and thus the level of adhesion can be drastically different compared to the interface in the absence of water. In summary, comprehensive insights into the interfacial bonding mechanism of adhesion and failure behavior obtained from computational studies can be used for surface engineering purposes. It is also possible to extend such methodologies and concepts to other kinds of polymer-glass interfacial systems, as well as to understand adhesion of organic-inorganic interface in general.







Author Contributions


H.P., writing—original draft and formal analysis; S.H.L., conceptualization, writing—original draft, and supervision. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are contained in the manuscript.




Acknowledgments


We would like to acknowledge Drew Antony for English language editing. We also would like to thank Hong Yoon for supporting our work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Whittingham, M.S. Ultimate Limits to Interaction Reactions for Lithium Batteries. Chem. Rev. 2014, 114, 11414–11443. [Google Scholar] [CrossRef]

	



Tallon, M.A.; Liu, X. Industrially Significant Copolymers Containing Maleic Anhydride. In Handbook of Maleic Anhydride Based Materials; Musa, O.M., Ed.; Springer: Cham, Switzerland, 2016; pp. 251–310. [Google Scholar]

	



Dilger, K.; Frauenhofer, M. Adhesives in the Automotive Industry. In Handbook of Adhesive Technology; Pizzi, A., Mittal, K.L., Eds.; CRC Press: Boca Raton, FL, USA, 2018; pp. 160–182. [Google Scholar]

	



Hussey, R.J.; Wilson, J. Structural Adhesives: Directory and Databook; Springer: London, UK, 2012; pp. 1–13. [Google Scholar]

	



Hoshino, T.; Morizawa, Y. Fluorinated Specialty Chemicals—Fluorinated Copolymers for Paints and Perfluoropolyethers for Coatings. In Fluorinated Polymers Volume 2: Applications; Ameduri, B., Sawada, H., Eds.; The Royal Society of Chemistry: Croydon, UK, 2016; Volume 2, p. 110. [Google Scholar]

	



Kalyani, N.T.; Swart, H.; Dhoble, S.J. Principles and Applications of Organic Light Emitting Diodes (OLEDs); Elsevier: Duxford, UK, 2017; pp. 205–226. [Google Scholar]

	



Moore, E.; Delalat, B.; Vasani, R.; McPhee, G.; Thissen, H.; Voelcker, N.H. Surface-Initiated Hyperbranched Polyglycerol as an Ultralow-Fouling Coating on Glass, Silicon, and Porous Silicon Substrates. Appl. Mater. Interfaces 2014, 6, 15243–15252. [Google Scholar] [CrossRef]

	



Chaudhury, M.K.; Gentle, T.M.; Plueddemann, E.P. Adhesion Mechanism of Polyvinyl Chloride to Silane Primed Metal Surfaces. J. Adhesion Sci. Tech. 1987, 1, 29–38. [Google Scholar] [CrossRef]

	



Juhl, K.M.; Bovet, N.; Hassenkam, T.; Dideriksen, K.; Pedersen, C.S.; Jensen, C.M.; Okhrimenko, D.V.; Stipp, S.L. Change in Organic Molecule Adhesion on α Alumina (Sapphire) with Change in NaCl and CaCl2 Solution Salinity. Langmuir 2014, 30, 8741–8750. [Google Scholar] [CrossRef]

	



Awaja, F.; Gilbert, M.; Kelly, G.; Fox, B.; Pigram, P.J. Adhesion of Polymers. Prog. Polym. Sci. 2009, 34, 948–968. [Google Scholar] [CrossRef]

	



Bhushan, B. Adhesion and Stiction: Mechanisms, Measurement Techniques, and Methods for Reduction. J. Vac. Sci. Technol. B 2003, 21, 2262–2296. [Google Scholar] [CrossRef]

	



Lacomb, R. Adhesion Measurement Methods Theory and Practice; CRC/Taylor & Francis: Boca Raton, FL, USA, 2006; Volume 1, pp. 7–74. [Google Scholar]

	



Hudzinskyy, D.; Lyulin, A.V.; Baljon, A.R.C.; Balabaev, N.K.; Mechels, M.A.J. Effects of Strong Confinement on the Glass-transition Temperature in Simulated Atactic Polystyrene Filmes. Macromolecules 2011, 44, 2299–2310. [Google Scholar] [CrossRef]

	



Varshneya, A.K. Fundamentals of Inorganic Glasses, 2nd ed.; Society of Glass Technology: Sheffield, UK, 2013; Volume 1, pp. 477–524. [Google Scholar]

	



Miwa, T.; Tawata, R.; Numata, S. Relationship between Structure and Adhesion Properties of Aromatic Polyimides. Polymer 1993, 34, 621–624. [Google Scholar] [CrossRef]

	



Israelachvili, J.N. Intermolecular and Surface Forces; Elsevier: Waltham, MA, USA, 2011; Volume 1, pp. 23–52. [Google Scholar]

	



Marotzke, A.; Hampe, C. The Energy Release Rate of the Fiber/Polymer Matrix Interface: Measurement. J. Reinf. Plast. Compos. 1997, 16, 341–352. [Google Scholar]

	



Pizzi, A.; Mittal, K.L. Handbook of Adhesive Technology, Revised and Expanded; CRC Press: New York, NY, USA, 2003; pp. 159–180. [Google Scholar]

	



Pham, T.A.; Lee, D.; Schwegler, E.; Galli, G. Interfacial Effects on the Band Edges of Functionalized Si Surfaces in Liquid Water. J. Am. Chem. Soc. 2014, 136, 17071–17077. [Google Scholar] [CrossRef] [PubMed]

	



Wippermann, S.; Voros, M.; Gali, A.; Gygi, F.; Zimanyi, G.T.; Galli, G. Solar Nanocomposites with Complementary Charge Extraction Pathways. Phys. Rev. Rett. 2014, 112, 106801. [Google Scholar]

	



Muhich, C.L.; Qui, J.; Holder, A.M.; Wu, Y.C.; Weimer, A.W.; Wei, W.D.; McElwee-White, L.; Musgrave, C.B. Solvent Control of Surface Plasmon-Mediated Chemical Deposition of Au Nanoparticles from Alkylgold Phosphine Complexes. ACS Appl. Mater. Interfaces 2015, 7, 13384–13394. [Google Scholar] [CrossRef] [PubMed]

	



Gleizer, A.; Peralta, G.; Kermode, J.R.; De Vita, A.; Shermann, D. Dissociative Chemisorption of O2 Inducing Stress Corrosion Cracking in Silicon Crystals. Phys. Rev. Rett. 2014, 112, 115501. [Google Scholar]

	



Ren, J.; Zhou, G.F.; Guo, Z.C.; Zhang, W. Density Functional Theory Study on the Surface Reaction Mechanism of Atomic Layer Deposited Ta2O5 on Si(100) Surfaces. Chem. J. Chin. Univ. 2009, 30, 2279–2283. [Google Scholar]

	



Heinz, H.; Lin, T.-J.; Mishra, R.K.; Emami, F.S. Thermodynamically Consistent Force Fields for the Assembly of Inorganic, Organic, and Biological Nanostructures: The INTERFACE Force Field. Langmuir 2013, 29, 1754–1765. [Google Scholar] [CrossRef] [PubMed]

	



Goyal, S.; Park, H.-H.; Lee, S.H.; Savoy, E.; McKenzie, M.E.; Rammohan, A.R.; Mauro, J.C.; Kim, H.; Min, K.; Cho, E. Characterizing the Fundamental Adhesion of Polyimide Monomers on Crystalline and Glassy Silica Surfaces: A Molecular Dynamics Study. J. Phys. Chem. C 2016, 120, 23631–23639. [Google Scholar] [CrossRef]

	



Min, K.; Kim, Y.; Goyal, S.; Lee, S.H.; McKenzie, M.E.; Park, H.; Savoy, E.; Rammohan, A.R.; Mauro, J.C.; Kim, H. Interfacial Adhesion Behavior of Polyimides on Silica Glass: A Molecular Dynamics Study. Polymer 2016, 98, 1–10. [Google Scholar] [CrossRef]

	



Min, K.; Rammohan, A.R.; Lee, H.S.; Shin, J.; Lee, S.H.; Goyal, S.; Park, H.; Mauro, J.C.; Stewart, R.; Botu, V.; et al. Computational Approaches for Investigating Interfacial Adhesion Phenomena of Polyimide on Silica Glass. Sci. Rep. 2017, 7, 10475. [Google Scholar] [CrossRef]

	



Min, K.; Rammohan, A.R.; Lee, S.H.; Goyal, S.; Park, H.; Stewart, R.; He, X.; Cho, E. Grafting Functional Groups in Polymeric Binder toward Enhancing Structural Integrity of LixSiO2 Anode during Electrochemical Cycling. J. Phys. Chem. C 2018, 122, 17190–17198. [Google Scholar] [CrossRef]

	



Ahn, Y.N.; Lee, S.H.; Oh, S.Y. Adsorption characteristics of silane-functionalized perfluoropolyether on hydroxylated glassy silica surfaces: A multiscale approach. Appl. Surf. Sci. 2019, 496, 143699. [Google Scholar] [CrossRef]

	



Lee, S.H.; Ahn, Y.N.; Botu, V.; Stewart, R.J.; Oh, S.Y. Enhancement of Adhesion Strength of Perfluoroalkylpolyethers on Rough Glassy Silica for Antismudge Coatings. ACS Appl. Polym. Mater. 2019, 1, 2613–2621. [Google Scholar] [CrossRef]

	



Lee, S.H.; Stewart, R.J.; Park, H.; Goyal, S.; Botu, V.; Kim, H.; Min, K.; Cho, E.; Rammohan, A.R.; Mauro, J.C. Effect of Nanoscale Roughness on Adhesion between Glassy Silica and Polyimides: A Molecular Dynamics Study. J. Phys. Chem. C 2017, 121, 24648–24656. [Google Scholar] [CrossRef]

	



Park, H.; Lee, S.H. Roles of Paper Composition and Humidity on the Adhesion between Paper Sheet and Glass: A Molecular Dynamics Study. Cellulose, Under review.

	



Park, H.; Lee, S.H.; Acquard, D.F.; Agnello, G.; Banerjee, J. Computational Analysis on the Adhesion Mechanism between Organic Coatings and Glass by Molecular Dynamics Simulations. In Proceedings of the International Congress on Glass, Boston, MA, USA, 9–14 June 2019. [Google Scholar]

	



Goyal, S.; Park, H.; Lee, S.H.; McKenzie, M.; Rammohan, A.R.; Kim, H.; Mauro, J.; Min, K.; Cho, E.; Botu, V.; et al. Fundamentals of Organic-Glass Adhesion. In Handbook of Materials Modeling; Andreoni, W.Y.S., Ed.; Springer Nature: Cham, Switzerland, 2019; pp. 1–41. [Google Scholar]

	



Emami, F.S.; Puddu, V.; Berry, R.J.; Varshney, V.; Patwardhan, S.V.; Perry, C.C.; Heinz, H. Force Field and a Surface Model Database for Silica to Simulate Interfacial Properties in Atomic Resolution. Chem. Mater. 2014, 26, 2647–2658. [Google Scholar] [CrossRef]

	



Park, S.; Schulten, K. Calculating potentials of mean force from steered molecular dynamics simulations. J. Chem. Phys. 2004, 120, 5946–5961. [Google Scholar] [CrossRef]

	



Jarzynski, C. Nonequilibrium Equality for Free Energy Differences. Phys. Rev. Rett. 1997, 78, 2690. [Google Scholar] [CrossRef]

	



Bhushan, B. Modern Tribology Handbook; CRC Press: Boca Raton, FL, USA, 2001; Volume 1, pp. 40–52. [Google Scholar]

	



Hanson, B.; Hofmann, J.; Pasquinelli, M.A. Influence of Copolyester Composition on Adhesion to Soda-Lime Glass via Molecular Dynamics Simulations. Appl. Mater. Interfaces 2016, 8, 13583–13589. [Google Scholar] [CrossRef]

	



Nishiyama, Y. Structure and Properties of the Cellulose Microfibril. J. Wood. Sci. 2009, 55, 241–249. [Google Scholar] [CrossRef]

	



Zugenmaier, P. Crystalline Cellulose and Cellulos Derivatives: Characterization and Structures; Springer: Berlin, Germany, 2008; pp. 1–6. [Google Scholar]

	



Zhang, N.; Li, S.; Xiong, L.; Hong, Y.; Chen, Y. Cellulose-Hemicellulose Interaction in Wood Secondary Cell-Wall. Modeling Simul. Mater. Sci. Eng. 2015, 23, 1–15. [Google Scholar] [CrossRef]

	



Mazeau, K.; Charlier, L. The Molecular Basis of the Adsorption of Xylans on Cellulose Surface. Cellulose 2012, 19, 337–349. [Google Scholar] [CrossRef]

	



Wang, M.; Liechti, K.M.; Wang, Q.; White, J.M. Self-Assembled Silane Monolayers:  Fabrication with Nanoscale Uniformity. Langmuir 2005, 21, 1848–1857. [Google Scholar] [CrossRef]

	



Kyaw, H.H.; Al-Harthi, S.H.; Sellai, A.; Dutta, J. Self-organization of gold nanoparticles on silanated surfaces. Beilstein J. Nanotechnol. 2015, 6, 2345–2353. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Cho, J.; Seidler, P.M.; Kurland, N.E.; Yadavalli, V.K. Investigations of Chemical Modifications of Amino-Terminated Organic Films on Silicon Substrates and Controlled Protein Immobilization. Langmuir 2010, 26, 2599–2608. [Google Scholar] [CrossRef] [PubMed]

	



Pasternack, R.M.; Rivillon Amy, S.; Chabal, Y.J. Attachment of 3-(Aminopropyl)triethoxysilane on Silicon Oxide Surfaces: Dependence on Solution Temperature. Langmuir 2008, 24, 12963–12971. [Google Scholar] [CrossRef] [PubMed]

	



Qin, M.; Hou, S.; Wang, L.; Feng, X.; Wang, R.; Yang, Y.; Wang, C.; Yu, L.; Shao, B.; Qiao, M. Two methods for glass surface modification and their application in protein immobilization. Colloids Surfaces B 2007, 60, 243–249. [Google Scholar] [CrossRef] [PubMed]

	



Roscioni, O.M.; Muccioli, L.; Mityashin, A.; Cornil, J.; Zannoni, C. Structural Characterization of Alkylsilane and Fluoroalkylsilane Self-Assembled Monolayers on SiO2 by Molecular Dynamics Simulations. J. Phys. Chem. C 2016, 120, 14652–14662. [Google Scholar] [CrossRef]

	



Kim, H.; Saha, J.K.; Zhang, Z.; Jang, J.; Matin, M.A.; Jang, J. Molecular Dynamics Study on the Self-Assembled Monolayer Grown from a Droplet of Alkanethiol. J. Phys. Chem. C 2014, 118, 11149–11157. [Google Scholar] [CrossRef]

	



Ewers, B.W.; Batteas, J.D. Molecular Dynamics Simulations of Alkylsilane Monolayers on Silica Nanoasperities: Impact of Surface Curvature on Monolayer Structure and Pathways for Energy Dissipation in Tribological Contacts. J. Phys. Chem. C 2012, 116, 25165–25177. [Google Scholar] [CrossRef]

	



Lewis, J.B.; Vilt, S.G.; Rivera, J.L.; Jennings, G.K.; McCabe, C. Frictional Properties of Mixed Fluorocarbon/Hydrocarbon Silane Monolayers: A Simulation Study. Langmuir 2012, 28, 14218–14226. [Google Scholar] [CrossRef]

	



Virkar, A.; Mannsfeld, S.; Oh, J.H.; Toney, M.F.; Tan, Y.H.; Liu, G.-y.; Scott, J.C.; Miller, R.; Bao, Z. The Role of OTS Density on Pentacene and C60 Nucleation, Thin Film Growth, and Transistor Performance. Adv. Funct. Mater. 2009, 19, 1962–1970. [Google Scholar] [CrossRef]

	



Schollmeyer, H.; Struth, B.; Riegler, H. Long Chain n-Alkanes at SiO2/Air Interfaces:  Molecular Ordering, Annealing, and Surface Freezing of Triacontane in the Case of Excess and Submonolayer Coverage. Langmuir 2003, 19, 5042–5051. [Google Scholar] [CrossRef]

	



Barriga, J.; Coto, B.; Fernandez, B. Molecular dynamics study of optimal packing structure of OTS self-assembled monolayers on SiO2 surfaces. Tribol. Int. 2007, 40, 960–966. [Google Scholar] [CrossRef]

	



Tonelli, C.; Valsecchi, R.; Mashlyakovsky, L.N.; Khomko, E.V. Reactive perfluoropolyoxyalkylene oligomers. I. Isothermal equilibrium on silica gel: Fundamental parameters. J. Fluorine Chem. 2014, 161, 76–82. [Google Scholar] [CrossRef]

	



Verdaguer, A.; Weis, C.; Oncins, G.; Ketteler, G.; Bluhm, H.; Salmeron, M. Growth and Structure of Water on SiO2 Films on Si Investigated by Kelvin Probe Microscopy and in Situ X-Ray Spectroscopies. Langmuir 2007, 23, 9699–9703. [Google Scholar] [CrossRef] [PubMed]

	



Shah, K.; Chiu, P.; Jain, M.; Fortes, J.; Moudgil, B.M.; Sinnott, S. Morphology and Mechanical Properties of Surfactant Aggregates at Water-Silica Interfaces: Molecular Dynamics Simulations. Langmuir 2005, 21, 5337. [Google Scholar] [CrossRef] [PubMed]

	



Gutig, C.; Grady, B.P.; Striolo, A. Experimental Studies on the Adsorption of Two Surfactants on Solid-Aqueous Interfaces: Adsorption Isotherms and Kinetics. Langmuir 2008, 24, 4806–4816. [Google Scholar] [CrossRef] [PubMed]

	



Tyrode, E.; Rutland, M.W.; Bain, C.D. Adsorption of CTAB on Hydrophilic Silica Studied by Linear and Nonlinear Optical Spectroscopy. J. Am. Chem. Soc. 2008, 130, 17434–17445. [Google Scholar] [CrossRef]

	



Angeles, F.J.; Khoshnood, A.; Firrozabadi, A. Molecular Dynamics Simulation of the Adsorption and Aggregation of Ionic Surfactants at Liquid-Solid Interfaces. J. Phys. Chem. C 2017, 121, 25908–25920. [Google Scholar] [CrossRef]

	



Liu, J.-F.; Min, G.; Ducker, W.A. AFM Study of Adsorption of Cationic Surfactants and Cationic Polyelectrolytes at the Silica-Water Interface. Langmuir 2001, 17, 4895–4903. [Google Scholar] [CrossRef]








[image: Polymers 13 02244 g001 550] 





Figure 1. (a) The schematic view and (b) representative properties for characterizing the adhesion properties from each of adhesion testing modes (adapted with permission from Reference [27], Copyright 2017 Springer Nature). 
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Figure 2. Schematic procedure of generating rough surface. (a) Initial bulk glassy silica. (b) Predefined surface with sine function,   z = A    sin    2 π x    L x    sin   2 π y    L y    +  z 0   . (c) Prepared rough glassy silica surface; blue shaded area represents cut surface by the sine (adapted with permission from Reference [31], Copyright 2017 American Chemical Society). 
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Figure 3. Snapshot of dynamic bond breaking during sliding process for SPFPE–silica interface (adapted with permission from Reference [30], Copyright 2019 American Chemical Society). 
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Figure 4. (a) Chemical structure of polyimide monomers for three BPDAs and Kapton. (b) Energy density profile for atomic subgroups in the polyimide (adapted with permission from Reference [25], Copyright 2016 American Chemical Society). 
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Figure 5. (a) Snapshots for deformation of polyimide chain: DHBZ–BPDA (left) and DHBZ–DPDA (right). (b) Decomposition of energy terms and their evolution as a function of pulling distance (reprinted from Reference [26], Copyright 2016, with permission from Elsevier). 
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Figure 6. (a) Ratio change of aromatic rings participating in π stacking; (b) Rings forming π stacking for 100% CHDM case (adapted with permission from Reference [35], Copyright 2016 American Chemical Society). 
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Figure 7. (a) Monoclinic crystalline structure of cellulose-Iβ. (b) Structure of Glucuronoxylan (xylan) hemicellulose molecule. (c) Bottom view of stretched configuration of 6 xylan molecules under the surface of cellulose film. 
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Figure 8. Comparison of adhesion for polyimides between pulling, peeling, and sliding modes of adhesion test (adapted with permission from Reference [27], Copyright 2017 Springer Nature). 
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Figure 9. Comparison of adhesion force between cellulose and xylan-cellulose composite cases during (a) pulling test and (b) sliding test. 
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Figure 10. (a) Molecular structure of silane functionalized perfluoropolyether (SPFPE) single chain. (b) Schematics of surface reactions between silica surface and SPFPE (adapted with permission from Reference [30], Copyright 2019 American Chemical Society). 
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Figure 11. Concentration profile of silanol of SPFPE along with z-axis on silica surface (adapted with permission from Reference [30], Copyright 2019 American Chemical Society). 
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Figure 12. Variation of adhesion energy for (a) PI–glass and (b) SPFPE–glass interface (adapted with permission from References [30,31], Copyright 2019 and 2017 American Chemical Society). 
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Figure 13. (a) Cohesive failure of copolymer (CP)–silica interface in the absence of water. (b) Adhesive failure of the interface in the presence of water during pulling test. 
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Figure 14. CTAC–silica interface in the presence of interfacial water layer. Tail groups of CTAC were omitted for clear visualization of the interface. 
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Figure 15. Change of adhesion level as a function of H2O number density: (a) adhesion energy, (b) maximum force, and (c) average force. 
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