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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.

polymer film adhesion bonding mechanism surface morphology relative humidity

| 1. Introduction

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 L. 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 28], |n 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 BIBIBI7, 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 [&. 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 2. 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 9.
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Atomistic modeling techniques have proved to be powerful tools for studying the mechanisms of interfacial
behavior in molecular scale LUI2ILIAAISIIGIT] 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 29
(18] 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 [191(20]121][22]
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
(231 MD simulation clarifies nanoscale characteristics of the interface, such as the adhesion strength, thickness,
and surface density of the polymer film 24, 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 [2311241[25][26][27]

| 2. Extrinsic Conditions Affecting Interactions
2.1. 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 19 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. Ordered roughness is defined by amplitude and
spacing [28] and the effects of individual parameters on the adhesion are investigated for both Pl and SPFPE

adsorption on the silica surface [2423],

Figure la shows adhesion energy variation for Pl-glass interface depending on surface roughness, and
roughness amplitude (R,) 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 [22l. As the roughness period decreases, un-contacted area between Pl and glass increases with

https://encyclopedia.pub/entry/12471 2/6



Thin Polymer Films on Glass | Encyclopedia.pub

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 1a). 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 (23],
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Variation of adhesion energy for (a) Pl-glass and (b) SPFPE—glass interface (adapted with permission from

References 241231 Copyright 2019 and 2017 American Chemical Society).

2.2. 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 22,
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.

| 3. Conclusions

Interfacial interactions and adhesion behavior of polymer—glass interfaces were discussed, 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
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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.
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