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ABSTRACT 

 

Adhesion is important to a variety of applications and for a number of industries. Adhesion 

occurs at buried interfaces and is mediated by interfacial structure. It is difficult to probe buried 

interfacial structure in situ nondestructively. In this thesis, sum frequency generation (SFG) 

vibrational spectroscopy was applied to study molecular structures of buried interfaces to 

understand molecular mechanisms of polymer adhesion at buried interfaces in situ. In addition to 

the studies of enhancing adhesion of polymer adhesives to substrates, research on a reversible 

adhesive for polymer recycling and sustainability was also conducted.  

Soldering flux treatment on copper is an important procedure to ensure bonding of 

interconnects in an electronic device but can disrupt adhesion of packaging polymers. Chapter 2 

reports SFG studies on the effect of model and commercial flux on polymer adhesion. It was found 

that with surface treatments of the flux treated copper leads to disordered polymer at the buried 

copper/polymer interfaces, increasing the adhesion.   

Chemical reactions occurring at the buried interface between two polymers in situ were 

studied in Chapters 3 and 4. First, the buried ethylene vinyl alcohol (EVOH)/maleic anhydride 

(MAH) grafted polyethylene (MAHgEO) interface was studied, showing that interfacial chemical 

reactions occurred, greatly enhancing the adhesion. The chemical reactions can greatly increase 

adhesion between nylon and MAHgEO was also observed, evidenced by the disappearance of the 

reactants and appearance of reaction products in the SFG spectra. SFG experiments were also 
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performed to follow the reaction kinetics and measure the activation energy of the interfacial 

reaction.  

Chapter 5 studied the influence of an amino silane adhesion promoter on the interfacial 

structure and adhesion of butyl acrylate/methylmethacrylate copolymers (BAMMAs) incorporated 

with methyl acrylic acid (MAA) to silica. SFG results elucidated the mechanisms of adhesion 

enhancement by the adhesion promoter, showing: (1) ionic bonds formed between the tail amine 

group and acid functionality of BAMMA, (2) migration of more ester C=O groups to the interface 

with order, and (3) disordered or reduced levels of CH groups at the interface.  

A self-assembled monolayer (SAM) for debonding adhesives on demand was developed 

in Chapter 6. The SAM was applied to a silica surface and characterized with SFG and x-ray 

photoelectron spectroscopy (XPS). Once the SAM was fully prepared, the UV sensitivity was also 

tested with SFG. Before debonding the UV sensitive group on the SAM, adhesives were applied 

resulting in an adhesive interface that can be selectively broken. Adhesion tests were performed 

on silica/adhesive and silica/SAM/adhesive samples before and after UV irradiation exposure, 

which showed that the debonding could reduce the adhesion strength. 

SFG has been developed into a powerful tool to characterize interfaces but most of the SFG 

research has focused on simple model systems. This research demonstrated that SFG can be 

applied to study many complex polymer interfaces of commercial materials, adding an important 

technique to the toolbox used to study “real-life” interfaces important to industry. This research 

showed that for commercial flux, packaging polymers, and polymer resins that disordering, 

covalent bond formation, and ionic bond formation at buried interfaces could greatly enhance 

adhesion. This study also reported an easy way to create reversible adhesives, important for 
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recycling. The methods developed in this thesis are generally applicable to study important 

interfaces of many polymer systems in the future.    
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Chapter 1: Introduction 

 

 

1.1 Goals and motivation 

 Adhesion of polymer materials to a variety of substrates is vital to many industries and 

applications from food packaging to electronics. Understanding the mechanisms of adhesive 

materials is important to develop new products and expand applications of already mature 

chemistry. The goal of this thesis research was to study adhesive interfaces involving complex 

material formulations that are important for a variety of industrial applications. The first research 

project was to examine the effects of surface treatments in electronic packaging. The next topic 

was to investigate1-16 chemical reactions between polymer layers in multilayer films typically used 

in food packaging.17-24 Finally the addition of adhesion promoters was studied in water-based 

polymer coatings to understand their interfacial behavior to improve adhesion of paint to glass 

substrates.25-28 Along with studies on methods to enhance adhesion through surface treatments, 

chemical reactions, and additives in a formulation, this research also demonstrated a proof-of-

principle self-assembled monolayer (SAM) capable of selectively debonding a polymer adhesive 

interface. Debonding adhesives from a substrate is important feature of many adhered interfaces 

and a number of methods have been devised for a variety of applications where recycling the 

composite materials is difficult.29-35 All together this thesis presents interfacial studies on 

molecular adhesion mechanisms involving complex/multicomponent materials. The 
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methodologies adopted/developed in this research can be generally applicable to study other 

complicated polymer-based formulations. In this work sum frequency generation (SFG) 

vibrational spectroscopy was the primary tool used to study adhesive interfaces involving surface 

treatment, interfacial reactions, and additives to describe the behavior of interfacial molecular 

structures of adhesive polymers on various substrates. SFG is an ideal metrology to gain molecular 

level information form the types of interfaces discussed above because SFG can probe many types 

of buried interfaces without contributions from the bulk material being studied.36-62 More details 

on SFG, instrumentation, and the methodologies used are described below.  

 Interfaces of interest in this research include polymers on metal, polymer/polymer 

interactions and polymer materials deposited on glass. One important goal of this thesis research 

was to use methods developed in our Lab previously to study materials used in real-life 

applications, to move the developed analytical methodology from model systems to systems 

currently being developed in industry to solve adhesion problems in the applications discussed 

above. 

 There are four specific aims in this thesis research, alluded to above. Aim 1 was to study 

flux molecules and surface treatments to remove or neutralize them on metal surfaces to enhance 

adhesion of polymer packaging materials. Aim 2 was to investigate interfacial reactions occurring 

between maleic anhydride functionalized polyolefins (polyethylene) with ethylene vinyl alcohol 

(EVOH) and nylon that increase polymer/polymer adhesion. Aim 3 was to gain better 

understanding of amino silane additives on the interfacial structures of water-based acrylic 

polymer interfaces with silica substrates. Finally, aim 4 was to demonstrate that a SAM containing 

a photocleavable bond could be used to reduce adhesion between a glass substrate and polymeric 

materials. 
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1.2 Adhesion at buried interfaces 

 Adhesion is a multidisciplinary research topic that has been studied for decades. The 

chemistry of adhesion has been published in a variety of scientific journals and there are entire 

conferences dedicated to adhesion science and engineering. Although there is a mountain of 

research on the topic, there are many unanswered questions and hypotheses that have yet to be 

elucidated fully. Prior to the 1980s there were few methods available to study polymer adhesives 

without breaking the interface and inferring mechanisms for the resulting surfaces.63-65 SFG has 

been an important tool to study adhesive interfaces for a number of years now. Along with limited 

analytical methodologies to study adhesion, there are a variety of mechanisms proposed by which 

two materials can be adhered together, providing important knowledge on improving adhesion in 

many systems.  

 The different modes of adhesion that are widely accepted include interfacial mechanical 

coupling, interfacial molecular interactions, and thermodynamic equilibrium mechanisms.66-68 

Mechanical coupling is similar to how Velcro works, where the adhesive goes into the rough parts 

of a surface and anchors to the material, thus increasing the adhesion strength. The main debate 

with this theory of adhesion is that adhesion to a rough surface may be due to the increased surface 

area and not due to anchoring of the material, therefore other mechanisms may be behind the 

adhesive strength and since more area has these other interactions higher adhesion strength can be 

achieved.67 Molecular interactions consists of intermolecular forces that increase the interaction 

between the adhesive material and the substrate resulting in higher adhesion strength at the 

interface. This theory includes covalent bonds, ionic bonds, hydrogen bonds, metallic bonds, 

dipole-dipole interactions, and van der Waals forces. All these molecular interactions require close 

and good contact between the substrates. Thermodynamic adhesion mechanisms are thought to 
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only require an equilibrium process at the interface where the free energy of the surface is 

minimized, through this energy minimization the interaction between the layers can result in 

adhesion. This theory also applies to surfaces that are resistant to materials adhering to their 

surface.69-70 From the thermodynamic theory of adhesion contact angle and surface tension 

analysis can be related to the potential adhesion strength of a surface.61, 69-72 In real systems though, 

performing contact angle and surface tension analysis may be impractical and the observed results 

may be determined by other factors such as surface roughness leading to errors in the adhesion 

determination.  

 Within the modes of adhesion outlined in detail above there is still considerable debate 

about which force is the driving force determining adhesion strength between two materials.67 

More than one or all kinds of interactions may have some influence on the observed adhesion 

between two materials, further complicating the picture. In this research, interfacial molecular 

interactions were examined. In the first project, I studied the effect of surface treatments of metal 

on adhesion. The surface treatment changed the chemical composition (molecular interaction) and 

morphology (mechanical bonding) of the metal resulting in higher adhesion strength between the 

adhesive polymer and the metal substrate. The results of this research indicated that the 

enhancement of adhesion is molecular in nature based on the real-world system studied. In the 

following projects, I focused on investigating interfacial reactions between polymer materials to 

probe the molecular interaction mechanism of adhesion, which showed that interfacial chemical 

reactions could greatly increase adhesion strength. I also studied effect of additives on interfacial 

structure in a polymer formulation to examine interfacial molecular interactions and how adhesion 

promoters could be used to facilitate greater molecular compatibilization between dissimilar 

materials. In the above research projects, SFG was the primary analytical tool used to probe 
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molecular structures and interactions at buried interfaces. The last project which will be presented 

below was to study the debonding mechanism of a SAM to examine how changing interfacial 

interactions (e.g., interfacial chemical bonding) can disrupt adhesion with a combination of 

analytical techniques including SFG.  

1.3 Sum frequency generation (SFG) vibrational spectroscopy 

In this thesis research, SFG was extensively used to study surfaces and buried interfaces. A brief 

introduction to SFG will be presented below although the theoretical background, mathematical 

framework, and experimental parameters have been published widely in both research papers and 

textbooks.63-65, 73-83 SFG is a valuable analytical technique for in situ adhesion studies because it is 

an optical tool to probe buried interfaces and surfaces with submonolayer sensitivity 

noninvasively. SFG is an optical process that can occurs at an interface that is accessible by visible 

and infrared light. Since adhesion is inherently an interfacial phenomenon, SFG is well suited to 

answer many questions regarding important mechanisms addressed in this thesis. Previously this 

technique was been used to study a number of polymer interfaces including those of polymer 

coatings, food packaging materials, semiconducting polymers, underfills in electronics, etc. In this 

thesis SFG was used to study many industrially relevant systems involving surface treatments, 

chemical reactions between polymer layers, the influence of additives on polymer interfacial 

structures, and the influence of UV irradiation on interfacial structures and properties. A schematic 

of a typical SFG experiment setup and an energy level diagram of the process is shown in Figure 

1.1. Since a variety of SFG sample geometries were used in this research, more experimental 

details will be provided in individual chapters regarding the sample being studied.  
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Figure 1.1 A schematic of a SFG experiment for illustration in panel a). Panel b) shows an energy 

level diagram depicting the input IR and visible beam energy and the output SFG signal generated 

from this process.    

  

SFG is a second-order nonlinear optical process. Under the electronic dipole 

approximation, the selection rule of SFG indicates that SFG signal can only be generated from a 

medium with no inversion symmetry, which leads to SFG being surface and interface specific for 

many materials. Information provided by SFG is similar to FTIR or Raman spectroscopy, but the 

signal arises from the surface or interface, providing the major advantage of SFG. For 

surface/interface specificity, an SFG experiment probes the second-order non-linear optical 

susceptibility (χ (2)) of a given material which is non-zero only when inversion symmetry is broken.  

This can be shown with the following tensor property for a second order nonlinear optical process: 

 χ (2) (r) = -χ (2) (-r)         (1) 

The above tensor changes sign under inversion. Since χ (2) is constant after inversion operation in 

bulk material that has inversion symmetry, the only possible solution for χ (2) in bulk is that χ (2) = 

0. This is not the case at an interface where inversion symmetry is broken, therefore a SFG process 

is allowed. Polymers studied in this thesis work have inversion symmetry in the bulk and the SFG 

signals are generated from the surface or interface in the experiments. The SFG signal measured 
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is proportional to the intensities of the input visible and infrared beams (Ivis and IIR, respectively) 

and the square of χ (2):80 

 ISFG ∝ |χ (2) |2 Ivis IIR         (2) 

When a surface or interface vibrational mode is on-resonance with the input IR frequency 

the SFG signal intensity is greatly enhanced. The SFG signal can be plotted with respect to the IR 

wavenumber to generate a vibrational spectrum from the probed interface. The relationship 

between the IR frequency and the SFG intensity can be shown to have a Lorentzian line shape:83 

  𝐼SFG = |𝐴NR + ∑
𝐴𝑞

𝜔2−𝜔𝑞+iΓ𝑞𝑞
|       (3) 

In equation 3, ANR is the nonresonant contribution to the SFG signal, Aq is the amplitude of a 

resonate peak, ωq is the vibrational mode wavenumber, ω2 is the input IR beam frequency and Γq 

is the resonate peak width or damping coefficient. The signal obtained from experiments can be 

fit with these parameters to perform further quantitative analysis. χ (2) is a tensor that is defined in 

the lab fixed coordinate system, which allows for the different tensor components to be found by 

making measurements with different polarization combinations of the input and output beams.80 

  When SFG is collected from some interfaces or surfaces, a high non-resonate signal is 

possible. This usually occurs at highly charged interface and interfaces involving metals due to the 

high degree of polarizability of a metal substrate.83 This scenario is relevant to the material 

presented in Chapter 2, where the effect of surface treatments on copper substrates and 

copper/polymer interfaces was studied. More discussion on this can be found in section 1.5 and 

Chapter 2 related to selectively probing the polymer/metal selectively using the ppp polarization 

combination.  

 In this thesis research, a picosecond SFG system was used (EKSPLA) and the details of 

this type of instrument have been published extensively.60, 84-88 For SFG experiment, a fixed 
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frequency 532 nm beam and a tunable frequency IR beam are overlapped spatially and temporally 

at the substrate/solution interface where a third beam, the SFG beam, is generated.  

1.4 SFG instrumentation 

For the SFG experiments, a Nd:YAG laser (EKSPLA PL2251, Lithuania) generated a 

picosecond fundamental output laser pulse with a wavelength of 1064 nm, which was split into 

two portions. One portion was frequency doubled to generate a fixed frequency, 532 nm (visible) 

beam (EKSPLA H500). The remaining 1064 nm energy and part of the 532 nm energy were used 

to generate the frequency tunable infrared (IR) input beam through optical parametric 

generation/amplification (OPG/OPA) and a difference frequency generation (DFG) process 

(EKSPLA PG501/DFG1P). The various components of the SFG system discussed are shown in 

Figure 1.2. Visible and IR beams were incident at the buried interfaces studied at 65° and 60° 

versus the surface normal, respectively. The overlap region for these two beams was about 0.5 mm 

in diameter and the energies of the visible and IR pulses were approximately 30 µJ and 120 µJ, 

respectively for the hydroxyl O-H stretching frequency region (3000-3800 cm-1). The carbonyl 

C=O stretching frequency region (1550-1950 cm-1) beam energies were 30 µJ for the visible beam 

and 40 uJ for the IR beam at the sample interface. These energies are specific for the instrument 

used for this research and can vary from instrument to instrument. Spatially and temporally 

overlapped visible and IR beams at a surface or a buried interface generated a third output SFG 

beam. The SFG beam intensity was detected by a monochromator/PMT as a function of the IR 

frequency (wavenumber, cm-1), producing a vibrational spectrum. 
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Figure 1.2 Diagram of the EKSPLA SFG system used in this thesis research. The red line indicates 

near- and mid-IR beams (near-IR is 1064 nm and the mid-IR from the OPO/OPA is the tunable IR 

used for experiments), the green line indicates the visible beam, and the blue line is the SFG beam. 

Black boxes indicate polarization control, the blue triangle indicates a delay line for the visible 

beam. 

 

1.5 Analysis of buried polymer interfaces with SFG 

To produce a vibrational spectrum, the SFG signal intensity is plotted with respect to the 

input IR beam frequency, allowing a vibrational spectrum to be obtained, as discussed above. Peak 

centers in the SFG spectrum allow for identification of functional groups present at a surface or an 

interface. The intensity of the SFG peaks with respect to the polarization combinations (s-polarized 

SFG signal, s-polarized input visible beam, p-polarized input IR beam or  ssp and ppp in this thesis) 

allows for quantitative information, such as orientation, orientation distribution, and surface 

coverage of the functional groups probed, to be obtained.73, 89 Quantitative SFG data analysis has 

been extensively published previously. This thesis research does not involve quantitative SFG data 

analysis, therefore such detailed data analysis is not discussed or in the following chapters.  

 Several different sample geometries were used for SFG data collection in this thesis 

research, as shown in Figure 1.3. Figure 1.3 (a) shows the sample geometry used to probe a 

polymer/metal interface. More details about such a sample geometry will be discussed in Chapter 
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2. Here a short explanation to justify the polymer/metal interface signal is given below. With the 

sample geometry shown in Figure 1.3 (a), both the substrate/polymer interface and the 

polymer/metal interface can generate SFG signal. To ensure that SFG signal was generated from 

the polymer/metal interface, the polymer layer between the metal and the substrate was made to 

be very thin to avoid attenuation of the IR beam, which needs to reach the polymer/metal interface 

to generate SFG signal. Typically, SFG signal collected from polymer/metal interfaces were 

collected in the ppp polarization, which has been found to be dominated by the polymer/metal 

interface.62 The substrate with the polymer was then placed in contact with the metal surface and 

the polymer is cured, a depiction of this type of sample is shown in Figure 1.3 (a).  

 
Figure 1.3 Depiction of the different SFG geometries used in this research. A polymer/metal 

interface can be probed in (a).  A thin polymer layer in panel (b) allows for polymer/air interface 

to be studied. A sample like the one shown in (c) allows for polymer/polymer or polymer/silica 

interfaces to be studied without interference from the polymer/air interface. 

 

SFG experiments can be used to probe polymer surfaces or buried polymer/polymer interface as 

shown in Figure 1.3 (b) and (c).90 The SFG signals collected using the sample geometry shown in 

Figure 1.3 (b) may have contributions from both the polymer/air and polymer/substrate interface. 

Typically, the polymer/air interface signal was dominate because of the larger Fresnel coefficients 

of this interface and more ordered polymer structure of this interface. With a proper film thickness, 

the Fresnel coefficient of the polymer/substrate interface can be minimized, then it is reasonable 

to ignore the signal contribution from the polymer/substrate interface. To probe a buried interface 
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of a polymer adhesive on a polymer substrate, the sample geometry shown in Figure 1.3 (c) was 

used. First, a thin polymer layer was applied to the substrate then a thicker polymer layer was 

placed into contact with the thin layer creating a buried polymer/polymer interface. SFG signals 

could then be obtained from the polymer/polymer interface without contribution from the thick 

polymer/air interface in the spectrum (because the IR beam could not reach the polymer/air 

interface). Similar to the polymer/air study above, here it was also important to make sure that the 

thin polymer layer did not have strong interference signal from the substrate/polymer interface. 

Typically this can be checked by varying the layer thickness and checking the interfacial signal 

with the SFG instrument.46-47 Even if SFG signals from the polymer/substrate interface cannot be 

ignored, their contribution can be deconvoluted from the polymer film thickness dependent SFG 

study. A similar sample geometry to that shown in Figure 1.3 (c) (without the presence of a think 

polymer layer) could be applied to study substrate/polymer interfaces (e.g., silica/polymer and 

calcium fluoride/polymer interfaces), where the polymer in contact with a substrate was 

sufficiently thick to block the IR beam to reach the polymer/air interface - this type of sample was 

used in Chapter 5 to study silica/polymer interfaces. 

To measure the polymer thin film thickness accurately, ellipsometry was used, which is addressed 

further in Chapter 3. 

1.6 Presented research 

This thesis examines four types of adhesive interfaces in the following chapters. (1) SFG 

was used to examine the effects of surface treatments of copper on structures of buried polymer 

interfaces. (2) Interfacial reactions between polymers at buried interfaces were investigated by 

SFG. (3) The role of additives added to aqueous polymer formulations was examined at 
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silica/polymer interfaces. (4) A method to selectively debond an adhesive interface with a SAM 

was developed.  

 In more detail: Chapter 2 presents research on solder flux and the washing influence on 

copper surfaces and the resulting adhesion properties to an epoxy-based adhesive using SFG to 

examine buried interfacial structures. This work focused on using SFG and adhesion testing 

methods to study effects of surface treatments at polymer/metal interfaces. The aim was to study 

the role of flux removal by washing and heat treatment on adhesion of epoxy to copper. In 

conclusion surface treatment of the flux on copper caused disordering of the epoxy polymer at the 

copper interface and results in increased adhesion to the copper. 

 In Chapters 3 and 4 interfacial polymer/polymer reactions were studied with SFG. The 

primary research presented focused on EVOH (Chapter 3) and nylon (Chapter 4) interfacial 

chemical reactions with maleic anhydride grafted polyethylene to enhance adhesion between 

polymer layers. The application for this project was to understand adhesion mechanisms in 

multilayer polymer films containing dissimilar polymer layers. SFG was used to determine 

changes in reactive groups and observe the appearance of bonding groups formed at 

polymer/polymer buried interfaces. This research provides insight into fundamental molecular 

interactions important to understanding how to improve high performance polymer materials.  

The focus of Chapter 5 was to study an amino silane adhesion promoter additive’s 

influence on dry emulsion polymer structures, used in paint formulations, at glass interfaces. This 

chapter also reported the influence of polymer composition on resulting interfacial structures with 

and without the adhesion promoter. This project aims to use SFG to elucidate the interfacial 

influence of silane adhesion promoters and polymer composition on water-borne acrylic polymer 

interactions with glass. It was found that the adhesion promoter and polymer composition lead to 
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a large number of hydrogen bonding groups at the interface which can influence the amount of 

water left behind at the buried interface after the emulsion dries. It was also found that an ionic 

pair forms between the amino group of the adhesion promoter and the carboxylic acid groups of 

one of the polymer monomers, leading to the strong interfacial adhesion. 

Chapter 6 shows a proof-of-principle photocleavable SAM which could be used to reduce 

adhesion between polymer adhesives and substrates after UV irradiation. The SAM preparation 

process was carefully characterized with SFG, and XPS. SFG was also used to study buried 

polymer adhesive/substrate (with SAM) interfaces before and after UV irradiation. Two polymer 

adhesives, an epoxy adhesive and a silicone adhesive were studied. In conclusion, this research 

showed the successful SAM preparation and about 1/3 adhesion loss after UV irradiation.  

To summarize, this work shows the principles of molecular bonding in a variety of adhesive 

systems important to several applications. It demonstrates that SFG can elucidate molecular 

mechanisms of polymer adhesion in situ. Along with showing fundamental principles of polymer 

adhesion, the samples studied in each chapter are multicomponent formulations used in industry 

and the results show the efficacy of SFG along with other analytical techniques to elucidate 

adhesion mechanisms in complicated formulations. A better understanding of using SFG to study 

real industry materials was gained in this research and mechanisms for adhesion that were 

hypothesized were uncovered using the technique. 
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Chapter 2: Interfacial Behavior of Flux Residues and Its Impact on 

Copper/Underfill Adhesion in Microelectronic Packaging 

 

 

Material covered in this chapter was published in the Journal of Electronic Packaging 2021, 143, 

011004. 

 

2.1 Introduction 

Integrated circuit (IC) and flip-chip on lead frame (FCOL) devices have revolutionized the 

micro-electronics industry. In these devices, replacing wire bonds with solder bumps has allowed 

industry to keep up with Moore’s Law and make smaller, more capable devices. Advances in this 

technology have led to devices with increased density of transistors per chip. Underfill (UF) 

materials are introduced as packaging for many common electronic devices, specifically IC and 

FCOL devices to improve and strengthen various interfaces, leading to improved device 

reliability.1-5 UF materials commonly contain bisphenol derivative epoxy adhesives due to many 

advantageous properties of the material such as its high strength and short curing times, and general 

applicability.4 Adhesion of epoxies to many types of substrates (composite materials, metals, and 

polymers), along with different types of surface treatments have been extensively studied and is 

important for the application of epoxy-based adhesives in industry.6-14 
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Electronic chips or dies are typically attached to lead frames through copper posts. In 

processing the connection of copper post to the lead frame, flux materials are added to prepare the 

copper posts for soldering 15, 16. Usually the flux material used is a proprietary blend of water, 

organic compounds, salts, and carboxylic acids or amines 15, 16. The purpose of the flux is to remove 

organic solderability preservatives and oxides from the copper surface allowing better wettability 

and electrical contact to the solder joint.17-20 A potential problem arises when, after the soldering 

process, flux residues are left behind on exposed surfaces before addition of UF. Residual flux 

materials can cause UF voids, poor UF adhesion to die and substrate, and/or solder bridging 

between the copper posts, negatively impacting the device performance.17-20 Therefore, to improve 

the device performance and reliability, it is necessary to investigate flux residue behavior and 

related interfacial effects. 

Various effects of flux materials and their underlined mechanisms in soldering have been 

previously investigated.15, 21-24 For example, it was found that a model flux, adipic acid, a free acid, 

in solution, binds surface copper oxides, forms a salt, and is moved away from the solder contact 

in a cleaning step. 22-24 22-2422-24 This theory of fluxing is very general due to the different in 

processes conditions and flux materials used in practice. In many real applications, flux residues 

typically remain at buried solid/solid interfaces.15, 21 Although excellent research on flux residues 

has been performed, in situ investigation of interfacial behavior of flux residues at buried 

solid/solid interface was rare, due to the lack of appropriate analytical tools to probe buried 

interfaces in situ.  Previously, the Chen group successfully applied a nonlinear optical laser 

technique, sum frequency generation (SFG) vibrational spectroscopy, to elucidate  the molecular 

behavior of a model flux, glutaric acid, at silica/UF and copper/UF buried interfaces in situ where 

SFG results were correlated to the adhesion of the UF to copper surface.25  This work lead to 
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broader understanding on how flux residues could be removed from surfaces, how the residue 

changed the buried cupper/UF interface, and how adhesion strength varies after the removal of 

flux residues. The research reported in this chapter generalized the approach developed in our 

previous study by examining more different model fluxes and a commercial flux used in real 

microelectronic fabrication. Previous work also studied locus failure on different copper/UF 

systems, which analyzed the broken interface with SEM, EDX, and XPS.26 These ex situ 

measurements were not performed in the present study as they are applied to the exposed surfaces 

after adhesion failure.  

Here, SFG was used to probe flux behavior at the copper surface and buried copper/UF 

interfaces and correlate these findings to adhesion strength between the copper and UF materials. 

Adipic acid and phenylacetic acid were used as model fluxes. Kester 979 no-clean flux, a 

commercial flux, was also studied due to its industrial relevance. Bisphenol A diglycidyl ether 

(BADGE), an epoxide containing molecule and diaminodiphenylmethane (DDM), the curing 

agent, were cured and used as the model UF material. The molecular structures of the above 

materials are shown in Figure 2.1. In this study, adipic acid was chosen because of the different 

chain length of adipic acid vs previously studied glutaric acid. Phenylacetic acid’s aromatic 

functionality and asymmetry helps to give a more general understanding on the role of organic 

acids used in real flux formulations.  
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Figure 2.1 Model fluxes studied are a) phenylacetic acid and b) adipic acid. The model UF is 

prepared using c) DDM (left) and BADGE (right). 

 

To correlate the SFG results to adhesion, lap shear adhesion testing was also performed. 

As will be presented below, our research showed the following: (1) Flux residues can disrupt 

adhesion when not treated properly (lacking either removal by washing or neutralization with heat 

treatments). (2) Proper treatment (washing or heating) of the residue changed the buried interface 

between copper and UF. (3) UF structure at an interface affected the strength of adhesion. We 

believe that this study generalizes the previous findings on structure-function relationships of flux 

residues at buried interfaces, which should substantially impact the research and application of 

flux in packaging of microelectronics.   

2.2 Materials and methods 

2.2.1 Materials  

Bisphenol A diglycidyl ether (BADGE), 4,4’-diamino-diphenylmethane (DDM), and 

model fluxes including adipic acid and phenylacetic acid were obtained from Sigma-Aldrich (St. 

Louis, MO). Aqueous solutions composed of model fluxes (2% wt.) were used for all experiments. 

Kester 979 no-rinse flux was purchased from Allied Electronics & Automation (Fort Worth, TX) 

and used as received. Calcium fluoride windows and prisms for SFG studies were bought from 
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Altos Photonics (Bozeman, MT). Calcium fluoride substrates were cleaned with toluene, water, 

then air plasma for 3 minutes in a PE-25-JW plasma oven (Plasma Etch,) before use. Copper 

surfaces used in SFG measurements were prepared by depositing 100 nm of copper onto a 4-inch 

silicon wafer via electron-beam evaporation (Cook Vacuum Products) then used as prepared. Thin 

films of fluxes were prepared by spin-casting (Speedline Technologies P-6000) 2% wt. flux 

solutions onto optical substrates (calcium fluoride prisms, copper surfaces) at 2000 RPM for 30 

seconds. For the washed samples, flux treated copper substrates were submerged in a stirred 500 

mL warm deionized water (70 °C) bath for 4 hours. Heat treated no-clean flux samples were not 

washed, but heated in a convection oven at 150 °C for a short period of time (<30 seconds) before 

epoxy deposition. 

 

Figure 2.2 SFG sample geometries used for this study. Prism and face-up geometries provide 

spectra of surfaces after flux treatments. Face-down geometry allows for studying the 

epoxy/copper interface with/without flux and after the flux has been washed. 

 

The BADGE and DDM epoxy UF was prepared in a 2:1 stoichiometric ratio, respectively 

and heated to make a homogeneous mixture. The UF mixture was then diluted in toluene to a 

concentration of ~60 g/L. Epoxy thin films were prepared by spin-casting a mixture of BADGE 

and DDM in toluene (UF solution) for 30 seconds at 2000 rpm onto calcium fluoride substrates, 

resulting in a film thickness of around 200 nm.  After coating the windows with the UF solution, 
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samples were degassed at room temperature and atmospheric pressure for an hour to remove 

residual solvent. Copper substrates (control, flux treated, flux treated with wash, no-clean flux 

untreated, and no-clean flux heat treated) were then contacted with the UF and cured in an oven 

for 1 hour at 50°C, 45 minutes at 75°C, and 30 minutes at 110°C. Copper substrates were adhered 

to the calcium fluoride windows by the UF after the curing cycle, suitable for SFG experiments. 

Figure 2.2 shows SFG geometries used in this experiment. 

2.2.2 Methods 

 

Figure 2.3 Geometry used for lap shear adhesion testing. Copper coupons were adhered with the 

UF material and pulled until contact between a coupon and the UF is broken. 

 

SFG sample geometries used in this study are shown in Figure 2.2. Prism sample geometry 

was used to collect flux SFG signal without the non-resonate contribution from the metal surface. 

Experiments involving copper used both the face-up and face-down geometries shown. Face-up 

geometry has reflection of the beams directly from the copper surface. In the face-down geometry, 

the laser beams pass through an optical substrate (calcium fluoride window) to the buried interface 

and SFG signal was reflected from the copper/UF buried interface. In this study, face-down 

geometry was used to study buried interfaces between copper and UF. Face-up geometry was used 
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to study flux residues on copper surfaces without UF present, as shown in Figure 2.2. Other SFG 

details are covered in Chapter 1. 

Grazing incidence X-ray diffraction (GIXRD) experiments were performed to gain 

understanding on the flux role in oxide removal from the copper surface. A Rigaku Ultima IV X-

Ray Diffractometer (Tokyo, Japan), with a 2.2 kW Cu K-α radiation source, was used in this study. 

GIXRD is widely used as a surface characterization technique in materials science. In GIXRD, X-

rays are incident at small angles allowing the technique to be more surface sensitive 27, measuring 

only a few nanometers into the copper bulk. GIXRD provided insight into the changes in the 

copper surface structure before and after contact with flux. Copper samples for GIXRD were 

prepared in the same fashion as the SFG samples. 

Adhesion lap shear testing was performed under standard conditions based on the ASTM 

D3163 method, with an Instron 5544 (Norwood, MA). Copper coupons for lap shear were obtained 

from “onlinemetals.com” and used as received. Copper coupons were 25 mm wide and around 80 

mm long.  Lap shear samples had overlap area of 25 mm x 5 mm between the copper coupons, 

which were orientated 180° relative to each other. Flux solutions were applied to copper coupons, 

as described above. The UF was prepared with BADGE and DDM in a 2:1 stochiometric ratio, 

same as the SFG experiments. Coupons were adhered in a lap geometry, shown in Figure 2.3, and 

the UF was cured. The thickness of the cured UF was about 1mm. When the coupon separated 

from the UF, a sudden drop in tensile load was observed, the maximum shear before the drop 

divided by the overlap area is reported as the adhesion strength (N/m2) for the system. Results for 

adhesion tests are averaged from ten or more samples.  

2.3 Results 

2.3.1 SFG results on model fluxes on surfaces 
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Before examining flux residues on copper or at buried interfaces with UF, SFG spectra 

were collected from the two model flux samples prepared from flux solutions on calcium fluoride 

prisms (Figure 2.4). This was done to identify the characteristic peaks of the flux molecules 

unperturbed by the non-resonate contribution to SFG signal from the copper (high background 

signal in Figure 2.5, more discussion on this effect later). The flux materials on calcium fluoride 

have SFG peaks characteristic to each organic acid. For example, adipic acid has methylene 

symmetric and antisymmetric stretching peaks at around 2860 cm-1 and 2925 cm-1 respectively, 

while phenylacetic acid has a dominating peak from the aromatic ring C-H stretching around 3070 

cm-1. These data indicate that the fluxes are well ordered at the calcium fluoride/air interface. 

 

Figure 2.4 SFG spectra of fluxes from calcium fluoride surface. Spectra on the left are from the 

adipic acid/calcium fluoride surface, on the right are from the phenylacetic acid/calcium fluoride 

surface. 

 

  Figure 2.5 shows SFG spectra collected from the flux treated copper surfaces in air before 

(top) and after washing (bottom). The unique peaks of the model fluxes which were detected on 

calcium fluoride are present but due to interactions between the flux SFG signals and strong non-
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resonant background SFG signal from metal (copper), very different spectral features (negative or 

half negative/half positive) were observed. No SFG resonant signals could be detected after 

washing, showing that flux molecules could be removed from the copper surfaces.  

 

Figure 2.5 SFG spectra of fluxes from copper surfaces with no wash (red) and after washing the 

fluxes (black). Spectra were collected in ppp polarization. 
 

2.3.2 XRD results from copper surfaces 

Grazing incidence X-ray diffraction experiments were performed on copper samples 

prepared by CVD on a silicon wafer before addition of flux to the copper surface and after flux 

treatment/water washing. The GIXRD spectra in Figure 2.6 showed characteristic copper peaks 

at 43.5°, 50.7°, and 74.3° for all the three samples: copper before flux treatment and copper after 

adipic acid or phenylacetic acid treatment/water washing. The untreated copper spectrum 

contained additional peaks at 52.4° and 56.0°, contributed by the copper oxide formed on the 

untreated copper surface 24, 27-30. The two oxide peaks disappeared after flux treatment and water 
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washing, indicating that the copper oxides were removed from the copper surface by flux 

treatment/water washing. Copper peak intensities were similar for untreated and flux treated 

samples. This is reasonable since these peaks are mainly contributed from the copper bulk where 

no oxides have formed. 

 

Figure 2.6 XRD spectra from untreated and washed flux treated copper surfaces. 

 

2.3.3 SFG results of model fluxes at buried interfaces 

SFG ppp spectra collected from a polymer film on a metal surface are dominated by signals 

contributed from the buried polymer/metal interface. 31-34 SFG spectrum (Figure 2.7) was 

collected from the control sample, the copper (without flux treatment)/UF interface, using the 

window face-up geometry. SFG signals observed in this spectrum are centered at 2860 cm-1 (CH2 

ss), 2920 cm-1 (CH2 as), and 2950 cm-1 (CH3 Fermi), all contributed from the UF (because no flux 

was applied yet). With no flux the UF can still order at the buried copper/UF interface.  
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Figure 2.7 SFG spectra from the copper/UF buried interface. The copper was not treated with flux. 

 

SFG spectra were then collected from the copper/UF interfaces with copper first treated by 

flux with or without washing (Figure 2.8). For copper surfaces treated by adipic acid or 

phenylacetic without washing, SFG spectra were similar to each other and also similar to that 

collected from the control copper/UF interface (without flux treatment on the copper surface). 

Therefore, we believe that for all the three cases, copper without flux treatment or with treatment 

by adipic acid or phenylacetic acid before washing, the SFG spectra collected from the copper/UF 

interfaces are dominated by signals contributed from the UF material. The three spectra were not 

identical, showing that flux may have some minor contributions to the SFG signals or flux may 

induce some small changes in the UF molecules at the interfaces. After washing the flux on copper, 

SFG signals detected from the UF and flux materials at the buried copper/UF interfaces greatly 

diminished in both cases, with adipic acid or phenylacetic acid treatment on copper. This suggests 
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that washing the copper surface alone after the flux treatment could greatly alter the buried 

interface and indicates that under this situation the copper/UF interface is disordered. 

 

Figure 2.8 SFG spectra from the copper/UF buried interface. Copper surfaces were treated with 

flux. Spectra from adipic acid treated surface are shown on the left and spectra from phenylacetic 

acid treated surface are shown on the right. 

 

2.3.4 SFG results on commercial flux materials at the copper/UF interface 

With regular flux treatment, washing process was needed to remove the flux residue on 

metal surface. Adipic acid and phenylacetic acid studied above were used as models for such flux 

molecules and therefore the washing effects were observed. Recently no-clean fluxes were 

developed 1, 15, 21; they are not removed by washing but rather by heating. Here we also applied 

SFG to study no-clean flux. The no-clean flux chosen for this study, Kester-959, was applied to 

the copper surface, by spin casting a small amount onto the copper surface. Samples were then 

treated with high temperatures for short periods (30s) of time to remove volatile molecules and 
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complete the flux interaction with the metal surface, simulating steps in wave-soldering conditions. 

Before carrying our SFG experiments, we observed with the naked eyes that flux residues 

remained on the copper surface before and after heat treatment. After the treatment, the flux left 

on the surface was slightly different in appearance than before heat was applied.  

SFG spectra were collected from the copper/UF interfaces with the treatment of no-clean 

flux on copper before and after heating (Figure 2.9). These spectra are similar to those collected 

from the copper/UF interfaces with copper treated by model fluxes studied above before and after 

washing. Before heat treatment, the SFG signal appeared to be dominated by UF. After heat 

treatment, the UF signal decreased and the spectrum became very noisy, indicating that the 

copper/UF interface was disordered. SFG signals from the copper/UF interface with the copper 

treated with no-clean flux before heating was slightly different from buried interface with copper 

treated with the model systems before washing. This may indicate that signals contain minor 

contributions from no-clean flux. 

 

Figure 2.9 SFG spectra collected from the copper/UF interface. Kester-959 no clean flux was left 

untreated (top). The copper/UF interface after the no-clean flux was treated has no characteristic 

peaks but was dominated by the non-resonate signal from the copper surface (bottom). 
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2.3.5 Discussion of SFG results 

Copper is a common metal used in microelectronics and adding flux to the copper surface 

before soldering and packaging is a ubiquitous processing step in microelectronic fabrication. 

Interactions between flux and copper are chemical in nature, where the flux molecules react with 

the copper surface leading to the removal of surface oxides. Treating copper with flux alters the 

copper surface enough to change the interaction of copper and UF. One feature of note in the 

washed versus the unwashed flux samples was that the SFG non-resonate background, which was 

present due to the high degree of polarizability of metal surface electrons, increased after flux 

treatment and washing. This result is reasonable, as flux chemically reacts with the copper surface 

and byproducts of this interaction are removed by washing, exposing the metal copper surface, 

leading to stronger SFG non-resonant signal compared to that from the metal oxide before flux 

treatment and washing. This could also be confirmed by the GIXRD results presented above. 

In the control sample, with no flux added, the UF ordered at the copper interface. After 

adding flux to the copper surface, the UF still ordered at the copper interface and the copper/UF 

interface was relatively unchanged. Once the flux was washed, the UF no longer ordered at the 

copper/UF interface. The removal of flux at the buried copper/UF interface is important to 

adhesion in packaging, explained in the following section. 

 It is difficult to determine and assign SFG peaks in the no-clean flux case accurately 

because the composition of the no-clean flux is unknown and may be quite complex. We believe 

that the composition of the no-clean flux must be very different from the two model fluxes 

investigated above. Even so, many of the same features were observed with the no-clean flux and 

the model flux samples. Namely, UF dominated the buried copper/UF interface with copper treated 

with flux before heating or washing, while after treatment, the interfaces became disordered. 
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Therefore, we believe that the very different flux materials play similar roles at the metal/UF 

interfaces in electronic device packaging, a counterintuitive hypothesis, demonstrated only with 

the SFG results from the buried interfaces in situ. This research further demonstrated that SFG is 

a powerful tool to probe flux behavior at buried interfaces in situ, regardless of a model flux or 

commercial flux, with washing or heating treatment (more directly related to industrial process).  

2.3.6 Lap shear analysis 

To understand the role of flux residues on the interfacial reliability of packaging materials, 

adhesion testing experiments by lap shear analysis were performed. Figure 2.10 displays the 

adhesion testing results for the copper/UF interface without flux treatment, treated with adipic 

acid, phenyl acetic acid, no-clean flux before and after washing or heating. For all the three flux 

systems, some general trends could be observed in adhesion strengths at the copper/flux interfaces: 

(1) The adhesion measured at the copper/UF interface without flux treatment on copper (control 

sample) was similar to that measured at the buried copper/UF interface with the flux treated copper. 

The adhesion strengths measured from different copper/UF interfaces with copper treated with 

different flux molecules including phenylacetic acid, adipic acid, and no-clean flux were similar. 

(2) After washing or heating the flux treated copper surface, the adhesion at the copper/UF 

interfaces substantially increased. 
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Figure 2.10 Lap shear adhesion test data from adipic and phenylacetic acid model fluxes, and the 

no-clean flux. “Copper” is the control with no flux added to copper, “w/Flux no wash” are samples 

with flux at the buried interface, and “w/Flux wash” is with the flux washed away before preparing 

the buried interface. 

 

Quantitatively, the copper/UF control (without flux treatment on copper) adhesion strength 

was found to be 8.7±0.8 MPa. For adipic acid treated copper, not washing the flux resulted in an 

adhesion strength of the copper/UF interface of 6.5±2.0 MPa, washing the flux away resulted in a 

much stronger adhesion strength of 16.0±1.2 MPa.  For phenylacetic acid treated copper, not 

washing the flux away resulted in an adhesion strength of 8.8±1.2 MPa at the copper/UF interface, 

while washing the flux away resulted in a much higher adhesion strength of 19.8±2.1 MPa. For 

no-clean flux treated copper, not heating the sample resulted in an adhesion strength of 8.9±1.3 

MPa, heating led to a substantial increase in adhesion – measured to be 12.7±1.1 MPa. 

 Lap shear adhesion testing results can be well correlated to SFG results above. As we 

presented above, the SFG spectra collected from the buried interface between copper (without flux 

treatment) and UF and collected from the buried interfaces between copper treated with different 

fluxes (including adipic acid, phenylacetic acid, and no-clean flux) and UF were all similar. 

Therefore, they exhibited similar adhesion. Flux molecules chemically react with the copper. SFG 

data show that interfacial structures at the copper (without flux)/UF interface and the copper (with 
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flux)/UF interface are similar, dominated by UF, indicating that UF has similar structure at such 

interfaces. The adhesion of such interfaces was determined by interfacial UF structure; therefore 

the adhesion strengths were similar at these interfaces. When we removed the flux molecules from 

the copper surface, the copper/UF interface showed a very different structure, evidenced by 

different SFG spectra detected. Such a different structure lead to enhanced adhesion, as we showed 

above.  All the SFG spectra collected from the copper (after flux treatment and washing or heating) 

did not show distinct peaks, but strong non-resonant signal instead. This indicates that the 

interfaces were pretty disordered. In the past, we showed that disordered interfaces exhibit stronger 

adhesion.35, 36  

2.4 Conclusions 

In this study, SFG was used to investigate the interfacial behavior of flux materials in situ 

in real time between copper and UF. Interfacial property of adhesion of the copper/UF interface 

was measured using lap shear test. It was found that without washing or heating, the buried 

interfaces between flux treated copper and UF are similar (regardless of the flux type – model flux 

or commercial flux) and were also similar to that between copper (without flux treatment) and UF. 

Such interfaces were dominated by ordered epoxy molecules in UF, leading to similar adhesion. 

With washing or heating of the flux on copper, SFG signals collected from the copper (flux treated 

and then washed by water or heated)/UF interfaces only showed non-resonant signals from copper, 

indicating disordered interfaces, leading to much stronger adhesion of these interfaces.  

 Gaining a general understanding of the role of flux materials at buried interfaces in 

electronics packaging is important to industry. Fluxes are used ubiquitously when manufacturing 

electronics and they play a crucial role in packaging these devices, therefore knowledge about their 

role helps to improve package reliability leading to more robust devices. This study shows clearly 



37 
 

that washing or heating flux treated copper leads to disordered copper/UF interface, resulting in 

much stronger adhesion. Proper treatment of flux materials is crucial for electronic device 

durability. 

The previous publication25 showed the in situ study of one particular flux, which is 

important for developing a new method. The research reported in this chapter validates the general 

use of the method, which is also significant, because it ensures the broader impact of the method. 

This research studies two model systems, and more importantly, a real flux sample commercially 

available. Therefore, this research demonstrated the capability to study practical flux samples, 

which has not been studied previously using SFG. In addition, previously we only studied washing 

as a removal method for flux, while this chapter examined both washing removal and heating 

removal (of no-clean flux). This is the first time to study the heating effect on the interfacial 

structure of no clean flux in situ using SFG. Therefore, this research generalizes the SFG 

methodology to study flux interfacial molecular behavior by studying both model and commercial 

flux systems with varied removal strategies. 

SFG spectroscopy is a powerful analytical tool to study buried interfaces important to 

electronic and materials engineering. Here SFG results along with lap shear testing successfully 

provide structure-property relationships of buried solid/solid interfaces in detail. SFG research will 

continue to be significant due to the few methods that allow for probing of buried solid/solid 

interfaces in situ. 
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Chapter 3: Interfacial Reaction of a Maleic Anhydride Grafted 

Polyolefins with Ethylene Vinyl Alcohol Copolymer at the Buried 

Solid/Solid Interface 

 

 

Material cover in this chapter was published in Polymer 2021, 212, 123141. 

 

3.1. Introduction 

Polymer multilayer films have a great variety of applications and are ubiquitous in daily 

life. Understanding the molecular structure of interfaces between different layers in such films is 

important in applications such as designing and producing new high performance barrier 

packaging.1-11 Layers in these multilayer films serve as gas barriers, enhance optical properties, 

and/or provide good puncture resistance. Adhesion of one layer to another is critical to the quality 

and performance of a multilayer film structure, especially when the layer materials have different 

chemical compatibilities.12-14 Typically, immiscible and/or incompatible materials used in 

multilayer film structures have poor adhesion, due to the low level of interaction between polar 

and non-polar polymer interfaces.12, 14  

For example, poly(ethylene vinyl alcohol) (EVOH) which is commonly used as a barrier 

material in multilayer polymer structures due to its good oxygen barrier properties and high 

resistance to liquids and various organic solvents3-6 is highly polar. EVOH is functionalized with 
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hydroxyl groups that are able to form different types of interactions with other materials in the 

structure such as hydrogen bonding or covalent bonding to enhance adhesion. Even so, EVOH 

does not typically have good adhesion to other non-polar polymers in a multilayer film, such as 

polyethylene. To solve this problem, tie-layers are added between layers in the film. Tie-layers 

have favorable adhesive interactions with various layers in the multilayer film, such as EVOH and 

nylon.15-17 One type of common tie-layer is maleic anhydride (MAH) grafted polyolefins, which 

have the ability to react with other layers in the structure due to the highly labile anhydride five-

membered ring.14-21 However, reactions occurring between the tie-layer and other materials such 

as EVOH have not been directly observed at the buried interface, especially at the 

polymer/polymer buried interface, leading to incomplete knowledge of the mechanism of grafted 

MAH adhering to EVOH in multilayer films. Enhanced interfacial properties of multilayer 

polymer structures provide highly desirable applications in multilayer packaging films, flexible 

organic electronic devices (transistors, LEDs, photovoltaics, etc.) as encapsulants22, and lithium 

ion batteries.23 A fundamental understanding of the molecular basis of adhesion between polymer 

layers may also provide more knowledge on future interfacial separation for recycling mixed 

material plastics.24-25  

In the past we reported the molecular structure of a polyolefin at both nylon and silica 

interfaces.14 Here, SFG was applied to examine buried polymer/polymer interfaces to elucidate the 

interfacial reaction between MAH grafted polymers and EVOH. 

3.2 Materials and methods 

3.2.1 Materials and sample preparation. 

CaF2 right angle prisms (Altos Photonics, Bozeman MT) were used as substrates for 

depositing ethylene vinyl alcohol copolymer (EVOH) thin films for SFG studies. Microscope glass 
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slides (Fisher Scientific, Hampton NH) were used as substrates for depositing EVOH films for 

adhesion testing. All substrates (prisms and slides) were cleaned prior to sample preparation. First, 

they were immersed in toluene for 12 hours, followed by rinsing with toluene, ethanol, and 

ultrapure water (18.2 MΩ cm) three times. The substrates were then dried with nitrogen gas and 

finally treated with oxygen plasma (PE-50, Plasma Etch Inc., Carson City NV) for three minutes 

prior to deposition of polymer thin films. The plasma chamber was pumped down to 200 mTorr 

and the voltage used for the plasma discharge was 20 kV. 

The molecular formulas of the two linear low-density ethylene octene co-polymers 

(LLDPE) studied, provided by the Dow Chemical Company, are shown in Figure 3.1. One LLDPE 

(EO) is a random co-polymer of ethylene and octene (EO); the other EO has the same type of 

structure but is grafted with 1.1 wt% maleic anhydride (MAH) (MAHgEO). Both EO and 

MAHgEO polymers were provided in pellet form, having a density of 0.87 g/cm3. The molecular 

formula of EVOH is also shown in Figure 3.1. The EVOH used in this study was also provided 

by the Dow Chemical Company in pellet form. EVOH contains ~38 mol% ethylene and has a 

density of 1.17 g/cm3. 

 
Figure 3.1 Structures of polymers used in this study: EO is a co-polymer of ethylene and octene, 

MAHgEO is the same co-polymer of ethylene and octene with MAH groups grafted to the 
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polyethylene backbone. EOVH is an ethylene vinyl alcohol copolymer.  The molar ratios of the 

polymer units are designated as x, y and z units. 

 

EVOH thin films were prepared on substrates by first drying EVOH pellets under vacuum 

with nitrogen purge at 160 °C for 30 minutes. Once EVOH pellets were dry, 1% (wt/wt) solutions 

in m-cresol (≥ 98% Food Grade, MilliporeSigma, Burlington MA) were prepared. EVOH was 

fully dissolved by heating the sealed sample solution on a hot plate at 90 °C for over an hour. The 

EVOH solution was then spin-cast onto CaF2 prisms at 2500 rpm for 30 seconds to form thin films 

using a spin coater (VTC-100, MTI Industries, Richmond CA). The samples were allowed to degas 

the solvent for 4 hours then annealed at 175 °C for 5 minutes in air prior to the SFG experiments. 

For SFG studies, buried interfaces of EVOH/EO and EVOH/MAHgEO were prepared by 

contacting melted EO (or MAHgEO) with EVOH thin films deposited on CaF2 prisms (sample 

geometries are shown in Figure 3.2). First, EO (or MAHgEO) pellets were dried in a vacuum oven 

under nitrogen at 160 °C for 30 minutes and heated to ~175 °C on a hotplate for 10 minutes to 

soften the materials. Once melted, the EVOH films were pressed tightly against the melted EO (or 

MAHgEO) samples for 1 minute at ~175 °C. Samples were then removed from the hot plate and 

annealed at 175 °C for 5 minutes in a convection oven under atmospheric conditions. The 

EVOH/EO and EVOH/MAHgEO samples were then ready for SFG analysis. The melted EO or 

MAHgEO portion of the prepared sample was thick enough to prevent IR beam from penetrating 

to the EO/air or MAHgEO/air interfaces.  
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Figure 3.2 SFG sample geometry used for studying EVOH film surface in air (left) and the buried 

EVOH film interface with EO and MAHgEO polymers (right). The red line represents the IR 

beam, the green line represents the visible beam, and the blue line represents the resulting SFG 

beam generated at the surface or interface. 

 

3.2.2 Experimental methods 

For thin EVOH films studied for adhesion testing experiments, the films were deposited 

on microscope glass slides (instead of CaF2 prisms) using the similar method presented above for 

preparing samples for SFG studies. Lap shear adhesion testing (Instron 5544, Norwood MA) was 

done at room temperature, following the ASTM D3163 standard method, to correlate the SFG 

results from the buried interface to the adhesion of EO and MAHgEO with EVOH. Figure 3.3 

shows the lap shear sample geometry used to study adhesion between EVOH and LLDPEs. At 

least 10 replicates of each EVOH/EO or EVOH/MAHgEO interface were tested for adhesive 

failure. EO and MAHgEO adhesion test samples were about 0.25 cm thick and the overlap area of 

the substrates was about 3.8 cm2, measured with a ruler. The pull rate of the lap shear test was 1.27 

mm/min. 
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Figure 3.3 Lap shear experiment sample geometry. Light grey is the microscope slide substrate, 

blue represents the EVOH film, and dark grey represents EO and MAHgEO polymer melts. 

 

3.3 Results and discussion 

3.3.1 SFG results: O-H stretching frequency region 

 

Figure 3.4 SFG spectra of EVOH/air and EVOH/EO, EVOH/MAHgEO buried interfaces. Spectra 

are offset for clarity. The intensity of the SFG spectrum from the EVOH/MAHgEO interface was 

multiplied by a factor of three. 
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The SFG spectrum in the O-H stretching frequency region collected from the EVOH 

surface in air (EVOH/air) is displayed as the black curve in Figure 3.4. The EVOH/air SFG 

hydroxyl stretching signals contain two prominent peaks, a dominant peak at 3265 cm-1 with a 

shoulder at 3440 cm-1, arising from hydroxyl groups present on the EVOH surface. FTIR spectrum 

of bulk EVOH show two -OH stretching bands in the range of 3000-3800 cm-1, contributed from 

the amorphous (weakly hydrogen bonded) and ordered (strongly hydrogen bonded) phases of 

EVOH.26 Here we assign the O-H stretching signals detected at 3256 cm-1 and 3440 cm-1 to 

contributions from the EVOH strongly and weakly hydrogen bonded surface hydroxyl groups, 

respectively. It is possible that the two peaks observed for the EVOH/air SFG spectrum could also 

contain contributions from hydrogen bonding interactions between the EVOH film and a layer of 

adsorbed water on the surface that is ordered.  

SFG ssp spectrum was also collected from the buried EVOH/EO interface, shown as the 

red curve in Figure 3.4. The O-H stretching signal is still present at the EVOH/EO interface, 

however the band positions and relative intensities are shifted compared to those at the EVOH/air 

interface. This shift to higher frequencies may be attributed to a more hydrophobic environment 

at the EVOH/EO buried interface versus the EVOH/air interface, resulting in weaker hydrogen 

bonding between the EVOH hydroxyl groups. At the high processing temperature (>160 °C) for 

preparing the buried interfaces, adsorbed water should not be present at the EVOH/EO interface.27 

It is likely that the 3350 cm-1 peak is due to O-H stretching from strongly hydrogen bonded region 

of the EVOH film and the strong peak at 3500 cm-1 can be assigned to O-H stretching in more 

weakly hydrogen bonded region of the EVOH film at the buried polymer/polymer interface.26 The 

existence of the -OH stretching bands in the SFG spectra shows that EVOH hydroxyl groups can 

be ordered at the EVOH/EO interface.   



48 
 

We collected SFG ssp spectrum from the buried interface between EVOH and MAHgEO, 

which is shown as the blue curve in Figure 3.4. It is expected that at the EVOH/MAHgEO 

interface, grafted MAH groups can react or form strong hydrogen bonds with the hydroxyl groups 

on EVOH. When covalent bonds are formed, the interfacial EVOH hydroxyl groups will be 

consumed by the reaction. Therefore, weaker SFG O-H stretching signals from EVOH were 

expected to be detected from the EVOH/MAHgEO interface than the EVOH/EO interface. In the 

EVOH/MAHgEO spectrum the 3350 cm-1 and 3500 cm-1 peaks diminished in intensity compared 

to the EVOH/EO interface, presumably due to the interfacial reactions between EVOH hydroxyl 

groups and MAH groups on MAHgEO. There were still weak signals from the hydroxyl groups at 

3350 cm-1 and 3500 cm-1, which may be due to residual unreacted EVOH hydroxyl groups at the 

buried interface. There was another peak at 3575 cm-1 that could be assigned to the carboxylic acid 

formed in the reaction of EOVH with MAHgEO or from hydrolyzed MAH as maleic acid hydroxyl 

groups ordered at the interface. 

  

Figure 3.5. Proposed reaction of EVOH hydroxyl group and grafted MAH ethylene-octene co-

polymer. 

 

Figure 3.5 shows the proposed reaction between EVOH hydroxyl groups and MAH. The 

resulting product moieties at the interface would be a carboxylic acid and ester covalent linkages 

between layers. The reaction of hydroxyl groups with MAH is a well-studied esterification 

reaction.15, 28-30 Carboxylic hydroxyl groups from this reaction could be present in the O-H 
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stretching region of the SFG spectra as well and contribute to the hydroxyl signals observed at the 

buried EVOH/MAHgEO interface. Carboxylic acid hydroxyl peaks have been shown to appear 

around 3600 cm-1 in a hydrogen bonding environment and the peak position can shift depending 

on the interfacial environment.31  Likely the weak SFG signals at 3350 and 3500 cm-1 from the 

EVOH/MAHgEO interface were not because the EVOH hydroxyl groups are lying down or having 

a random orientation, otherwise weak SFG O-H stretching signal should also be detected from the 

similar EVOH/EO interface, which was not the case. Therefore, we conclude that a strong 

interfacial interaction between the MAH group and EVOH occurs, likely a chemical reaction, at 

the EVOH/MAHgEO interface. Such an interfacial reaction would consume many of the ordered 

interfacial hydroxyl groups on EVOH, leading to much weaker SFG O-H stretching signals at 

3350 and 3500 cm-1 from the EVOH/MAHgEO interface and generated the carboxylic acid 

product which produces signal at 3575 cm-1. 32 

It is worth mentioning that we believe that the CaF2 substrate/EVOH interface generates 

minimal O-H SFG signal since the O-H signals are very different at the EVOH/EO and 

EVOH/MAHgEO interfaces. If the SFG O-H signals were from the CaF2 substrate/EVOH 

interface, because no SFG signals could be generated from EO or MAHgEO, the O-H signals from 

the above two samples should be similar for each case, which is not true. This leads us to believe 

that the O-H signal was from the polymer/polymer interface.  

To summarize the SFG findings for the EVOH/air, EVOH/EO, and EVOH/MAHgEO 

interfaces, two peaks were observed related to the hydroxyl groups in the EVOH copolymer that 

are present at the surface or buried interface. For the EVOH/air case, these two peaks were 

observed at 3256 cm-1 and 3440 cm-1 and are believed to arise from strongly and weakly hydrogen 

bonded EVOH hydroxyl groups, respectively. At the buried polymer/polymer interfaces these 
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peaks are shifted to higher frequencies (3350 cm-1 and 3500 cm-1) due to increased hydrophobic 

interactions. At the EVOH/EO buried interface, there is no MAH present, thus the hydroxyl groups 

do not react and are ordered at the buried interface, resulting in larger SFG signals. For the 

EVOH/MAHgEO interface, the EVOH hydroxyl signals were much weaker suggesting the groups 

have reacted with MAH, producing a product carboxylic acid O-H peak. To further support these 

results, the SFG signals detected in the carbonyl (C=O) stretching frequency region of each buried 

interface (EVOH/EO and EVOH/MAHgEO) were also examined. 

3.3.2 SFG results: C=O stretching frequency region.  

To further characterize the interfacial molecular structures between EVOH and EO as well 

as MAHgEO, we collected SFG spectra from the buried EVOH/EO interface and 

EVOH/MAHgEO interface in the carbonyl stretching spectral region (1550-1950 cm-1), as shown 

in Figure 3.6. No discernible SFG signal was detected from the EVOH/EO interface in the C=O 

stretching frequency region (red line in Figure 3.6). This is expected because neither EVOH nor 

EO contains carbonyl groups.  

  

Figure 3.6 SFG spectra (ssp) for the buried EVOH/EO interface (red line). No SFG signal was 

detected from the EVOH/EO buried interface. Carbonyl signal from the reaction products of 

EVOH and MAH groups were observed in the SFG spectra of EVOH and MAHgEO (black line). 



51 
 

  

SFG spectrum collected from the EVOH/MAHgEO interface showed strong C=O 

stretching signals, displayed in Figure 3.6 as the black line, which was much different than the 

EVOH/EO buried interface. The bands were assigned to the MAH-related carboxylic acid and 

ester moieties that form due to the reaction of EVOH with MAHgEO (shown in Figure 3.6). The 

peak at 1725 cm-1 was assigned to the carboxylic acid groups at the buried interface from 

hydrolyzed MAH groups or formed during the EVOH/MAHgEO interfacial reaction. This peak 

was also observed in our recent SFG studies on nylon/MAHgEO interface.67,68 A small peak at 

~1750 cm-1, on the shoulder of the large peak centered around ~1725 cm-1 can be attributed to the 

formation of ester carbonyl groups at the buried interface.33 The different SFG spectral intensities 

of these two peaks are caused by the different average orientations of the interfacial carboxylic 

acid and ester carbonyl groups, and different amounts of these functional groups at the interface. 

Two smaller peaks around 1790 cm-1 and 1835 cm-1 were also observed in the SFG spectrum and 

can be attributed to the unreacted MAH groups at the buried EVOH/MAHgEO interface. These 

results are consistent with the esterification of MAH by hydroxyl functionalities and support the 

conclusion that an interfacial reaction occurred at the buried EVOH/MAHgEO interface. Although 

the results suggest an interfacial reaction, the reaction does not appear to be complete since there 

are MAH groups from MAHgEO observed in the carbonyl stretching SFG spectra frequency 

region (Figure 3.6). The results obtained from the SFG studies in the C=O stretching frequency 

region are consistent with the SFG results obtained in the O-H stretching frequency region 

presented above.  

It is also worth mentioning that for SFG C=O signals, no C=O signals could be generated 

from the CaF2 substrate/EVOH interface because EVOH does not have C=O modes. The C=O 
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signals could not be generated from the EO/air or MAHgEO/air interfaces because both EO and 

MAHgEO samples are very thick and the air sides are not flat. Therefore, the C=O signals (if any) 

should be generated from the buried polymer/polymer interface. 

In summary, the molecular structures of the interfaces between EVOH and two LLDPE 

polymers (EO and MAHgEO) observed are consistent with an interfacial reaction between EVOH 

and MAHgEO layers. The difference between the EO and MAHgEO polymers is that MAHgEO 

has grafted reactive MAH groups, while EO does not. EVOH has hydroxyl groups which can react 

with MAH groups forming a carboxylic acid moiety and an ester linkage. At the EVOH/MAHgEO 

interface, hydroxyl groups of EVOH can react with the grafted MAH groups on MAHgEO to form 

covalent ester bonds. Because interfacial covalent bonds can form at the EVOH/MAHgEO 

interface, this interface should have stronger adhesion than an interface lacking these types of 

interactions. In contrast, no covalent bonding can occur between EVOH and EO at the EVOH/EO 

interface because of the absence of grafted MAH groups and other reactive functional groups on 

EO, and the adhesion between the polymers should be weaker. These results show that SFG is a 

powerful technique to probe buried interfacial reactions occurring at solid/solid interfaces that are 

directly related to a material’s performance. 

3.3.3 Adhesion results. 

Our SFG results presented above clearly demonstrated the significant difference of the 

interfacial interactions between the EVOH/EO and EVOH/MAHgEO interfaces. Such interfacial 

interaction differences should lead to substantially different interfacial properties. In order to 

correlate interfacial structure to the adhesion performance, lap shear adhesion testing was 

performed on the EVOH/EO and EVOH/MAHgEO interfaces. Figure 3.7 shows that the adhesion 

strengths measured from the EVOH/EO and EVOH/MAHgEO interfaces were very different. The 



53 
 

adhesion strength of EVOH to MAHgEO was much higher than EVOH to EO. This result is due 

to the interfacial reaction, chemical bonds were formed, leading to much stronger adhesion. Only 

non-covalent interactions are expected to occur at the EVOH/EO interface, resulting in a much 

weaker interface. The adhesion test results also further provide evidence for confirming the 

occurrence of the interfacial reaction between EVOH and MAHgEO at the buried interface. 

 

Figure 3.7 Lap shear adhesion data from interfaces between EVOH and EO or MAHgEO. 

Addition of MAH increases the adhesion strength of MAHgEO to EVOH substantially. 

 

3.4 Conclusions 

Different molecular structures at the buried interfaces between EVOH and two LLDPE 

materials were observed in situ using SFG. At the EVOH/MAHgEO interface, spectral changes in 

both the -OH and C=O stretching regions were observed that are consistent with interfacial 

chemical interactions between EVOH hydroxyl groups and MAH groups. In the O-H stretching 

frequency region, EVOH hydroxyl signal was found on the EVOH surface in air and at the 

EVOH/EO buried interface, but largely disappeared at the EVOH/MAHgEO buried interface. At 

the buried EVOH/MAHgEO interface a new peak corresponding to carboxylic acid appeared in 

the O-H stretching region. In the C=O stretching region, at the EVOH/MAHgEO buried interface, 
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SFG signals from ester reaction products were observed, along with weak signals contributed from 

unreacted MAH groups. However, at the EVOH/EO interface, no evidence of covalent bond 

formation was observed. SFG signal from the EVOH hydroxyl groups was observed from this 

interface, and no carbonyl signal was detected, because this system does not contain C=O 

functionality. To further support the spectroscopic evidence for strong interfacial interactions 

between EVOH and MAHgEO, adhesion strength between EVOH and MAHgEO was measured, 

which is much greater than that measured between EVOH and EO.  

This study shows that the physical interaction dominates the EVOH/EO (a chemically inert 

polymer) interface while the EVOH/MAHgEO interface has a chemical interaction (based on 

added MAH functionality to the system) and also possibly a physical interaction (if MAH does not 

cover the interface entirely). Here we cannot separate the difference between the physical and 

chemical interactions at the EVOH/MAHgEO interface. According to the adhesion measurements, 

the adhesion strength induced by the chemical interaction is about two (if the physical interaction 

is similar at the two interfaces) or three (if the EVOH/MAHgEO interface only has chemical 

interaction) times larger than that induced by the physical interaction. To understand interfacial 

interactions more quantitatively, it is necessary to study MAHgEO with various MAH grafting 

levels in the future. 

This result is an important step to uncovering the details of interfacial polymer/polymer 

reactions significant to a variety of polymer applications that require good adhesion between film 

materials. SFG provides a direct way to probe molecular structures at buried interfaces in situ, with 

the ability to probe both the reactants and products at the buried interface of solid materials 

nondestructively. Further work to understand the temperature dependence and time dependence of 
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this interfacial reaction would be of great interest to industrial applications involving similar 

polymer interfaces as well. 
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Chapter 4: Interfacial Reaction of a Maleic Anhydride Grafted 

Polyolefins with Nylon at the Buried Solid/Solid Interface 

 

 

 

Material in this chapter was published in Analytical Chemistry 2020, 92 (20), 14145-14152. 

 

4.1 Introduction 

The work in this research in this chapter was completed by Bolin Li and myself. Bolin 

collected SFG data, we both performed data analysis and worked on the conclusions from the 

results together. I also aided in the determination of the activation energy, fitting data and 

performing the calculations. I want to acknowledge Bolin for taking the lead on much of the 

research in this chapter and for his assistance producing this chapter and Chapter 3. 

In the previous chapter, SFG was applied to probe the interfacial chemical reactions 

between EVOH and MAHgEO. Besides EVOH, nylon is another widely used material for 

multilayered films. Films of nylon or polyamide provide critical levels of toughness required in a 

flexible food package that can ensure the safety of the packaged food. Similar to EVOH, the polar 

nature of nylon limits its adhesion to non-polar polyolefin films which are the bulk components of 

the multilayer film. To improve adhesion between these different film layers, “tie-layers” (which 

usually utilize functional polymers such as polyolefins grafted with maleic anhydride (MAH)), the 
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same material used to adhere to EVOH, are applied in real applications. Interfacial chemical 

reactions between MAH-grafted polyolefin and nylon have not been examined and the 

corresponding molecular adhesion mechanisms are not completely known. In this chapter, the 

results obtained from SFG studies on the buried nylon/MAHgEO interface will be presented. SFG 

research elucidated the interfacial chemical reaction mechanisms between nylon and MAHgEO, 

shedding light on the molecular bonding at the MAHgEO/nylon buried interface and the kinetics 

of bond formation in situ. SFG results on the interfacial chemical reaction can also be correlated 

to the adhesion properties at buried polymer interfaces.  

4.2 Materials and methods 

4.2.1 Materials and sample preparation 

The polymers studied in the current research are shown in Figure 4.1. Two types of linear 

low-density polyethylenes (LLDPE), an ethylene-octene (EO) copolymer and an EO copolymer 

grafted with 1.1% maleic anhydride (MAH) by weight (MAHgEO), were studied. They are the 

same materials as those studied in the previous chapter. Ultramid C33 nylon-02 (copolyamide PA 

6/66) was used in the study. Nylon thin films were prepared by directly spin-coating a nylon/m-

cresol solution (5 mg/mL) on the CaF2 prisms at 2000 rpm for 60 sec. We then heated the EO 

pellets to 165 °C and MAHgEO pellets to 185 °C, respectively, for 10 min; the partially melted 

pellets were then tightly pressed against the prepared nylon film on the CaF2 prism to make the 

buried nylon/EO or nylon/MAHgEO interfaces. Buried CaF2/EO interfaces were prepared in a 

similar fashion but without spin-coating nylon films on CaF2 prisms. Samples of MAHgEO/nylon 

for adhesion testing were prepared in the same way as those used for adhesion study on 

MAHgEO/EVOH in the previous chapter, except that the EVOH film is replaced by a nylon film. 
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Here glass microscope slides were employed as substrates for making nylon thin films, instead of 

CaF2 prisms for SFG studies.   

 

 

Figure 4.1. Polymers studied in this work. A: ethylene-octene (EO) copolymer; B: MAH grafted 

ethylene-octene (MAHgEO) copolymer; C: Maleimide-terminated Poly (N-isopropylacrylamide); 

D: Copolyamide PA 6/66; E: Polyethylene terephthalate (PET). The x, y, and z are the mole ratios 

of different monomeric units. A and B are random copolymers, same as those used in the previous 

chapter. 

 

4.2.2 SFG experiment 

The same SFG data collection methods as those used in the Chapter 3 were used here. SFG 

spectra were collected from the nylon surface and buried nylon interfaces with both ssp (s-

polarized sum frequency beam, s-polarized visible beam, and p-polarized infrared beam) and ppp 

polarization combinations.  

4.2.3 Adhesion test 

The same adhesion testing method as the one introduced in Chapter 3 was used in this 

study. Lap shear adhesion tests were used for testing adhesiuon, which were preformed on the 
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Instron 5544 mechanical testing instrument at room temperature using the ASTM D3263 standard 

method. The EO or MAHgEO polymer was sandwiched between nylon films spin-coated on 

microscope glass slides instead of CaF2 prisms. At least 10 replicates of each nylon/EO or 

nylon/MAHgEO interface were tested. The average adhesion strength per cm2 with standard 

deviation was recorded. 

4.3 Results and discussion 

4.3.1 Nylon-air surface and buried nylon/MAHgEO (or EO) interface: Amine NH stretching 

region  

SFG spectra of the nylon-air surface of spin-coated nylon films on CaF2 prisms in the amine 

N-H stretching region (3100-3500 cm-1) are shown in Figure 4.2 (a). The strong and broad band 

at around 3300 cm-1 detected in both ppp and ssp spectra can be assigned to the N-H stretching 

mode of nylon.43,44 The presence of this signal suggests that ordered N-H groups on the nylon 

backbone and/or ordered NH2 polymer end groups are present at the nylon-air surface or the buried 

CaF2/nylon interface. The SFG signal contribution from the nylon-air surface or the buried 

CaF2/nylon interface can be varied by changing the nylon film thickness.45 In our case, a brief (30 

s) plasma treatment of the sample greatly reduced or eliminated the 3300 cm-1 signal, indicating 

that this band is due to the N-H stretching mode of the nylon-air surface and is not due to the buried 

CaF2/nylon interface or the bulk of nylon film. Our previous IR study showed that the nylon film 

bulk was not altered by short plasma treatment,14 therefore the great reduction of the SFG signal 

is not due to loss of the nylon film, further demonstrating that the original SFG signal comes from 

the nylon-air surface. 

The buried interface between nylon and MAHgEO was also investigated in the amine N-

H stretching region using SFG (Figure 4.2 (b)). The amine stretching signal detected from the 
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nylon-air surface near 3300 cm-1 was not detected in the SFG spectra of the buried 

nylon/MAHgEO interface. The absence of this band for the nylon/MAHgEO buried interface can 

occur for several reasons. First, the orientations of the nylon N-H or NH2 groups at the nylon-air 

surface may be different from those at the buried nylon/MAHgEO interface; the NH groups may 

lie in the plane of the interface or could be randomly oriented at the buried nylon/MAHgEO 

interface, leading to the absence of SFG amine N-H stretching signals. The interfacial functional 

group orientation change could also be caused by physical interactions46,47 (e.g., hydrophobic 

interactions, interfacial entanglements, interpenetration, adsorption, etc.) between the nylon and 

the MAHgEO polymer. The second possibility is that the Fresnel coefficients (the reflection and 

transmission factors of light when it travels through different optical media at a surface or 

interface) are different at the buried nylon/MAHgEO interface than the nylon-air surface, which 

may lead to the substantial decrease and even disappearance of the SFG signal. The third 

possibility is that a chemical reaction (e.g., covalent bond formation) and/or polar interactions46 

(e.g., hydrogen bonding) between nylon NH2 and/or NH groups and the anhydride functionality 

occur at the buried interface.  

To investigate the possibility of orientation change or Fresnel coefficients decreasing the 

signal at the buried nylon/MAHgEO interface, the buried interface between nylon and EO was 

studied as a control experiment. The SFG spectra of the buried nylon/EO interface (Figure 4.2 (c)) 

show the N-H stretching signal around 3270 cm-1, slightly shifted compared to that observed for 

the nylon-air surface. This might be due to increased average strength of hydrogen bonds of 

nylon48,49 at the buried nylon/EO interface compared to that at the nylon/air surface. This band is 

still very strong even though it has a slightly decreased intensity compared to the nylon-air surface. 

The functional group orientations and the Fresnel coefficients for nylon N-H and NH2 groups at 
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the buried nylon/MAHgEO interface and the buried nylon/EO interface are expected to be similar 

since MAHgEO and EO should have similar optical constants and physical interactions with nylon. 

Therefore, interfacial functional group orientation and Fresnel coefficients are not the main reason 

for the absence of the nylon N-H stretching signal at the buried nylon/MAHgEO interface.  

 

Figure 4.2 SFG ssp and ppp spectra collected in the amine N-H stretching frequency region from: 

(a) a nylon-air surface, (b) nylon/MAHgEO interface after reaction, and (c) nylon/EO interface. 

The open circles and solid lines are experimental data and fitting curves, respectively. 

 

Nylon N-H stretching signal intensity ratios of the SFG ssp/ppp spectra are different for 

the nylon-air surface and the buried nylon/EO interface (see Figures 4.2 (a) and  (c)), which 

indicates that nylon N-H or NH2 groups have different orientations at the nylon-air surface and at 

the buried nylon/EO interface, but the presence of SFG signal in these cases means the NH groups 

are not lying in the plane of the interface nor are these groups randomly oriented. The nylon N-H 

or NH2 groups at the buried nylon/EO interface appear to tilt more towards the interface than those 

at the nylon-air surface because SFG ppp spectral intensity is larger than ssp at the buried nylon/EO 

interface, but smaller on the nylon surface in air.50 It is worth mentioning that the SFG signals of 
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water O-H stretching modes are typically centered at ~3200 cm-1 (strongly hydrogen bonded), 

~3400 cm-1 (weakly hydrogen bonded), and ~3700 cm-1 (dangling OH), which have different peak 

positions from the nylon N-H stretching signal centered at ~ 3300 cm-1. Certainly, we could not 

completely rule out the O-H signal influence on the N-H band, but we believe that the peaks we 

observed at ~3300 cm-1 should be dominated by the N-H stretching contribution. 

To study whether the potential contribution of polar interactions or hydrogen bonding 

interactions can lead to in-plane or random orientation of the nylon N-H and NH2 groups at the 

buried nylon/polymer interface, we studied the buried interface between nylon and polar 

polyethylene terephthalate (PET). The nylon N-H stretching signal was detected, suggesting that 

polar interactions51 or hydrogen bonding52 cannot account for the absence of the nylon N-H 

stretching signal at the buried nylon/MAHgEO interface. Therefore, most likely the absence of the 

SFG N-H stretching signal at the nylon/MAHgEO interface was due to an interfacial chemical 

reaction between nylon and MAHgEO at the buried interface.  

Chemical reactions between NH2 and MAH groups have been extensively reported in 

literature.28, 53−58 However, there are few reports of chemical reactions between the amide N-H and 

MAH groups.27,59,60 Two mechanisms were proposed previously for the chemical reactions 

between nylon and MAH groups.27,59 In the first mechanism, NH2 end groups of nylon are 

postulated to directly react with the MAH groups, resulting in the formation of an imide linkage. 

The amic acid moiety is formed as an intermediate, as shown in Figure 4.3.27 When excess MAH 

groups are present, a second mechanism may be involved: Nylon amide groups may indirectly 

react with the excess MAH groups. A chemical reaction may occur when an amide group is 

hydrolyzed, forming a NH2 group and a carboxylic acid.27,59 The NH2 group formed by hydrolysis 

of the amide group can react with MAH when most of the original nylon NH2 end groups have 



65 
 

been consumed. The chemical reaction between a NH2 group and a MAH group is thought to occur 

much faster than that between an amide and a MAH group, therefore the NH2-MAH reaction 

dominates the overall reaction between nylon and MAH.59 The reaction between NH2 and MAH 

is reported to have up to 99% conversion at 180 ℃ in 2 min.61 The overall reaction leads to the 

consumption of both the interfacial NH2 end groups and the interfacial amide groups to form imide 

and carboxylic acid groups. The two reaction mechanisms which have been reported by Van Duin 

et al.27 are shown in Figure 4.4. The feasibility of the second reaction mechanism was verified by 

our SFG studies on maleimide-terminated PNIPAM/MAHgEO interface.65 We conclude that the 

disappearance of the nylon N-H stretching signal at the nylon/MAHgEO buried interface was due 

to the interfacial chemical reaction between MAH groups and the nylon end NH2 groups as well 

as hydrolyzed nylon amide groups.   

 

Figure 4.3 The chemical reaction between a nylon NH2 end group and a MAH group at a buried 

interface. 
  

 

The interfacial reaction was too rapid to experimentally observe the time-dependent 

process at high temperatures using our SFG system. After annealing the nylon/MAHgEO sample 

at a high temperature, the interfacial reaction had already occurred and no N-H stretching signal 

could be detected by SFG. To directly probe the buried nylon/MAHgEO interface and monitor the 
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interfacial reaction process in situ, the interfacial structure of the nylon/MAHgEO buried interface 

was determined at different temperatures. 

 

Figure 4.4 Two reaction mechanisms ((1) and (2)) at a buried nylon/MAHgEO interface that result 

in the formation of imide and carboxylic acid. 

   

The nylon/MAHgEO sample was heated at various temperatures from 80 °C to 160 °C 

using an SFG sample stage equipped with a hotplate. SFG spectra were collected at each 

temperature after allowing the sample to equilibrate for 10 minutes. Temperature dependent SFG 

ssp spectra collected from the buried nylon/MAHgEO interface are shown in Figure 4.5, for the 

amine N-H stretching frequency region. The SFG ssp spectrum collected from the nylon-air 

surface before contact with the MAHgEO sample at room temperature is also displayed for 

comparison. The nylon N-H stretching signal at 3300 cm-1 decreased in intensity as the temperature 

increased from 90 °C to 100 °C, and then remained relatively constant between 100 °C and 120 

°C, where a weak N-H stretching signal was observed. For temperatures higher than 120 °C, no 

N-H stretching signal was detected. This suggests that the interfacial reaction between nylon NH2 
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(and amide) and MAH groups begins to occur around 90 °C and proceeds rapidly at 120 °C. The 

nylon NH2 and amide groups appear to be consumed at the buried nylon/MAHgEO interface by 

the reaction. Again, it is worth mentioning that the disappearance of the nylon N-H signal is not 

caused by changes in NH2 (or amide) group orientation since the N-H stretching signal was 

detected from nylon at the buried interface with ungrafted EO polymer (nylon/EO) after annealing 

at 175 °C for 5 min Figure 4.2 (c)). This is strong evidence of a direct observation of the interfacial 

chemical reaction between nylon and MAHgEO, done in situ at the buried interface.  

 

Figure 4.5 SFG ssp spectra (A and B) collected from the buried nylon/MAHgEO interface at 

different temperatures in the amine N-H stretching frequency region. The SFG ssp spectrum 

collected from the nylon-air surface is also shown as a reference. The spectra were offset for 

clarification. 

 

4.3.2 Nylon-air surface and buried nylon/MAHgEO (or EO) interface: Carbonyl C=O 

stretching region. 

The carbonyl C=O stretching region of the SFG spectra can also give information on the 

interfacial chemical reaction between nylon NH2 (and amide) groups and MAH functionalities at 
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the buried nylon/MAHgEO interface. SFG spectra of the nylon-air surface reveal a band at 1625 

cm-1 in the ssp spectrum and at 1640 cm-1 in the ppp spectrum as shown in Figure 4.6 (a), which 

were assigned to the amide C=O stretching mode of nylon.44,62 It is worth mentioning that the 

nylon C=O stretching modes can generate slightly varied peak centers (separated by ~10 cm-1) in 

IR and Raman spectra.63,64 SFG spectra collected using ssp and ppp polarization combinations 

probe different IR transition dipole and Raman polarizability components, which peak centers can 

be affected by those in the IR and Raman spectra. In addition, the SFG instrument used to collect 

spectra has a spectral resolution of ~6 cm-1, further influencing the nylon C=O stretching peak 

centers. These factors led to the varied peak positions observed in the SFG ssp and ppp spectra. 

The amide C=O stretching signal detected from the nylon film on prism is primarily generated 

from the nylon surface in air, not the buried interface between nylon and CaF2, because after short 

(30 s) plasma treatment of the nylon film surface the SFG signal from the nylon film in the carbonyl 

stretching frequency region disappeared, similar to that in the amine N-H stretching region. 

SFG spectra were collected from the buried interface of nylon with ungrafted EO polymer 

(nylon/EO) (Figure 4.6 (b)), which showed the nylon amide C=O stretching mode at 1625 cm-1 

in the ssp spectrum and at 1640 cm-1 in the ppp spectrum. As expected, no amide C=O stretching 

signal was detected from the buried CaF2/EO interface, and only the nylon C=O stretching peaks 

dominate the spectra collected from the buried nylon/EO interface in Figure 4.6 (b). These spectra 

were similar to those collected from the nylon-air surface. However, nylon amide C=O stretching 

signal intensity ratios between the ssp and ppp spectra are different at the nylon surface (Figure 

4.6 (a)) and at the buried nylon/EO interface (Figure 4.6 (b)), indicating that nylon C=O groups 

likely have different orientations in these two cases, and supports the observation described earlier 

in the amine N-H stretching region. The nylon carbonyl groups seem to lie more towards the plane 
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of the interface at the buried nylon/EO interface than that at the nylon-air surface. Quantitative 

investigations of the carbonyl bond orientations at the nylon surface and at the buried Nylon/EO 

interface have been reported elsewhere65 using the existing methodology for data analysis.66 

The SFG signals detected from the buried interface between nylon and MAHgEO (Figure 

4.6 (c)) reveal a new band at 1725 cm-1, which is assigned to imide groups and carboxylic acid 

present in the interfacial reaction product from MAH as shown in scheme 3.67−69 The nylon C=O 

stretching signal at 1640 cm-1 was practically absent in the ssp spectrum and dramatically decreased 

in the ppp spectrum because some nylon amide groups participate in the interfacial reaction and 

the remaining nylon C=O groups change their interfacial orientations. This provides further 

confirmation that the nylon amide groups at the interface indeed indirectly react with MAH groups, 

following the second hydrolysis reaction mechanism mentioned above. However, weak SFG ppp 

signal at 1640 cm-1 was observed, indicating the amide groups were not totally consumed by MAH 

at the interface. The amine N-H stretching signals completely disappeared after reaction at the 

nylon/MAHgEO interface (Figures 4.2 (b) and Figure 4.5), which suggests that the remaining 

amide N-H groups (if any) probably lie in the plane of the buried interface or are randomly 

oriented, based on SFG theory,28,70,71 leading to no detectable signal. Spectra collected from the 

nylon/EO interface are quite different in the carbonyl C=O stretching region than those from the 

buried nylon/MAHgEO interface (Figure 4.6 (b) and (c)). The chemical reaction occurring at the 

buried nylon/MAHgEO interface does not occur at the nylon/EO interface due to lack of MAH 

groups. The disappearance or substantial decrease of the nylon amide signal is due to consumption 

of amide groups during the interfacial chemical reaction by the hydrolysis mechanism as 

mentioned above. The increase in intensity of the band at 1725 cm-1 is a result of interfacial 

reaction products (carboxylic acid and imide groups) containing carbonyl moieties. 



70 
 

 

Figure 4.6 SFG ssp and ppp spectra collected in the carbonyl C=O stretching frequency region 

from (a) nylon-air surface, (b) buried nylon/EO interface, and (c) buried nylon/MAHgEO 

interface. The open circles and solid lines are experimental data and fitting curves, respectively.  

 

Figure 4.6 (c) captures the final interfacial structure after the interfacial chemical reaction. 

To obtain a more detailed understanding of the interfacial chemical reaction and to complement 

the temperature-dependent changes in the amine N-H stretching frequency region, the spectra of 

buried nylon/MAHgEO interface were collected at different temperatures in the carbonyl 

stretching frequency region using SFG in situ (Figure 4.7). The SFG ssp spectrum collected from 

the nylon-air surface before contact with the MAHgEO sample at room temperature is also shown 

for comparison. Intensity of the nylon C=O stretching band at 1625 cm-1 begins to decrease at 

temperatures higher than 90 °C, and shows little change between 100 °C to 120 °C. At higher 

temperatures, this band almost disappears. Meanwhile, a new band at 1725 cm-1 appears in the 

SFG spectra at 90 °C, the intensity of this band increases with temperature, reaching a plateau at 

120 °C. The temperature-dependent signal change in the carbonyl C=O stretching frequency 

region is consistent with that observed in the amine N-H stretching frequency region discussed 
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above, and again provides additional evidence of an interfacial chemical reaction which begins 

above 90 °C and accelerates at 120 °C. The consumption of reactants and the generation of 

products are observed simultaneously at the buried interface at the molecular level and in situ. It 

is worth pointing out that increase in the entropic effect due to increasing temperature is expected 

to randomize the interfacial functional group orientations and thus reduce the SFG intensity. 

However, SFG intensity at 1725 cm-1 increased. This clearly suggests that a chemical reaction 

occurs above 90 °C. At very high temperatures (e.g., 180 °C), the interfacial molecules can be 

more mobile and lose their orientational ordering at the buried nylon/MAHgEO interface or leave 

the interface by diffusing into bulk, leading to the disappearance of SFG signals (Figure 4.7). 

When the system was cooled down to room temperature, the interfacial C=O groups became 

ordered again, generating SFG signals (Figure 4.6 (c) and Figure 4.7). As shown in Figure 4.4, 

carboxylic acid groups and imide carbonyl groups can be generated from the interfacial reaction. 

The peak at 1725 cm-1 is assigned to the C=O stretching of the carboxylic acid groups and imide 

carbonyl groups in the reaction products.66−68 Certainly, the hydrolysis of MAH at the interface 

can also produce carboxylic acid functionality. However, here we do not believe that the interfacial 

carboxylic acid observed comes from hydrolyzed MAH group in MAHgEO at the buried 

nylon/MAHgEO interface, because the peak at 1725 cm-1 was not initially observed. Furthermore, 

if this were the case, this peak should have continuously decreased as the temperature increased 

and behaved similar to the buried non-reactive EO/MAHgEO interface. In contrast, the peak at 

1725 cm-1 from the buried nylon/MAHgEO interface increased, accompanied by the decrease of 

the nylon C=O peak at 1625 cm-1 with increasing temperature. This result further corroborates that 

the peak at 1725 cm-1 arises from the interfacial reaction products. More details about this peak 

assignment was reported in a recent publication.65 In this study, the entire reaction process (reactant 
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consumption and product formation) was directly monitored at the buried nylon/MAHgEO 

interface at the molecular level and in situ using SFG. 

 

Figure 4.7 SFG ssp spectra collected from the buried interface between nylon and MAHgEO at 

different temperatures in the carbonyl C=O stretching frequency region. The SFG ssp spectrum 

obtained from the nylon-air surface is also shown as a reference. The spectra were offset for 

clarification. The spectrum collected from the nylon/MAHgEO interface at room temperature after 

heating to 180 ℃ was also shown (right panel, bottom spectrum) for comparison. 

 

4.3.3 Kinetics of the buried interface reaction. 

The reaction kinetics at the buried nylon/MAHgEO interface was evaluated by collection 

of the SFG intensity of the amine stretching mode as a function of time at three temperatures 

(110 ℃, 130 ℃, and 150 ℃). Since the intensity of an SFG band is proportional to the square of 

the interfacial molecular coverage,72 the reaction kinetics can be deduced by plotting the square 

root of the SFG intensity as a function of time. The relationship between the square root of the 
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time-dependent SFG ssp signal intensities at 3300 cm-1 with time is shown in Figure 4.8 (a) for 

three temperatures. The same first order chemical reaction model was used to fit the reaction 

kinetics as proposed by Scott and Macosko and subsequently confirmed by Oyama and Inoue on 

a similar polymer-polymer system.73,74 As shown in Figure 4.8 (a), the data agree quite well over 

the entire time scale (early and later stages) to the first-order model. The Arrhenius activation 

energy for the overall reaction at the buried nylon/MAHgEO interface was calculated to be 33 

kJ/mol (Figure 4.8 (b)). Schaefer et al. and Shin et al. studied reactions between MAH and NH2 

groups in a bilayer films (the bilayers consisted of styrene-maleic anhydride copolymer and amine-

terminated butadiene-acrylonitrile copolymer or bis(amine) terminated poly(tetrahydrofuran)) 

using FTIR spectroscopy.75,76 They found the Arrhenius activation energy to be about 52 kJ/mol. 

While this differs from the value reported here, there are few, if any, comparisons of reaction 

kinetics in the bulk versus those directly measured at an interface. In addition, the activation energy 

reported for the bulk reaction was determined for a different polymer system than MAHgEO, 

where MAH groups were on the backbone of the polymer. Side chain MAH groups have better 

mobility than anhydride groups on the backbone, which can possibly lower the activation energy 

necessary for the reaction to occur at the buried interface. 

Figure 4.8 (a) Square root of time-dependent SFG ssp signal intensities collected from the buried 
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nylon/MAHgEO interface at three different temperatures (110 ℃, 130 ℃, and 150 ℃). Round 

circles are experimental points. Lines are fits based on the first order reaction model. (b) Arrhenius 

plot used to deduce the activation energy of the interfacial reaction. 

 

The SFG results presented above demonstrate the interfacial chemical reaction at the buried 

nylon/MAHgEO interface, which is further corroborated by adhesion tests, comparable to the 

results shown in Chapter 3. The higher adhesion of the grafted polymer system was at least in part 

due to formation of covalent bonds between nylon and grafted MAH at the buried nylon/MAHgEO 

interface. In this study, not only was the interfacial reaction at a buried polymer/polymer interface 

revealed, but also the interfacial structure and adhesion properties of the buried interface are well 

correlated, as shown in Figure 4.9. 

 
Figure 4.9. Adhesion strengths measured for nylon/EO and nylon/MAHgEO interfaces. 

 

4.4 Conclusions 

In this research, SFG was used for the first time to detect and monitor the interfacial 

chemical reaction between nylon and MAH-grafted EO, at the buried nylon/MAHgEO interface 

in real time and in situ. The chemical reaction was detected via the consumption of the reactants 

(NH2 and amide groups of nylon) and formation of the products (imide and carboxylic acid 

groups). Nylon N-H stretching signals at ~3300 cm-1 disappeared in both SFG ssp and ppp spectra 
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after nylon reacted with grafted MAH groups in MAHgEO at the buried interface, while the nylon 

C=O stretching signal at ~1625 cm-1 disappeared in the ssp spectrum and dramatically decreased 

in the ppp spectrum after nylon reacted with grafted MAH groups in MAHgEO. A new peak at 

1725 cm-1 appeared from the reaction products of carboxylic acid and imide groups. The 

temperature dependence of this reaction was investigated, and the activation energy was measured 

to be 33 kJ/mol. The interfacial adhesion was also evaluated and was enhanced by the formation 

of covalent bonds at buried nylon/MAHgEO interface. For the buried nylon/EO interface, the SFG 

spectra reveal totally different interfacial structures. To the best of our knowledge, this was the 

first direct detection (the consumption of reactants and the formation of products simultaneously) 

and quantification (the deduction of the reaction kinetics and activation energy) of a chemical 

reaction between two polymers, such as MAH-grafted EO and nylon, at buried polymer-polymer 

interfaces. Both the research reported in Chapters 3 and 4 demonstrated that SFG metrologies have 

great promise to probe interfacial reaction mechanisms, interfacial structures before and after 

interfacial reactions, and interfacial reaction kinetics. The characterization of chemical reactions 

at a polymer-polymer or other solid-solid buried interface at the molecular level in real time and 

in situ provides the basis to build a comprehensive fundamental understanding and manipulation 

of interfacial properties such as interlayer adhesion.  
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Chapter 5: Molecular Interactions between Amino Silane Adhesion 

Promoter and Acrylic Polymer Adhesive at Buried Silica Interfaces 

 

 

5.1 Introduction 

Acrylic polymers are widely used for textiles, paints, adhesives, and coating applications. 

In particular, waterborne coatings based on acrylic latexes are increasing in popularity since they 

are considered to be more environmentally friendly than solvent-based formulations and 

subsequently find use in a wide variety of applications. In order to achieve high performance of 

the final coating, various inorganic and organic additives are incorporated into the coating 

formulations to improve properties such as adhesion, opacity, color, flow, and durability.1-2 

Adhesion of acrylic polymer compositions with a variety of materials including glass or silica are 

important in many applications such as reflectivity modulation, paint formulations, and modifying 

properties of resin materials.3-9 To improve adhesion, amino functionalized silanes are often added 

to acrylic polymer formulations.8-12 It is generally known that waterborne acrylic polymer coatings 

with amino silane additives have better adhesive performance to glass than the polymer 

formulations without such an additive. However, the detailed molecular mechanisms of adhesion 

enhancement of amino silanes in acrylic polymer formulations have not been fully understood.   

Acrylic latex polymers are prepared by emulsion polymerization with a variety of 

monomers that are selected based upon the intended end use of the materials. Methyl methacrylate 
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(MMA) and butyl acrylate (BA) are among the most common and lowest cost acrylic monomers 

and provide very different homopolymer glass transition temperatures. It is thus common to 

copolymerize BA and MMA in different ratios to target specific glass transition temperatures (film 

formation temperatures). Other monomers, such as acid functional monomers like methacrylic 

acid (MAA), are frequently included in the polymerizations at low levels to impart specific 

properties like colloidal stability of the latex and adhesion of the subsequently formed coating to 

substrates.   

Waterborne acrylic polymer coatings can be applied to a substrate by methods such as 

rolling, brushing or spraying. After drying, the paint is transformed into a permanent solid coating 

film adhered to the substrate. The drying process of waterborne acrylic polymer coatings to form 

a film occurs in a step-wise fashion after the colloid is applied. A simple diagram of this process 

is shown in Figure 5.1 (a). Drying begins with evaporation of water from the coating, moving the 

spherical polymer particles closer together. Many factors such as mixture composition can 

influence how fast evaporation occurs.13 Defects can form in the film if evaporation is too fast or 

too slow. To optimize the evaporation rate additives such as surfactants, defoamers, and rheology 

modifiers are added to the emulsion formulation. Following the initial drying step, the polymer 

particles are densely packed and begin to deform and fill voids in the film left behind by water 

evaporation (second step in Figure 5.1 (a). The deformation process is controlled by capillary 

forces and influenced by the minimum film formation temperature (MFFT); below this 

temperature a discontinuous film can form. MFFTs are typically close to or lower than the glass 

transition temperature (Tg) of the polymer. After the polymer particles have deformed in the film, 

forming a honey-comb like structure, coalescence occurs. Coalescence occurs when the water has 

mostly evaporated and the boundaries between polymer particles begin to disappear forming a 
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homogeneous structure, depicted in the last step of Figure 5.1 (a). For this step the glass transition 

temperature is very important and environmental conditions must be above the MFFT to form a 

good film.13 At this point the film is dry but polymer chain interdiffusion can still occur. 

 

 

Figure 5.1 Schematics showing the drying processes after waterborne acrylic polymer emulsions 

without (a) and with (b) adhesion promoters are applied onto a substrate surface. The blue head 

and orange tail represent the silanol head group and amine tail group, respectively, of an amino 

silane additive. 

  

It is believed that when an adhesion promoter is added to the polymer formulation, the 

interaction between the acrylic polymer coating film and substrate can be greatly altered, 

enhancing the adhesion between the coating and the substrate.8 However, molecular level details 

regarding the interfacial behavior of adhesion promoters, the impact of their addition to the 

polymer formulation on the interfacial structure and interfacial interactions are not clear. This 

research aims to better understand the role of an amino silane adhesion promoter in acrylic polymer 

coatings to enhance the coating film interaction with the substrate. Such interactions occur at 

buried solid (coating film)/solid (substrate or filler) interfaces, which are difficult to study non-

destructively using traditional surface/interface sensitive techniques, such as ATR-FTIR, XPS, 
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AFM, etc. Here we are using SFG to study the molecular structure of buried acrylic polymer 

coating film/fused silica interfaces in-situ, where fused silica is used as a model for glass. 

SFG spectroscopy has been developed into a powerful analytical tool to noninvasively 

study buried polymer interfaces with a variety of substrates, including interfacial behavior of 

additives in polymer adhesive formulations.14-34 Details about SFG are discussed in Chapter 1. 

Here, we studied the adhesion mechanisms of a waterborne acrylic polymer formulation 

with added amino silane adhesion promoter to glass (using fused silica as a model for glass). SFG 

was used to probe the buried interface between acrylic copolymer formulations and silica in-situ. 

It has been shown that silanes can be used in polymer systems to enhance adhesion through a 

variety of mechanisms.1 An amino silane was chosen in this study because of the potential for 

chemical reactions occurring between i) the polymer and the silane, and ii) the silane with the glass 

surface. A common role of a silane additives is to prevent water from reaching the interface (or 

displace it), which is especially important when the coating is waterborne.1, 35-36 Another type of 

adhesion enhancement mechanism involves the formation of ionic or covalent bonds between the 

adhesion promoter and the acid groups of the polymer. In this study SFG was used to probe the 

buried interfaces to test both above possible mechanisms. Three different polymers were 

synthesized with varying levels of MAA in order to put particular focus on the spectral signals of 

the acid groups of the derived polymer in the presence of adhesion promoter. It was found that the 

interactions between adhesion promoters and the polymer molecules, and between adhesion 

promoters and the silica substrate play the dominating role in adhesion enhancement. The results 

obtained from the in situ buried interface study here demonstrate that the adhesion promoter acts 

as a bridge between materials to improve adhesion in this multicomponent formulation.  
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5.2 Materials and methods 

5.2.1 Materials 

Butyl acrylate, methyl methacrylate, methacrylic acid terpolymer latexes were provided by 

Dow Inc. and used as received. A simplified illustration of the molecular structure of the polymers 

(BAMMA) is shown in Figure 5.2 (a).  These polymers were prepared from ~50 wt% butyl 

acrylate (BA) /~50 wt% methyl methacrylate (MMA), with either 0.7 (0.7MAA), 1.4 (1.4MAA), 

or 1.8 (1.8MAA) wt% methacrylic acid (MAA). The BAMMA polymers were provided at ~50.5% 

solids in water at pH >9.5. A small amount of 1-dodecanethiol (nDDM) was used in the 

polymerization process to control the copolymer molecular weight. 

 

Figure 5.2 Illustrative molecular structures of (a) butyl acrylate/methyl methacrylate polymers 

(BAMMA) and (b) 3-(2-aminoethylamino)-propyldimethoxymethylsilane (AEAPS). 

 

The amino silane studied here was 3-(2-aminoethylamino)-propyldimethoxymethylsilane 

(AEAPS, Figure 5.2 (b)) and was obtained from Momentive Performance Materials (Waterford, 

NY). Different amounts of AEAPS were added to an aqueous BAMMA emulsion at 0.0 wt%, 0.5 

wt%, and 1.0 wt% concentrations, relative to the polymer solids.  

Silica surfaces for SFG studies were prepared by depositing a 100 nm silica layer via PVD 

on calcium fluoride (CaF2) right angle prisms (Altos Photonics, Bozeman MT), indicated in Figure 

5.3. To make the buried silica/polymer interfaces, BAMMA polymers with 0.0 wt%, 0.5 wt%, and 
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1.0 wt% AEAPS were applied dropwise to the PVD silica surfaces. All samples were white and 

opaque in appearance. BAMMA polymers with and without AEAPS were allowed to dry in 

ambient conditions at room temperature for 48 hours or more before analysis. Upon drying, all of 

the films were clear and transparent. The polymer material on the substrate was about 2 mm thick.  

 

 

Figure 5.3 Schematic showing SFG sample geometry used in this study. Silica coating on the CaF2 

prism is indicated and the polymer material is also shown.   

 

5.2.2 Methods 

 Details regarding SFG theory, equipment, and data analysis were covered in Chapter 1. 

Energies of the visible and IR beams at the sample were about 30 µJ for the visible beam and 120 

µJ for the IR beam in the C-H and O-H stretching frequency region (2700-3800 cm-1) and 30 µJ 

for the visible beam and 40 µJ for the IR beam in the carbonyl C=O stretching frequency region 

(1550-1900 cm-1). SFG spectra were collected in the ssp (s-polarized output SFG, s-polarized input 

visible, p-polarized input IR) and ppp polarization combinations. The SFG sample geometry used 

in this study is shown in Figure 5.3.  
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5.3 Results and discussion 

5.3.1 BAMMA latex containing 0.7 wt% MAA 

 

Figure 5.4 SFG ssp (left) and ppp (right) spectra collected from the interfaces between silica and 

BAMMA copolymer containing 0.7 wt% MAA and different amounts of AEAPS. The spectra are 

offset. Symbols are individual data points and the lines are fitting results. The fitting parameters 

of the spectra are listed in Table 5.1. 

 

Here we first present the SFG results obtained from BAMMA containing 0.7% MAA 

(0.7MAA). Figure 5.4 shows the ssp and ppp SFG spectra collected from the interfaces between 

silica and 0.7MAA with different amounts of aminosilane (0.0%, 0.5%, and 1.0%). For the SFG 

spectra collected from the silica interface with 0.7MAA (no added AEAPS, black curves in Figure 

5.4), both the ssp and ppp spectra show a sharp peak between 2900 cm-1 and 3000 cm-1, which is 

due to the aliphatic C-H stretching modes of the polymer. The broad peak that extends to about 

3400 cm-1 is attributed to the O-H stretching mode, which becomes more pronounced at higher 

MAA amounts (shown later). This broad O-H peak extends to both sides of the C-H stretching 
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peaks, between 2900 and 3400 cm-1, with a peak center located at around 3050 cm-1. The typical 

water O-H stretching signals in SFG spectra are usually centered at about 3200 and 3400 cm-1. The 

lower frequency of this O-H stretching mode suggests that it is due to interfacial acid (O-H 

stretching of the –COOH) from the polymer rather than water at the interface.37  

Table 5.1 Fitting parameters of the SFG spectra collected from the interfaces between silica and 

BAMMA base polymers containing 0.7% MAA and different amounts of amino silane. 

 
 

 

 

0.0% 

AEAPS   

0.5% 

AEAPS   

1.0% 

AEAPS   

 ppp Assignment A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) 

Sym. Methyl 0.85 2880 30 0.25 2880 30 0.10 2880 15 

Asym. Methyl/Sym. 

Ester Methyl 3.60 2960 25 2.75 2960 25 1.75 2960 25 

Asym. Ester Methyl 1.50 2990 20 0.75 2990 22 1.3 2995 22 

Sym. Methylene 0.25 2850 20 0.15 2850 20 0.25 2850 20 

Asym. Methylene -4.00 2915 30 -0.50 2915 30 -0.15 2915 30 

Acid O-H 1 25.00 3050 225 5.00 3050 225 12.00 3050 225 

Water O-H 1.50 3500 75 0.10 3500 50 0.50 3545 50 

Water 1 x x x x x x x x x 

Water 2 x x x x x x x x x 

ssp Assignment A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) 

Sym. Methyl 0.15 2880 30 0.10 2880 30 0.10 2880 30 

Asym. Methyl/Sym. 

Ester Methyl 6.40 2960 25 6.70 2960 25 6.90 2960 25 

Asym Ester Methyl 1.00 2990 20.35 0.20 2990 22 0.70 2990 22 

Sym. Methylene 0.05 2850 20 0.10 2850 20 0.01 2850 20 

Asym. Methylene -3.00 2915 30 -3.50 2915 30 -4.00 2915 30 

Acid O-H 1 21.00 3050 225 0.10 3050 225 0.10 3050 225 

Water O-H 2.20 3500 75 2.00 3500 50 1.90 3545 50 

Water 1 x x x x x x x x x 

Water 2 x x x x x x x x x 
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The C-H stretching signals collected from the silica interface with 0.7MAA without added 

AEAPS (presented in black in Figure 5.4) contain contributions from methylene and methyl 

symmetric and asymmetric C-H stretching modes of the 0.7MAA polymer. The spectral fitting 

results and peak assignments are presented in the Table 5.1. The peaks at 2850 cm-1 and 2915 cm-

1 are contributed by the symmetric stretching and asymmetric stretching of the CH2 groups in 

0.7MAA, respectively. The asymmetric CH2 peak appears as a negative peak in the spectrum due 

to interference with the O-H mode discussed above. The symmetric methyl peak is at 2880 cm-1. 

The peak at 2960 cm-1 could be generated from the asymmetric stretching of the regular methyl 

group (on butyl acrylate and/or methacrylate) and/or symmetric stretching of the ester methyl 

groups. The 2990 cm-1 peak is generated from the asymmetric stretch of ester methyl groups in the 

MMA component of 0.7MAA. The assignments are similar for samples containing AEAPS which 

will be discussed below since the CH2 groups overlap with those of BAMMA. When AEAPS is 

added, the signal strength of the C-H modes decreases due to disordering or less interfacial 

coverage at the silica/polymer interface, but the peak centers and assignments remain the same. 

To examine the effect of added AEAPS on interfacial structure and interfacial interaction 

at the 0.7MAA/silica interface, spectra were collected from the interface when 0.5% or 1.0% 

AEAPS was added to 0.7MAA, as shown in red or blue curves in Figure 5.4, respectively. After 

the introduction of AEAPS to the polymer system, the broad O-H peak between 2900 and at 3400 

cm-1 almost disappeared in the ssp data and decreases significantly in the ppp spectrum. This result 

suggests that AEAPS influences the behavior of O-H groups at the silica/polymer interface. As 

mentioned above, this broad O-H peak could be assigned to OH stretching motions of the MAA 

(acid O-H) present in the polymer. It may also arise from strongly hydrogen bonded water left 

behind at the interface after the drying process. To determine what species the O-H band arises 
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from, BAMMA polymers with different MAA concentrations were studied systematically, the 

results of which will be discussed in later sections. 

Besides the hydroxyl stretching signals, C-H stretching signals were also affected by the 

addition of the AEAPS. For 0.7MAA samples with 0.5% added AEAPS, the overall SFG signals 

from the C-H groups decrease (Figure 5.4). A decrease in the C-H signal, especially methyl C-H 

signals at interfaces involving polymers, has been shown to be a sign of improved adhesion at 

polymer/polymer and silica/polymer interfaces.14, 38-40 This is believed to arise because methyl 

groups at an interface cannot generate strong interfacial interactions such as hydrogen bonding, 

ionic bonding, or covalent bonding. Addition of higher levels of AEAPS (1.0%, ~stoichiometric 

equivalent of nitrogen to acid groups) to the 0.7MAA sample did not cause a further decrease in 

the C-H or O-H signal and indicates that the influence of the AEAPS at the interface is similar at 

these two concentrations. The different spectra from the 0.7MAA without and with small amounts 

of AEAPS demonstrate that small amounts of added AEAPS could substantially impact the 

interfacial structure and therefore interactions between silica and 0.7MAA polymer samples, but 

interfacial structure does not appear to change after reaching a limiting level of AEAPS.  
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5.3.2 BAMMA latex containing 1.4 wt% MAA 

 

Figure 5.5 SFG ssp (left) and ppp (right) polarization combination spectra collected from 

interfaces between silica and BAMMA polymers containing 1.4% MAA and different amounts of 

AEAPS. The spectra are offset. Symbols are experimental data and the lines are fitting results. The 

fitting parameters of the spectra are listed in Table 5.2. 

 

SFG spectra collected from interfaces between silica and BAMMA polymers containing 

1.4% MAA (1.4MAA) without and with different amounts of AEAPS are displayed in Figure 5.5. 

The spectra of the 1.4MAA polymer with no adhesion promoter, have similar spectral features as 

the 0.7MAA polymer without AEAPS discussed above. Both SFG ssp and ppp spectra were 

dominated by sharp C-H stretching signals and broad O-H stretching signals. However, for the 

1.4MAA polymer the O-H band extends to higher frequency than that for 0.7MAA polymer. 

Likely with a higher acid amount in polymer, more water was retained in the film which was then 

also manifested at the interface. The red and blue spectra shown in Figure 5.5 were collected from 

the interfaces between silica and 1.4MAA with 0.5% and 1.0% adhesion promoter. Similar to the 
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0.7MAA the C-H group signals also decreased after adding AEAPS to the polymer samples in 

both the ssp and ppp spectra, indicating that the introduction of AEAPS to the BAMMA samples 

decreased SFG C-H stretching signals at the polymer/silica interface, regardless of the MAA 

amount in the BAMMA polymer (within the range studied).  

Table 5.2 Fitting parameters of the SFG spectra collected from the interfaces between silica and 

BAMMA base polymers containing 1.4 % MAA and different amounts of amino silane. 

 
 

 

 
0.0% 

AEAPS   

0.5% 

AEAPS   

1.0% 

AEAPS   

 ppp Assignment A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) 

Sym. Methyl 1.20 2880 30 1.50 2880 30 0.50 2880 30 
Asym. 

Methyl/Sym. Ester 

Methyl 2.30 2965 12 1.80 2965 15 2.00 2965 15 

Asym. Ester 

Methyl 6.00 2990 25 3.00 2990 25 4.00 2995 20 

Sym. Methylene 3.00 2850 30 1.75 2850 25 3.50 2850 25 

Asym. Methylene -9.25 2920 25 -5.00 2920 25 -9.00 2920 25 

Acid O-H 1 30.00 3050 225 15.00 3050 245 28.00 3050 245 

Water O-H 5.20 3580 75 15.00 3580 150 5.00 3580 120 

Water 1 63.00 3200 200 42.00 3200 200 22.00 3200 200 

Water 2 0.00 3400 100 1.50 3400 100 0.01 3400 200 

ssp Assignment A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) 

Sym. Methyl 1.20 2880 30 0.25 2880 30 0.50 2880 30 
Asym. 

Methyl/Sym. Ester 

Methyl 5.50 2965 12 4.50 2965 15 7.30 2965 20 

Asym Ester 

Methyl 1.50 2990 25 3.00 2990 25 2.50 2990 15 

Sym. Methylene 0.25 2850 30 0.25 2850 25 0.80 2850 25 

Asym. Methylene -11.50 2920 25 -4.75 2920 25 -7.50 2920 25 

Acid O-H 1 32.00 3050 245 5.00 3050 245 15.00 3050 245 

Water O-H 4.75 3575 75 20.00 3580 150 6.00 3580 120 

Water 1 34.00 3200 200 20.00 3200 200 15.00 3200 200 

Water 2 3.50 3400 100 5.00 3400 100 10.00 3400 200 



93 
 

 The O-H behavior detected from the interface between silica and 1.4MAA polymers with 

added AEAPS was different from the 0.7MAA samples. The addition of a small amount of AEAPS 

(0.5%) resulted in a decrease in intensity of the acid O-H stretching signals at 3050 cm-1 in both 

ppp and ssp spectra. As the concentration of AEAPS increased to 1.0%, the O-H signal continued 

to decrease but can still be detected in the ppp spectrum. This suggests the amount of acid 

functionality in BAMMA influences the O-H band present at the silica/polymer interface. 

Differences in the OH stretching region for these spectra could be due to a number of factors, one 

being the presence of more water at the interface as the MAA concentration increases. The 

presence of O-H signals in the 1.4MAA/AEAPS sample suggests the dominating O-H bands from 

2900 to 3400 cm-1 likely come from interfacial MAA and water at the silica/BAMMA interface. 

For the interface of silica with 1.4MAA containing 0.5% added AEAPS, O-H spectra also contain 

high frequency O-H band beyond 3400 cm-1, suggesting the presence of water at the interface due 

to the hydrophilicity of the remaining acid functionality at the interface. The interfacial AEAPS 

either causes the C-H and O-H groups from BAMMA to become less ordered or present in reduced 

levels at the buried interface, leading to the intensity decrease of the C-H and O-H signals. Another 

possible explanation is that the MAA carboxylic group reacts with the AEAPS amine group. Such 

a reaction forms either an ionic pair (negatively charged carboxylate/positively charged 

ammonium) or forms a covalent bond (amide), discussed later in the Further Discussion section.41-

42  
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5.3.3 BAMMA latex containing 1.8 wt% MAA 

 

Figure 5.6 SFG ssp (left) and ppp (right) spectra collected from the interfaces between silica and 

BAMMA base polymers containing 1.8% MAA and different amounts of AEAPS. The spectra are 

offset. Individual symbols are experimental data and the lines are fitting results. The fitting 

parameters of the spectra are listed in Table 5.3. 

 

The collected SFG spectra from the interfaces between silica and 1.8MAA with varying 

amounts of AEAPS are presented in Figure 5.6. Spectra for samples without AEAPS are 

dominated by sharp C-H stretching signals and broad O-H signals (dominated by the acid O-H 

contributions) as before. This observation for the 1.8MAA is similar to those from the BAMMAs 

containing 0.7% and 1.4% MAA (without added AEAPS).  Perhaps for the 0% AEAPS 1.8MAA 

sample, more acid molecules are crowded onto the interface, thus less ordered. The 1.0% AEAPS 

1.8MAA sample has more signal ascribed to interfacial water compared to 1.0% AEAPS 0.7MAA 

and 1.0% AEAPS 1.4MAA. This observation is consistent with our hypothesis of a correlation 

between interfacial water and acid concentration at the interface. The results from the 1.8MAA 
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system when AEAPS is added, (Figure 5.6), are much different than those obtained from the 

0.7MAA and 1.4MAA polymer samples with AEAPS, with the OH bands shifted to higher 

frequency. Such O-H signals are signatures of interfacial water molecules, instead of acid O-H 

groups according to their peak positions. When the AEAPS level was increased to 1.0%, the water 

O-H peak (shown in blue) becomes more pronounced in both the ssp and ppp spectra, compared 

to those with 0.5% AEAPS (shown in red). Detection of water O-H signals is reasonable because 

the increased acid amount in the 1.8MAA polymer could lead to more acid functionalities 

segregating to the silica interface. The more hydrophilic groups at the interface can bind water 

more than the other systems, exhibiting detectable SFG O-H signals from water molecules. As 

with all polymers examined in this work there is very little O-H signal from the acid (the low 

frequency section of the O-H signals) after AEAPS is added (see the red and blue spectra in Figure 

5.6), indicating that the vast majority of interfacial MAA molecules form strong interactions with 

AEAPS molecules as discussed above (through ionic interactions or covalent bonds). This result 

further supports that in the polymer samples containing 0.7% and 1.4% MAA, the low frequency 

part of the O-H SFG signal was due to carboxylic acid in MAA and that the decrease in signal 

intensity upon adhesion promoter addition is due to the carboxylic acid disappearing through 

disordering, dissociation or reaction with the amine group of the adhesion promoter.  

 Like the other BAMMA samples with lower MAA amounts discussed before, the SFG C-

H stretching signals detected from 1.8MAA/silica interfaces decrease upon addition of AEAPS. 

Such signals did not further decrease substantially when the adhesion promoter concentration was 

increased (from 0.5% to 1.0%). As discussed above, the reduction of C-H signals may be correlated 

with stronger interfacial adhesion.35, 39, 43 We did not detect distinguishable N-H stretching signals 
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from the adhesion promoter amine groups at the interface, but we see the impact of AEAPS on the 

interfacial structures in these data. 

Table 5.3 Fitting parameters of the SFG spectra collected from the interfaces between silica and 

BAMMA base polymers containing 1.8 % MAA and different amounts of amino silane. 

 
 

 

 

 

0.0% 

AEAPS   

0.5% 

AEAPS   

1.0% 

AEAPS   

 ppp Assignment A ω(cm-1) Γ (cm-1)      A ω(cm-1) Γ (cm-1)      A ω(cm-1) Γ (cm-1) 

Sym. Methyl 1.50 2880 30 1.50 2880 30 0.25 2880 30 

Asym. Methyl/Sym. 

Ester Methyl 5.50 2965 20 5.75 2960 20 5.00 2960 20 

Asym. Ester Methyl 4.50 2995 20 5.00 2995 20 3.50 2995 15 

Sym. Methylene 2.30 2850 25 1.00 2850 25 0.25 2850 25 

Asym. Methylene -15.00 2915 35 -9.50 2920 35 -5.00 2920 25 

Acid O-H 1 50.00 3050 250 10.00 3050 245 8.00 3050 245 

Acid O-H 2 1.50 3580 75 15.00 3580 200 20.00 3580 200 

Water 1 18.00 3250 150 7.00 3250 100 33.00 3200 200 

Water 2 2.00 3400 100 7.50 3400 100 25.00 3400 200 

ssp Assignment A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) 

Sym. Methyl 1.50 2880 30 0.25 2880 30 0.15 2880 30 

Asym. Methyl/Sym. 

Ester Methyl 12.75 2965 20 11.50 2960 20 9.00 2960 20 

Asym Ester Methyl 1.25 2990 15 0.50 2995 15 0.50 2995 15 

Sym. Methylene 0.25 2850 25 0.25 2850 25 0.15 2850 25 

Asym. Methylene -9.00 2915 35 -7.50 2920 25 -4.25 2920 25 

Acid O-H 1 30.00 3050 245 0.50 3050 245 8.50 3050 245 

Acid O-H 2 3.00 3580 75 30.00 3580 200 35.00 3580 200 

Water 1 18.00 3250 150 8.50 3200 100 24.00 3200 200 

Water 2 5.00 3400 100 5.50 3400 100 33.00 3400 200 
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5.3.4 C=O region  

Figure 5.7 SFG ssp (left) and ppp (right) spectra collected from the interfaces between silica and 

BAMMA polymers containing 1.4% MAA and different amounts of AEAPS in the C=O stretching 

frequency region. Symbols represent experimental data points while lines represent fits to the data 

and underlying bands. Fitting parameters can be found in Table 5.4. 

  

To further investigate the interfacial MAA acid behavior at the BAMMA/silica interfaces, 

SFG spectra were collected in the C=O stretching frequency region (Figure 5.7) to study 

interfacial carboxylic acid and ester groups. Here 1.4MAA polymer, the intermediate MAA 

concentration of the three samples studied, was examined. Without AEAPS, the SFG spectra 

collected from the 1.4MAA/silica interface, shown as black lines in Figure 5.7, contain two main 

peaks: a lower frequency peak centered at 1715 cm-1 assigned to the MAA carboxylic acid C=O 

stretching and another at 1735 cm-1 assigned to the C=O stretching of the ester groups of the MMA 

and BA components in BAMMA polymer. This was consistent with the presence of acid groups 

from the polymer at the interface and agrees with the previously presented results on SFG O-H 

stretching signals. After addition of the adhesion promoter AEAPS to the polymer, much weaker 
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signals from the MAA component are observed and similarly supports reduction of interfacial 

MAA acid groups at the silica/polymer interface by the adhesion promoter. The increased SFG 

signal intensity detected from the ester C=O stretching after the introduction of AEAPS indicates 

that more ester carbonyl groups move to the silica interface and/or they become more ordered. The 

observation of decreased interfacial C-H groups shown earlier and increased C=O ester groups 

shown here is consistent with increased interfacial adhesion.43  

Table 5.4 Fitting parameters of SFG spectra collected from the interfaces between silica and 

BAMMA base polymers containing 1.4% MAA and different amounts of amino silane in the C=O 

stretching frequency region 

 

 

5.4 Discussion: Proposed adhesion mechanism of AEAPS at BAMMA/glass interface 

In this study, three BAMMA latex polymers with different levels of MAA were 

investigated. The only difference between the three BAMMA polymers was the different MAA 

amount (i.e. the ratio of BA to MMA was held constant). The three BAMMA polymers contain 

0.7 wt%, 1.4 wt%, and 1.8 wt% MAA respectively. A control sample with 0 wt% MAA was not 

included in the study because the absence of MAA would lead to an unstable emulsion. For each 

BAMMA polymer with different MAA content, three levels of added AEAPS was examined 

 

0.0% 

AEAPS   

0.5% 

AEAPS   

1.0% 

AEAPS   

 ppp 

Assignment A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) 

?? -3.50 1600 20 -1.50 1603 20 -0.750 1590 20 

Acid  11.50 1715 21.64 0.89 1715 20 2.000 1715 20 

Ester 1.01 1735 23 10.25 1735 23 14.250 1735 25 

ssp 

Assignment A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) A ω(cm-1) Γ (cm-1) 

?? 1.90 1603 20 1.00 1603 20 1.750 1590 20 

Acid 10.25 1715 20 0.15 1715 20 0.850 1715 20 

Ester 3.50 1735 23 10.75 1735 23 12.940 1735 25 
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(0.0%, 0.5%, and 1.0% based on polymer solids). Therefore, for the three BAMMA polymers, a 

total of nine different samples were studied. 

Although AEAPS was added to the polymer emulsion by percent weight, the stoichiometry 

of the acid group and the amine group of AEAPS is important to consider.  For the 0.7MAA 

samples spiked with AEAPS, there was an approximate stoichiometric equivalence of amine 

functionality to acid functionality available at 1.0% AEAPS; however, for 1.4MAA, there was 

always a stoichiometric deficiency of amine groups relative to acid groups from MAA.  There was 

an even larger stoichiometric deficiency of amine groups from AEAPS relative to acid groups from 

MAA in the formulations of 1.8MAA.  For example, at 0.5% AEAPS there was about 25% of what 

would be necessary for stoichiometric equivalence and at 1% AEAPS, there was about 50% of 

what would be needed. This deficiency in amine allows the influence of the acid at higher 

concentrations to be probed. 

The SFG results in both C-H/O-H and C=O stretching frequency regions obtained with 

different amounts of copolymerized MAA and AEAPS adhesion promoter demonstrate that both 

the MAA content and AEAPS influence the interfacial structure at the glass interface. A number 

of different interactions between MAA and AEAPS could occur. One potential mechanism is a 

physical interaction only scenario (without any formation of chemical bonds) where the amino 

group of AEAPS causes the MAA acid groups of BAMMA to become disordered, leading to 

decreased SFG O-H and acid C=O stretching signals (Figure 5.8 (a)).44-45 However, we believe 

that this physical interaction scenario is unlikely. Since the BAMMA system was applied as an 

aqueous emulsion onto silica and then dried, acid-base reactions are expected to easily occur. A 

possible interaction of MAA and AEAPS is through an ionic interaction where MAA is 

deprotonated and the amine is protonated, creating a carboxylate anion and ammonium cation that 
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form an ionic bond (Figure 5.8 (b)). Ionic bond formation is supported by the 

disappearance/reduction of the carboxylic acid SFG signal in both the O-H and C=O stretching 

frequency regions. The third possible mechanism is shown in Figure 5.8 (c). Upon dehydration 

and under optimal reaction conditions, the ionic pair could react further to form an amide. An 

amide bond formation is also supported by the disappearance of the SFG O-H and carbonyl C=O 

stretching signals. However, if the amide bond formation occurred, an amide C=O stretching signal 

in the SFG spectra at around 1640 cm-1 should appear, which was not detected in our experiments. 

Certainly, the absence of detected amide C=O signals may be due to the disordering of the amide 

groups at the interface, but we believe that this is unlikely because the silica interface is 

hydrophilic. The hydrophilic amide C=O groups are expected to be ordered at the hydrophilic 

interface.46-49 We therefore believe that the second mechanism described above is more reasonable. 

The ionic interaction between MAA acid and amine functionality from AEAPS at the interface is 

the most likely. 

 

Figure 5.8 Three possible mechanisms of MAA – AEAPS interactions. Interaction a) indicates 

hydrogen bonding or weaker type of Van der Waals interaction, b) shows formation of an ionic 

bond between the acid and amine group, and c) depicts the formation of an amide bond by 

elimination of water. 

 

 It is well known that ordered self-assembled layers can be formed on glass or silica with 

silane molecules containing methoxy head groups.50-53 Methoxy head groups are also easily 

hydrolyzed and can react with hydroxyl groups. Our previous SFG studies on silicone adhesives 
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with silane adhesion promoters containing methoxy head groups showed interfacial segregation 

and reaction of methoxy groups at buried interfaces.54-58 In this study, methoxy groups were not 

observed at the interface because they have presumably already hydrolyzed before the drying 

process. While we could not directly observe the chemical reaction between AEAPS and silica 

substrate, earlier work suggests that AEAPS can react with silica and form a covalent interaction. 

Extensive research has been performed to study preparation of thin films or SAMs using 

amino silanes on glass, silica, and other substrates. Such thin films can be prepared using silane 

vapor or silane solutions including organic solvent solutions and aqueous solutions.9, 50-51, 54, 59-64 

Since this study investigated a water-based acrylate coating, the interfacial behavior of amino 

silane in an aqueous environment is more relevant. It was reported that it is feasible to deposit 

amino silanes on silica substrate from aqueous solutions and generate a stable monolayer coating.60 

This publication also indicates that for aqueous solution deposition of amino silane, the silane head 

groups’ (such as methoxy groups’) chemical reactions with the surface OH groups are important, 

while the ionic interaction between NH3
+ and the surface may also play a role.64 It was also found 

that for a SAM deposited using amino silane in water, about 70% amino groups are still accessible, 

thus only about 30% amino groups interact with the surface or other parts of the silane molecule 

or other silane molecules, showing that the main interaction between the amino silane and surface 

should be the chemical reaction between the silane head groups and the surface, not interactions 

involving the amino groups.59  

Our observations were consistent with the interaction of AEAPS adhesion promoter 

molecules with silica substrate through covalent bonding with the head groups and interaction with 

the MAA component in BAMMA through ionic interactions with the amine functional tails. At 

the same time, our SFG results showed that with the addition of adhesion promoter to BAMMA, 
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more ester C=O groups segregate and are ordered at the silica interface while the level of CH 

groups at the interface is either reduced or they are more disordered. These effects appear to further 

enhance the adhesion between BAMMA and silica. A schematic of the proposed mechanism is 

visualized in Figure 5.9. 

 

Figure 5.9 Depiction of the BAMMA interface with AEAPS present. Silane groups are bonded to 

the silica substrate through covalent bonds, and ammonium groups interact with carboxylate 

through ionic bonds. 

 

 It is worth mentioning that the presence of residual water molecules at the BAMMA/silica 

interface may reduce the interfacial adhesion. Our SFG studies showed that with higher MAA 

amount and higher AEAPS amount, interfacial water can be detected using SFG. An optimal 

concentration of MAA and AEPAS may be needed in BAMMA formulations to avoid interfacial 

water and maximize the interfacial adhesion.    

5.5 Conclusions 

In this study, SFG was used to investigate the influence of the adhesion promoter AEAPS 

on the structures of BAMMA/silica buried interfaces to understand the adhesion promoter 

mechanism at the molecular level. AEAPS addition resulted in reduced SFG hydroxyl and 
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carbonyl signals from MAA in BAMMA samples. The SFG signals from C-H groups of BAMMA 

also decreased upon addition of AEAPS. The reduction of these groups can be associated with 

various mechanisms that result in higher polymer adhesion to the silica substrate. The results 

suggest the most likely interaction mechanism between interfacial AEAPS and MAA functionality 

was the formation of ionic bonds through carboxylate groups and ammonium ions, leading to 

strong interactions between AEAPS bonded to the silica interface through siloxane linkages and 

the BAMMA polymer. As we discussed above, the amino silane molecules reacted with substrate 

surfaces via chemical reactions between silane head groups and surface OH groups. Therefore, the 

strong adhesion between BAMMA and silica was through the covalent interaction between silica 

and head groups of the adhesion promoter AEAPS and through ionic interaction between end 

group of AEAPS and the MAA component in BAMMA. The interfacially-segregated combination 

of AEAPS and polymer acid groups made the interface more hydrophilic, leading to increased 

amount and/or ordering of ester C=O groups and reduced level and/or disordering of C-H groups, 

further enhancing the interfacial adhesion between silica and BAMMA. Further increasing the 

MAA content in BAMMA in the presence of the same amount of adhesion promoter, AEAPS, 

may lead to an even more hydrophilic silica interface, resulting in the presence of interface water 

which could reduce adhesion.  

The two amine groups in AEAPS (primary and secondary) may form varied intramolecular 

or intermolecular interactions, which could not be determined in this study. A model system with 

silane solution (without BAMMA polymer) interacting with silica can be studied with SFG in 

combination with computer simulation to further reveal the detailed amino silane – silica 

interaction in the future, which is beyond the scope of this research.  Nevertheless, new information 

has been gained on the change in interfacial structure of select acrylic-based copolymers at silica 
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substrate in the presence of a common aminosilane adhesion promoter. These changes in 

interfacial structure give insight into the mechanism of adhesion enhancement that aminosilanes 

such as AEAPS provide for acrylic copolymers at glass substrates and can be extended to explore 

mechanisms for other aminosilane-based adhesion promoters and acrylic polymers.  
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Chapter 6: UV Sensitive Debonding Self-Assembled Monolayer for 

Reversible Adhesive Applications 

 

 

6.1 Introduction 

Debonding adhesive interfaces selectively is a desirable feature for many adhesive 

applications, achieving this end would greatly enhance the ability to recycle many polymer-based 

products and to recover valuable materials from a variety of applications. Typically, research and 

new applications in polymer adhesion are aimed at enhancing adhesion between the polymer and 

substrate, much work has been done in this regard in the electronics and food packaging industry.1-

5 Many types of substrates are of interest when studying polymer adhesion such as semiconductors, 

metals, dissimilar polymers, and similar polymers where adhesion has been greatly enhanced.6-20 

This enhanced adhesion becomes an issue once the interface in the application is no longer in use; 

breaking these interfaces is difficult and as a result a large amount of waste is generated. At the 

end-of-life stage for many of the polymer products containing adhesive interfaces, a method to 

break the interface selectively would be valuable.21 Work has been done on this problem at various 

scales and with different approaches. For example, biomimicry is a pathway to breaking adhesive 

interfaces: Materials can be developed to mimic the function of a gecko’s foot to achieve adhesion 

and break adhesion selectively.1, 22-28  This gain or loss of adhesion is reliant on special types of 

polymers that can disrupt the overall function of the polymer adhesive structure, relying on 
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nanoscale structures to change at an interface, thus the biomimicry approach is not due to 

molecular interactions at the interface but due to mechanical and structural properties of the 

polymers. Devising a method that is general for debonding polymers typically used in industry 

continues to be elusive.  

Here, a method for breaking adhesive interfaces is proposed, which relies on the ability of 

one of the materials at the adhesive interface to be functionalized with small molecule self-

assembled monolayers (SAMs) that contain a cleavable covalent bond.29-31 SAMs have been used 

at a variety of interfaces for a number of different applications, such as surface reaction modifiers, 

chemical probes, electronics insulators, and adhesion promoters.32-36 The method developed here 

depends on a chemical change in the system rather than a mechanical change to achieve debonding. 

Specifically, this research explores the ability of a silane-based SAM on silica to debond polymer 

adhesives from the silica surface. Silica serves as a model for glass.  Different polymer adhesives, 

an epoxy adhesive and a silicone adhesive, were chosen to show the general applicability of the 

debonding SAM application in this study.  

SAMs with similar structure to the one studied here have been shown to have light sensitive 

bonds are used in a variety of applications37, notably in drug delivery applications.30, 38-40 The steps 

to form the debonding SAM are shown in Figure 6.1, in which the complete SAM and the assumed 

structure in air after UV treatment is shown. The debonding mechanism relies on the cleavage of 

a thioester bond with UV light (365 nm), and is used to reduce adhesion at polymer interfaces 

here.30, 41 The mechanism of action is the nitro group on the benzene ring which acts as a 

withdrawing/oxidizing group, allowing the ether and thioether bonds to be more UV sensitive.41-

44 Because this chemistry is documented, the SAM presented was chose as the proof-of-principle 

system to study. The steps to make the SAM will be discussed further in the methods section. 



111 
 

To better understand how the debonding SAM behaves at an adhesive interface, sum 

frequency generation (SFG) vibrational spectroscopy was employed. As presented in the previous 

chapters in this thesis, SFG has been used to study adhesive interfaces related to many applications, 

notably in the electronics industry and blown film polyolefin-based packaging.6-7, 10, 13, 45-47 SFG 

is a key tool to reveal molecular structures, chemical interactions, and functional group orientations 

at surfaces and buried interfaces specifically.48-60 Traditionally, an interface can be studied by 

breaking the interface and analyzing the resulting surfaces with methods such as XRD, FTIR, 

Raman scattering, and many others, with the assumption that the exposed surfaces serve as good 

models of the buried interface. However, breaking an interface destroys the interfacial interactions, 

which very likely leads to studying surfaces that are not representative of the original buried 

interface. Recently SFG has been employed to study polymer adhesive interfaces and was used to 

elucidate chemical reactions occurring at the buried polymer/polymer interface in situ in real 

time.7-8, 10 SFG has also been widely used to explore hard/soft interfaces between silica and a 

variety of polymer materials in situ nondestructively.61-68 Details on SFG theory and experiments 

were discussed in the previous chapters.  

In this study, along with SFG, the SAM structure was characterized with x-ray 

photoelectron spectroscopy (XPS). These results were important for determining the completion 

of the SAM on the silica surface as well as provide insight into the functionality that does not show 

up in the SFG spectra due to various reasons. To support the SFG and XPS data, water contact 

angle measurements were carried out for each SAM preparation step. Lap shear adhesion testing 

was also performed to determine the effectiveness of the debonding SAM. In addition, control 

experiments were performed to show that the adhesive polymers were not affected by the UV light 

treatment and that the adhesion loss was due to the SAM being cleaved at the buried interface. It 
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is worth mentioning that we have not proved that the thin silane coating layer in this study is indeed 

an ordered single monolayer. Here “SAM” means the thin silane coating layer and we used “SAM” 

for simplicity. 

6.2 Materials and methods 

6.2.1 Materials 

IR grade fused silica (IRFS) prisms or windows (Altos Photonics, Bozeman MT) were used 

in all the spectroscopy experiments. For lap shear experiments, glass microscope slides (Fisher 

Scientific, Hampton NH) were used. All chemicals used in this research were purchased from 

Sigma Aldrich, St. Louis MO unless stated otherwise. Anhydrous toluene and N, N-

dimethylformamide (DMF) were used as solvents in reactions involving the SAM. The SAM is 

constructed from (3-aminopropyl) triethoxysilane (APTES), 4-bromomethyl-3-nitrobenzoic acid 

(BNBA) coupled with N, N′-dicyclohexylcarbodiimide (DCC), and 6-mecpro-1-hexanol 

(mercaptohexanol). One of the adhesives studied consists of poly (dimethyl siloxane) (PDMS, 

Sylgard 184 silicone elastomer, The Dow Chemical Company, Midland MI) with 1% wt/wt (3-

glycidyloxypropyl) trimethoxysilane (γ-GPS) added as an adhesion promoter. The other adhesive, 

an epoxy adhesive consisting of bisphenol A diglycidyl ether (BADGE) cured with 4,4’-

diaminodiphenylmethane (DDM) (Tokyo Chemical Industry Co., Tokyo Japan) was also studied. 

The epoxy materials were solid at room temperature and needed to be melted at a slightly elevated 

temperature with a heat gun to make a liquid epoxy solution. The reaction for making the SAM 

and the bonding adhesives can be found in Figure 6.1. 
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Figure 6.1: Structures of the debonding SAM (a) and adhesives (b and c) utilized in this study. 

Bottom of (a) shows the complete SAM and the proposed SAM after UV treatment in air. PDMS 

with γ-GPS adhesion promoter (b) and BADGE and the DDM curing agent (c). 

 

6.2.2 Sample preparation 

The debonding SAM was prepared in three steps on clean IRFS prisms for SFG. IRFS 

prisms were cleaned in a solution of potassium dichromate in sulfuric acid for at least 24 hours, 

followed by rising with water, drying with a nitrogen stream, and finally treated with air plasma 

(PE-50, Plasma Etch Inc., Carson City NV) for 5 minutes. Clean IRFS prisms were again treated 

with air plasma for 3 minutes, to ensure the silica surface was functionalized with hydroxyl groups 

for reaction with silane groups on APTES. After the second plasma treatment IRFS prisms were 

immediately transferred to clean glass containers containing a 2% (wt/wt) solution of APTES in 

anhydrous toluene and sealed. The APTES solution with IRFS prisms were kept at 70 °C for 24 



114 
 

hours in dark conditions. After the 24-hour period, the prisms/windows with the SAM were rinsed 

with toluene, ethanol and finally water, and then dried with nitrogen. To anneal the APTES on the 

silica surface, the prisms/windows were placed in an oven set to 110 °C for 15 minutes. After the 

substrates cooled, they were rinsed again with toluene, ethanol, and water. They were then dried 

with nitrogen and ready for further SAM functionalization or for analysis. The top-left in Figure 

6.1 (a) shows the structure of the APTES SAM on silica. 

 After the APTES SAM was formed on the IRFS surface the substrates were ready for 

coupling of BNBA via a DCC coupling reaction to the terminal amine of the APTES SAM. Equal 

molar solutions of 4 mM DCC and BMNA in DMF were prepared, then mixed 1:1 by volume and 

the substrates were placed in the solution. The reaction was kept at 70 °C for 48 hours in dark 

conditions. Substrates were removed from the solution then rinsed with toluene, ethanol, and 

water. The structure of the SAM after the DCC coupling step is shown in the top-right of Figure 

6.1 (a).  Substrates were ready for analysis or further functionalization.  

Finally, to form the light sensitive sulfide bond and complete the debonding SAM, a 

solution of 4 mM mercaptohexanol was prepared in DMF. A drop of 0.5 M sodium hydroxide was 

added to the solution to help accelerate the reaction. Substrates were placed in the solution and 

kept in the dark. The reaction was performed at room temperature for 24 hours. Once complete the 

substrates were removed from the mercaptohexanol solution and rinsed with toluene, ethanol, and 

water then dried under nitrogen. The complete deboning SAM is shown in Figure 6.1 (a).  The 

substrates were then ready for analysis and contact with adhesive materials. The UV degradation 

of the sulfide bond shown in Figure 6.1 (a) is consistent with lituratre.30, 43-44, 69 

To cleave the mercapto group from the surface the SAM, a UV lamp (Spectroline ENF-

240C) at 365 nm was used. For surface characterization the UV light was held about 2.5 cm above 
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the SAM surface. For adhesion studies the UV light was held 2.5 cm above the microscope slide 

and the SAM was exposed to UV irradiation after it was passed through the substrate. UV exposure 

time for all samples was 30 minutes. The UV light intensity was ~300 µW/cm2. 

 The PDMS adhesive was prepared by mixing 10 parts base resin to 1 part curing agent by 

weight. 1% (wt/wt) γ-GPS was added to the PDMS mixture to act as an adhesion promoter, then 

was mixed well. The mixture was applied to the SAM surface and then cured at 100 °C for 4 hours. 

The PDMS and γ-GPS structures are shown in Figure 6.1 (b). According to the manufacturer’s 

technical data sheet, the glass transition temperature (Tg) of PDMS is -60 °C, and the operation 

temperatures are -45 to 200 °C. Therefore, PDMS can be cured at room temperature or at elevated 

temperatures according to the manufacturer’s specification.  

The BADGE epoxy adhesive was prepared by melting a 2:1 mol ratio of BADGE and 

DDM, then mixing vigorously. The epoxy was applied to the SAM and cured for 1 hour at 50 °C, 

1 hour at 75 °C, and 1 hour at 110 °C. Figure 6.1 (c) shows the structures of the BADGE epoxy 

and the DDM curing agent. The Tg of BADGE cured with DDM was reported to be between 178 

°C and 189 °C, depending on the curing conditions.70 The BADGE sample in this study falls within 

these limits as the curing conditions are similar to that reported in the literature.6, 46 

 Two types of samples were prepared: (1) The SAM was prepared on IRFS prisms for SFG 

spectroscopy measurements, and on IRFS windows for XPS analysis. (2) The SAM sample was 

prepared on glass microscope slides for mechanical adhesion testing. SFG samples had the SAM 

and adhesive applied to the base of the prism, Figure 6.2 shows all sample geometries for data 

collection used in this study.  For SFG studies the adhesive polymer layer was at least 4 mm thick, 

for adhesion studies the adhesive polymer layer was much thinner (<1 mm). 



116 
 

 

Figure 6.1: Experimental sample geometries used to study the SAM and buried interface. For 

SFG, prism geometry was used to study the debonding SAM surface (a), and the buried debonding 

SAM/adhesive interfaces (b).  

 

6.2.3 Instrumentation 

SFG experimental background, instrumentation, and data analysis were covered in the 

previous chapters and will not be covered further here. 

 XPS measurements were made using a Kratos Axis Ultra XPS (Kyoto Japan) to confirm 

that we successfully prepared the SAM on the silica substrate. Elemental analysis of bromine at 

the second step of the reaction and sulfur at the third step of the reaction was performed. To 

generate the x-ray, an 8 mA emission current and 14 kV high voltage were used. For the survey 

scan, 160 eV pass energy was used, while 20 eV pass energy was used for the core scan on bromine 

and sulfur. Collection time for bromine was 15 minutes, and 45 minutes for sulfur.   

 Mechanical adhesion tests were performed using a lap shear geometry following the ASTM 

D3163 standard method. Samples had on average a half-centimeter overlap on the microscope 

slides used. The test was performed at room temperature with an Instron 5544 mechanical testing 

device (Instron Co., Norwood MA). When the lap shear samples broke at the interface, a sudden 

drop in shear force was observed and recorded. Four types of samples were prepared for adhesion 

testing: (1) adhesive on silica with neither debonding SAM or UV light treatment, (2) adhesive on 

silica with no debonding SAM but with UV light treatment, (3) adhesive on silica with debonding 
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SAM but no UV light treatment, and (4) adhesive on silica with both debonding SAM after UV 

light treatment. All the results presented are an average of the data tested for 10 or more samples.  

 A CAM 100 optical contact angle goniometer (KSV Instruments, Finland) was used to 

measure static water contact angles on the silica/SAM surface after each step of the reaction, which 

can be a metric to characterize the surface modification at each step. Samples used for contact 

angle measurements were prepared in the same fashion as the lap shear samples, on microscope 

slides.  

6.3 Results and discussion 

6.3.1 Characterizing the debonding SAM surface 

To confirm that the debonding SAM was successfully synthesized on silica surfaces, SFG, 

XPS, and contact angel measurements were utilized. Figure 6.3 shows the SFG spectra collected 

after each step of the SAM formation.  In panel (a) there is a clear peak from the APTES amine 

group at 3300 cm-1, contributed by the N-H stretching mode, indicating the formation of APTES 

SAM, terminated by the NH2 group, as expected. This peak is a result of ordered amine groups of 

the APTES SAM on the silica surface. Other peaks in this spectrum are contributions from the 

methylene (CH2) groups. The broad peak centered at ~3120 cm-1 is likely contributed by adsorbed 

water on the surface which has strong hydrogen bonding. The APTES SAM has substantial surface 

coverage of NH2 groups, which can strongly interact with water molecules, leading to strongly 

hydrogen bonded water molecules on the surface. 
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Figure 6.3: SFG spectra of the debonding SAM surface at each step. Panel (a) shows SFG spectra 

of the APTES SAM, (b) shows SFG result from the coupling of BNBA to the APTES amine group, 

and (c) shows after addition of the mercaptohexanol the debonding SAM. Panel (d) is the SFG 

spectrum of the SAM surface after 365 nm UV treatment. 

 

In Figure 6.3 (b), SFG features contributed from the methylene groups are observed as 

before, but the strong amine peak at about 3300 cm-1 disappeared, and a small peak from aromatic 

C-H stretching around 3050 cm-1 was found. This result shows that the amine end group of the 

previously formed APTES SAM was reacted as desired, and the BNBA functionality was coupled 

to the SAM successfully, as shown in the schematic in Figure 6.3 (b). This also indicated that the 

phenyl groups on the SAM have some ordering on the silica surface. The broad OH stretching 

centered at ~3120 cm-1 contributed by the adsorbed water was still observed, along with a small 
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negative peak at 3310 cm-1, likely generated by the amide N-H stretching. After this second step 

of SAM preparation, the surface should have –NH, -CO, -NO2, and –Br groups, which can strongly 

interact with water molecules, leading to the presence of strongly hydrogen bonded water 

molecules on the surface.  

Panel (c) in Figure 6.3 shows the distinguishing hydroxyl vibrational feature centered at 

3400 cm-1 of the last step in the SAM functionalization reaction. This peak can be contributed by 

the hydroxyl group from step 3 of the SAM functionalization and/or some adsorbed weakly 

hydrogen bonded water. We believe that more likely this broad peak is a contribution from both 

the adsorbed water and SAM hydroxyl group. Adsorbed water with strong hydrogen bonds which 

contributed to the ~3120 cm-1 peak was not observed here anymore. This step of SAM preparation 

introduced substantial amount of methylene groups to the surface, which may weakly interact with 

water molecules, leading to the absence of the strongly hydrogen bonded water O-H stretching 

signal.  

The above three SFG spectra collected from the SAM surface after each preparation step 

clearly demonstrated successful surface functionalization and SAM formation on the silica 

substrate. For the SFG spectrum taken after the 365 nm UV treatment (panel (d) in Figure 6.3), 

the hydroxyl peak observed in panel (c) of Figure 6.3 disappears. The loss of OH was due to 

removal or disordering of the hydroxyl group mercaptohexanol segment or loss of weakly 

hydrogen bonded water on the SAM the surface. Any water that remained absorbed to the substrate 

was disordered and does not appear in the SFG spectrum. The CH2 groups were still ordered at the 

prism/air interface. To further support the conclusion which we obtained from the SFG study, we 

also applied XPS to examine the above SAM formation process. XPS provided elemental 

composition of the key steps in the SAM formation. 
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Figure 6.4: XPS results form a) the debonding SAM at step 2 showed the characteristic peak for 

bromine, and b) at step 3 showed the characteristic peak for sulfur. 

 

An XPS spectrum was collected from the SAM after the BMNA coupling step, shown in 

Figure 6.4 (a), where a 3d/7 peak with a binding energy of 65 eV was detected. This indicated 

that bromine from BNMB was present on the SAM and that this step (step 2 of the SAM 

preparation) was successful. After this BMNA reaction step, the mercaptohexanol was added to 

the SAM in step 3 and the XPS data were collected, shown in Figure 6.4 (b). The XPS spectrum 

from step 3 of the SAM clearly had sulfur signal with a 2p/9 peak having a binding energy of about 

166 eV, indicated the success of step 3 of the reaction. The above reported XPS elemental analysis 

confirms that the SAM was formed on the silica substrate, further supporting the SFG results.  

 In addition to SFG and XPS measurements, contact angle measurements were made on the 

SAM surface after each step. Before SAM deposition, water drops spread on the silica surface 

easily because the silica surface is very hydrophilic. Therefore, we believe that the water contact 

angle on the silica surface is nearly zero. Figure 6.5 shows the contact angle measured after each 

step of SAM deposition. For APTES, the contact angle was measured to be 14.1°, indicating that 

the surface was slightly more hydrophobic than pure silica but still very hydrophilic. This result is 

reasonable since the APTES has an amine end group, which is hydrophilic. The backbone of 
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APTES is a hydrocarbon chain, which can occupy part of the surface to make the surface more 

hydrophobic than silica. After BNBA was coupled to the SAM the contact angle increased to 59.3°, 

an increase of the angle was expected because of the amount of the organic functionality such as 

phenyl group would make the surface more hydrophobic. After the addition of mercaptohexanol 

to the SAM surface the contact angle decreased to 47.3°, this could be due to the mercaptohexanol 

hydroxyl end group of the SAM making the surface more hydrophilic.  

 

Figure 6.5: Contact angle results for (a) APTES, (b) coupling of BMNB to APTES, (c) addition 

of MH to BMNB. Contact angles for APTES was found to be 14.1°, BMNB was 59.3°, and MH 

was 47.3°. 

 

 It is clear that we were successful in preparing the debonding SAM on silica based on the 

data from SFG, XPS, and contact angle measurements. The surface of the debonding SAM was 

studied with SFG after exposure to 365nm UV light as well. No substantial CH spectral feature 

changes were observed with SFG, likely showing that the debonded products stay on the substrate. 

The loss of the O-H stretching signals in SFG can be explained by the loss or disordering of product 

hydroxyl groups on the surface or loss of water from the surface. To confirm the debonding 

reaction after the UV irradiation, we performed the adhesion tests which will be presented below.  

6.3.2 Debonding SAM/PDMS interface: SFG 

After characterizing the SAM surface with SFG, XPS, and water contact angle, buried 

interfaces between the debonding SAM and different adhesives were studied using SFG, along 
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with the adhesion testing experiments. Two types of adhesives were used, a PDMS elastomer with 

1% γ-GPS adhesion promoter, and a BADGE epoxy. The role of UV treatment on the buried 

interfacial structure was studied with SFG and correlated to adhesion strength with lap shear 

adhesion testing. First, the PDMS system was studied. It is worth mentioning that we have 

extensively studied PDMS at varied interfaces including silica interface using SFG to elucidate 

their interfacial behavior and/or molecular adhesion mechanisms of silicone adhesives.65, 71-78 

 SFG spectra collected from the buried PDMS/debonding SAM (on silica) interface before 

and after UV treatment are shown in Figure 6.6 (a). For comparison purposes, SFG spectra 

collected from PDMS (without SAM)/silica interfaces before and after UV irradiation, as well as 

SFG spectra collected from the SAM before and after UV treatment in the C-H stretching 

frequency region are also displayed in Figure 6.7 (a). For the PDMS/silica interface, SFG spectra 

are dominated by contributions from the methoxy group of -GPS (2840 cm-1), and asymmetric 

stretching of the PDMS Si-CH3 group as well as the methoxy group at 2960 cm-1. The 2865 cm-1 

signal generated by the Si-CH2 groups in PDMS was also detected. The SFG spectra collected 

from the PDMS/SAM (on silica) interface are dominated by the 2840 cm-1 adhesion promoter 

peak, and the 2915 cm-1 and 2960 cm-1 signals contributed by the symmetric and asymmetric 

stretching of the Si-CH3 group, which are very different from those detected from the SAM 

surface, indicating that the PDMS/SAM (on silica) interface was dominated by PDMS and the 

adhesion promoter. There may be some overlap in the signal from methylene groups of the 

debonding SAM at 2865 cm-1 (can also be Si-CH2 groups of PDMS) and 2940 cm-1. The strong 

SFG signal indicated that the adhesion promoter and the elastomer were ordered at the 

PDMS/debonding SAM (on silica) interface.  
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Figure 6.6: In panel (a) the SFG results for the PDMS system are shown. The bottom of panel (a) 

shows the SAM surface before and after UV treatment. The middle panel shows the silica/PDMS 

interface before and after UV treatment. The top panel shows the silica/SAM/PDMS interface 

before and after UV treatment. Lap shear adhesion data from the PDMS/debonding SAM system 

shown in (b). PDMS control tests, in red, only on silica substrates. The blue bars are samples with 

PDMS on the debonding SAM coated substrates. 

 

The SFG spectra collected from the PDMS/debonding SAM (on silica) interface were also 

different from those detected from the PDMS/silica interface, showing that SAM impacts the 

interfacial PDMS structure. As we have shown previously, good adhesion of silicone to a surface 

needs to meet two requirements: (1) Ordered methoxy groups of the adhesion promoter segregate 

to the interface before curing (evidenced by strong SFG methoxy signal).14, 76-79 (2) Interfacial 

methoxy groups react during the curing process (evidenced by SFG signal reduction after 

curing).71, 76-77 In our previous work, we observed that for some cases SFG signals from -GPS 

could be detected from the cured PDMS interfaces, indicating that not all the interfacial methoxy 
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groups reacted after curing. The top spectrum in Figure 6.6 (a) shows that methoxy groups were 

present at the PDMS/debonding SAM (on silica) interface before and after the UV treatment. After 

UV treatment, the SFG intensity from the interface decreased. This change in signal could be due 

to PDMS changing orientation or ordering after UV treatment degrading the SAM. PDMS has a 

low glass transition temperature, therefore at the room temperature the interfacial PDMS 

molecules can be quite flexible. UV treatment changes the SAM, leading to changes at the PDMS 

interface, resulting in SFG spectral intensity change. Such a change was not detected from the SFG 

spectra collected from the PDMS/silica interface. Without the presence of the SAM, the silica 

substrate would not change after the UV irradiation, leading to no change for the PDMS/silica 

interface, resulting in no SFG signal change.   

6.3.3 Debonding SAM/PDMS interface: Adhesion 

Adhesion strengths were tested for different sample interfaces discussed above, namely 

PDMS/silica, PDMS/silica + UV, PDMS/debonding SAM, PDMS/debonding SAM + UV 

interfaces. The measured results are presented in Figure 6.6(b). The first two samples above with 

PDMS on bare silica served as control samples to test whether UV light exposure affects PDMS 

adhesion strength without the debonding SAM. The results indicate that the adhesion strength of 

the PDMS adhesive alone on silica without the SAM was not affected by UV treatment. When the 

debonding SAM was present on silica, the adhesion strength decreased compared to the control 

samples of PDMS on silica. After UV exposure, the adhesion of PDMS to the debonding SAM 

surface decreased further, to about half the adhesion strength of the control samples and one-third 

less than PDMS on the debonding SAM without UV treatment. Therefore, the debonding SAM 

successfully reduced the interfacial adhesion of PDMS after UV light exposure, which can be 

important for creating reversible adhesives with silicone-based materials.  
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6.3.4 Debonding SAM/epoxy interface: SFG 

 

Figure 6.7: In panel (a) the SFG results for the BADGE epoxy system are shown. The bottom of 

panel (a) again shows the SAM surface before and after UV treatment (same spectra as the bottom 

spectra in Figure 6.6(a)). The middle panel shows the silica/epoxy interface before and after UV 

treatment. The top panel show the silica/SAM/epoxy interface before and after UV treatment. Lap 

shear adhesion data for the BADGE epoxy/debonding SAM system shown in (b). A similar trend 

was observed for the BADGE system as the PDMS system. 

 

In addition to the silicone adhesive, we also studied a model epoxy adhesive, BADGE. 

SFG spectra were collected from the BADGE/debonding SAM interface, shown in the top 

spectrum of Figure 6.7 (a). For comparison purposes, SFG spectra collected from epoxy (without 

SAM)/silica interfaces before and after UV irradiation, as well as SFG spectra collected from the 

SAM before and after UV treatment in the C-H stretching frequency region are also displayed in 

Figure 6.7 (a). For the epoxy/silica interface, no SFG spectra were detected, as we reported 

previously46, showing that there was no ordering of CH groups at the epoxy/silica interface. Both 
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SFG spectra collected from the BADGE/debonding SAM interface before and after UV exposure 

have four peaks. The peak centered at ~2850 cm-1 is due to the methylene symmetric stretch of the 

SAM and epoxy. The signal at ~2880 cm-1 is likely due to the methyl symmetric stretch of the 

epoxy, while the 2940 cm-1 peak is likely a methyl Fermi resonance. A small peak centered around 

2970 cm-1 is assigned to methyl asymmetric stretching of the epoxy. SFG signals from the 

BADGE/debonding SAM interface were different from the SAM surfaces, showing that epoxy 

molecules were ordered at the interface. The SFG spectrum did not decrease after the sample’s 

exposure to UV light for 30 minutes. Very similar SFG spectra before and after UV treatment were 

collected from the epoxy/SAM interface, showing no noticeable structural changes observed at the 

interface. The Tg of the BADGE-DDM epoxy system is above room temperature (43 °C), meaning 

that there is little chain mobility in the epoxy resin. This is much different from the PDMS case 

which has a Tg lower than room temperature. The effect of Tg of the epoxy resin vs PDMS could 

explain the different SFG results for the SAM/adhesive interfaces, where the SFG signals change 

significantly for PDMS and do not change in the epoxy case. Although chemical bonds in the SAM 

could be broken after the UV treatment, the chemical products could stay on the substrates as 

discussed above. Because the epoxy is rigid at room temperature, such a change could not induce 

observable changes of epoxy/SAM interface, resulting in no change in the SFG spectrum.  

6.3.5 Debonding SAM/epoxy interface: Adhesion 

The adhesion strengths of the epoxy on silica and on debonding SAM/epoxy interface 

before and after exposure to UV light were measured, as shown in Figure 6.7 (b). A similar trend 

in the adhesion strengths to that measured from the PDMS adhesive system was observed, as 

presented above, where after UV exposure of the debonding SAM/PDMS interface the adhesion 

strength drops by about 33%. This result shows the successful reduction of the adhesion of epoxy 
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by using the debonding SAM and UV irradiation. Combining the results from silicone and epoxy, 

we believe that the debonding SAM approach is generally applicable to effectively reduce 

interfacial adhesion, helping to develop reversible adhesives. 

6.3.6 Debonding SAM/adhesive discussion 

At the debonding SAM/PDMS interface the SFG results showed similar peaks after UV 

treatment but much lower signal intensity after treatment. The adhesion results showed a decrease 

of about 33% vs the non-UV treated sample. Since the control sample (silica/PDMS) SFG and 

adhesion results did not seem to change with UV treatment and the debond SAM/PDMS samples 

show significant change, we believe that the SFG results and adhesion results are correlated. 

PDMS has a Tg much lower than room temperature, therefore there is substantial chain mobility 

of the elastomer at room temperature. After the SAM molecules were degraded by the UV light, 

the SAM structure may change at the flexible PDMS interface, which will further alter the 

interfacial flexible PDMS structure. Therefore, the structure at the SAM/flexible PDMS interface 

can change after UV irradiation. The low glass transition temperature plays a role in the change in 

the interfacial structures observed for this system.  

The SFG results from the debonding SAM/epoxy interface did not show any change after 

UV treatment. This can be rationalized when the higher Tg is considered. The BADGE-DDM 

epoxy resin has a Tg greater than room temperature, thus the polymer has lower or no chain 

mobility at room temperature. The cleaving of the UV sensitive bond in the SAM does not 

influence the interfacial structure because of the low polymer chain mobility – the interface is 

rigid.  

It is worth mentioning that the SFG spectra collected from buried interfaces displayed in 

Figure 6.6 (a) and 6.7 (a) were shown between 2800 and 3000 cm-1 in the C-H stretching 
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frequency region. We collected SFG spectra in the higher frequency region, but no SFG signal was 

detected, showing hydroxyl groups are disordered at these interfaces. We therefore did not present 

the O-H signals from the buried interfaces.   

6.4 Conclusions 

This research shows the feasibility of reducing polymer adhesion using a UV degradable 

SAM. The SAM can be prepared via three steps. Each the SAM preparation step was carefully 

characterized using a variety of analytical tools including SFG, XPS, and contact angle 

goniometry. Two polymer adhesives, PDMS and epoxy, were investigated on the prepared SAMs 

before and after UV irradiation. It was found by the adhesion testing experiments that because of 

the UV degradation of the SAM, polymer adhesion can be reduced by more than 30% on silica. 

SFG was applied to study buried polymer adhesive/SAM interfaces before and after UV treatment. 

SFG showed a decrease in PDMS signal after UV treatment and no change for the epoxy interface, 

which was a peculiar result. Nevertheless, UV degradation of SAM reduced adhesion at both 

interfaces.  

 This result is important as it shows the promise of selectively debonding materials that can 

be generalized to a variety of adhesive or other materials. The future improvement on the chemistry 

of photodegradable SAMs, SAM deposition procedures, and UV irradiation conditions could 

increase the effectiveness of the interfacial debonding to further reduce adhesion after UV 

treatment. The application of this methodology to the packaging and polymer materials could solve 

some of the problems related to recycling plastics and recovering expensive materials in the future. 

This can also help to optimize the use of debonding motifs in temporary wafer bonding during the 

productions of microelectronics. 
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Chapter 7: Conclusions and Outlook 

 

 

7.1 Introduction 

SFG is an advanced nonlinear optical spectroscopic method. Most of the work conducted 

in SFG research/application fields have been focused on simple model systems. The goal of the 

research presented in this thesis was to demonstrate that SFG is a powerful and unique tool to 

probe adhesive interfaces of complex and multicomponent materials, including commercially 

available “real world” samples. The results and knowledge gained from the studies presented are 

important for fundamental science and practical application, providing better understanding of 

molecular mechanisms of adhesion as well as leading to improved understanding of complex 

commercial materials used in everyday industrial applications where adhesion is a key factor for 

quality and durability. Edwin Plueddemann predicted in the early 1990s that “…it should be 

possible to observe structures and reactions that have been inferred in the past from indirect 

evidence of composite performance. It should then be possible to design total composites with 

consistently good performance.”1 I believe that this thesis work is an important step in realizing 

his statement and SFG will continue to be a valuable tool for industry and academic research alike. 

The techniques used here show that insight can be gained from multicomponent materials used in 

real industry application and those insights have important scientific implications on understanding 

of adhesion through interfacial molecular interactions, chemical reactions, and bonding. 
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Specifically in this thesis the impacts of surface treatments, chemical reactions, and additives on 

interfacial molecular structures and molecular interactions were studied at buried interfaces in situ, 

and their relations to interfacial properties such as adhesion were elucidated.  

7.2 Conclusion of the thesis study 

In Chapter 2, two model flux materials were first characterized on calcium fluoride and 

copper substrates to identify the characteristic peaks in an SFG spectrum. Copper surfaces were 

also characterized after rinsing with water showing that the flux materials can be removed or 

disordered. Following characterization of the model fluxes on surfaces, buried interfaces between 

copper with and without flux treatment and an epoxy-based polymer were studied with SFG and 

adhesion tests. Buried interfaces of the rinsed copper surfaces and the epoxy polymer were 

prepared and SFG results showed loss of resonant signals from the flux or polymer at the interface 

that were correlated with adhesion studies. After studying the two model fluxes, a real flux material 

used in microelectronics was also studied at the copper/epoxy polymer interface. Instead of 

washing to remove the material, this flux was heat treated as close to the manufacturer’s 

specification as possible. SFG results showed a similar trend at the buried interfaces for the model 

and real flux materials where the heating surface treatment resulted in loss of resonate signals from 

the flux or epoxy polymer. The adhesion after the heating surface treatment was also enhanced 

due to oxide removal and the resulting disordered polymer at the interface. Gaining this general 

knowledge about surface treatments and the role of flux materials at buried interfaces related to 

adhesion of polymers to metals specifically is important to the electronics industry.  

Chapters 3 and 4 show that chemical reactions at buried interfaces to enhance adhesion 

between two polymer materials commonly used in food packaging can be probed with analytical 

techniques. The interfacial reaction between EVOH and MAHgEO and the resulting adhesion 



137 
 

enhancement between these materials compared to a non-grafted EO were studied in Chapter 3. In 

this work, SFG spectral changes in the -OH and C=O stretching regions were consistent with a 

chemical reaction between EVOH hydroxyl groups and maleic anhydride grafted to a 

polyethylene. The SFG signals detected in the OH stretching frequency region showed a sharp 

decrease at the EVOH/MAHgEO interface and a new peak corresponding to a weakly hydrogen 

bound carboxylic acid group. In the C=O stretching frequency region the carboxylic acid reaction 

product was also present in the SFG spectrum as well as the ester reaction product. Unreacted 

MAH signal was also observed in the C=O region spectrum. At the EVOH/EO interface these 

reaction products did not appear as no reaction between the two materials was feasible without 

MAH. The adhesion strength between EVOH and EO was found to be much weaker than the 

adhesion between EVOH and MAHgEO, further supporting that adhesion can be enhanced 

through interfacial molecular bonding. This result is significant which provides guidance for the 

design of multilayer film materials where adhesion between layers is important – ensuring 

interfacial chemical reactions.  

In Chapter 4, SFG was used to detect and monitor another interfacial reaction important to 

multilayer films used as packaging materials. The same MAHgEO and EO polymers were used as 

those in Chapter 3 but the interfacial reaction with nylon was studied in more detail. Nylon was an 

ideal material to study with MAHgEO using SFG because the SFG signals of nylon amide bonds 

appearing in the C=O stretching frequency region, the signals of the nylon amine terminal group 

appearing at higher N-H stretching frequencies, and the reaction product SFG peaks expected to 

appear in the C=O stretching frequency region but with differ peak centers compared to those from 

the nylon amide bonds. This allowed for characterization of the interfacial reaction in the two 

important frequency regions, C=O stretching and N-H stretching regions. It was found that after 
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reaction with MAHgEO, the nylon amine peak at 3300 cm-1 disappeared and the nylon amide peak 

around 1625 cm-1 decreased, meanwhile a peak appeared at 1725 cm-1 in the SFG spectra related 

to the reaction products. Furthermore, the activation energy of the interfacial chemical reaction 

was able to be determined by following the reaction kinetics with the nylon SFG signals collected 

at different temperatures. This study further demonstrates that SFG can be used to characterize 

interfacial reactions between solid materials and to provide quantitative parameters such as 

temperature dependent kinetics and activation energy of interfacial chemical reactions.  

 Chapter 5 demonstrates that SFG can be used to probe the influence of adhesion promoter 

additives on interfacial structures of emulsion polymer formulations after drying. It is important 

to understand the role of an adhesion promoter at the molecular level in order to choose the best 

material for the application. This research showed that the amino silane used here influenced the 

polymer acid groups present at the silica/polymer interface. The results in this study showed that 

the most likely interaction between the amino silane and the acid groups was the formation of ionic 

bonds between amino silane ammonium ions and polymer carboxylate ions. Ionic bonds enhanced 

adhesion because they are stronger than the hydrogen bonds that would form between the silica 

and polymer without the addition of the adhesion promoter. The decrease in acid groups at the 

interface and the presence of other groups appearing at the interface supported this conclusion 

from the SFG results. In order to probe and characterize the influence of the amino silane further 

and the role of hydrophilic groups in this system, the acid content on the polymer was changed. 

When the acid concentration was high, more water remained at the interface. The amino silane 

chosen had two amine groups that could influence the interfacial interaction, leaving many 

possible orientations for the adhesion promoter therefore the adhesion promoter orientation was 

not detected at the interface.  
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Above the research explored methods to enhance adhesion at buried interfaces through 

molecular bonding and interactions at various interfaces that are scientifically and industrially 

important. Chapter 6 shows the feasibility of a SAM containing a UV degradable bond that can 

debond at a buried polymer interface leading to the reduction of adhesion strength. To study the 

SAM on a glass surface SFG, XPS, and contact angle were utilized. Following characterization of 

the SAM, buried interfaces with two polymeric materials were studied with SFG and the adhesion 

was characterized with lap shear adhesion tests. Lap shear tests showed that after UV treating the 

SAM/polymer interface the adhesion strength decreased about 30%. A peculiar result was that the 

buried SAM/polymer buried interface showed little change before and after the UV treatment. 

Nevertheless, the adhesion study and characterization of the SAM shows the promise of selectively 

debonding materials where the bulk polymer does not have to be modified but a monolayer on a 

substrate surface can be utilized. This application has great utility for recycling plastics and 

recovery of materials in many industries. 

In summary, one important achievement of this thesis research is that it successfully 

realized the research goal to demonstrate that SFG is a powerful technique which can be applied 

to study complex buried interfaces with real world materials at the molecular level. These real-

world materials include the commercial no-wash flux sample studied in Chapter 2, polymer 

materials studied in Chapters 3 and 4 such as EVOH, nylon, and MAHgEO which are used in 

multi-layer packaging films, as well as polyacrylates and amino silanes investigated in Chapter 5.  

Another achievement of this research was to reveal important structure – function relations of 

buried polymer interfaces to elucidate the molecular mechanisms of adhesion at various interfaces, 

providing important knowledge on how to improve the adhesion of various interfaces. In addition, 

this thesis research investigated a method to debond polymer adhesives, relevant to sustainability. 
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Such research provides a new method to reduced interfacial adhesion of polymer materials at the 

end of use life, helping the material recycling and saving our environment.    

7.3 Outlook 

It is worth mentioning that each of the projects presented in various chapters can be further 

studied in the future. The work in Chapter 2 generalized a method to study polymer/metal 

interfaces with surface treatments of flux, and one commercial flux materials was investigated. 

There are many different types of commercial fluxes are being used, which can be studied and 

compared with SFG to understand their interfacial structure-function relations and their 

performance. Using the similar approach, SFG can be applied to study other surface treatments 

beyond flux for a number of applications where treatments may disrupt adhesion of a coating or 

packaging material. Although in the system shown here the flux disrupted adhesion, it would be 

interesting to study a system where the small molecules enhance adhesion and their removal 

decreases adhesion such as that with SAM present on a substrate before applying the adhesive. 

Furthermore, more detailed characterization of metal surfaces after surface treatments, including 

techniques beyond SFG, would be important to the scientific and industrial communities.   

Chapters 3 and 4 provide methodology and detail reaction products that can form at a 

buried interface. Such an approach can be used to study many different chemical reactions between 

polymers. SFG can be sued to study many different types of polyethylenes and many kinds of 

polymer materials with reactive groups beyond grafted polyethylenes.    

Although three different amounts of a single amino silane were studied in Chapter 5, higher 

concentrations in the polymer formulation could lead to detection of the amino silane at the buried 

interface with SFG. Using another amino silane with only one amine group could also simplify the 

interfacial structures and still provide insight into the role of this type of adhesion promoter as an 
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additive to emulsion polymer formulations. Another possible study from Chapter 5 would be to 

make an amino silane SAM on the silica surface before applying the polymer coating and studying 

the resulting interface. Changing the polymer coating monomer composition, such as adding 

aromatic groups is also a possibility as there are a number of different acrylic polymers used in 

practice. The results from this study act as a first step in studying acrylic formulations and 

interfaces with different substrates using SFG at the primary analytical tool. 

Chapter 6 showed in principle that a surface coating can decrease adhesion where 

decreasing adhesion further would be a key goal of further studies. Studying the same SAM 

quantitatively would also be interesting with a focus on optimizing the surface coverage in hopes 

to decrease adhesion more than what was presented. Further characterization of the UV mechanism 

could be performed and other debonding mechanisms occurring at an interface could be explored. 

The debonding SAM in Chapter 6 takes many steps to produce and is not general for any substrate, 

these two points would be interesting to explore further. It is also necessary to study the general 

applicability of this method to debonding adhesives from other substrates such as metals.  

 In summary, this thesis research built a foundation to apply SFG to study complex 

interfaces of “real world” materials to understand adhesion and developed a UV irradiation method 

to debond polymer adhesives from substrates. The methodologies presented above can be widely 

applied to study polymer interfaces in situ nondestructively, making contributions to many 

applications such as polymer packing, microelectronics, water-borne adhesives, polymer 

recycling, etc.  
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