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ABSTRACT 

 

Interfacial Conformation of Polymer Chains and Its Impact on Film Properties 

 

Bianca Martins de Lima, Ph.D. 

Concordia University, 2025 

 

Polymeric thin films, exhibiting unique optical, electrical, and mechanical properties, can 

be engineered for various technologies, including adhesives, membranes, optical systems, and 

electronics. The interfacial region between these films and their environment plays a crucial role 

in key processes such as nucleation, crystallization, adhesion, and wettability. The conformation of 

polymer chains near the interface significantly influences these processes. However, there is lack 

of studies that establish clear correlations between interfacial chain conformation and the 

macroscopic behavior of thin films. In this study, we employed sum frequency generation (SFG) 

spectroscopy to investigate the interfacial conformation of polystyrene chains across various 

systems, establishing valuable relationships between substrate properties, interfacial chain 

conformation, and macroscopic thin film properties.  

First, we examined the role of the polymer molecular weight in driving interfacial chain 

conformation. We found significant differences in the conformation of polystyrene chains near a 

metallic substrate, depending on the polymer molecular weight. Our analysis revealed that the 

balance between entropy and enthalpy during polymer adsorption plays a crucial role in 

determining the chain conformation.  

Building on the previous findings, we explored the relationship between the polymer 

molecular weight, the interfacial environment (free and buried interfaces), the chain conformation 

and the dewetting behavior of thin films. Our study revealed that polystyrene chains of the same 

molecular weight adopt distinct conformations depending on the interface and that these 

differences in chain conformation play a key role in determining the dewetting behavior of thin 

films.  

Lastly, we conducted a pioneering work demonstrating the potential use of SFG 

spectroscopy to determine the lamellar orientation at the surface of semi-crystalline thin films. This 
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study broadens the scope of SFG spectroscopy and expands the range of analytical tools available 

for interfacial lamellar orientation analysis, particularly in complex systems, such as at buried 

interfaces. 

This work provides valuable insights that enhance the fundamental understanding of 

interfacial properties, chain conformations, and the macroscopic behavior of thin films. By 

integrating innovative SFG spectroscopy applications with theoretical calculations, we have 

established a robust foundation for future studies in polymer science and materials engineering, 

driving advancements in thin film technologies and applications. 
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Chapter 1 . Introduction 

 

In polymer thin films, the small thickness (nm - µm) results in a high interfacial area-to-

volume ratio, making the interfacial region critically important. This region not only governs 

typical interfacial processes but also significantly influences the bulk properties of the films. This 

interfacial region leads to significant differences in chain conformation and local organization 

compared to the bulk. For instance, substantial differences in polymer chain conformation are 

reported just a few nm away from the interface1. Furthermore, the number of entanglements2, the 

local concentration of specific groups3, and the relaxation dynamics4 of interfacial chains differ 

markedly from those in the bulk region. In this context, achieving a deeper molecular-level 

understanding of the interfacial properties is fundamentally important for improving thin films 

performance and stability, and for advancing numerous technological applications. 

The conformation of polymer chains near interfaces depends on various factors. For 

example, polymer properties such as the polymer molecular weight 5 and the polymer concentration 

in polymer blends6 are critical determinants of interfacial chain conformation. Environmental 

factors including the presence of a substrate, also play a significant role in shaping the interfacial 

chain conformation. Numerous studies have highlighted substantial differences in chain 

conformation at the surface versus the buried interface of polymeric thin films7,8. Additionally, the 

surface energy of the substrate and the sample history9,10, such as the preparation conditions, are 

key factors that influence the local conformation of polymer chains11. Given the complexity of 

these variables, systematic studies are essential to understand their effects on interfacial polymer 

chain conformation and to establish a connection between local conformation, film properties, and 

macroscopic behavior. 

One of the most advanced analytical techniques for studying the conformation of interfacial 

polymer chains is sum frequency generation (SFG) spectroscopy12–14. This non-destructive 

vibrational spectroscopy offers exceptional interface specificity, on the scale of a few nanometers, 

enabling the analysis of both the level of ordering and the net orientation of interfacial groups. A 

key advantage of SFG is its unique ability to probe buried interfaces, such as those between a thin 

film and its substrate, significantly broadening its applicability compared to other techniques.  
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Beyond its role in fundamental research, such as determining molecular conformation in 

diverse environments5,15–18, SFG spectroscopy has proven to be a powerful technique in applied 

studies, where molecular insights are directly connected to film properties. For example, SFG has 

been utilized to investigate adhesion11, dewetting19, and the thermal behavior4 of thin films. These 

studies highlight the potential of SFG spectroscopy as a powerful tool for obtaining molecular-

level insights of critical polymer processes, but its application to certain critical processes remains 

largely untapped. 

Through innovative approaches, this research employs SFG spectroscopy in combination 

with other analytical methods and with theoretical studies to establish correlations between 

interfacial chain conformation and the macroscopic behavior of thin films. To achieve this, we 

investigated key factors, including polymer properties (e.g. molecular weight), interface 

characteristics (e.g. free vs buried interfaces), and the thermo-mechanical history of the sample. 

Furthermore, this study explores new frontiers in polymer science that have not yet fully benefited 

from the molecular-level insights provided by SFG spectroscopy, with the goal of expanding its 

applications in the field. This study aims to bridge the gap between molecular-level understanding 

and practical applications, offering valuable insights for both academic research and industrial 

innovations in polymer science. 

 

1.1. Thesis structure and objectives 

 

This research leverages SFG spectroscopy to investigate the conformation of interfacial 

polymer chains in polystyrene thin films, aiming to enhance the understanding of polymer chain 

behavior and its influence on thin film properties. The specific objectives of this study are as 

follows: 

 

1. Analyze polymer conformation near metallic substrates: Investigate the 

conformation of polymer chains near a strongly interacting metallic substrate and examine how the 

polymer molecular weight affects interfacial conformation. 

2. Examine interfacial environment effects: Explore the influence of the interfacial 

environment (free surface vs. buried interface) on chain conformation across a range of polymer 

molecular weights. 
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3. Correlate chain conformation with thin film macroscopic behavior: Establish a 

link between interfacial chain conformation and the macroscopic behavior of thin films, with a 

focus on their dewetting behavior. 

4. Expand applications of SFG spectroscopy in polymer science: Identify new 

opportunities in polymer science where the molecular-level insights provided by SFG spectroscopy 

can drive significant advancements. 

 

This thesis is organized into six chapters, each summarized below: 

 

• Chapter 1: Provides an overview of the research field, outlines the objectives, and 

describes the structure of the thesis. 

• Chapter 2: Offers a comprehensive review of relevant literature, discussing key 

concepts and prior studies pertinent to this research. 

• Chapter 3: Provides research results and discussion regarding the investigation of 

the effects of polymer molecular weight on the interfacial conformation of polystyrene chains near 

a silver substrate. A hypothesis is proposed to explain the observed conformations, based on the 

balance of enthalpy and entropy during adsorption. This chapter is presented as an unaltered 

published journal article. 

• Chapter 4: Builds upon the findings of Chapter 3 by examining polymer chain 

conformations near strongly interacting mica substrates and the free surface of polystyrene films 

across various molecular weights. Theoretical calculations of entropy and enthalpy during polymer 

adsorption are performed to assess dewetting tendencies based on interfacial chain conformation. 

Additionally, this chapter establishes a correlation between interfacial chain conformation and the 

dewetting behavior of thin films. It is presented as a journal article to be submitted for publication. 

• Chapter 5: Explores the pioneering application of SFG spectroscopy to determine 

the lamellar orientation at the surface of polystyrene thin films. This study demonstrates the 

potential of SFG spectroscopy in advancing new areas of polymer science. This chapter is presented 

as an unaltered published journal article. 

• Chapter 6: Summarizes the main findings of this research and offers 

recommendations for future studies. 
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Chapter 2 . Literature Review 

 

This chapter outlines the foundational concepts and methodologies related to this research 

and provides a comprehensive review of relevant literature. 

 

2.1. Structure and properties of polystyrene 

 

Polystyrene is a thermoplastic polymer that possesses properties that make it highly 

attractive for a variety of industrial applications. It is a clear and transparent material with a glassy 

state at room temperature, softening at temperatures above 100°C. Known for its high mechanical 

strength, polystyrene can be easily molded into various forms, dissolved in solvents, and fused to 

create foamed materials. These characteristics, combined with its versatility, have made 

polystyrene one of the most employed aromatic thermoplastics in the industry, particularly in the 

packaging industry and as thermal insulator in the construction industry20. Beyond its traditional 

use as a basic plastic, styrene has been combined with other monomers to produce novel 

copolymers with improved and specialized properties21. 

The structure of polystyrene consists of a carbon backbone with pendant phenyl groups. Its 

classification is determined by its tacticity, which refers to the spatial arrangement of the phenyl 

groups along the polymer chain. Atactic polystyrene (PS) is an amorphous polymer characterized 

by the random distribution of phenyl groups on either side of the chain (Figure 2.1.A). In contrast, 

syndiotactic polystyrene (sPS) and isotactic polystyrene (iPS) are semicrystalline polymers, where 

each phenyl group adopts alternating or the same spatial arrangement relative to the backbone, 

respectively (Figure 2.1.B and C). 

A.  

B.       C.  

Figure 2.1. Structure of polystyrene. A. Atactic polystyrene; B. Syndiotactic polystyrene; and C. 

Isotactic polystyrene. 
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Polystyrene was selected as the model polymer for this study due to its structure and 

practical relevance. The presence of both a carbon backbone and an aromatic side group in its 

structure enables the extrapolation of the research findings to other polymers with similar structural 

elements. Additionally, polystyrene's extensive industrial use enhances the practical significance 

of the study's results. Isotactic polystyrene (iPS), in particular, is a slow crystallizer, making it ideal 

for tracking the crystallization process using SFG spectroscopy. Furthermore, the extensive 

literature available on PS SFG analysis1,5–9 provides a solid foundation for data interpretation and 

facilitates comparisons with previous research. 

 

2.2. Polymer molecular weight 

 

Polymers do not have a single molecular weight but instead exhibit a molecular weight 

distribution. Their molecular weight characteristics are typically described by the average 

molecular weight and the molecular weight distribution. Both of these parameters play a crucial 

role in determining various properties of polymers. The average molecular weight of polymer 

materials is typically represented by the number average molecular weight (𝑀𝑛) and the weight 

average molecular weight (𝑀𝑤)22. The equations for calculating 𝑀𝑛 and 𝑀𝑤 are presented in 

Equation 2.1 and Equation 2.2, where 𝑖 is the number of polymer chains and 𝑁𝑖 is the number of 

chains with the molecular weight 𝑀𝑖. For linear polymers, the chain molecular weight is directly 

related to the chain length and to the degree of polymerization, and these terms can be interchanged 

in some contexts. In these instances, we refer to the polymer molecular weight as 𝑀 indicating that 

we are discussing the general concept of chain length and degree of polymerization, rather than 

specifically distinguishing between 𝑀𝑛 and  𝑀𝑤. 

 

𝑀𝑛 =
∑ 𝑁𝑖𝑀𝑖𝑖

∑ 𝑁𝑖𝑖
  Equation 2.1 

 

𝑀𝑤 =
∑ 𝑁𝑖𝑀𝑖

2
𝑖

∑ 𝑁𝑖𝑖
  Equation 2.2 

 

 Polymers can be produced with narrow, broad, or even bimodal molecular weight 

distributions. The breadth of the molecular weight distribution is quantified by the polydispersity 
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index (PDI). The polydispersity index is defined as 𝑀𝑤/𝑀𝑛 and a higher PDI indicates a broader 

distribution. 

 

2.2.1. Effect of polymer molecular weight on bulk and interfacial polymer properties 

 

The molecular weight is one of the most important characteristics that determines the 

polymer behavior. An important parameter that scales with 𝑀 is the density of entanglements 𝑁𝑒. 

Equation 2.3 shows the relationship between 𝑁𝑒 and 𝑀, where 𝑀𝑒 is the molecular mass between 

entanglements23. As polymer chains become longer, the likelihood of physical entanglement 

increases, creating a network that resists deformation and enhances mechanical strength. 

 

𝑁𝑒 ∝
𝑀

𝑀𝑒
  Equation 2.3 

 

As a result of the increased density of entanglements, an increase in 𝑀 generally leads to a 

corresponding rise in the viscosity of polymer melts. According to the pure reptation models 

proposed by Brochard and de Gennes24,  the polymer bulk viscosity 𝜂 under ideal conditions, scales 

with 𝑀 as 𝜂 ∝ 𝑀3. However, more recent models and experimental results have shown that 

𝜂~𝑀3.4, when additional factors related to the complexity of chain dynamics are taken into 

account25,26. Both the viscosity and degree on entanglements directly affects a polymer's 

mechanical and flow properties.  

Molecular-level parameters that vary with molecular weight, such as the number and the 

strength of intermolecular and intramolecular interactions, make molecular weight a critical factor 

in determining the bulk properties of polymers. For example, the solid-state properties such as the 

tensile strength, the modulus of elasticity, the impact resistance and the toughness27,28, as well as 

the molten-state properties such as the viscosity and rheological properties29,30 are dependent on 

the chain molecular weight. Solid-state polymer mechanical properties typically improve as 

molecular weight increases, but this effect plateaus beyond a certain point, with further increases 

having minimal impact31. However, substantially high molecular weight often means reduced 

processability, as it leads to increased viscosity in the polymer melt. Due to the differences in chain 

mobility, the molecular weight significantly affects the thermal properties and the crystallization 
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behavior of polymer materials, including the crystallization temperature, degree of crystallinity, 

nucleation and growth rate and even the chain conformation during crystallization32,33.  

In addition to its significant impact on the bulk properties of polymers, molecular weight 

and molecular weight distribution also play a crucial role in determining interfacial properties, 

influencing key interfacial processes in polymer science. For example, interfacial (and surface) 

tension tends to increase with molecular weight34–36, directly affecting processes such as wetting37 

and the compatibility of polymers in blends. The dependence of surface tension on molecular 

weight can be attributed to molecular-level factors. At the surface, molecules experience an 

asymmetric environment, resulting in fewer possible interactions compared to the bulk. 

Consequently, surface tension is intrinsically tied to the cohesive forces acting on surface polymer 

chains. High molecular weight polymers exhibit stronger intermolecular and intramolecular 

interactions per chain, increasing the energetic cost of the molecular rearrangements required to 

create an interfacial region.  

Entropic contributions also play a significant role in determining the dependence of surface 

tension on the polymer molecular weight. In the bulk, polymer chains generally adopt a random 

coil conformation, with their radius of gyration (𝑅𝑔) increasing with molecular weight (Figure 2.2A 

and C). However, in the confined surface region, where the thickness is typically around 1 nm, the 

density gradient between the surface and the bulk prevents high molecular weight chains from 

maintaining their expanded coil conformation. This occurs when the surface region thickness is 

smaller than the bulk radius of gyration of the polymer. Instead, these chains must undergo 

conformational rearrangements to fit within this restricted space, incurring a substantial entropic 

penalty (Figure 2.2. B). In contrast, low molecular weight chains experience less pronounced 

conformational constraints at the interface (Figure 2.2. D), leading to a lower entropic cost 

compared to their high molecular weight counterparts38. The increased entropic penalty for high 

molecular weight chains at the interface creates a stronger tendency for these chains to minimize 

their presence in the interfacial region. This behavior drives the polymer to reduce its surface area, 

ultimately resulting in higher surface tension for polymers with higher molecular weights. The 

differences in the entropic penalties experienced by interfacial polymer chains, based on molecular 

weight, lead to the preferential segregation of low molecular weight chains to the interfacial region 

in polydisperse materials, thus effectively reducing the polymer interfacial tension39,40.  
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Figure 2.2. Chain conformations of polymers in the bulk and surface regions. A. High molecular 

weight polymer adopting a random coil conformation in the bulk, with the dashed circle 

representing the radius of gyration. B. High molecular weight polymer rearranged into a restricted 

conformation to fit within the narrow interfacial region. C. Low molecular weight polymer 

adopting a random coil conformation in the bulk; and D. Low molecular weight polymer 

conforming more easily to the surface region. Adapted from 38. 

 

Evaluating the effect of polymer molecular weight on interfacial properties at buried 

interfaces is considerably more challenging than at free surfaces. This is primarily due to the 

limitations of analytical techniques for probing buried interfaces and the increased complexity 

arising from multiple factors that influence the energy balance at the buried interface, such as the 

type and strength of polymer/substrate interactions. For instance, in polymer thin films, the 

thickness of the adsorbed layer with restricted chain mobility has been reported to increase with 

polymer molecular weight41,42. In contrast, an opposite trend was observed in composite systems 

containing nanoparticles, where the adsorbed layer thickness decreased with increasing molecular 

weight. This discrepancy is likely due to differences in equilibrium times and the degree of chain 

packing43. These findings highlight the need for systematic studies to explore how polymer 

molecular weight influences buried interfacial properties. Such investigations can provide critical 

insights into the relationship between interfacial chain conformation and the macroscopic behavior 

of thin films. 

 

2.2.2. Effect of polymer molecular weight on interfacial processes 

 

Variations in interfacial properties, such as surface tension and surface chemical 

composition, have a direct impact on critical interfacial processes. For instance, the energy of 
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adhesion is highly dependent on polymer molecular weight. Beyond intrinsic factors like the nature 

and strength of interactions, key parameters such as the density of entanglements and interfacial 

diffusion—both of which are functions of molecular weight—play a pivotal role in defining the 

adhesion characteristics of materials44–46. 

Slip, which occurs when the velocity of the polymer melt in the vicinity of the wall is 

nonzero, is strongly influenced by both the polymer molecular weight and molecular weight 

distribution47. Briefly, the slip mechanism in polymer melts is governed by the behavior of the 

polymer chains in the first monolayer near the wall. These chains are adsorbed to the wall and 

entangled with the bulk chains. When slip arises from the detachment or desorption of chains from 

the wall, it is referred to as adhesive failure or true slip. On the other hand, cohesive failure or 

apparent slip occurs when the adsorbed chains disentangle from the bulk chains. In the case of 

partial disentanglement, weak slip is observed, while the strong slip regime is characterized by 

complete disentanglement, where the adsorbed chains align in the direction of flow 48. 

In their model for true slip of monodisperse entangled chains, Brochard and de Gennes 

demonstrated a significant molecular weight dependence of the slip length 𝑏, reporting that 𝑏 ∝

𝑀3. This scaling relationship arises in part from the molecular weight dependence of viscosity, 

which also scales as 𝜂 ∝ 𝑀3 in the Brochard and de Gennes model. Similarly, in the weak slip 

regime, Mhetar and Archer49  found a slip length relationship of 𝑏~𝑀2 for a series of 

polybutadienes with varying molecular weights. The molecular weight distribution also plays a 

critical role in slip behavior. For instance, Sabzevari et al. demonstrated that the presence of low 

molecular weight chains significantly enhances slip in highly entangled polymers 47. It is important 

to note that are various other factors, such as the surface properties and the sample thermo-

mechanical history that may influence the molecular weight influence on slip50. 

The wetting behavior of polymers is influenced by several factors, including the polymer 

viscosity and surface tension and the interplay between the entropic and enthalpic contributions 

acting on the polymer chains adsorbed to the substrate. These factors are dependent on the 

polymer's molecular weight36,51. Zhang et al.52 observed that the homogeneity of polyvinyl butyral 

thin films was closely tied to the polymer's molecular weight, with high molecular weight polymers 

producing smooth, uniform films, while low molecular weight polymers resulted in 

inhomogeneous roughness or in dewetting. In Chapter 4, the effect of molecular weight on the 

dewetting behavior of polymer films will be examined in detail. While many studies have explored 
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this topic, other factors affecting dewetting such as surface properties, film thickness53, chain 

architecture54 and the sample thermo-mechanical history50, complicate the development of a single, 

unified correlation between molecular weight and wetting behavior. 

 

2.3. Polymer thin films 

 

Polymer thin films have a thickness ranging from nanometers to few micrometers. These 

materials are crucial in various technological applications, and their applicability will continue to 

rise as the demand for smaller devices increases. These films are characterized by a high surface-

area-to-volume ratio, which significantly enhances their surface-related properties and interactions 

compared to bulk materials. 

 

2.3.1. The influence of thin film thickness on its properties 

 

The thickness of a polymer thin film is a critical parameter that significantly influences its 

properties. Small variations in thickness can lead to substantial changes in the surface-area-to-

volume ratio and in the degree of confinement experienced by polymer chains within the film. 

While some properties such as the Young’s modulus seem to be generally independent of the film 

thickness55, others, including wetting behavior, thermal characteristics, and optical properties, are 

highly dependent on the thickness of the film. Achieving the optimal thickness is essential for 

balancing functionality and stability in thin-film applications. 

The stability of thin films in terms of resistance to dewetting is particularly sensitive to 

changes in thickness56. Generally, the film stability decreases with decreasing the film thickness57. 

Rehse et al.53 reported a critical thickness below which polystyrene thin films deposited on silicon 

substrates exhibit dewetting behavior. This critical thickness increases with the polymer molecular 

weight (critical thickness < 0.55 𝑅𝑔). When film thickness falls below this critical value, the 

increased level of confinement results in an elevated free energy of the polymer chains. To 

minimize their free energy, these chains migrate to thicker regions of the film, ultimately leading 

to dewetting. 

The mobility and relaxation dynamics of polymer chains vary depending on their position 

within the film, typically forming a gradient along the direction normal to the film thickness58. 
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Surface chains exhibit the highest mobility, followed by bulk chains, while chains in contact with 

the substrate display significantly reduced mobility. Variations in chain mobility depending on their 

location within the film lead to differences in thermodynamic behavior. Wang et al.59 proposed a 

three-layer model for the glass transition temperature (𝑇𝑔) in thin films, as illustrated in Figure 2.3. 

Consequently, as the thickness of a thin film decreases, the contribution of highly mobile surface 

chains to the overall film volume increases, often leading to a reduction in the bulk 𝑇𝑔 of the films57. 

However, in the presence of strong interactions between the substrate and the polymer, 𝑇𝑔 may 

increase with decreasing the film thickness59. Li et al.4 examined this phenomenon in poly (methyl 

methacrylate) (PMMA) films deposited on a metallic substrate. The authors observed a decrease 

in 𝑇𝑔  as the film thickness was reduced. To investigate the role of the free surface, the authors 

sandwiched the PMMA films between a metallic substrate and a silica optical window, effectively 

eliminating the free surface. Under these conditions, 𝑇𝑔  increased significantly as the film 

thickness decreased, highlighting the critical role of interfacial chain mobility in determining the 

bulk thermal properties of thin films.  

 

 

Figure 2.3. Model of 3-layer 𝑇𝑔 variations in thin films when there are strong interactions between 

the polymer and the substrate. Adapted from59 

 

Key optical properties of thin films, such as the absorbance spectrum, absorption 

coefficient, and refractive index, are influenced by the film thickness60,61. Light interference in thin 

films also depends on thickness, occurring due to multiple reflection and refraction of light at the 

top and bottom interfaces of the film. These light beams can interact constructively or destructively, 

modifying the intensity of the local fields at the interfaces and sometimes producing colorful 

patterns based on the wavelength and film thickness62. This phenomenon is particularly valuable 
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in spectroscopic studies63 as it enables selective analysis of specific film interfaces due to 

interference effects64. 

 

2.3.2.  Polymer thin films fabrication methods 

 

Thin films can be fabricated using a wide range of techniques, with the selection of the 

most suitable method determined by the specific application requirements, as well as factors like 

time efficiency, equipment availability, and cost considerations. Most of these methods such as dip 

coating, spray coating, solvent casting and spin coating utilize polymer solutions, allowing the 

control over film thickness by adjusting the polymer concentration and employing multiple coating 

cycles. Moreover, multiple cycles can be utilized to produce multilayer coatings with different 

polymers, enhancing the versatility and functionality of thin films for diverse applications65. 

Solvent casting is one of the simplest methods for producing thin films. The process 

involves pouring a polymer solution onto the surface of a substrate and allowing it to dry66. The 

drying rate can be controlled by adjusting ambient conditions such as temperature and atmospheric 

composition. One of the primary advantages of this method is its relatively slow drying rate 

compared to other techniques. This extended drying time allows for greater relaxation of the 

polymer molecules, effectively minimizing residual stresses compared to fast drying methods such 

as spin coating67. 

One particularly versatile method for coating substrates with complex shapes is dip coating. 

This technique is highly effective for producing high-quality coatings on substrates with intricate 

geometries, including porous structures, samples with holes, and complex patterns68. The process 

involves immersing the substrate into a polymer solution, allowing it to remain submerged for a 

set period, and then withdrawing it to drain and dry69, as shown in Figure 2.4.A.  This method is 

suitable for both laboratory-scale applications and industrial-scale production of large films, as it 

can be integrated with processes like roll-to-roll manufacturing for enhanced scalability70. 

However, it is important to note that the substrates used in roll-to-roll process are limited to flexible 

sheets or films. The uniformity of thin films is strongly influenced by the viscosity of the polymer 

solution and the wetting behavior of the polymer on the substrate.  

Spray coating is an effective technique for producing high-quality polymer thin films, with 

applications in various technological fields, such as the fabrication of polymer solar cells71. In this 



13 
 

method, a fine aerosol of polymer solution is sprayed directly onto the substrate (Figure 2.4. B). 

Spray coating offers significant potential for large-scale production, with reduced material waste 

compared to techniques like spin coating. A key advantage of spray coating is its adaptability to 

substrates of various sizes and shapes, including large, rigid, and complex geometries. However, 

achieving uniform thin films remains a challenge. The solvent properties, such as vapor pressure, 

boiling point, and surface tension, play a critical role in determining film homogeneity. To enhance 

uniformity, it is often necessary to use a solvent mixture that optimizes these properties72. 

 

A.  B.    

C.  

Figure 2.4. Scheme of polymer thin film fabrication methods. A. Dip coating; B. Spray coating and 

C. Spin coating. Adapted from69,73. 

 

Spin coating is a widely used technique for producing uniform polymer thin films. In this 

method, a small volume of polymer solution is poured onto the center of a substrate, which is then 

rapidly rotated at high speeds (typically 1,000–10,000 rpm). The centrifugal force spreads the 

solution evenly across the substrate's surface, while excess solution is expelled (Figure 2.4. C). The 

primary limitations of spin coating are related to substrate size and shape. This technique is 

generally suited for small, flat substrates, as achieving high-speed spinning on larger substrates 

presents significant challenges in terms of equipment design and process stability69. The rapid 
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solvent evaporation and the strong centrifugal forces during spin coating often lead to the formation 

of residual stresses in the film, as the polymer chains adopt out-of-equilibrium conformations67. 

These residual stresses can cause various issues, such as delamination, dewetting, and other 

defects74. To mitigate these problems, annealing processes are commonly employed to facilitate 

chain relaxation and reduce residual stresses in spin-coated films. Despite these challenges, spin 

coating is the most widely used thin film fabrication method for SFG studies3,75–77 because it 

produces thin films with exceptionally smooth surfaces and homogeneous thickness with high 

reproducibility, which are essential for minimizing unwanted reflections, interference variations, 

and other optical artifacts that can affect the accuracy and sensitivity of SFG measurements. 

Solvent-free methods including chemical vapor deposition and physical vapor deposition 

are also available for thin film deposition, offering unique advantages. For example, in chemical 

vapor deposition monomers are vaporized and polymerized directly on the substrate surface. The 

key advantages of these methods include precise control over film thickness, compatibility with 

insoluble polymers, and the elimination of potential solvent damage to the substrate78. These 

techniques also enable the formation of films that are chemically bonded to the substrate, by 

employing substrates with self-assembled monolayers79.  

 

2.3.3. Free standing polymer thin films 

 

Polymer thin films are generally produced and utilized on a supporting substrate. This 

reliance on a substrate is due to their extremely thin structure, which lacks the mechanical strength 

needed to maintain integrity independently, leading to risks of tearing, shrinking, or collapsing. 

However, innovative methods have been developed to create free-standing polymer thin films. 

These methods are important as they allow the mechanical testing of the films without the 

interference from the substrate80,81 and enable the transfer of films from one substrate to another 

after fabrication. 

One effective approach for producing free-standing films involves the use of sacrificial 

mica substrates50. Mica presents atomically flat cleavage planes that provide minimal physical 

anchoring for the films, making it an ideal substrate for this purpose. By employing a flotation 

method, the thin films can be gently detached from the mica substrate and floated onto a liquid 
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bath, typically water, for subsequent use or substrate transfer. Alternative methods involve the use 

of other sacrificial substrates that can be later dissolved or chemically removed from the film80. 

 

2.4. Crystallization in polymer thin films 

 

Polymer crystallization plays a pivotal role in defining the key solid-state characteristics of 

polymer-based materials. In various polymer applications, such as in polymer molding and coating, 

crystallization takes place in direct contact with a surface or substrate. When a polymer crystallizes 

in the presence of an external surface, it can lead to heterogeneous nucleation at the polymer-

surface interface. This effect modifies the usual crystallization kinetics and crystalline structure, 

compared to homogeneous nucleation that occurs in the bulk without the presence of a 

substrate82,83. Crystallization in polymer thin films differs significantly from bulk crystallization, 

with both the crystallization kinetics and crystalline morphology being substantially influenced by 

confinement effects. Their extremely high interfacial area-to-volume ratio results in a significantly 

larger proportion of the material being in contact with the substrate during crystallization compared 

to bulk materials. Consequently, the influence of the substrate on nucleation and crystallization 

becomes a critical factor in shaping the crystallization behavior of thin films. These changes have 

a great impact on the optical, electrical61, and mechanical84 properties of the thin films, thus 

affecting their performance in various applications. 

 

2.4.1. Comparison of homogeneous and heterogeneous nucleation 

 

During homogeneous nucleation, random molecular oscillations lead to the formation of 

small clusters of aligned chains. Once these clusters exceed the critical nucleus size, they become 

stable and serve as seeds for further crystal growth. These nuclei are spherical, and the energy 

barrier for homogeneous nucleation is determined by the balance between the volume energy gain 

and the surface energy cost associated with forming the nucleus, as shown in Equation 2.485, where, 

Δ𝐺𝐻𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑢𝑠 is change in the total Gibbs free energy of homogeneous nucleation, 𝜎𝑐 is the crystal 

surface energy, 𝑟𝑛 is the radius of the spherical nucleus and 𝐺𝑉 is the volume free energy per 

volumetric unit. 

𝛥𝐺𝐻𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑢𝑠 = 4𝜋𝑟𝑛
2𝜎𝑐 −

4

3
𝜋𝑟𝑛

3𝐺𝑉  Equation 2.4 
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In contrast, the presence of a foreign surface during crystallization may function as seeds 

for polymer chain alignment, thus facilitating nucleation. The nucleus forms at the interface 

between the polymer and a substrate. Instead of a complete sphere, the nucleus takes the shape of 

a spherical cap. The extent of this cap, or how much of the sphere is formed, depends on the contact 

angle between the nucleus and the surface86 (Figure 2.5). As a result, the contributions of surface 

energy and change in volume to the total energy barrier for heterogeneous nucleation are smaller 

than those for homogeneous nucleation. 

  

 

Figure 2.5. Size of heterogeneous nucleus as a function of the contact angle 𝜃𝑐. Adapted from87. 

 

 The relationship between the total Gibbs free energy for heterogeneous nucleation, 

Δ𝐺𝐻𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠, and homogeneous nucleation,  Δ𝐺𝐻𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠, is given by Equation 2.5, where 

𝑓(𝜃𝐶) is a parameter that depends on the contact angle θc as expressed in Equation 2.688. The 

parameter 𝑓(𝜃𝐶) ranges from 0 and 1, increasing as θc increases. For low θc  values, 

Δ𝐺𝐻𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 ≪ Δ𝐺𝐻𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠, making nucleation more favorable at the polymer/substrate 

interface than in the bulk. This occurs because the nucleus formed during heterogenous nucleation 

has a smaller surface area compared to the full sphere formed during homogeneous nucleation 

(Figure 2.5 and Figure 2.6). As θc increases, the surface area of the nucleus grows, as the shape 

approaches a full sphere close to nonwetting conditions θc ≈ 180° and  Δ𝐺𝐻𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 ≈

Δ𝐺𝐻𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠. 

 

𝛥𝐺𝐻𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 = 𝑓(𝜃𝑐) ∗ 𝛥𝐺𝐻𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠  Equation 2.5 

 

𝑓(𝜃𝐶) =
(2+𝑐𝑜𝑠 𝜃𝑐)(1−𝑐𝑜𝑠 𝜃𝑐)2

4
       Equation 2.6 
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Figure 2.6. Change in the Gibbs free energy for homogeneous and heterogeneous nucleation. 

 

2.4.2. Influence of substrate properties on polymer nucleation 

 

Surface properties play a pivotal role in driving heterogeneous nucleation, significantly 

shaping the crystallization behavior of polymer thin films. Factors such as surface energy, 

roughness, and crystallinity influence the nucleation rate, crystal orientation, and morphology at 

the polymer-substrate interface. For example, higher surface roughness often promotes nucleation 

by concentrating thermal stresses on surface irregularities during cooling, leading to a local chain 

alignment. Lin et al.89 reported a reduction in the nucleation induction time and a higher degree of 

crystallinity for isotactic polypropylene samples in contact with copper sheets with increasing the 

roughness of the substrate. However, this behavior can be influenced by other factors that also 

impact nucleation. 

The surface energy of the substrate significantly impacts heterogeneous nucleation. This is 

because the substrate surface energy influences the wetting behavior of the polymer on the 

substrate. Generally, higher substrate surface energy results in a lower contact angle between the 

nucleus and the substrate, thereby decreasing the energy barrier for nucleation90, as shown in 

Equation 2.5 and Equation 2.6. 

The crystallinity of the substrate is also a key factor influencing nucleation. A 

comprehensive study of Chatterjee et al.91 explored the nucleation behavior of polymer melts in 

contact with various surfaces. Their findings revealed that crystalline substrates exhibit 

significantly higher nucleation rates compared to amorphous surfaces, even among materials with 

similar chemical compositions. For example, isotactic polypropylene demonstrated transcrystalline 
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growth (highly ordered crystalline layer at the interface between a polymer and a substrate, where 

the polymer crystals grow perpendicular to the substrate surface) on semi-crystalline iPS surfaces, 

while amorphous PS showed limited nucleation ability for the polymer. Crystalline substrate may 

also lead to a phenomenon called epitaxial growth82,92, which occurs when a crystal grows on an 

existing crystalline surface, adopting a specific orientation influenced by the template. Depending 

on the system, the polymer chains may align parallel to the substrate's crystalline structure or at a 

characteristic angle. This phenomenon provides compelling evidence of molecular-level 

interactions that guide the orientation and arrangement of polymer chains during crystallization. 

 

2.4.3. Crystallization in confined systems 

 

In bulk materials the size of the crystalline spherulites typically ranges from microns to 

millimeters93. In thin films, the reduced thickness inhibits the isotropic growth of spherical 

spherulites. Consequently, the crystallization, that is predominantly initiated at the polymer-

substrate interface, leads to the formation of crystals with specific lamellar orientations relative to 

the substrate59,93. The two primary lamellar orientations are edge-on and flat-on, where the polymer 

chain axes align parallel and perpendicular to the substrate plane, respectively, as illustrated in 

Figure 2.7 A.  Various factors influence the formation of edge-on or flat-on lamella. For instance, 

the mechanical history of the film, including features like scratches or rubbed areas that can locally 

align polymer chains, increasing the nucleation rate and promoting a preferred edge-on lamellar 

orientation in these regions 94. 

 

A. B.  

Figure 2.7. Lamellar orientation of polymer crystals in thin films. A. Scheme showing the chain 

arrangement within the crystalline lamella; and B. Scheme showing the lamellar packing, which 

results in different surface topographies. 
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The chain folding process that forms the lamella results in two distinct surfaces: the fold 

surface and the lateral surfaces (Figure 2.7 A). The surface energy of the lateral surface (𝜎𝑙) is 

significantly smaller that of the fold surface (𝜎𝑓)93. This greatly influences the lamellar orientation 

in thin films. For instance, when nucleation occurs at the air interface, an edge-on orientation is 

typically favored because it minimizes the system's overall surface energy93. However, in thin 

films, the edge-on lamellae grow in a direction perpendicular to the film thickness. This growth 

may be hindered in such confined systems, potentially favoring the formation of flat-on lamellae 

instead. Furthermore, the edge-on lamella results in a much larger interfacial area, which typically 

favours the formation of flat-on lamella in thin films (Figure 2.7 B)93. Wang et al.59 observed an 

increase in the concentration of edge-on lamella in thin films of poly(bisphenol A hexane ether) as 

the thickness of the films increased.  

The crystallization temperature also plays a critical role in determining the lamellar 

orientation in thin films. Due to the differences in chain mobility and in the local 𝑇𝑔 (Figure 2.3), 

at low temperatures, the homogeneous nucleation at the surface of the film is faster than the 

heterogeneous nucleation near the substrate, thus increasing the surface concentration of edge-on 

lamella59,95. At higher temperatures, the heterogeneous nucleation becomes dominant, and the 

concentration of flat-on lamella at the film surface is higher than that of the edge-on orientation59,95. 

There is an interesting interplay between the influence of the crystallization temperature and the 

film thickness in the final crystalline morphology of thin films. Wang et al.59 observed that, for 

films sufficiently thick, there will be the formation of edge-on lamella at the film surface even at 

elevated temperatures. This occurs because the growth of flat-on lamellae initiated at the substrate 

interface takes considerable time to reach the surface, allowing sufficient time for homogeneous 

nucleation of edge-on lamellae in the surface region of the films. This observation highlights the 

possible differences in lamellar orientation between the surface and the substrate regions of thin 

films. Consequently, analytical techniques capable of probing lamellar orientation at both the 

surface and the buried interfaces are essential. 

The lamellar orientation at the surface of semi-crystalline polymer thin films is often 

investigated using advanced analytical methods, including time-of-flight secondary ion mass 

spectrometry,95 x-ray96 and Atomic Force Microscopy (AFM). Among these methods, AFM 

remains the most widely utilized technique due to its straightforward ability to resolve differences 

in surface topography arising from distinct lamellar packings. In AFM images, flat-on lamellae 
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typically appear as terrace-like structures, while edge-on lamellae exhibit fibril-like 

morphologies94,97. However, AFM is limited to examining free surfaces, necessitating the 

detachment of the film from its substrate to analyze buried interfaces 97. This detachment approach 

is not only a destructive technique but also introduces potential alterations in the interfacial 

structure and morphology during the detachment process, potentially compromising the accuracy 

of the results. In this context, SFG spectroscopy is a promising non-destructive analytical tool for 

probing lamellar orientation in thin films at both free surfaces and buried interfaces without the 

need for physical separation. By working as a complement to AFM and other analytical techniques, 

the use of SFG spectroscopy can potentially contribute to addressing critical gaps in the analysis 

of lamellar orientation in semi-crystalline polymer thin films. 

 

2.5. Interfacial chain conformation 

 

The chain conformation in polymer films varies depending on the location of the chains 

within the film1 (Figure 2.8). This variation arises due to differences in enthalpic and entropic 

contributions acting on the chains98, as well as disparities in relaxation dynamics10, free volume99 

and the degree of chain entanglement2 throughout the film. 

            

 

Figure 2.8. Scheme showing different polymer chain conformations throughout the thickness of a 

thin film. 

 

The initial chain conformation of thin films is highly influenced by the fabrication method. 

For instance, the type of solvent used for preparing the polymer solution can significantly influence 

the interfacial chain conformation9,100. Furthermore, the film deposition technique is also of a 
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critical importance. When spin-coating is used, the strong centrifugal forces combined with rapid 

solvent evaporation cause the polymer chains to be frozen in an out-of-equilibrium, extended 

conformation. For example, Tsuruta et al.10 demonstrated significant differences in the 

conformation of polystyrene (PS) chains near a quartz substrate between films prepared by spin-

coating and those produced via solvent casting, which is characterized by a slower solvent 

evaporation rate and the absence of centrifugal forces, allowing the polymer chains to relax into 

their most energetically favorable conformation. Out-of-equilibrium chain conformation may lead 

to various problems in thin films performance, such as in deformation and dewetting100,101. To 

reduce the influence of the film preparation method on the chain conformation, thin films are 

typically submitted to annealing to allow the relaxation of the chains. 

 

2.5.1. The effect of annealing on the interfacial chain conformation 

 

Polymer thin films are often annealed after deposition to relieve residual stresses and 

enhance their performance. The most commonly used method is thermal annealing, which involves 

heating the film above its bulk glass transition temperature (𝑇𝑔) for a specified duration. 

Alternatively, solvent annealing can be employed, where the film is exposed to a solvent-rich 

atmosphere, allowing the polymer chains to reorganize and relax without the need for elevated 

temperatures10,100. Annealing conditions have a significant effect on the chain conformation, 

directly influencing the resulting film properties. 

Due to differences in local relaxation dynamics and 𝑇𝑔 (Figure 2.3), surface and bulk 

polymer chains relax more readily than those near the buried interface. The relaxation of surface 

chains can typically be done in shorter periods of annealing at temperatures close to or slightly 

above 𝑇𝑔
1,102. In contrast, buried interfaces with slow relaxation dynamics require prolonged 

annealing times and temperatures significantly above 𝑇𝑔 to change their interfacial conformation19. 

In fact, Tsuruta et al.10 reported that PS chains near a quartz substrate remained unrelaxed even 

after annealing at temperatures nearly 100°C above the bulk 𝑇𝑔 for 3 hours. Interestingly, the study 

revealed that these buried chains could be successfully relaxed using solvent annealing.  

 

2.5.2. Surface vs buried chain conformation 
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The conformation of polymer chains near the surface and buried interfaces of polymer films 

exhibits significant differences. These differences occur in the conformation of the polymer 

backbone, as well as in the net orientation of specific groups. For instance, multiple studies across 

various systems have reported that the phenyl rings of PS are predominantly oriented along the 

surface normal at the film surface, while at the buried interface of the same film, they tend to align 

closer to the surface plane7,8. 

Near the air interface, polymer chains experience a loss of conformational entropy, which 

increases the system's free energy. Additionally, the energy change for each polymer segment in 

contact with air, rather than with another chain segment, is equivalent to the energy of evaporation 

and corresponds to an increase in internal energy. This effect, combined with the volumetric 

contraction caused by spatial restrictions at the interface (Figure 2.2), results in chains near the free 

surface of polymer films tending to adopt a coiled conformation, minimizing the number of 

segments in contact with the free surface103. Entropic contributions are also responsible for the 

segregation of chain ends at the interfacial regions104. 

At the buried interface, the conformational entropy loss of the interfacial polymer chains 

can be balanced by the enthalpic gain from interactions between the polymer and the substrate. The 

interplay between entropic cost and enthalpic gain results in chain conformations that deviate from 

the isotropic, random-coiled configuration. The chain length plays a critical role in this balance. 

Longer chains can form a greater number of polymer-substrate interactions per chain, thereby 

maximizing their enthalpic gain, and often adopt an extended conformation when adsorbed onto 

substrates. In contrast, shorter chains, which can only make a limited number of polymer-substrate 

interactions, tend to retain a more isotropic conformation, with fewer segments anchored to the 

substrate51. 

Instead of simply promoting the relaxation of the buried chains, thermal annealing promotes 

the formation of an irreversibly adsorbed layer of polymer chains near the substrate, characterized 

by strong interactions and a tightly packed, flattened conformation. Adjacent to this layer lies a 

region of loosely adsorbed chains, which interact weakly with the substrate and adopt a more 

coiled, less densely packed conformation19,41,105. The conformation of these interfacial chains can 

be described by the tail-loop-train model (Figure 2.9), where the degree of packing and number of 

polymer-substrate interactions distinguishes the two layers. 
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The presence of an irreversibly adsorbed layer following prolonged thermal annealing has 

been extensively documented1,19,41,64, often using the Guiselin106 method. This technique involves 

subjecting the sample to extended thermal annealing, followed by multiple washing cycles in a 

good solvent to remove loosely adsorbed chains. The irreversibly adsorbed chains remain bound 

to the substrate, even after exposure to a good solvent for several days. Even though this strategy 

effectively demonstrates the existence of an irreversibly adsorbed layer, it does not provide reliable 

information with respect to the conformation of the chains near the substrate prior to solvent 

leaching. This is because exposure to solvents alters the interfacial conformation of the chains, 

potentially disrupting their original structure. Therefore, the development and application of 

analytical methods capable of directly probing buried chain conformations are crucial for gaining 

a deeper understanding of the molecular-level behavior of buried interfaces. 

 

 

Figure 2.9. Scheme showing the formation of irreversibly adsorbed and loosely adsorbed polymer 

layers near the substrate. Adapted from19,107. 

 

2.5.3. System parameters influencing the interfacial chain conformation 

 

Several parameters of the system, including surface characteristics and polymer properties, 

play a critical role in shaping the interfacial conformation of polymer chains. Factors such as 

surface energy, chemical composition, and roughness interact with polymer chain length, 

flexibility, chemical structure and molecular weight to dictate the resulting structure at the 

interface. Understanding how these parameters influence chain behavior is essential for tailoring 

the performance of thin films. 

The molecular weight of a polymer is a critical factor influencing its interfacial chain 

conformation. It plays a key role in the enthalpic and entropic interplay during polymer adsorption 

and determines the extent of backbone extension at buried interfaces51. Additionally, differences in 

free volume at the free surface contribute to variations in the orientation of specific structural 



24 
 

groups, such as phenyl rings. For instance, Bzeih et al.5 demonstrated the impact of the molecular 

weight of PS on the tilt angle of its pendant phenyl rings at the PS/air interface. Their findings 

revealed that lower molecular weight PS samples adopt higher tilt angles due to increased free 

volume. However, research addressing the effect of the PS molecular weight on the chain 

conformation at buried interfaces is scarce. 

Steric factors significantly influence the arrangement and packing of polymer chains, 

thereby impacting their interfacial conformation. Hong et al.6 investigated the effect of the local 

concentration of phenyl groups on their interfacial orientation near a PS/graphene interface. They 

found that at low concentrations of phenyl groups, these groups tended to lie parallel to the 

substrate plane. In contrast, at higher concentrations, steric restrictions caused the phenyl groups 

to adopt an upright orientation. Similarly, Opdahl et al.3 studied the surface conformation of 

poly(ethylene-co-propylene) rubber copolymers with varying concentrations of methyl groups per 

chain. Their results showed that at high methyl group concentrations, steric hindrance from 

adjacent groups led to random orientations or orientations directed towards the bulk. On the other 

hand, at low methyl group concentrations, the methyl groups segregated and oriented themselves 

at the film surface, demonstrating the critical role steric effects play in determining interfacial chain 

behavior. 

The surface energy of the substrate, along with the type and strength of the polymer-

substrate interactions, plays a critical role in determining the interfacial conformation of polymer 

chains. Wilson et al.11 demonstrated that altering the substrate surface energy induces significant 

changes in the interfacial orientation of PS chains. They observed that near a hydrophobic substrate, 

the orientation of the phenyl groups was similar to that at the air interface. On the other hand, on a 

hydrophilic substrate containing OH surface groups, the phenyl groups of PS tilted toward the 

substrate to form H-π-interactions. This reorientation resulted in significantly improved adhesion 

of PS films to the hydrophilic substrate compared to the hydrophobic one, highlighting the critical 

influence of chain conformation on film performance. Additionally, factors such as the inclusion 

of fillers or foreign bodies, such as nanoparticles, have also been reported to profoundly affect the 

interfacial conformation of polymer chains, further emphasizing the complexity of interfacial 

behavior108. 
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2.6. Sum frequency generation (SFG) spectroscopy 

 

Sum-frequency generation spectroscopy is a second-order nonlinear vibrational 

spectroscopy technique used to investigate molecular structures at interfaces. A detailed theoretical 

background of SFG spectroscopy, as well as the methodologies for spectra analysis are provided 

in section 3.4 of Chapter 3. In summary, SFG spectroscopy involves probing interfacial molecular 

chains using a tunable infrared beam (𝜔𝐼𝑅) and a high-intensity visible beam (𝜔𝑉𝐼𝑆). The resulting 

SFG signal arises from the interaction of these beams with the interfacial chains and has a 

frequency equal to the sum of their frequencies (𝜔𝑆𝐹𝐺 = 𝜔𝐼𝑅 + 𝜔𝑉𝐼𝑆)14. 

 

2.6.1. Comparing SFG spectroscopy with other interfacial analytical methods 

 

Given the critical role of interfacial molecular conformation in governing numerous 

processes in polymer science, the ability to directly probe these conformations using non-

destructive techniques is of great importance. For a method to be fully suitable for such analyses, 

it must exhibit high selectivity towards interfacial chains at the nanoscale (~1 nm) and be capable 

of probing both free and buried interfaces effectively. SFG spectroscopy fulfills these criteria, 

serving as a highly powerful tool for such investigations by providing detailed compositional and 

orientational insights into molecular arrangements at interfaces. 

SFG spectroscopy can be utilized independently or in combination with other powerful 

analytical techniques to study interfaces. For instance, AFM offers valuable insights into surface 

topography, making it particularly effective for analyzing crystalline and semi-crystalline 

interfaces or for investigating dewetting phenomena50,93,95. However, AFM lacks the ability to 

provide direct compositional or molecular-level net orientational information and is restricted to 

examining free interfaces. Another important analytical technique for interfacial analysis is x-ray 

reflectivity (XRR), which is well-suited for probing both free and buried interfaces, delivering 

critical data on electron density variations, thickness, and interfacial roughness109. However, XRR 

does not offer the chemical specificity or molecular orientation details that SFG spectroscopy 

uniquely provides.  

Neutron reflectivity is a highly advanced technique for interfacial analysis, standing out for 

its ability to deliver precise depth profiles and detailed structural information, including insights 
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into buried interfaces. However, the method often necessitates isotopic labeling of samples, which 

can potentially alter the behavior of the labeled samples compared to their unlabeled 

counterparts110. Secondary ion mass spectroscopy (SIMS), on the other hand, offers chemical and 

isotopic composition of interfaces with high sensitivity. However, it is a destructive method and 

lacks the orientational information of SFG. 

In this context, SFG spectroscopy stands out as an exceptional analytical tool for probing 

the interfacial conformations of polymer chains. Its non-destructive nature, combined with its 

ability to provide molecular-level insights into both compositional and orientational aspects, makes 

it uniquely suited for studying the nanoscale structure of free and buried interfaces.  

 

2.6.2. Key features of SFG spectroscopy 

 

The distinct interface specificity of SFG spectroscopy arises from its intrinsic selection 

rules, rather than limited penetration depth, as seen in other techniques. Even though the laser 

beams can interact with the bulk material, the SFG signal originates exclusively from the interfacial 

groups. This is because the selection rules for SFG state that centrosymmetric environments are 

not SFG-active. In most polymeric materials, the bulk is centrosymmetric and therefore does not 

produce an SFG signal. However, at interfaces, the centrosymmetry is disrupted, enabling the 

generation of an SFG signal (Figure 2.10).  

 

Figure 2.10. Schematic representation of polymer chains within a thin film. In the bulk, the polymer 

chains adopt a random coil conformation with chain entanglements, creating a centrosymmetric 

environment that is not SFG-active. At the interfaces, illustrated by the dotted circles, the 

centrosymmetry is disrupted, allowing these regions to generate an SFG signal. 
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An SFG spectrum contains the vibrational resonances of interfacial molecules, providing 

valuable compositional insights specific to the interface. However, it is important to highlight some 

differences between SFG spectra and conventional attenuated total reflectance Fourier transform 

infrared (ATR-FTIR) spectra: 

 

• ATR-FTIR spectra includes the vibrational responses of both bulk and interfacial 

molecular chains. As a result, the contribution from interfacial chains is often negligible in the 

overall spectrum. On the other hand, the SFG spectra possesses high selectivity for the interfacial 

chains, with negligible contribution from the bulk. 

• The intensity of ATR-FTIR spectra is unaffected by the molecular orientation or the 

degree of molecular ordering. In contrast, these factors significantly influence the intensity of SFG 

spectra, making it sensitive to the structural arrangement at the interface (Figure 2.11). 

 

A. B.  

Figure 2.11. SFG spectra showing the vibrational resonances of interfacial molecules. A. Highly 

ordered interface; and B. Disordered interface. Adapted from14. 

 

The sensitivity of SFG spectra to interfacial molecular ordering has been extensively 

utilized to study the relaxation dynamics of interfacial chains, particularly in systems where 

relaxation results in the randomization of interfacial groups10,102. In such cases, a clear reduction in 

SFG intensity is observed over time during annealing, reflecting the progressive relaxation of the 

molecules. 

In SFG spectroscopy, each beam is polarized, and its polarization is described using three 

consecutive letters representing the states of the SFG, visible, and infrared beams, respectively. 



28 
 

The polarization state refers to the orientation of the electric field's oscillation relative to the plane 

of incidence. For instance, s-polarized light has an electric field oscillating perpendicular to the 

plane of incidence, parallel to the surface. On the other hand, p-polarized light has an electric field 

oscillating within the plane of incidence, which includes components both perpendicular to the 

surface and parallel to it14. 

The two most common polarization combinations in SFG are ssp and ppp. These 

combinations are sufficient to extract orientational information about molecular groups at an 

interface. In the ssp polarization configuration, the intensity of the vibrational resonances is directly 

related to the z-component of the vibrational dipole. This enables a rapid qualitative analysis of 

SFG ssp spectra, where the resonance intensity provides insights into the orientation of specific 

molecular groups at the interface. Furthermore, the relative amplitudes of vibrational modes in ssp 

and ppp polarizations provide quantitative information about the angular orientation of molecular 

groups, as discussed in detail in Chapters 3 and 5. 

 

2.6.3. Directly probing buried interfaces using SFG spectroscopy 

 

SFG spectroscopy is particularly valuable for studying buried interfaces, such as polymer-

substrate or solid-liquid boundaries. However, the successful analysis of these buried interfaces 

necessitates meticulous experimental strategies to overcome inherent challenges. One critical 

requirement is the precise control of sample geometry and refractive indices to achieve phase-

matching conditions, which is essential for filtering out signals originating from other interfaces 

present in the film. This is particularly important for systems with multiple interfaces, as each can 

contribute to overlapping signals, complicating the isolation of the desired buried interface 

information. 

A major limitation in the analysis of buried interfaces is the attenuation of the SFG signal. 

This attenuation arises from scattering and absorption by overlaying materials, especially in 

systems with thick or optically dense layers, which reduce the effective signal strength from the 

buried interface. Furthermore, interpreting SFG spectra is challenging due to the presence of 

substrate effects, background noise, and contributions from other interfacial regions. These 

overlapping signals often obscure the buried interface-specific vibrational modes, making spectral 

deconvolution and interpretation more complex. 
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For thin polymeric films containing a free surface, the SFG signal at the polymer/substrate 

interface is generally reported to be significantly weaker (around an order of magnitude smaller) 

than the signal observed at the polymer/air interface8. To address this, researchers have developed 

innovative experimental strategies aimed at minimizing contributions from the polymer/air 

interface to better isolate the buried interface signal111. For instance, optimizing sample geometry, 

such as adjusting the incidence angle or film thickness using thin-film interference models 8,19, can 

enhance the sensitivity to the buried interface. Additionally, sandwiched configurations, where the 

polymer is enclosed between two substrates, have been employed to eliminate the influence of the 

polymer/air interface. 

In systems involving metallic substrates, researchers have exploited the unique optical 

properties of metals to improve the analysis of buried interfaces. For example, Lu and co-workers 

7,112 demonstrated that the strong non-resonant response of metals and the resulting plasmonic field 

at the polymer/metal interface could be leveraged to enhance the buried interface signal. This 

approach enables selective probing of polymer conformations near metals, providing direct and 

precise measurements of the interfacial molecular structure. Such innovations, combined with 

advanced data analysis techniques and complementary methods, continue to push the boundaries 

of SFG spectroscopy for studying buried interfaces, paving the way for a deeper understanding of 

these critical interfacial systems. 
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Chapter 3 . Influence of polymer molecular weight on chain conformation at the 

polystyrene/silver Interface 

 

3.1. Preface 

 

This chapter was previously published as: https://doi.org/10.1021/acs.langmuir.1c01211 

“Influence of polymer molecular weight on chain conformation at the polystyrene/silver 

interface” Bianca Martins de Lima, Patrick Hayes, and Paula Wood-Adams, (2021). Langmuir, 

37(33), 10036–10045.  

 

In this study, we investigated the effect of polystyrene molecular weight on chain 

conformation near a strongly interacting silver substrate, providing valuable insights on the 

relationship between chain length and interfacial conformation near metallic substrates. The use of 

SFG spectroscopy to study metallic interfaces is particularly advantageous due to the signal 

amplification generated by plasmon field formation at the polymer/metal interface, enabling direct 

and precise measurements of these buried interactions. 

We utilized atactic polystyrene samples with molecular weights ranging from 20,000 g/mol 

to 400,000 g/mol and observed a strong correlation between molecular weight and interfacial chain 

conformation. High-molecular-weight polystyrene exhibited a greater number of interactions 

between the polymer backbone and the substrate, achieved through the tilting of pendant phenyl 

groups toward the surface normal. In contrast, low-molecular-weight polystyrene adopted a more 

isotropic backbone conformation near the substrate, with fewer polymer/substrate interactions and 

phenyl groups tilting toward the substrate plane. 

These distinct conformations arise from the balance between entropy and enthalpy during 

polymer adsorption, which is strongly influenced by chain length. Additional factors, such as 

variations in polymer free volume and the relative abundance of chain ends, further contribute to 

the observed differences in interfacial behavior. 

Minor adjustments, including the numbering of figures, tables, and references, were made 

to ensure consistency with the rest of the thesis. Since the following manuscript is presented in its 

entirety, there may be some overlap with other sections of the thesis, such as repeated descriptions 

of abbreviations and equations. 

https://doi.org/10.1021/acs.langmuir.1c01211
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3.2. Abstract 

 

The dependence between the conformation of polystyrene (PS) and its molecular weight 

(Mw) in the vicinity of a metal interface was investigated by sum frequency generation (SFG) 

spectroscopy. Tilt angles 𝜃 ≥ 50° (the angle between the 𝐶2 axis of the pendant phenyl ring and 

the surface normal) were observed for all samples, due to the interaction between the aromatic 

rings and the metal surface. Furthermore, it was found that 𝜃 decreases with increasing Mw for PS 

samples ranging from 20 x103 g/mol to 400 x103 g/mol. The intensity of the backbone SFG signal 

was higher for high Mw PS, compared to low Mw PS, indicating a greater number of backbone 

interactions with the silver substrate surface for the high Mw sample. These structural differences 

are driven by different entropic and enthalpic contributions to the free energy of adsorption for 

different polymer Mw. Differences in the polymer free volume and in the relative amount of chain 

ends with higher mobility may also influence the chain conformation. These results suggest that 

important interfacial properties of polymeric thin films, such as adhesion and wettability, could be 

tailored by modifying the polymer Mw to achieve the desired interfacial conformation. 

 

3.3. Introduction 

 

Polymer/solid interfaces regulate many critical processes and properties such as 

adsorption41, adhesion11,113, wall-slip47, and wettability19. For example, in the aerospace industry, 

polymer coatings are applied to metallic substrates to improve their corrosion resistance114, while 

in biomedical applications they can be applied to implants to reduce their failure rate115. In these 

applications, a strong adhesion between the different layers of materials (substrate/polymer 

coating/top layer (if any)) is essential to ensure the long-term properties114,115. Furthermore, the 

adsorption of polymers on the surface of particles has been used in environmental applications116
,
 

as well to improve the stability of colloidal systems117.  

The importance of polymer/substrate interfaces is even more pronounced in polymeric thin 

films, in which there is a large contribution of the interfacial chains in the total film volume and 

therefore in the overall film properties. For example, Li et al.4 have shown a significant increase in 

the glass transition temperature (𝑇𝑔) of poly(methyl methacrylate) (PMMA) thin films confined 

between two solid surfaces with decreasing the film thickness, due to the larger contribution of the 
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chains near the solid interface, which have slower relaxation dynamics than the bulk chains. 

Furthermore, Hong et al.118 have recently demonstrated that the 𝑇𝑔 of PS thin films can be modified 

by anchoring different aromatic compounds on the substrate, which leads to different 

conformations of the PS chains due to - interactions between the polymer and the substrate. 

The molecular ordering of the chains in the vicinity of a substrate is governed by the type 

and intensity of the interaction between the polymer/substrate pair. Generally, substrates that have 

high surface energy and the possibility of having a strong chemical interaction with the polymer 

(eg. H-, - and d- interactions) are considered highly interactive substrates. On the other hand, 

weakly interactive substrates usually present low surface energy combined with the absence of 

such strong chemical interactions. Wilson et al.11 revealed different conformations of PS chains in 

the vicinity of surface-modified glass of varying hydrophilicity, as a result of -H bonding between 

the polymer and the substrate. Similarly, the conformation of the deuterated polystyrene (d-PS) 

phenyl rings at the liquid/d-PS interface can be modified by changing the surface tension of the 

liquid119, or by the presence of biological molecules that can adsorb on the polymer interface120. 

Furthermore, while prior research evidences the randomization of the PS phenyl rings near a 

weakly interactive quartz substrate10,107, these phenyl groups form an organized structure near 

highly interactive surfaces such as graphene6 and silver7. The final conformation near a substrate 

is a balance between the forces acting on different functional groups within the polymer 

backbone121  and side groups, as well as entropic and enthalpic factors107 that govern the polymer 

adsorption. These findings are promising for allowing the tailoring of interfacial properties and 

processes via controlling the polymer/substrate interactions.  

The Mw of polymeric materials influences the microstructure and dynamics of interfacial 

chains, especially due to changes in the free volume122, number of entanglements, and entropic and 

enthalpic effects51,123 during polymer adsorption. Li et al.64 demonstrated the key role of Mw in the 

adsorption dynamics of PS chains on sapphire and they determined the Mw effect on the chain 

fraction forming the irreversibly adsorbed layer at equilibrium. Recently, our research group 

investigated the effect of the PS Mw on the polymer conformation at the PS/air interface. Our 

findings highlighted the correlation between the phenyl ring orientation and the PS Mw, due to 

changes in the polymer free volume5. However, there is a lack of studies analyzing how Mw 

influences the phenyl ring orientation in the vicinity of highly interactive substrates, such as metals.  
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SFG spectroscopy stands out as a powerful technique to study molecular conformations at 

buried interfaces111, since it has high interface-specificity for probing the few atomic layers 

comprising the interface. In the SFG experiment, a high-intensity visible laser beam (𝜔𝑣𝑖𝑠) and a 

tunable IR laser beam (𝜔𝐼𝑅) are spatially and temporally overlapped at the interface, generating the 

SFG signal (𝜔𝑆𝐹𝐺) at a frequency that corresponds to the sum of the incident beam frequencies 

(𝜔𝑆𝐹𝐺 = 𝜔𝑣𝑖𝑠 + 𝜔𝐼𝑅)14. The selection rules of SFG forbid its generation in centrosymmetric 

regions, such as the bulk region of most materials, and SFG becomes therefore exclusive to the 

interfacial region, where centrosymmetry is broken. 

This study addresses the correlation between the Mw of PS chains and the conformation 

assumed by the chains in the vicinity of a highly interactive silver surface studied by SFG 

spectroscopy. The motivation for this study relies on the fact that polymer/metal interfaces are 

present in several applications, such as in polymer molding124,125 in electronics126, and in space 

applications127. More specifically, we have decided to study the polymer/silver interface because 

this interface has been previously studied7,112, and this would facilitate the interpretation of the 

results. Polymer/silver interfaces occur in several applications, for example, polymer coatings can 

be applied on silver substrates for surface plasmon applications128 and their application on silver 

mirrors has been proposed to improve the performance of cooling systems in order to reduce 

electricity consumption129. Furthermore, silver coatings can be applied to polymer substrates to 

create a reflective and conductive surface130 or to add extra functionalities to polymer particles131, 

such as antimicrobial properties in biomedical applications. Lastly, polymer/silver interfaces are 

also of great importance in the final properties of polymer/silver nanocomposites132–134. 

In the vicinity of the PS/Ag interface, we hypothesized that the possibility of occurrence of 

chemisorption of the pendant phenyl rings, combined with the changes in the free volume and 

entropic and enthalpic contributions result in different conformations with changing Mw. Here, we 

report the SFG spectra of the PS/Ag interface of monodisperse PS samples of Mw ranging from 20 

x 103 g/mol to 400 x 103 g/mol in the region of the backbone and phenyl ring C-H stretch vibrational 

frequencies. The spectral changes are analyzed to determine the tilt angle variation of the pendant 

phenyl ring with Mw. Furthermore, the drivers for different conformations are discussed in terms 

of free volume and the enthalpy/entropy balance. To the best of our knowledge, this is the first time 

a correlation between the PS pendant phenyl ring tilt angle and the polymer molecular weight is 

reported for a PS/metal interface. This expands the understanding of polymer molecular structures 
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near metallic substrates, in which the possibility of the occurrence of chemisorption may greatly 

affect the final chain conformation. 

 

3.4. Experimental section 

 

3.4.1. Materials 

  

Monodisperse atactic polystyrene was obtained from Scientific Polymer Products Inc. and 

used as received, without further purification. The nominal molecular weight, the number-average 

molecular weight (Mn), and the polydispersity index (PDI) of the PS used in this study are 

summarized in Table 3.1, as reported by the supplier. 

 

Table 3.1 Molecular weight and PDI of PS samples. 

Nominal molecular 

weight (x 103 g/mol) 

Mn 

(g/mol) 

PDI 

(Mw/Mn) 

20 19,500 1.01 

200 177,800 1.03 

400 424,900 1.06 
 

3.4.2. Sample preparation 

 

Fused silica IR grade windows (ISP Optics Corp.) were used as substrates for film 

deposition. The windows were cleaned by immersion into hot piranha solution for 1 hour (80°C, 

3:1 H2SO4/30 vol % H2O2), followed by multiple rinsing cycles with water (HPLC grade, Sigma 

Aldrich) until neutral pH was achieved (measured at the edge of the windows using pH test strips). 

Then, the substrates were blow dried and placed in a vacuum oven at 120°C for 1 hour, for further 

drying. The dry substrates were held under vacuum to cool down to ambient temperature. 

Thin films with thickness of around 100 nm were produced by spin coating PS solutions in 

toluene on the windows. The spin coating was performed at 2000 rpm for 1 min. The same 

thickness was achieved for the different Mw by adjusting the solution concentration (1% - 2% PS). 

For measuring the films’ thicknesses, thin films were spin-coated on glass slides using the same 

conditions as the SFG samples (solution concentration and spin coating parameters) and a scratch 

was gently made in the films to produce a region without polymer. Then, the thicknesses of the 
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films were analyzed using a profiler (DEKTAK 150). The films were annealed at 150°C (bulk 𝑇𝑔 

≈105°C) under vacuum for 4 hours and cooled down to ambient temperature under vacuum. 

The PS surface was then coated with a 500 nm layer of silver by electron-beam evaporation 

(2-3 angstroms/s, 6 x 10-8 torr), according to the method previously reported by Lu et al.7 to produce 

a sandwiched configuration of fused silica/PS film/Ag. It is important to note that the sample was 

kept at 25°C during the silver layer deposition to avoid the possibility of thermal degradation. 

Furthermore, the energy of the arriving particles during deposition is low, so that they may not 

cause any breakage of the polymer chains. Even though analyzing the polymer after the metal 

coating for signs of degradation is challenging because the polymer film is sandwiched between 

the silica window and the silver layer, there are evidences regarding the absence of degradation: 1. 

the SFG spectra, that contain the resonances expected for PS and are comparable with the literature, 

2. the visual and mechanical integrity of the film (transparent film, no darkness, no signs of 

dewetting or significant surface irregularities), 3. The consistency of the spectra acquired 

comparing different spots in a single sample, as well as multiple samples. The coated samples were 

subjected to a second annealing at 150°C under vacuum for 4 hours and cooled down to ambient 

temperature under vacuum. The SFG spectra were collected from the samples, with the incident 

beams entering the sample through the silica window and being reflected at the polymer/silver 

interface. A scheme of the experimental methodology is presented in Figure 3.1. The samples of 

different Mw were prepared on the same day and annealed together, to minimize any differences 

between the samples other than the Mw of polystyrene. 

 

 

Figure 3.1. Experimental steps to produce the silica/PS/Ag sandwiched samples 
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3.4.3. SFG measurements 

 

The details of our scanning SFG system (EKSPLA) are provided elsewhere5,135. Briefly, 

the system comprises a PL2241 series laser, with an optical parametric generator (OPG) 

PG501/DFG and a monochromator MS2001. The laser generates a fundamental 1064 nm beam 

and a second harmonic 532 nm beam (visible beam) that pumps the OPG to generate the tunable 

IR beam. The IR scanning frequencies targeted the C-H stretch region of the polymer backbone 

and phenyl ring, ranging from 2750 to 3100 cm-1. The visible and infrared beams incidence angles 

are 60° and 55°, respectively, with respect to the surface normal. The pulse energy of the visible 

beam was adjusted to 10 μJ to avoid damaging the silver layer. The spectra were collected in ssp 

and ppp polarization combinations, where the letters represent the polarization of the SFG, visible, 

and IR beams, respectively. 

The spectra were normalized by dividing the SFG signal by the product of the visible and 

IR energies5. A sample of PMMA that exhibits an intense SFG peak at 2955 cm-1 was used to 

calibrate the frequencies in the PS spectra. Two specimens per molecular weight were analyzed 

and for each specimen, at least 6 ssp and 6 ppp spectra were collected at 6 different spots. At least 

2 ssp and 2 ppp spectra for each Mw were acquired in a single day. The spectra collected on the 

same day were averaged and fitted using Igor Pro 8 software (WaveMetrics). The fitting parameters 

for the average daily ssp or ppp spectra were then averaged for all days. The details regarding the 

calculation of the uncertainties are provided in section A1 of Appendix A. 

 

3.5. Theoretical background 

 

3.5.1. Sum frequency generation spectroscopy 

 

The SFG field arises from the second-order nonlinear component of the induced 

polarization 𝑷𝑆𝐹𝐺
(2)

, as shown in Equation 3.114. 

 

𝑬𝑆𝐹𝐺 ∝ 𝑷𝑆𝐹𝐺
(2)

 = 𝜀0𝜒(2)𝑬𝑉𝐼𝑆𝑬𝐼𝑅 Equation 3.1 
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Where 𝑬𝑆𝐹𝐺, 𝑬𝐼𝑅, and 𝑬𝑉𝐼𝑆 are the SFG, IR, and visible electric fields, 𝜀0 is the vacuum 

permittivity and χ(2) is the second-order nonlinear susceptibility tensor. The tensor χ(2) is the 

macroscopic average of the first-order molecular hyperpolarizability β, which relates the nonlinear 

response of the molecule to the incident and emitted fields. Considering a molecular fixed 

coordinate system (a,b,c), the relationship between χ(2) and 𝛽 can be described by Equation 3.25.  

 

𝝌𝑖𝑗𝑘
(2)

=
𝑁

𝜀0
∑ ⟨𝑅𝑖𝑙(𝜃, 𝜓, 𝜙)𝑅𝑗𝑚(𝜃, 𝜓, 𝜙)𝑅𝑘𝑛(𝜃, 𝜓, 𝜙)𝛽𝑙𝑚𝑛⟩𝑙𝑚𝑛   Equation 3.2 

 

Here, 𝑁 is the number of molecules per unit area and the Euler angles 𝜃, 𝜓, 𝜙, describe the 

relationship between the molecular fixed axes and the surface fixed axes (Figure 3.2). The product 

of the rotational matrices using the three Euler angles, 𝑅𝑖𝑙(𝜃, 𝜓, 𝜙)𝑅𝑗𝑚(𝜃, 𝜓, 𝜙)𝑅𝑘𝑛(𝜃, 𝜓, 𝜙), is 

present to convert from the molecular coordinate system (a,b,c) to a surface fixed coordinate system 

(x,y,z). The brackets indicate orientational average and the indices l, m, and n are generic indices 

taking values of a, b, or c. 

 

Figure 3.2. Scheme of surface fixed axis (x,y,z), molecular coordinate system (a,b,c), and Euler 

angles (𝜃, 𝜓, 𝜙) where the interface is in the x-y plane. Note that the b axis was omitted from the 

drawing because it is perpendicular to the page. 

 

A simplified expression for β is often used in SFG spectroscopy experiments, where 𝜔𝐼𝑅 is 

near a vibrational energy level, and 𝜔𝑉𝑖𝑠 is typically far from the energy level of an electronic 

transition5,14. 



38 
 

𝛽𝑙𝑚𝑛 =
1

2ℏ

𝑀𝑙𝑚𝐴𝑛

𝜔𝑞−𝜔𝐼𝑅−𝑖𝛤𝑞
   Equation 3.3 

 

Here, 𝜔𝑞 is the frequency of the resonant vibrational mode 𝑞, and Γ𝑞 is a damping constant. 

Additionally, 𝑀𝑙𝑚 and 𝐴𝑛 are the Raman polarizability and IR transition dipole moments, 

respectively. To be SFG active, a vibrational mode must be both Raman and IR active. Furthermore, 

when the frequency of the IR beam (𝜔𝐼𝑅) approaches the frequency of the vibrational mode 𝜔𝑞  the 

term 𝜔𝑞 − 𝜔𝐼𝑅 approaches zero, and the magnitude of β (and consequently χ(2)) increases 

significantly and the SFG signal is resonantly enhanced8,14,136. The SFG intensity (𝐼𝑆𝐹𝐺) can be 

fitted using a Lorentzian function, according to Equation 3.4 14,111,137. In Equation 3.4, 𝜒𝑒𝑓𝑓 is the 

effective second-order nonlinear susceptibility tensor at the interface, which has contributions from 

the resonant vibrational modes and from the nonresonant background. Additionally, 𝐴𝑞 is the 

amplitude of the vibrational mode 𝑞, 𝜒𝑁𝑅 and α are the non-resonant contributions from the Ag 

interface and the phase of the non-resonant signal, respectively. 

 

𝐼𝑆𝐹𝐺 ∝ |𝜒𝑒𝑓𝑓|
2

= |𝜒𝑁𝑅𝑒𝑖𝛼 + ∑
𝐴𝑞

𝜔𝐼𝑅−𝜔𝑞+𝑖𝛤𝑞
𝑞 |

2

 Equation 3.4 

 

3.5.2. SFG on metallic substrates 

 

SFG near metallic interfaces has some peculiarities compared to SFG for molecules 

deposited on dielectric materials. The high value of 𝜒𝑁𝑅, due to the generation of a plasmon field, 

leads to a significant enhancement in the overall SFG signal. For an azimuthally isotropic interface 

with a dielectric material, the non-vanishing elements of 𝜒(2) are 𝜒𝑦𝑦𝑧
(2)

 in ssp polarization and 𝜒𝑥𝑥𝑧
(2)

, 

𝜒𝑧𝑧𝑧
(2)

, 𝜒𝑧𝑥𝑥
(2)

, 𝜒𝑥𝑧𝑥
(2)

 in ppp polarization14.  At a metal interface, the only elements that have a significant 

contribution to the SFG spectrum are those with a z IR component, 𝜒𝑦𝑦𝑧
(2)

 in ssp and 𝜒𝑥𝑥𝑧
(2)

, 𝜒𝑧𝑧𝑧
(2)

 in 

ppp polarization, due to the high reflectivity of metals in the infrared region 

The infrared spectrum of molecules near metals is highly sensitive to the molecular 

orientation. The relative intensity of the IR absorption of molecules near metals is proportional to 

the projection of the vibrational IR transition dipole moment in the direction of the surface 

normal138,139. In other words, for molecules analyzed by SFG with the IR beam in p polarization, 
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the IR absorption response would be maximized when the direction of the dipole change of the 

vibrational mode coincides with the surface normal and it would be minimized when the IR 

transition dipole moment variation is parallel to the surface. 

The intense plasmon field generated at the polymer/metal interface enables the use of the 

sandwiched sample configuration (silica/PS/Ag) to analyze the conformation of the PS chains in 

the vicinity of the PS/Ag interface using SFG. The intensity of the plasmon field is maximized at 

the Ag/PS interface and decays exponentially in the direction normal to the silver surface. The 

decay in the plasmon field intensity as a function of the distance from the silver surface for the 

sample used in this study was estimated following the approach published by Read and co-

workers140. The result is presented in Figure A1 and discussed in section A2 of Appendix A. The 

plasmon field intensity will be 5 times lower at the PS/silica interface, which makes the 

contribution of this interface negligible in the SFG spectrum. Lu and co-workers have demonstrated 

experimentally that in this sandwiched configuration, the SFG signal is generated predominantly 

at the polymer/Ag interface7,112. 

 

3.5.3. Tilt angle calculation 

 

The three Euler angles, namely the tilt (𝜃), the twist (𝜓) and the azimuthal (𝜑) angles 

describe the orientation of the pendant phenyl ring with respect to the surface fixed coordinate 

system (Figure 3.2). In the orientation analysis, we consider the twist and azimuthal angles as 

isotropically distributed. We believe that this assumption is reasonable since the samples were 

annealed above 𝑇𝑔, removing any net orientation of the phenyl rings in the plane of the surface (x-

y plane), leading to isotropic 𝜑 distribution, and since the phenyl ring is considered to have free 

rotation around the 𝐶2 axis, leading to isotropic 𝜓 distribution5,8,111. The spectral differences 

observed for the different Mw are therefore attributed to changes in 𝜃, however, we acknowledge 

that the real interface might have a more complex structuring that is not fully captured by just a 

change in the tilt angle. 

The five different C-H stretch vibrational modes of the phenyl ring are illustrated in Figure 

3.3. The ratio between 𝜈2 amplitudes in ssp and ppp polarizations can also be used to calculate the 

average value of θ, as described in Equation 3.5, where 𝐹𝑠𝑠𝑝 and 𝐹𝑝𝑝𝑝 are the Fresnel factors for the 

PS/Ag interface and the brackets represent an ensemble average. The derivation of Equation 3.5, 
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as well as the calculation of the Fresnel factors for the PS/Ag interface, were reported by Lu et al.7 

and are used as reported in this study. 

 

 

Figure 3.3. C-H stretching vibrational modes for a phenyl ring. 

 

𝜒𝑒𝑓𝑓,𝑠𝑠𝑝,𝜈2
(2)

𝜒𝑒𝑓𝑓,𝑝𝑝𝑝,𝜈2
(2) ≅

𝐹𝑠𝑠𝑝,𝑦𝑦𝑧𝜒𝑦𝑦𝑧,𝜈2

𝐹𝑝𝑝𝑝,𝑥𝑥𝑧𝜒𝑥𝑥𝑧,𝜈2+𝐹𝑝𝑝𝑝,𝑧𝑧𝑧𝜒𝑧𝑧𝑧,𝜈2
≅

0.26〈𝑐𝑜𝑠 𝜃〉−0.08〈𝑐𝑜𝑠3𝜃〉

0.63〈𝑐𝑜𝑠 𝜃〉+0.08〈𝑐𝑜𝑠3𝜃〉
  Equation 3.5 

 

A second approach for the tilt angle calculation uses the ratio between the amplitudes of the 

𝜈20𝑏 and 𝜈2 vibrational modes in ssp polarization, as expressed in Equation 3.610,13,141. This relation 

can be used to obtain the 𝜃 distribution if the values of the hyperpolarizabilities are known5,6, or it 

can be used in a qualitative analysis142 otherwise. The applicability of this approach to SFG spectra 

on metal surfaces is discussed in section A3 of  Appendix A. Qualitatively, Equation 3.6 shows that 

the intensity of the 𝜈20𝑏 vibrational mode will increase with respect to that of the 𝜈2 mode, as the 

tilt angle increases (Figure A2)8. 

 

|
𝐴𝜈20𝑏,𝑠𝑠𝑝

𝐴𝜈2,𝑠𝑠𝑝
| = |(

𝛽𝑐𝑎𝑎,𝜈20𝑏

𝛽𝑎𝑎𝑐,𝜈2
) (

2(〈𝑐𝑜𝑠 3𝜃〉−〈𝑐𝑜𝑠 𝜃〉)

(7+2𝑟)〈𝑐𝑜𝑠 𝜃〉+(1−2𝑟)〈𝑐𝑜𝑠 3𝜃〉
)| = 𝑅 Equation 3.6 

 

Above, 𝐴𝜈20𝑏 and 𝐴𝜈2 represent the amplitudes of 𝜈20𝑏 and 𝜈2 vibrational modes, 

respectively. Additionally, 𝛽𝑐𝑎𝑎,𝜈20𝑏 and 𝛽𝑎𝑎𝑐,𝜈2 are the first-order molecular hyperpolarizability 
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tensor components for 𝜈20𝑏 and 𝜈2 modes, respectively, and 𝑟 is defined as the ratio between 

𝛽𝑐𝑐𝑐/𝛽𝑎𝑎𝑐 for the 𝜈2 mode.  

 

3.6. Results and discussion 

 

3.6.1. Tilt angle analysis 

 

The average SFG spectra of the PS/Ag interface for PS samples ranging from 20 x103 g/mol 

to 400 x103 g/mol in ssp and ppp polarization are shown in  

Figure 3.4. The SFG spectra present C-H vibrational modes of the polymer backbone 

(2800-3000 cm-1) and of the phenyl ring (3000-3100 cm-1). Previous studies have observed 

backbone vibrational modes at ~2850 cm-1, ~2875 cm-1, ~2905 cm-1, ~2935 cm-1, and ~2960 cm-1 

and assigned these modes to the 𝐶𝐻2 ss, 𝐶𝐻3 ss, 𝐶𝐻, 𝐶𝐻2 as and 𝐶𝐻3 as, respectively, where ‘’ss’’ 

and ‘’as’’ represent the symmetric and antisymmetric stretch10,19,105. In this current study, most of 

these vibrational resonances could not be resolved, and therefore the fitting was focused on the 

phenyl ring region, which has well-defined vibrational resonances. However, it is important to note 

that there is a significant difference in the intensity of the backbone vibrational modes centered at 

~2900 cm-1 (CH stretch) between the two extremes of Mw analyzed, with the 400 x 103 g/mol 

presenting the highest intensity in this region. A similar high intensity resonance at ~2900 cm-1 was 

previously observed at the PS/quartz interface after long annealing and it was attributed to a high 

number of backbone/substrate interactions107.Out of the 5 vibrational modes of the phenyl ring 

(Figure 3.3), only the modes 𝜈20𝑏, 𝜈7𝑎, and 𝜈2 are observed at the PS/Ag interface. These modes 

appear in ~3022 cm-1, ~3035 cm-1 and ~3058 cm-1, respectively7,8,10,19. The SFG spectra in the 

phenyl ring C-H stretch region were fitted using the Lorentzian equation (Equation 3.4) and the 

fitted spectra are presented in Figure 3.5. The fitting parameters are summarized in Table 3.2. 
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A.  B.  

Figure 3.4. SFG spectra for PS samples with a Mw of 20 x 103 g/mol (black), 100 x 103 g/mol 

(blue) and 400 x 103 g/mol (red). Curves are offset for clarity. A. ssp polarization and B. ppp 

polarization. 

A. B.  

Figure 3.5. SFG spectra in the phenyl ring C-H stretch region for PS samples with a Mw of 20 x 

103 g/mol (black), 100 x 103 g/mol (blue) and 400 x 103 g/mol (red). Curves are offset for clarity. 

Open circles are the average SFG signal and the continuous lines are the fits obtained using 

Equation 3.4. A. ssp polarization, B. ppp polarization. 
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Table 3.2. Fitting parameters of the phenyl ring C-H stretch region in ssp and ppp polarization* 

 

 Ssp ppp 
 

Mw 

(x 103 g/mol) 
20 100 400 20 100 400 

Mode 

Frequency 

(cm-1) 
3020.5±0.7 3021.7±0.5 3023.0±0.4 

Absent 
𝜈20𝑏 

𝐴𝑞 0.25±0.03 0.35±0.03 0.35±0.03 

𝛤𝑞 (cm-1) 12±1 11±1 10±1 

Frequency 

(cm-1) 

Absent 

3035.5±0.6 3036.9±0.7 3035.5±0.6 

𝜈7𝑎 

𝐴𝑞 0.10±0.04 0.06±0.04 0.08±0.04 

𝛤𝑞 (cm-1) 5±1 4±2 4±1 

Frequency 

(cm-1) 
3057.6±0.4 3058.5±0.3 3058.4±0.3 3056.6±0.7 3058.3±0.8 3058.1±0.6 

𝜈2 

𝐴𝑞 0.19±0.01 0.31±0.02 0.50±0.02 0.43±0.06 0.81±0.09 1.4±0.2 

𝛤𝑞 (cm-1) 8.1±0.6 8.5±0.5 9.2±0.4 11±1 15±1 18±1 

𝜒𝑁𝑅 0.1781±0.0007 0.2068±0.0007 0.2093±0.0008 0.583±0.001 0.624±0.002 0.696±0.003  

𝛼 250±3 252±3 243±2 246±5 226±4 238±3 

*The uncertainties were determined as described in section A1 of Appendix A. 

 

The amplitudes of C-H stretch vibrational modes as a function of the PS Mw are shown in 

Figure 3.6. The amplitudes of the 𝜈2 mode increase with increasing Mw in ssp and ppp polarization. 

The IR transition dipole moment of the 𝜈2 mode is in the direction of the 𝐶2 axis of the phenyl ring, 

therefore, an increase in the 𝜈2 amplitude suggests a decrease in the tilt angle as Mw increases. 

This mode is a strong IR and Raman mode13, and this is possibly the reason for its high sensitivity 

to orientation variations. The 𝜈2 mode was also reported as the most sensitive mode to Mw changes 

at the PS/air5 interface. Compared to the mode 𝜈2, the modes 𝜈20𝑏 and 𝜈7𝑎 are weaker in Raman 

intensity13,  and are less sensitive to the Mw variation. The IR transition dipole moment of the 𝜈20𝑏 

mode is perpendicular to the phenyl ring 𝐶2 axis and since it is a weak Raman mode, the relatively 

strong intensity seen in the SFG spectra for this mode implies that the 𝐶2 axis is largely tilted 

towards the surface7, which increases the z component of the 𝜈20𝑏 IR transition dipole moment.  
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A. B.  

C. D.   

Figure 3.6. Amplitudes of C-H stretch phenyl ring vibrational modes. A. 𝜈20𝑏, ssp; B. 𝜈2, ssp; 

C. 𝜈7𝑎, ppp and D. 𝜈2, ppp. Error bars represent the uncertainties from Table 3.2. 

 

The ratio between the amplitudes of the 𝜈2 mode in ssp and ppp polarization as a function 

of Mw is shown in Figure 3.7. The data reveals a trend of decreasing the ssp/ppp ratio as Mw 

increases. The data in Figure 3.7 is replotted in Figure 3.8 where the grey zones indicate the 

possible values of θ for each tilt angle distribution width (𝜎). If the samples are assumed to have a 

similar 𝜎, this trend would represent a decrease in the tilt angle with increasing the Mw of the PS 

sample.  For instance, for 𝜎 = 1°, the average value of 𝜃 would be in the range of 69° to 90°, 54° 

to 74° and 50° to 62° for PS samples with Mw of 20 x103 g/mol, 100 x103 g/mol and 400 x103 

g/mol, respectively. The range of possible values for θ results from the uncertainty in the 𝜈2 

amplitude ssp over ppp ratio, as shown in Figure 3.7. Interestingly, the trend of decreasing tilt angle 

with increasing Mw resembles the trend observed previously for the PS/air interface5, even though 

the physical-chemical drivers for the different conformations are expected to be different for the 
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two interfaces. Lastly, the second method (Figure A3) for tilt angle analysis using Equation 3.6 and 

the R value (the ratio of the amplitudes of 𝜈20𝑏 and 𝜈2 in ssp polarization) qualitatively corroborates 

the trend of decreasing the tilt angle as Mw increases. 

 

 

Figure 3.7. Ratio of ssp over ppp amplitudes for the 𝜈2 vibrational mode. The uncertainties were 

determined as described in section A1 of Appendix A for the ratio of amplitudes. 

 

A. B. C.  

Figure 3.8. Tilt angle analysis of the PS pendant phenyl ring using Equation 3.5. Curves show the 

ssp over ppp ratios for different tilt angles () considering different values of 𝜎 (1, 10, 20, and 

30). The grey region represents the experimental 𝜈2 ssp over ppp ratio and its uncertainty (Figure 

3.7). The overlap of the grey region with the back lines represents possible values for 𝜃 and 𝜎.  A. 

Mw 20 x103 g/mol. B. Mw 100 x103 g/mol and C. Mw 400 x103 g/mol. 

 



46 
 

The changes in the two ratios (Figure 3.7 and A3) could also be attributed to changes in the 

tilt angle distribution width rather than pure changes in the average tilt angle itself. We continue 

this analysis by focusing on the data in Figure 3.8. The PS with the lowest Mw analyzed (20 x 103 

g/mol) can only assume a narrow tilt angle distribution (𝜎  <15°) (Figure 3.8 A). On the other hand, 

as the Mw of the PS increases, wider angle distributions become possible (Figure 3.8 B and C). 

Therefore, one could argue that the spectral changes show that 𝜎  increases (wider distribution, 

towards randomization) with increasing Mw, rather than changes in the average tilt angle. However, 

if the trend in the ssp/ppp ratio was due to increasing 𝜎 for the samples with higher Mw, one would 

expect an overall decrease in the amplitude of the SFG vibrational modes with increasing Mw, 

because the SFG intensity decreases with decreasing ordering of the interface14, which is the 

opposite of what is observed. In fact, an increase in the 𝜈2 vibrational amplitude occurs as Mw 

increases (Figure 3.6 B and D), and the vibrational resonances are clearly observed in the 400 x 

103 g/mol spectra, which is not consistent with a wide 𝜎. Therefore, we hypothesize that the 

changes in the 𝜈2 ssp/ppp ratio can be mostly attributed to changes in the average tilt angle of the 

pendant phenyl ring at the PS/Ag interface. 

The existence of a net orientation of the phenyl groups at the PS/Ag interface differs from 

the randomized conformation of the phenyl groups reported for weakly interactive substrates10,107. 

In this sense, the interaction between the substrate and the pendant phenyl ring is critical in driving 

the organization of this side group. The high values of the tilt angle obtained for all samples 

analyzed (θ ≥ 50°) are expected due to the interactions between the metal and the aromatic ring. 

The most favorable conformation of C6 aromatic rings in the vicinity of a silver substrate was 

proven to be a face-on adsorption143,144, which would be equivalent to θ ≈ 90°. The θ values found 

in this study are in agreement with previous research in which high values of tilt angle were 

reported for the PS phenyl ring in the vicinity of highly interactive substrates. For example, Wilson 

et al.11 obtained θ ~ 50° at the interface between PS and modified hydrophilic glass. In their system, 

the possibility of -hydrogen bonding between the aromatic rings and the hydroxyl groups at the 

glass surface favored high tilt angles. Furthermore, θ ~ 70° was measured at the d-PS/water 

interface in which -hydrogen bonding is possible119. Lastly, our results are comparable with the θ 

> 65° reported by Lu et al.7 at the PS/Ag interface. Note that Lu et al.7  did not investigate the effect 

of the PS Mw on the chain conformation and orientation at the PS/Ag interface. Furthermore, both 

the Mw and the annealing conditions are different than the present study.  
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3.6.2. Possible physical-chemical factors affecting PS conformation 

 

The adsorption of macromolecules is accompanied by losses in conformational entropy, 

therefore, the driving force for adsorption is the enthalpic gain of the polymer/substrate interaction. 

The molecular weight plays an important role in the overall entropy/enthalpy balance, since the 

higher the Mw, the higher the conformational entropy loss upon adsorption145, but also the higher 

the enthalpic gain due to increasing the number of polymer/substrate interactions per chain123,146,147. 

According to de Gennes scaling theory123, the free energy of adsorption of a single molecule is a 

function of a dimensionless energy parameter (𝛿), which is a balance between the attractive 

enthalpic gain and the entropic loss per monomer adsorbed on a substrate. The value of 𝛿 does not 

depend on Mw since it is related to the adsorption of a single monomer. Bouchaud and Daoud51 

reported a critical value, 𝛿𝑐, which is a function of the chain length and determines the dominant 

effects for the adsorption of a single chain. The value of 𝛿𝑐 is proportional to the degree of 

polymerization, 𝑁, to the power of -3/5 (𝛿𝑐~𝑁−3/5). The higher the value of 𝛿𝑐 compared to 𝛿, the 

more dominant is the entropic contribution to the free energy of adsorption and the chains in the 

vicinity of the substrate will tend to assume an isotropic conformation to minimize the entropy loss 

during adsorption. Similarly, the lower the value of 𝛿𝑐 compared to 𝛿, the more dominant is the 

enthalpic contribution and the multi-segment adsorption occurs by extension of the polymer chain 

on the substrate (train-loop-tail configuration148). The calculated 𝛿𝑐 values as a function of Mw for 

the samples analyzed in this study are shown in Figure 3.9A, and show that the enthalpic gain 

driving multi-segment adsorption becomes more dominant with increasing Mw. Therefore, we may 

expect that low Mw PS would tend to assume a more isotropic conformation near the interface, 

while the high Mw PS would tend to maximize the enthalpic gain by increasing the number of 

polymer/substrate interactions.  

 The final conformation of the interfacial chains for the low Mw sample is entropically 

driven, resulting in an isotropic conformation. In this condition, high tilt angles are possible for the 

pendant phenyl ring to maximize d-* interactions with silver. In fact, the measured tilt angle for 

the 20 x103 g/mol at the PS/Ag interface resembles the one reported for the same Mw at the PS/air 

interface5. At the air interface, the chains have a higher degree of freedom and there is no enthalpic 

contribution of adsorption, indicating that this conformation is entropically favorable for this Mw.  
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On the other hand, for high Mw samples, the significant entropy loss needs to be overcome 

by the enthalpic gain of multi-segment adsorption. For a high Mw PS sample (Mw = 290 x 103 

g/mol) near a weakly interacting substrate, Sen et al.107 hypothesized that multi-segment PS 

backbone/substrate interactions are responsible for increasing the enthalpic gain in the overall 

system. The authors suggested that the randomization of the phenyl rings in the vicinity of the 

substrate occurs to optimize the number of substrate/backbone interactions. This phenomenon is 

expected to also occur near highly interactive substrates. For long chains, the optimized adsorption 

of the pendant phenyl ring lying flat on the substrate (d-* interactions) would require torsions in 

the polymer chain11 and the disruption in the local structure would propagate throughout the chain, 

hindering the multi-segment adsorption. Therefore, we propose that the optimized thermodynamic 

conformation in enthalpically driven adsorption (high Mw) aims at maximizing the 

backbone/substrate interactions at the PS/Ag interface, at a cost of tilting the phenyl rings away 

from the Ag substrate (Figure 3.9B). Due to the Ag-phenyl ring interactions, the phenyl groups 

assume a high tilt angle maximizing the edge-on interaction with the Ag substrate and possibly -

 interactions between the phenyl rings, instead of the randomized conformation seen at the 

interface with a weakly interacting substrate as reported by Sen et al.107.  

The intensity of the SFG signal in the backbone region (2800-3000 cm-1) in  

Figure 3.4A corroborates this hypothesis as follows. The SFG signal in the backbone region 

is significantly more intense for the samples with Mw of 100 x103 g/mol and 400 x103 g/mol 

compared to the 20 x103 g/mol sample, revealing that the number of backbone/substrate 

interactions is larger for the high Mw samples. The low intensity of the SFG signal in the backbone 

region for the 20 x103 g/mol sample strengthens the theory of the chains assuming a more isotropic 

conformation at the interface (Figure 3.9B).  

The recent findings of Hong et al.6 highlight the effects of the backbone accommodation as 

a key factor in the final polymer conformation. In the vicinity of a PS-PMMA blend/graphene 

interface, the authors reported that at low PS concentrations, the phenyl rings tend to be lying at 

the interface, to favor π-π interactions with graphene. As the local phenyl ring concentration 

increases, the phenyl rings are tilted to an upright orientation, in order to optimize - interactions 

between the phenyl rings, while keeping an edge-to-face interaction with graphene. The authors 

reinforce that this conformation is enthalpically favorable and that the backbone would not be able 

to accommodate face-to-face - interactions with graphene at high phenyl ring concentration. 
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These findings support our argument of the backbone accommodation playing an important role in 

the final conformation of PS chains and are in agreement with the differences seen in 𝜃 as a function 

of Mw, since the local phenyl ring concentration is a function of Mw, due to changes in the free 

volume122. In a previous study, our research group has highlighted the difference in the free volume 

as being one of the main factors in driving differences in θ as a function of Mw at the PS/air 

interface5. 

The relative amount of chain ends for the different Mw might also be responsible for the 

changes in tilt angle. The phenyl rings near chain ends have higher mobility and their orientation 

can be easily adjusted to optimize the interactions with the substrate. Delle Site et al.121 .reported 

the chemisorption of chain ends containing aromatic groups in polycarbonate melt in contact with 

nickel. Tsuruta et al.10 showed the segregation of PS chain ends in the vicinity of a quartz substrate. 

Therefore, it is reasonable to assume that the adsorption of chain ends also occurs at the PS/Ag 

interface, and that the relative amount of the chain ends, which is a function of Mw (% of chain 

ends = 2/N*100 = 1%, 0.2% and 0.05% for 20 x 103 g/mol, 100 x 103 g/mol and 400 x 103 g/mol, 

respectively), is also affecting the measured tilt angle of the phenyl rings.  

A.  B.  

Figure 3.9.A. 𝛿𝑐 as a function of Mw and B. Scheme of interfacial structure for low and high Mw 

PS. Low Mw: An entropically driven isotropic backbone conformation exists at the interface and 

the enthalpy is maximized by d-* interactions and a high tilt angle enabled by torsions in the 

backbone; High Mw: An enthalpically driven tail-loop-train backbone conformation exists with 

phenyl rings tilted to maximize backbone/substrate interactions, while the enthalpy is also 

increased by - interactions between phenyl groups and edge-on interactions with the substrate. 
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3.7. Conclusions 

 

The effect of the Mw on the conformation of PS chains in the vicinity of the PS/Ag interface 

was investigated by SFG. The spectra of PS samples with Mw ranging from (20 x 103 g/mol to 400 

x 103 g/mol) were acquired in the backbone and phenyl ring C-H stretch regions. The determination 

of the possible values for the tilt angle of the pendant phenyl ring was performed by analyzing the 

vibrational resonances amplitudes in the ssp and ppp spectra.  

In the backbone region, the intensity of the SFG signal increased with increasing Mw, 

revealing a higher number of backbone/substrate interactions for the high Mw samples. In the 

phenyl ring vibrational region, a strong correlation between the amplitude of the 𝜈2 vibrational 

mode and Mw was identified. The amplitude of this vibrational mode significantly increases with 

increasing Mw, indicating a trend of decreasing the tilt angle as Mw increases. The range of 

possible values for θ was calculated using the ratio of the 𝜈2 amplitudes in ssp and ppp polarization, 

showing that high tilt angles θ ≥ 50° occurred for all samples. These high tilt angles near the silver 

surface are comparable with previous research of PS conformation near highly interactive 

substrates and they suggest a strong interaction between the phenyl rings and the metal surface for 

the lowest Mw sample. Furthermore, the analysis of the tilt angles shows a trend of decreasing 

average angle with increasing Mw.  

We hypothesize that the enthalpy/entropy balance during the polymer adsorption plays a 

key role in driving the PS conformation. We suggest that the high Mw samples adsorb on the silver 

interface through an enthalpic-driven process, in which the high number of backbone/substrate 

interactions per chain is responsible for maximizing the adsorption enthalpic gain. The phenyl rings 

are tilted away from their most stable conformation (lying at the interface) to optimize the 

backbone/substrate interactions and accommodate the backbone conformation. The observed 

smaller tilt angles at higher Mw may also be facilitated energetically due to - interactions 

between the aromatic rings. Furthermore, we propose that the final conformation of the low Mw 

PS is entropically driven, in which the entropy is maximized by a nearly isotropic backbone 

conformation near the interface and the system benefits energetically from the enthalpic gain of the 

phenyl rings d-* interactions with the substrate (θ~80°). We believe that this study provides 

significant insights about the dependence of the orientation and conformation of the adsorbed 

polymer chain on its Mw at metal/polymer interfaces. 
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Chapter 4 . The role of interfacial polymer conformation on the dewetting behavior of thin 

films 

 

4.1. Preface 

 

This chapter presents a journal manuscript prepared for submission. 

 

In the previous chapter, we demonstrated that the molecular weight of polystyrene 

significantly influences the conformation of polymer chains near a silver substrate. Building on 

this foundation, this study explores the effect of molecular weight on the interfacial conformation 

of polystyrene chains near two distinct interfaces: the air interface and a highly interactive mica 

substrate. Furthermore, we establish a connection between interfacial chain conformation and the 

dewetting behavior of polymer thin films. 

In this work, we investigated the conformation of polystyrene chains at the free surface and 

near a mica substrate as a function of molecular weight. By integrating theoretical calculations of 

entropic and enthalpic contributions to adsorption and SFG spectroscopy orientation analysis, we 

developed a model linking interfacial chain conformation to the dewetting behavior of thin polymer 

films. 

Our results reveal significant differences in chain conformation at the two interfaces. At the 

air interface, chains predominantly exhibit isotropic conformations regardless of molecular weight. 

However, near the mica substrate, high molecular weight chains tend to adopt an extended 

conformation, driven by the enthalpic benefits of multisite adsorption. This extended backbone 

conformation enhances film stability and significantly reduces the dewetting rate compared to films 

where chains assume an initial coiled conformation of the same molecular weight. 

These findings provide valuable insights into the role of interfacial polymer conformation 

in governing the macroscopic properties of polymeric materials. This work opens the way for 

further studies linking molecular-scale conformations to the bulk behavior of polymer thin films, 

with implications for materials design and application. 

Minor adjustments, including the numbering of figures, tables, and references, were made 

to ensure consistency with the rest of the thesis. Since the following manuscript is presented in its 

entirety, there may be some overlap with other sections of the thesis, such as repeated descriptions 

of abbreviations and equations. 
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4.2. Abstract 

 

Effectively understanding, controlling, and tailoring the dewetting behavior of polymeric 

thin films is essential for enhancing their stability and performance across a wide range of 

applications. This behavior is closely tied to the nature and strength of the interactions between 

polymer chains and the substrate. In this study, we employed theoretical calculations and sum 

frequency generation (SFG) spectroscopy to explore the correlation between the initial 

conformation of polymer chains near the substrate and the films dewetting behavior. Our results 

reveal that the films thermal-mechanical history, including the annealing conditions and interfacial 

environment (whether buried or exposed), can significantly alter the interfacial chain conformation, 

subsequently influencing dewetting dynamics. The molecular weight of the polymer and the chain 

initial conformation play critical roles in determining the dewetting rate of films placed in contact 

with weakly interacting substrates. For chains with a coiled initial conformation, the dewetting rate 

increases rapidly with the sample molecular weight due to the greater entropic cost of adsorption. 

On the other hand, in films where chains exhibit an extended initial conformation, a higher 

molecular weight results in a greater number of polymer-substrate interactions, leading to a reduced 

dewetting rate. This explains low dewetting rates observed for high molecular weight polystyrene 

samples having an initially extended conformation, despite their high entropic cost of adsorption. 

Through a comprehensive analysis, we established clear correlations between chain molecular 

weight, annealing conditions, interfacial chain conformation, and dewetting dynamics. These 

findings provide valuable insights into the interplay between molecular structure and the 

macroscopic behavior of thin films, offering guidance for optimizing film stability in various 

applications. 

 

4.3. Introduction 

 

The dewetting behavior of polymer thin films holds significant scientific interest, and a 

deep understanding of this process is essential for numerous technological applications, such as 

high-performance coatings149–151, electronics152 and optical devices153,154. In most processes, 

dewetting is undesirable as it compromises the long-term stability of the film. To address this, 

various strategies have been developed to prevent and suppress dewetting in polymer thin films155, 
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such as the addition of nanofillers149,156, modifying substrate surface parameters157 and applying 

capping materials to the film surface158.  Nonetheless, dewetting can be highly desired, as precise 

control of dewetting is a powerful strategy to create unique micro and nanopatterns in polymer thin 

films159–163, which can further be used as templates for inorganic pattern fabrication164,165.  

Dewetting experiments provide valuable insights into the rheological and frictional 

properties of polymer melts166. In particular, dewetting is closely associated with slip at the 

polymer/substrate interface54,167. By analyzing the profile of the dewetting hole, key flow dynamics 

parameters, such as the slip length, can be determined168,169. This is because slippage at the 

polymer/substrate interface significantly affects both the dewetting velocity and the morphology 

of the rim formed during film retraction168. 

The dewetting process depends on several factors that influence the overall balance of 

entropy and enthalpy of the chains near the substrate170. The enthalpic gain from the interactions 

between the adsorbed chains and the substrate represents a resistance force to dewetting. On the 

other hand, the conformational entropic cost from the confinement of the chains near the substrate 

is an important driving force for the occurrence of dewetting54. 

The adsorption strength, which can be tailored by changing the binding energy between the 

polymer and the substrate54,171, has a key role in regulating the dewetting pattern and kinetics. The 

stronger the adsorption strength, the higher the enthalpic gain per polymer-substrate interaction, 

and the higher the resistance to pulling out the binding points between the chains and the substrate. 

Several studies have reported the effect of the adsorption strength on the dewetting behavior of 

polymeric thin films for various pairs of polymer/substrate54,171–173. Generally, these studies show 

that the weaker the polymer’s adsorption onto the substrate, the faster will be the dewetting process.  

The chain architecture is also an important factor affecting the dewetting process. For 

molecules with similar chemical composition and molecular weight (MW), the effect of chain 

architecture on dewetting can be rooted in the differences in the entropic penalty of adsorption and 

in the chain’s ability to make multiple interactions with the substrate170,174. For example, when 

comparing the dewetting behavior of linear, star, and ring polystyrene (PS) of similar MW, Wang 

et al.167 showed that the dewetting kinetics are drastically affected by the chain architecture, with 

star and ring PS exhibiting lower dewetting rates compared to their linear counterparts 167.  

The relationship between the polymer chain length and the dewetting behavior of thin films 

is a complex and multifaceted subject, as the chain length affects the polymer viscosity175, level of 
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entanglements, and entropy/enthalpy balance51. Increasing the polymer chain’s length has a 

favorable enthalpic effect on the wetting process, arising from the greater number of possible 

polymer-substrate interactions per chain. On the other hand, it has a detrimental effect from the 

increased entropic cost of adsorption of longer chains, which drives dewetting. Due to this 

competition of enthalpic and entropic contributions, the understanding of the effect of the polymer 

chain length on the dewetting process requires case-specific attention. McClements et al. explored 

the effect of the chain length of poly(styrene-co-butadiene) on the wetting behavior of thin 

films172,173. When deposited on weakly adsorbing substrates (low adsorption energy per polymer-

substrate contact point), the entropic factors dominated, and the increase in the chain length reduced 

its overall affinity towards the substrate. An opposite trend was observed when the films were 

deposited on a strongly adsorbing substrate (high adsorption energy per polymer-substrate contact 

point) under the same conditions. The enthalpic factors dominated the adsorption process, with 

longer chains having enhanced affinity towards the substrate. These observations can be explained 

in terms of polymer adsorption's entropy/ enthalpy balance. Near weakly adsorbing substrate, the 

substantial entropic loss of polymer confinement, which increases with chain length, represents a 

barrier for the adsorption of long chains. On the other hand, near strongly adsorbing substrates, 

long polymer chains benefit from the substantial enthalpic gain of a greater number of polymer-

substrate interactions, which overcomes the confinement entropic cost. Similarly, Peschka et al.176 

observed faster dewetting and an increase in the film instability with increasing the polymer chain 

length. In contrast with these previous studies, Reiter et al.166 and Xu et al.171 observed a decrease 

in the velocity of dewetting with increasing the polymer chain length. According to Reiter and de 

Gennes101, the chain’s initial out-of-equilibrium conformation resulting from the film deposition 

method (e.g. spin coating) can contribute to unexpected dewetting behaviors of polymer thin films. 

A recent study of Li et al.18, revealed significant differences in the conformation of the 

chains at the surface and near the substrate during the dewetting of PS films. In fact, many authors 

have reported that the conformation of the chains near the substrate significantly influences the 

dewetting behavior of polymer thin films. For example, Li et al. 19 demonstrated that the 

conformational changes of the buried interfacial chains during prolonged annealing of PS were 

responsible for promoting dewetting. Furthermore, Barkley et al.108 demonstrated that the presence 

of nanoparticles near the interface alters the conformation of interfacial adsorbed chains, and these 

conformational differences are directly linked to the dewetting suppression effect of nanoparticle 
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filling. Lastly, the intriguing findings of Sabzevari et al.50 on the influence of the sample’s thermal 

and mechanical history on the dewetting behavior of thin films reinforce the importance of further 

exploring the theme. The authors analyzed the dewetting behavior of linear PS thin films of various 

MW transferred to hydrophobic substrates by flotation after being initially deposited and annealed 

on freshly cleaved mica substrates. The authors compared the differences in the dewetting 

dynamics when each of the two interfaces (the buried and the free interfaces) of the films was 

transferred to the hydrophobic substrate. While low MW samples exhibited similar dewetting 

behavior, regardless of the interface transferred, a substantial disparity in the dewetting dynamics 

for the two interfaces of the same film occurred for high MW samples. Faster dewetting occurred 

when the film surface was transferred to the hydrophobic substrate, compared to when the buried 

interface was transferred. These results suggest that the changes in the conformation of the 

interfacial chains during the annealing stage are reflected in the different dewetting behaviors of 

the two interfaces of the films. 

Beyond the aforementioned aspects, various other factors such as the film thickness177–179, 

the substrate surface roughness157, and the segregation of one component to the interfacial region 

in polymer blends 180 also affect the dewetting dynamics and kinetics. The previously mentioned 

multi-dimensional and eventually divergent observations highlight the challenges for achieving a 

molecular-level understanding of dewetting and demonstrate the need to further link the 

macroscopic dewetting behavior with molecular-level properties. In the present study, we 

investigated the correlation between the dewetting behavior of PS thin films and the chain 

conformation as a function of the polymer MW. We combined theoretical calculations of the 

entropy/enthalpy balance of the adsorbed chains with experimental data of interfacial chain 

conformations of PS samples exhibiting varying dewetting behaviors to establish the relationship 

between the sample chemical, thermal, and mechanical history, the polymer MW, and the dewetting 

behavior of thin films. This study contributes to achieving a deeper understanding of the 

relationship between molecular structures and macroscopic film behavior. 

 

4.4. Methodology section 

 

4.4.1. Theoretical calculations of the free energy of adsorption 
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4.4.1.1. Case study: polystyrene films 

 

The work of Sabzevari et al.50 was selected as a case study for theoretical calculations to 

elucidate the relationship between the adsorption entropy and enthalpy and the observed dewetting 

behavior of polymers. In their study, the authors deposited films of PS with various MW on mica 

substrates. These films were then thermally annealed (150 °C for 1h) and transferred to 

hydrophobic substrates (hydrophobized silicon wafers produced by silanization using dodecyl tri-

dichlorosilane (DTS)) by flotation for subsequent dewetting studies. During the film transfer, the 

researchers selectively placed either the top or the bottom interface of the film in direct contact 

with the hydrophobic substrate. This was achieved by catching the floating film either from the 

surface or from beneath the water. A schematic representation of the methodology employed by the 

authors is presented in Figure 4.1 A.  

 

A.  B.  

Figure 4.1. A. Schematic illustration of the sample preparation method for dewetting studies, 

according to Sabzevari et al.50; and B. Trend in dewetting velocity (originally reported in terms of 

slip length) of the films as a function of the molecular weight. Each curve is named based on the 

interface that was placed in direct contact with the hydrophobic substrate. Here, T.I. indicates 

templated interface. 

 

The dewetting velocity trend reported by Sabzevari et al.50 is illustrated in Figure 4.1 B. In 

summary, low MW samples (10 𝑘𝑔/𝑚𝑜𝑙) exhibited slow dewetting velocity regardless of which 

interface was placed in contact with the hydrophobic substrate. However, for high MW samples 

(MW ≥ 51𝑘𝑔/𝑚𝑜𝑙), there was a significant disparity in dewetting velocity between the two 
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interfaces. Faster dewetting occurred when the air-templated interface was placed in contact with 

the hydrophobic substrate, for all samples. 

Based on these observations of the dewetting behavior of PS thin films, we conducted a 

theoretical analysis to examine the effects of polymer molecular weight, polymer-substrate 

adsorption energy (𝜖𝑎𝑑), and interfacial chain conformation on the free energy of adsorption. First, 

we examined the expected templated conformations of the PS chains annealed in contact with air 

and with the mica substrate. Then, we assessed the free energy of adsorption of the PS chains on a 

hydrophobic substrate considering different initial chain conformations (coiled and extended). The 

purpose of these calculations was to explore how the order of magnitude of the free energy of 

adsorption (∆𝐺) can be affected by the chain’s initial conformation, and its expected influence on 

the dewetting behavior of the films. The molecular weight of the samples used in the theoretical 

analysis are the ones used on the SFG experiments, to allow posterior comparison of the results. 

However, they fall within the range of MW used during Sabzevari’s study50. 

 

4.4.1.2. Theory of the free energy of adsorption of polymers 

 

The adsorption of polymers at interfaces is governed by the balance between entropy and 

enthalpy in the system. When polymers adsorb onto substrates, they lose conformational entropy. 

Therefore, adsorption will occur spontaneously only if the enthalpic gain from adsorption surpasses 

this entropic loss. The higher the adsorption energy between the polymer and the substrate (𝜖𝑎𝑑 , 

adsorption energy per point of polymer-substrate interaction) the greater the enthalpic gain per 

chain. The adsorption energy is determined by the type and strength of the chemical interactions 

between the polymer and the substrate. This energy can range from fractions of −𝑘𝑏𝑇 (where 𝑘𝑏 

is the Boltzmann constant and 𝑇 is the absolute temperature) for weak van der Waals interactions, 

up to approximately −12 𝑘𝑏𝑇 for strong hydrogen bonding181,182. 

Spontaneous adsorption can occur even when the adsorption energy of each polymer-

substrate interaction is very small.  This is because each polymer chain can make multiple 

interactions with the substrate through multi-segment adsorption, thereby increasing the total 

enthalpic gain per chain182. However, only a fraction of the monomers in a polymer chain will 

effectively adsorb onto the substrate. Adsorbed polymer chains are typically described as being 

composed of trains (segments adsorbed on the substrate), loops (segments between the trains that 
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are not adsorbed on the substrate), and tails (end segments not adsorbed on the substrate)148. Among 

these, only the trains contribute to the enthalpic gain of adsorption through effective polymer-

substrate interactions. The higher the adsorption energy, the greater the fraction of adsorbed 

monomers per chain183.  

The fraction of adsorbed monomers is also influenced by the chain flexibility, measured in 

terms of the Kuhn segment length (𝑏)183,184. While the Kuhn segment length has little impact on 

the fraction of adsorbed monomers at low adsorption energy values, at high adsorption energy 

values, more rigid chains (with larger Kuhn segment lengths) tend to have a higher fraction of 

adsorbed monomers183. The polymer molecular weight is another factor that influences the number 

of polymer-substrate contact points per chain. The higher the polymer molecular weight, the greater 

the number of possible polymer-substrate contact points per chain, leading to higher adsorption 

enthalpic gain182. In practice, non-equilibrium conditions can alter this expected adsorption 

behavior101. 

The conformational entropic loss during adsorption arises from the confinement of the 

polymer chain in the interfacial region between the bulk polymer and the substrate, as well as the 

immobilization of the adsorbed segments. Although calculating the entropic cost of polymer 

adsorption is challenging, it can be estimated using a parallel plate confinement model185,186. In this 

model, the polymer chain is considered to be confined between two plates at a distance 𝑑 from 

each other. The closer the plates (i.e., the smaller the value of 𝑑), the higher the level of confinement 

and the greater the entropic loss. In addition to the absolute value of 𝑑, the ratio 𝑑 𝑃⁄  (where 𝑃 is 

the chain’s persistence length, 2𝑃 = 𝑏) also dictates the level of confinement. Strong confinement 

occurs when 𝑑 𝑃⁄ ≪ 1, while weak confinement occurs when 𝑑 𝑃⁄ ≫ 1. Smyda and Harvey185 

reported that the entropic cost of confinement (−𝑇∆𝑆 per chain persistence length) can range from 

~0.01 𝑘𝑏𝑇 for 𝑑 𝑃⁄ = 50, to ~9𝑘𝑏𝑇 for 𝑑 𝑃⁄ = 0.1. 

For the calculations presented in this work, the adsorption energies, based on data from 

available literature, have been approximated to suit the specific conditions of this study. 

Additionally, the enthalpic gain was assumed to arise solely from the interactions between the 

polymer and the substrate and the adsorption entropy was estimated by considering the entropic 

loss due to the confinement of a polymer chain between two plates. 

 



59 
 

4.4.2. Probing the interfacial conformation of PS chains 

 

Aiming to elucidate the origin of the dewetting disparity between the two interfaces of the 

same PS film reported by Sabzevari et al.50, we used sum frequency generation (SFG) spectroscopy 

to probe the conformation of interfacial PS chains. 

Monodisperse polystyrene samples with 𝑀𝑛 of 27, 130 and 344 kg/mol from Polymer 

Source, Inc. were used as received. These values of MW were chosen as they fall between the range 

of PS MW used for the study of Sabzevari et al.50 Thin films of PS of ~100 nm were produced by 

spin-coating PS solutions in toluene onto freshly cleaved mica substrates. The concentration of the 

PS solutions ranged from 1% to 1.75% w/w, depending on the polymer MW, to achieve the desired 

thickness. Film thickness was measured with a DEKTAK 150 profiler, using the method previously 

reported187,188. The films deposited on mica were vacuum-dried for 48 hours in a desiccator filled 

with silica gel desiccant beads. Then, the films were annealed at 150 °C for 1h under nitrogen 

atmosphere. The thin films were floated in HPLC-grade water (Sigma Aldrich) and transferred to 

fused silica optical windows (IR grade, ISP Optics Corp.). The optical windows were previously 

cleaned with hot piranha solution (80 °C, 3:1 H2SO4/30 vol % H2O2) for one hour, then thoroughly 

rinsed with HPLC-grade water until neutral pH was achieved. The transfer from the water bath to 

the optical window was achieved by collecting either the top or bottom interface of the film. The 

experimental design for film preparation is similar to the one illustrated in Figure 4.1 A, with the 

modification of using an optical window instead of a hydrophobic substrate to collect the films 

from water. The films were submitted to a second round of drying under vacuum for 48 hours and 

then used for SFG measurements. 

Detailed information about our SFG system (EKSPLA) can be found in our previous 

publications5,187,188. The spectra were collected with the incident beams coming through the optical 

window and being reflected at the polymer/air interface. This geometry allows to selectively probe 

the conformation of the PS chains present at the polymer/air interface, with minimum signal 

contribution from the chains at the polymer/silica interface187. Therefore, the samples produced by 

catching the PS films from the top and bottom interfaces can be used to probe the conformation of 

mica-templated and air-templated interfacial chains, respectively.  

SFG spectra were obtained using ssp and ppp polarizations, with each letter representing 

the polarization state of the SFG, visible, and IR beams, respectively. To compensate for 
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fluctuations in laser power, the SFG signal was normalized by the product of the visible and IR 

beam energies187,188. Additionally, the frequency calibration was performed using the spectrum of 

poly(methyl methacrylate) (PMMA), which has a prominent resonance at 2955 cm-1. Each SFG 

spectra used to analyze the PS chain conformations is the average of at least 10 spectra collected 

from at least five film specimens. The SFG spectra parameters (e.g. the amplitudes of the 

vibrational modes) were obtained by fitting the SFG spectra with a Lorentzian equation (Equation 

B1 of Appendix B)187,188. The SFG spectra of the PS films analyzed in the present study fitted with 

Equation B1 are shown in section B2 of Appendix B. We employed two methods5–7,187,188 to 

determine the range of possible tilt angles of the PS phenyl ring (𝜃, the angle between the 𝐶2 axis 

of the phenyl ring and the surface normal). The reported values represent the overlap between the 

results obtained from each method. Further details about each method used, and their individual 

angle range results are provided in section B3 and B4 of Appendix B. 

 

4.5. Results and discussion 

 

4.5.1. Theoretical analysis of the free energy of adsorption 

 

4.5.1.1. Templated interfacial chain conformation after thermal annealing 

 

According to the procedure of Sabzevari et al.50, PS thin films deposited on mica were 

thermally annealed. Thermal annealing allows for the relaxation and conformation rearrangement 

of the interfacial chains. It has been previously demonstrated that the conformation of interfacial 

chains near adsorbing substrates and free surfaces can be substantially different7,8. Therefore, one 

may expect differences in the conformation of the chains that were in contact with air, and in 

contact with mica after thermal annealing.  

 

4.5.1.2. Chain conformation at the air-templated interface 

 

Under equilibrium conditions, polymer chains near the air interface predominantly adopt a 

random coil Gaussian conformation189.  The chains at the interface lose conformational entropy, 

which makes their presence in the interfacial region unfavorable103. In the absence of an attractive 
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force capable of drawing multiple chain segments to the interface – such as that provided by a 

highly interactive substrate - the conformation of these interfacial chains will aim at minimizing 

the number of segments exposed to the interface, with the majority of the chain remaining coiled 

within the bulk.  

It is important to note that while the functional groups at the interface may have a preferred 

orientation with respect to the surface normal5,8,190, most of the chain’s segments remain buried 

within the bulk, retaining an isotropic conformation. 

 

4.5.1.3. Chain conformation at the mica-templated interface 

 

Mica is a type of phyllosilicate with perfect cleavage planes. The surface of freshly cleaved 

mica contains potassium cations, hydroxyl groups, and atoms of silicon, aluminum, and oxygen191. 

Polystyrene can interact with mica both through its pendant phenyl rings and its carbon backbone. 

Strong 𝑐𝑎𝑡𝑖𝑜𝑛 − 𝜋 interactions may occur between the phenyl rings and the potassium ions on the 

mica surface, with a maximum adsorption energy of approximately −79 𝑘𝐽/𝑚𝑜𝑙, as observed in 

the interaction between benzene and 𝐾+ ions192. Additionally, weaker 𝑂𝐻 − 𝜋 interactions can 

occur between the phenyl groups and the hydroxyl groups on mica, with an estimated adsorption 

energy of around−30 𝑘𝐽/𝑚𝑜𝑙, based on benzene adsorption on a silica substrate, which is also rich 

in 𝑂𝐻 groups 193. The adsorption energy of the polystyrene backbone, which is composed of 𝐶𝐻, 

𝐶𝐻2 and 𝐶𝐻3 groups, was estimated based on the reported adsorption energy of octane on kaolinite, 

which is another type of phyllosilicate. The backbone adsorption energy per PS monomer was 

estimated to be approximately −14 𝑘𝐽/𝑚𝑜𝑙 at 373 𝐾, considering it to be one-quarter of the 

adsorption energy of a single octane molecule on kaolinite194. The temperature of 373 𝐾 is used in 

our modeling, as the dewetting studies were performed above the glass transition temperature of 

polystyrene, which is approximately 373 𝐾. The adsorption enthalpic gain (∆𝐻𝑎𝑑) arising from the 

polymer-substrate interactions can be estimated according to Equation 4.1, where 𝑁 is the number 

of monomers in the chain and Θ is the fraction of adsorbed monomers. 

 

∆𝐻𝑎𝑑 = 𝜖𝑎𝑑𝑁Θ   Equation 4.1 
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Multisite interactions between the pendant phenyl rings and the substrate requires 

substantial torsions in the PS chain backbone11,188. Additionally, estimating the ratio between 

phenyl ring and backbone interactions remains challenging, even with extensive computational 

efforts. Therefore, for simplicity, we will consider exclusively the backbone-substrate interactions 

for the calculation of ∆𝐻𝑎𝑑. In this scenario, for PS adsorbed on mica, the fraction of adsorbed 

monomers is ~0.85, according to the molecular dynamics simulation of Kramarenko183. The 

calculated magnitude of ∆𝐻𝑎𝑑 for PS with various MW on mica are presented in Table 4.1. 

To estimate the entropic cost of confinement, we must first assess the thickness of the 

adsorbed layer, since that determines the value of 𝑑. This parameter is estimated to be around 2 

nm, using the measurements of Sen et al.107 for the thickness of the adsorbed layer of polystyrene 

on silicon oxide substrates after 1 hour of annealing. Therefore, 𝑑 𝑃⁄ ≅ 2 and −𝑇∆𝑆 ≅ 0.34 𝑘𝑇 

per persistence length185,195. The estimated magnitudes of the entropic cost of confinement (−𝑇∆𝑆) 

of the PS samples are shown in Table 4.1.  

 

Table 4.1. Adsorption parameters for PS adsorption on mica 

 

PS molecular weight 

(𝒌𝒈/𝒎𝒐𝒍) 

PS/mica adsorption parameters 

(𝒌𝑱/𝒎𝒐𝒍)  

 

27 −0.3𝑥104 

∆𝑯𝒂𝒅 130 −2𝑥104 

344 −4𝑥104 

27 0.6𝑥102 

−𝑻∆𝑺 130 3𝑥102 

344 8𝑥102 

27 −0.3𝑥104 

∆𝑮 130 −2𝑥104 

344 −4𝑥104 

 

Accounting for the enthalpic gain and entropic cost of adsorption, the total free energy of 

adsorption can be estimated (Table 4.1). For all MW analyzed, the enthalpic gain of adsorption on 
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mica overcomes the entropic cost, and ∆𝐺 < 0, leading to spontaneous adsorption. Figure 4.2 

provides an overview of the magnitude of the adsorption parameters for the PS adsorption on mica. 

The higher the PS MW, the greater the magnitude of ∆𝐻𝑎𝑑 and ∆𝐺. It is also possible to observe 

that, even though the magnitude of the entropic cost of adsorption scales with MW, this scaling is 

minimal compared to the increase in ∆𝐻𝑎𝑑 with MW. Additionally, for low MW, the contribution 

of the entropic factor to ∆𝐺 is significant, while for high MW, the contribution of the entropic factor 

to ∆𝐺 is negligible.  

 

Figure 4.2. Adsorption parameters for PS adsorption on mica. 

 

These results are in agreement with the de Gennes scaling theory123 and can be used to 

elucidate the conformation of interfacial chains near strongly adsorbing substrates. According to 

the theoretical work of Bouchaud and Daoud51, the conformation of the chains near substrates is 

substantially influenced by the chain length. For short chain adsorption, entropic factors dominate, 

and the interfacial chains will tend to assume an isotropic conformation near the substrate. On the 

other hand, for long chain adsorption, enthalpic factors dominate, and the chains will assume an 

extended conformation near the substrate, to maximize the number of polymer-substrate 

interactions.  

Based on these calculations, we hypothesize that the conformational templating effect of 

the thermal annealing in contact with mica depends on the chain MW. Low MW PS chains will 

have an isotropic conformation near the substrate (due to the balanced competition of entropic and 

enthalpic factors), and high MW PS chains will have an extended conformation near the substrate, 

as enthalpic contributions dominate the adsorption process. The same relationship between the 
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interfacial chain conformation and the chain MW was previously observed for the PS/silver 

interface, which is also a strongly adsorbing substrate for PS188. 

 

4.5.2. Effect of the initial chain conformation on the dewetting behavior 

 

In the previous section, we examined the expected conformational differences between the 

mica-templated and air-templated interfaces. Here, we will investigate how the initial chain 

conformation—shaped by the templating process—affects the dewetting behavior of PS films 

when transferred to hydrophobic substrates. 

 

4.5.2.1. Coiled chains (air-templated interface) transferred to the hydrophobic 

substrate 

 

Hydrophobic substrates are commonly used in dewetting studies due to their non-sticking 

properties. The PS interactions with these substrates are through van der Waals interactions, with 

an adsorption energy of approximately  −3 𝑘𝐽/𝑚𝑜𝑙 at 373 𝐾196. If we consider a random coil initial 

conformation, under equilibrium, the fraction of adsorbed monomers is approximately 0.06183. It 

is important to note that, since at low adsorption energies the chains will tend to desorb from the 

substrate, to estimate this value of Θ, Kramarenko et al.183 considered the first atom of the chain to 

be grafted to the surface. Therefore, we may conclude that for free chains Θ ≤ 0.06.  

Estimating the thickness of the adsorbed layer in contact with the hydrophobic substrate is 

challenging. Since the chains desorb in contact with this substrate, there is a lack of experimental 

measurements of this condition. For this model, we consider the same thickness of the adsorbed 

layer, and therefore the same entropic cost of confinement used in the calculations in section 

4.5.1.3. This is made because the chains near the hydrophobic substrate will be weakly adsorbed, 

and a difference of only 0.3 nm in the thickness of strongly adsorbed and weakly adsorbed PS 

samples on sapphire was previously reported105. We reinforce that small differences in the thickness 

of the adsorbed layers would not alter the comparison in terms of the order of magnitude of the 

adsorption parameters performed in this study. The calculated values of ∆𝐻𝑎𝑑, −𝑇∆𝑆, and ∆𝐺 are 

presented in Table 4.2.  
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Table 4.2. Adsorption parameters for PS adsorption on a hydrophobic substrate, varying the chain’s 

initial conformation. 

 

PS 

molecular 

weight 

(𝒌𝒈/𝒎𝒐𝒍) 

Adsorption parameters  (𝒌𝑱/𝒎𝒐𝒍)  

Coiled initial 

conformation 

(air-templated interface) 

Extended initial 

conformation 

(mica-templated interface) 

7.0%* 

Extended initial 

conformation 

(mica-templated interface) 

9.0%* 

27 −0.5𝑥102 −0.5𝑥102 −0.6𝑥102 

∆𝑯𝒂𝒅 130 −2𝑥102 −2𝑥102 −3𝑥102 

344 −6𝑥102 −6𝑥102 −8𝑥102 

27 0. 6𝑥102 0. 6𝑥102 0. 6𝑥102 

−𝑻∆𝑺 130 3𝑥102 3𝑥102 3𝑥102 

344 8𝑥102 8𝑥102 8𝑥102 

27 0.1𝑥102 0.1𝑥102 −0.8𝑥101 

∆𝑮 130 0.6𝑥102 0.6𝑥102 −0.4𝑥101 

344 2𝑥102 2𝑥102 −1𝑥101 

* The percentages indicate the amount of polymer/substrate interactions that were 

effectively transferred from the mica to the hydrophobic substrate. 

 

The results show that the enthalpic gain of adsorption does not overcome the entropic 

penalty and ∆𝐺 > 0 for all MW analyzed, leading to a tendency of dewetting when the chains are 

placed in contact with a hydrophobic substrate. The dewetting velocity will then depend on the 

magnitude of the driving force for dewetting (the entropic penalty) and the resistance force of 

dewetting (the enthalpic gain)54. 

The comparison of the magnitude of ∆𝐻𝑎𝑑, −𝑇∆𝑆, and  

∆𝐺 is shown in Figure 4.3 A. Even though ∆𝐻𝑎𝑑 scales with the PS MW, the enthalpic gain is 

insufficient to overcome the entropic penalty of adsorption. The higher the PS MW, the greater the 

magnitude of the entropic contributions and of ∆𝐺, leading to faster dewetting.  
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A. B.  

Figure 4.3. A. Adsorption parameters for PS adsorption on a hydrophobic substrate (initial coiled 

conformation); and B. Free energy of adsorption for PS on a hydrophobic substrate (initial extended 

conformation), where the percentages indicate the amount of polymer-substrate interactions that 

were effectively transferred from the mica to the hydrophobic substrate. 

 

4.5.2.2. Extended chains (mica-templated interface) transferred to the hydrophobic 

substrate. 

 

To assess the influence of the chain initial conformation on the free energy of adsorption, 

we simulate the placement of extended chains (eg. PS chain conformation templated in contact 

with mica) in contact with a hydrophobic substrate. The extended chain conformation allows for 

an increased number of initial polymer-substrate interactions, which increases the enthalpic gain 

of adsorption per chain. In theory, the conformation of the chains templated near the mica substrate 

are extended in a way that allows a fraction of adsorbed monomers of Θ~0.85183 (see section 

4.5.1.3). The substrate transfer from mica to the hydrophobic substrate will likely cause a 

significant reduction in the number of effective contact points between the polymer and the new 

substrate. Figure 4.3 B compares the effect of increasing the number of polymer-substrate 

interactions in terms of the percentage of the initial Θ that will be effectively transferred from mica 

to the hydrophobic substrate. It is possible to see that even if only a small portion of the initial 

polymer-mica interactions are transferred to the hydrophobic substrate, this has a major effect on 

∆𝐺 .The threshold at which ∆𝐺 switches its signal is between 8.5 and 9% of the initial value of Θ. 

It is important to mention that this signal change in ∆𝐺 will not avoid dewetting as this is an out-
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of-equilibrium initial conformation. However, it can help stabilize the films and drastically reduce 

the dewetting kinetics. 

 

4.5.3. Overview of the relationship between initial chain conformation and the 

dewetting behavior of thin films. 

 

In the previous sections, we calculated the magnitudes of the entropic and enthalpic factors 

acting on polymer chains when placed on hydrophobic substrates, based on the chain’s initial 

conformation. We have postulated that the balance between enthalpic and entropic factors plays a 

crucial role in dewetting kinetics. Furthermore, we hypothesized that the disparities in the 

dewetting rate for the two interfaces of high MW films arise from an initial higher number of 

adsorbed monomers, which is only possible for extended chains, and can enhance the film stability, 

and reduce the dewetting rate. In this section, we summarize these findings and explore the 

relationship between the theoretical values of the adsorption entropy and enthalpy, with the 

experimental observations of Sabzevari et al.50 on the dewetting behavior of thin films.  

Figure 4.4 illustrates the relationship between the initial conformation of the polymer chains 

and the resulting dewetting rate. Low MW PS samples exhibited a low dewetting rate, regardless 

of the interface transferred onto the hydrophobic substrate (Figure 4.1 B). Since the driving force 

for dewetting, namely the entropic cost of adsorption, is low for both interfaces, the dewetting rates 

remain slow in both cases. In contrast, high MW samples experience a higher entropic cost of 

adsorption, leading to faster dewetting, in the absence of other forces that could stabilize the films. 

For these samples, conformational templating had a significant impact on dewetting kinetics, with 

air-templated chains exhibiting faster dewetting and mica-templated chains showing slower 

dewetting rates (Figure 4.1 B). This effect can be attributed to the greater number of polymer-

substrate interactions possible when the chains adopt an initial extended initial conformation. 

The relationship between the chain's initial conformation and dewetting kinetics, as 

hypothesized in this study, offers a compelling explanation for the increasing dewetting rates with 

molecular weight (MW) in air-templated PS samples (Figure 4.1 B), driven by the increase in the 

adsorption entropy. It also accounts for the slow dewetting rates observed in the 10 and 465 kg/mol 

mica-templated samples. However, this hypothesis alone does not fully explain the trends seen in 

mica-templated interfaces of intermediate MW samples (51 and 130 kg/mol), which exhibited an 
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unexpected increase in dewetting rates before sharply decreasing for the 465 kg/mol sample. To 

verify our hypothesis, better understand the behavior of intermediate MW samples, and explore 

other conformational factors that could contribute to the dewetting rate disparity between 

interfaces, such as phenyl ring ordering and chain-end segregation, we performed SFG 

spectroscopy studies to investigate the interfacial conformation of the samples. The results are 

summarized in the following section. 

 

Figure 4.4. Scheme of the relationship between the chain’s initial conformation, the adsorption 

entropy and enthalpy, and the experimental dewetting rate. 

 

4.5.4. Probing PS interfacial chain conformation with SFG spectroscopy 

 

4.5.4.1. Phenyl ring orientation 

 

The orientation of the phenyl groups near the substrate interface may significantly impact 

the film's dewetting behavior. The type and strength of interactions can vary depending on whether 

the phenyl groups are aligned parallel to the substrate or adopting an upward position. As a result, 

it is crucial to consider this factor when investigating the causes behind the observed dewetting rate 

differences in this study. The details of the SFG analysis of the phenyl ring tilt angles in PS samples 

are provided in sections B3 and B4 of Appendix B. The range of possible tilt angles for the PS 

films examined is summarized in Table 4.3. 
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Table 4.3. Range of possible values of tilt angles for PS films 

 

PS MW 

(kg/mol) 
Interface 

Tilt angle 

range* 

27 
air-templated 33 ° - 38 ° 

mica-templated 33 ° - 36 ° 

130 
air-templated 33 ° - 42 ° 

mica-templated 32 ° - 37 ° 

344 
air-templated 26 ° - 35 ° 

mica-templated 44 ° - 47 ° 

* Range corresponds to the overlap between the two methods used for tilt angle analysis (section 

B3 of Appendix B), considering a narrow tilt angle distribution of 1º. 

 

Despite slight variations in the tilt angle range among the samples, no clear correlation was 

found between tilt angle and dewetting kinetics. For example, the 344 kg/mol mica-templated 

interface exhibited the highest tilt angle values, yet its dewetting behavior is expected to be 

comparable to the 27 kg/mol samples for both interfaces (Figure 4.1 B), which exhibits lower tilt 

angles. Moreover, although the 344 kg/mol air-templated interface, exhibited the lowest tilt angle 

and the fastest dewetting rate within this set, the two interfaces of the 130 kg/mol samples also 

exhibited fast dewetting without having low tilt angles. These results suggest that while the phenyl 

rings adopt different orientations depending on the interface and molecular weight, these variations 

are not the primary factor driving the observed differences in dewetting behavior.  

It is important to highlight that, although phenyl groups have the potential to form strong 

interactions with the substrate (as discussed in section 4.5.1.3), these interactions would require 

significant torsional adjustments in the polymer backbone11, which hinders efficient multisite 

adsorption via phenyl ring interactions. Instead, as previously reported for the polystyrene/silver 

interface188, despite the phenyl groups having a higher adsorption energy compared to the backbone 

segments, in high molecular weight samples, the preferred conformation near strongly interacting 

substrates involves the phenyl rings tilting away from the surface. This orientation facilitates 

multisite adsorption through the polymer backbone, optimizing the overall enthalpic gain per chain. 

These findings support our approach in section 4.5.1.3 of calculating the enthalpic gain of 
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adsorption based on backbone interactions rather than phenyl ring interactions, as this 

configuration maximizes the total energy gain for the polymer chains. 

 

4.5.4.2. End group segregation 

 

One hypothesis proposed by Sabzevari et al.50 to explain the disparity in dewetting rates 

among the samples is the segregation of polymer chain ends. This segregation could potentially 

affect both the type and strength of interactions between the polymer and the substrate, thereby 

influencing the dewetting rate. It is important to highlight that the molar fraction of chain ends (of 

𝑛𝐶𝐻3/𝑛𝐶𝐻2) per chain is substantially low and it decreases significantly as the molecular weight 

of the sample increases (𝑛𝐶𝐻3/𝑛𝐶𝐻2 = 2/2𝑁). Consequently, only a large extent of chain end 

segregation to the interfacial region would be sufficient to alter the surface chemistry to a degree 

that affects macroscopic surface properties, such as dewetting. 

 The comparison between the molar concentration ratio of 𝐶𝐻3 and 𝐶𝐻2  groups and their 

corresponding SFG amplitude ratio ( 𝐴𝐶𝐻3
/𝐴𝐶𝐻2

) serves as a useful indicator of the occurrence of 

surface segregation3. If the groups are randomly distributed in the interfacial region and their net 

orientation remains constant, a positive linear relationship between the molar concentration ratio 

and the SFG amplitude ratio would be expected. Figure 4.5 presents the values  𝐴𝐶𝐻3
/𝐴𝐶𝐻2

 as a 

function of the molar fraction of methyl groups [𝑛𝐶𝐻3 /𝑛𝐶𝐻2], for both the symmetric (ss) and 

asymmetric (as) stretches. In comparing the two interfaces of the same MW, higher values of 

𝐴𝐶𝐻3
/𝐴𝐶𝐻2

 for both ss and as stretches are observed at the mica-templated interface compared to 

the air-templated interface, except for the ss stretch of the 344 kg/mol sample. This suggests a 

greater degree of methyl group segregation at the mica-templated interface, compared to the air-

templated interface. Additionally, for the air-templated interface, the negative correlation observed 

between 𝐴𝐶𝐻3
/𝐴𝐶𝐻2

 and 𝑛𝐶𝐻3 /𝑛𝐶𝐻2 indicates a greater degree of end groups segregation as MW 

increases. However, no direct correlation can be established between chain end segregation and the 

dewetting behavior of the samples shown in Figure 4.1 B. For instance, the 𝐴𝐶𝐻3
/𝐴𝐶𝐻2

 ratios differ 

substantially between the air and mica-templated interfaces for the 27 kg/mol sample, yet these 

interfaces exhibit similar dewetting behavior. Furthermore, the 130 kg/mol sample shows relatively 

similar 𝐴𝐶𝐻3
/𝐴𝐶𝐻2

 ratios at both interfaces but exhibit significantly different dewetting rates. 
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Figure 4.5.  𝐴𝐶𝐻3
/𝐴𝐶𝐻2

 for the symmetric and asymmetric stretches as a function of the molar 

fraction of 𝑛𝐶𝐻3 /𝑛𝐶𝐻2. Here, ss and as are the symmetric and asymmetric stretches, respectively. 

 

4.5.4.3. Backbone conformation 

 

Based on the calculations and hypotheses presented in section 4.5.3, the initial chain 

conformation (either extended or coiled) is the key factor influencing the disparity in dewetting 

behavior between the air-templated and mica-templated interfaces of PS samples. To test this 

hypothesis, we analyzed the backbone conformation of the PS samples using the SFG amplitudes 

of the 𝐶𝐻2 groups. These amplitudes are influenced by both the interfacial concentration of the 

methylene groups and their orientation. 

When comparing samples of the same composition (e.g. identical PS molecular weight 

across two interfaces), accounting for orientational differences is relatively straightforward. In ssp 

polarization, the SFG response of each vibrational mode is proportional to the component of the 

vibrational dipole aligned with the z-axis, which is perpendicular to the surface. Methylene groups 

oriented with their symmetry C2 axis near the surface normal will exhibit strong symmetric 

stretches and weak asymmetric stretches (Figure 4.6). If the 𝐶𝐻2 orientation shifts to align their 
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symmetry axis more closely with the surface axis, the amplitude of the symmetric stretches will 

decrease while that of the asymmetric stretches will increase. Figure 4.7 illustrates the amplitudes 

of the methylene symmetric and asymmetric vibrational modes for the PS films. 

A.  B.  

Figure 4.6. A. Scheme of IR transition dipole moment change for 𝐶𝐻2 symmetric and 

antisymmetric stretches and B. Methylene group oriented with its C2 axis near the surface normal. 

The SFG amplitude of each vibrational mode in ssp polarization is proportional to the z component 

of the IR transition dipole moment change for each mode. 

 

Figure 4.7. SFG amplitudes of the PS backbone methylene groups (ssp polarization). 
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The ss and as amplitudes for the 27 kg/mol sample are similar, indicating a similar backbone 

orientation regardless of the interface. In contrast, for the 130 kg/mol sample, for the mica-

templated interface, there is an increase in the ss amplitude and a decrease in the as amplitude, 

compared to the air-templated interface. This suggests that, at the mica-templated interface, the 

methylene groups are preferentially oriented with their symmetric axis closer to the surface normal 

compared to the air-templated samples. This shift of backbone methylene orientations towards the 

surface normal was previously linked to the occurrence of polymer chain extension, with the chain 

axis lying at the surface plane197. The extension of the atactic PS chains also result in a substantial 

increase in the number of trans configurations197. This increase in the number of trans 

configurations of the methylene groups may alter the local concentration of methylene groups in 

contact with the surface, and it may also lead to SFG signal cancellation through destructive 

interference, thereby significantly reducing the SFG amplitude of this vibrational mode. 

The 344 kg/mol sample exhibits a substantial decrease in the as amplitude at the mica-

templated interface (highlighted by the blue arrow), compared to the air-templated interface (Figure 

4.7) which is not accompanied by an increase in the ss amplitude, which rules out the possibility 

of a simple change of the methylene tilt angle. One possible explanation for this drastic decrease 

in the as amplitude is the extension of the PS backbone parallel to the surface, increasing the 

number of trans configurations, as observed in other polymeric systems3.  

The SFG analysis of the PS samples thus aligns with the theoretical considerations 

discussed in section 4.5.3, supporting the occurrence of chain extension in the 344 kg/mol sample 

at the mica-templated interface. Additionally, these findings provide insight into the dewetting 

behavior of the 130 kg/mol sample, which shows the fastest dewetting rate at the mica-templated 

interface compared to the other mica-templated samples (Figure 4.1 B). For this sample, it is 

possible to see that there is some level of rearrangement of the chain backbone towards extension, 

when comparing the air-templated interface to the mica-templated interface, in terms of the 

methylene groups tilting towards the surface normal. These chain level conformational difference 

results in a slower dewetting rate for the mica-templated interface relative to the air-templated one. 

However, the backbone is not yet substantially extended, indicated by no observed chance in the 

number of trans configurations, unlike the 344 kg/mol sample which shows both increased number 

of trans configuration and the tilting of the methylene groups towards surface normal. This 

intermediate conformation, between random coil and extended conformation, explains why the 130 
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kg/mol sample has a higher dewetting rate at the mica-templated interface compared to the 344 

kg/mol sample, but still lower dewetting rate than the 130 kg/mol air-templated interface. 

 

4.6. Conclusion 

 

Polystyrene thin film samples exhibiting differences in dewetting behavior were analyzed 

through both theoretical calculations and SFG spectroscopy to explore the relationship between 

interfacial chain conformation and dewetting dynamics. Theoretical analysis of the entropic and 

enthalpic forces governing polymer chain adsorption revealed that PS films annealed while 

deposited on a highly interacting substrate like mica, and exposed to air at the opposite interface, 

develop significantly different chain conformations at each interface. These interfaces exhibit a 

templating effect of the polymer chains conformation with a coiled conformation being expected 

near the air-templated interface, and an extended chain conformation being expected near the mica-

templated interface. Moreover, the extent of chain extension near the mica-templated interface was 

found to depend on the PS MW, with higher MW leading to a greater degree of chain extension. 

The analysis also suggested that when these templated interfaces are transferred to a weakly 

adsorbing substrate, dewetting will occur, as the entropic cost of adsorption outweighs the 

adsorption enthalpic gain. However, the results showed that the initial chain conformation directly 

impact the dewetting kinetics of the thin films: initially extended chains display lower dewetting 

rates compared to coiled chains, due to a higher number of polymer-substrate interactions, despite 

the increased entropic cost of adsorption. 

The theoretical results were validated by the SFG spectroscopy analysis of the chains 

interfacial conformation. Firstly, the SFG orientational analysis showed no correlation between the 

dewetting rate of the PS thin films and either the phenyl ring tilt angle or the chain end segregation. 

Secondly, the observed trends in the amplitudes of the backbone methylene groups indicated the 

extension of the PS chain backbone in high molecular weight PS samples, consistent with the 

predictions of the theoretical model.  

This study revealed that variations in initial chain conformations alone are sufficient to 

explain the observed disparities in dewetting rates across different PS samples. The results 

highlight the critical role of the polymer film thermal and mechanical history in determining the 

molecular-level organization of the polymer chains, as well as the macroscale behavior of the film, 
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such as dewetting. Beyond dewetting, the findings have broader implications for understanding the 

slip behavior and rheological properties of thin polymer films. Since interfacial chain conformation 

plays a key role in modulating the number of chain-substrate interactions, it directly influences slip 

at the interface, which in turn affects the film’s flow properties. These insights are critical for 

applications requiring precise control over the mechanical and rheological properties of thin films, 

such as in coatings, microelectronics, and biomedical applications. 
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Chapter 5 . Lamellar orientation at the surface of isotactic polystyrene thin films analyzed 

by sum frequency generation spectroscopy 

 

5.1. Preface 

 

This chapter was previously published as: https://doi.org/10.1016/j.aca.2023.340904 

“Lamellar orientation at the surface of isotactic polystyrene thin films analyzed by sum 

frequency generation spectroscopy” Bianca Martins de Lima, Patrick Hayes, and Paula Wood-

Adams, (2023). Analytica Chimica Acta, 1248, 340904.  

 

Previously, we demonstrated that SFG spectroscopy is a powerful technique for analyzing 

the conformation of polymer chains at different interfaces, offering valuable insights into how 

interfacial conformations influence the macroscopic properties of polymer films. In this chapter, 

we explore the pioneering use of SFG spectroscopy in the analysis of the surface lamellar 

orientation in semi-crystalline polymeric thin films. Through the combination of the SFG 

orientation analysis and the theoretical analysis of the expected SFG response of each possible 

lamellar orientation, we have successfully determined a flat-on lamellar orientation at the surface 

of iPS films, with the chain axes having perpendicular orientation relative to the substrate. 

Furthermore, this finding was confirmed by AFM studies. 

Moreover, we reported the evolution of SFG spectral features during the progress of iPS 

crystallization. The intensity ratios of phenyl ring resonances can be used as markers for assessing 

the degree of surface crystallinity. Furthermore, we report the challenges associated with SFG 

measurements on heterogeneous surfaces, which is the case of most semi-crystalline polymer films. 

This work represents a novel application of SFG spectroscopy to investigate the lamellar 

orientation of semi-crystalline polymer surfaces. It also pioneers the use of SFG for evaluating 

surface conformations in both semi-crystalline and amorphous iPS thin films, linking spectral 

intensity ratios to crystallization dynamics and surface structure. 

The findings emphasize the versatility of SFG spectroscopy as a valuable technique for 

studying polymeric crystalline structures at interfaces. This approach opens avenues for examining 

more complex polymer systems and crystalline configurations, especially in cases where traditional 

imaging methods like AFM are not applicable, such as buried interfaces.  

https://doi.org/10.1016/j.aca.2023.340904
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Minor adjustments, including the numbering of figures, tables, and references, were made 

to ensure consistency with the rest of the thesis. Since the following manuscript is presented in its 

entirety, there may be some overlap with other sections of the thesis, such as repeated descriptions 

of abbreviations and equations. 

 

5.2. Abstract 

 

Analyzing the orientation of polymeric crystalline lamella at the surface of thin films can 

be challenging. Even though atomic force microscopy (AFM) is often sufficient for this analysis, 

there are cases when imaging is not sufficient to confidently determine lamellar orientation. Here, 

we used sum frequency generation spectroscopy (SFG) to analyze the lamellar orientation at the 

surface of semi-crystalline isotactic polystyrene (iPS) thin films. The SFG orientation analysis 

indicated that the iPS chains are oriented perpendicular to the substrate (flat-on lamellar 

orientation), which was confirmed by AFM. By analyzing the evolution of the SFG spectral 

features with the progress of crystallization, we demonstrated that the ratios of the SFG intensities 

of the phenyl ring resonances are a good indication of the surface crystallinity. Furthermore, we 

explored the challenges associated with SFG measurements of heterogeneous surfaces, which is 

commonly present in many semi-crystalline polymeric films.  To the best of our knowledge, this is 

the first time that the surface lamellar orientation of semi-crystalline polymeric thin films was 

determined by SFG. Also, this work pioneers in reporting the surface conformation of semi-

crystalline and amorphous iPS thin films by SFG and in linking the SFG intensity ratios to the 

progress of the crystallization and the surface crystallinity. This study demonstrates the potential 

applicability of SFG spectroscopy in the conformational analysis of polymeric crystalline 

structures at interfaces and opens the way to the investigation of more complex polymeric 

structures and crystalline arrangements, especially for the case of buried interfaces, where AFM 

imaging is not an option. 

 

5.3. Introduction 

 

Semi-crystalline polymeric thin films with outstanding thermal198, mechanical199 and opto-

electrical200 properties have been used for high performance applications, such as transistors201–204, 
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sensors205–207 and membranes208,209. In such systems, the isotropic spherulitic growth is hindered 

due to confinement effects210–212 and the crystalline lamellae can grow with chains having a parallel 

or perpendicular orientation with respect to the substrate surface, the so-called edge-on and flat-on 

orientations, respectively59. Changes to the lamellae orientation of thin films can greatly affect their 

properties and application performance213–215, therefore, it is crucial to optimize the film fabrication 

methods, as well as the characterization strategies for this class of materials. 

The surface of thin films plays an important role in the interaction of the films with their 

surroundings, and they may act as barriers216, adhesion interfaces217, as well as adsorption sites218. 

Several conditions contribute to the formation of different crystalline structures for a given system, 

such as the crystallization temperature219,220, the film thickness221 and the polymer/substrate 

interactions222. Therefore, the understanding of the crystalline structure of the film surface is 

critical to tailor and to optimize the film’s performance for each application. 

The analysis of the lamellar orientation of polymeric thin films usually relies on using X-

ray scattering, atomic force microscopy (AFM), transmission electron microscopy (TEM) and 

electron diffraction (ED)210,212,223–225. Among these methods, AFM is surface specific, while the 

others provide the lamellar orientation information throughout the film thickness. Determining the 

surface lamellar orientation using AFM is usually a straightforward process, because significant 

differences in the surface topography226 often occur for edge-on or flat-on spherulitic orientations, 

with the first appearing as a fibril-like surface, and the latter as terraces94,220. However, sometimes, 

it is challenging to make this determination only based on the AFM images, and other methods to 

confirm the lamella orientation become necessary210,224. Additionally, AFM is only applicable to 

free surfaces and other approaches are needed for buried interfaces. 

Sum frequency generation (SFG) spectroscopy is a second-order, non-linear analytical 

technique useful for the analysis of molecular conformations at surfaces and buried interface 

12,14,111. Previous studies have highlighted the applicability of SFG in the analysis of semi-

crystalline polymers77,227–229. Recently, Kawaguchi et al.229 observed changes in the SFG spectra 

of isotactic polypropylene due to changes in the lamellar orientation, with significant contribution 

of the crystals in the interior of the films. Subsequently, Abe et al.77 used SFG microscopic imaging 

to perform chemical mapping of semi-crystalline polymeric films, demonstrating that the SFG 

imaging could differentiate isotactic polypropylene from uniaxially oriented poly(vinylidene 

fluoride) (PVDF) due to differences in the lamellar orientation, reflected in the SFG images. 
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However, this study relied on grazing-incidence wide-angle X-ray diffraction to determine lamellar 

orientation. The forementioned studies highlight the potential of using SFG to study chain 

conformation in semi-crystalline polymeric thin films and the importance of developing new 

methods to support the orientation analysis of the crystalline lamella in polymeric thin films. 

However, there is lack of studies exploring the use of SFG to determine the lamellar orientation at 

the surface of polymeric thin films.  

In the present work, we demonstrate that SFG can be used to determine the lamellar 

orientation of the surface crystals of isotactic polystyrene (iPS) thin films. This polymer was chosen 

as model molecule because it is a slow crystallizer230, allowing the production of fully amorphous 

films and the monitoring of the crystallization process at different stages. Furthermore, its 

amorphous isomer, atactic polystyrene (aPS) is widely studied by SFG, facilitating the spectra 

interpretation5,10,13,19,188. However, to the best of our knowledge, this is the first time that the surface 

structure of amorphous and semi-crystalline iPS are studied by SFG spectroscopy.  

 

5.4. Experimental section 

 

5.4.1. Sample preparation 

 

The iPS samples were obtained from Polymer Source, Inc. and used as received. The iso 

content of the sample is > 90%, as indicated by the supplier. The weight average molecular weight 

(Mw) and the polydispersity index (PDI) were 216,600 g mol-1 and 3.46, respectively, analyzed by 

gel permeation chromatography (performed by the supplier, at 30 °C, using an Agilent 

Technologies 1260 Infinity II GPC/SEC System equipped with a triple detector and tetrahydrofuran 

as the mobile phase).  

The iPS powder was placed in an oven at 240 °C under nitrogen atmosphere for ten minutes 

(melting temperature, Tm, 223 °C) and then quenched using an ice bath to produce an amorphous 

sample, enabling the following solubilization. Solutions of iPS in toluene 1% w/w were prepared 

and then filtered using poly(tetrafluoroethylene) (PTFE) filters from Fisher Scientific (pore size 

0.45 µm) to remove possible insolubilized crystals.  

Thin films of iPS of 100 nm were produced by spin coating (2000 rpm) freshly filtered iPS 

solutions onto fused silica optical windows (IR grade, ISP Optics Corp.). The optical windows 
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were previously cleaned with hot piranha solution (80 °C, 3:1 H2SO4/30 vol % H2O2) for 1 h, 

followed by abundant washing with HPLC grade water (Sigma Aldrich) until neutral pH was 

measured at the edge of the window using pH test strips. The films were dried under vacuum for 

48 h in a desiccator containing silica gel desiccant beads. To measure the thicknesses of the films, 

thin films were deposited on glass slides, using the same conditions mentioned above. A gentle 

scratch was made at the center of the films, to expose a region without polymer. Then, the 

thicknesses of the films were determined using a profiler (DEKTAK 150).  

Amorphous films of iPS were made by placing the dried films in an oven at 240 °C under 

nitrogen atmosphere for 10 minutes, followed by quenching using an ice bath while avoiding any 

contact between the polymer and the water. This step allowed the iPS chains to relax the 

conformation forced by the spin coating and to melt any crystals not removed during filtration or 

formed during the film deposition. Similar procedures for producing amorphous films of iPS are 

reported in the literature231,232. Semi-crystalline films of iPS were made by submitting the 

amorphous films to isothermal crystallization at 180 °C under nitrogen atmosphere for fixed period 

of times (2.5 h, 5 h, 10 h and 16 h). The semi-crystalline films were named with respect to the 

isothermal crystallization time (e.g. 16 h film refers to the film crystallized for 16 h). The progress 

of the crystallization and the microstructure were analyzed by optical microscopy (Fein Optic, 

M50RT Metallurgical Reflected/Transmitted Brightfield/Darkfield Microscope). Furthermore, the 

surface topography was analyzed by atomic force microscopy (AFM, Tosca 400 by Anton Paar, 

tapping mode). The imaging results were used to validate the lamella orientation obtained by SFG. 

A summary of the study methodology is presented in Figure 5.1. 

 

 

Figure 5.1. Scheme of methodology used in the study 
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5.4.2. SFG measurements 

 

 Details regarding our SFG system (EKSPLA) are provided elsewhere5,135. Briefly, the 

instrument is comprised of a Nd:YAG laser (PL2241 series), an optical parametric generator 

(PG501/DFG) and a monochromator (MS2001). The laser generates a fundamental 1064 nm beam 

and a 532 nm visible beam. Then, a tunable IR beam is generated by the optical parametric 

generator. The visible and infrared beam overlap at the film’s surface and generate the SFG beam. 

Lastly, the SFG signal is analyzed by the monochromator.  

The SFG spectra were collected in ssp, ppp and spp polarizations, where the three letters 

indicate the polarization of the SFG beam, visible beam, and IR beam, respectively. To account for 

changes in laser power, the SFG signal was normalized by the product of the visible and IR 

energies5,188. Furthermore, the frequency was calibrated by using a spectra of poly(methyl 

methacrylate) (PMMA) that exhibits an intense resonance at 2955 cm-1. 

At least five film specimens per crystallization time were produced and analyzed. To 

compare the SFG intensity ratios of the phenyl ring vibrational modes, 24 to 52 ssp spectra, each 

collected from a different location on the sample, were used per crystallization time. A larger 

number of spectra were collected for the intermediate crystallization times (2.5 h, 5 h and 10 h), to 

account for the surface heterogeneity, as discussed in section 5.5.3. 

The samples were analyzed with the incident beams passing through the optical window 

and the iPS film and overlapping at the iPS/air interface (Figure 5.1). Considering the sample 

geometry used in the present study, the two interfaces present (iPS/silica and iPS/air) could 

generate SFG signal because of the broken inversion symmetry. Also, the bulk region of semi-

crystalline polymers may be SFG active228,233. The influence of the signal coming from the 

iPS/silica interface is considered negligible, because it is expected to be one order of magnitude 

smaller than that of the free surface8.  An additional sample was prepared by coating the 16 h film 

surface with a thin layer of PMMA. To demonstrate that the origin of the SFG signal in the present 

study was from the film free surface (iPS/air) and to determine if a SFG signal was also coming 

from the bulk crystals, the 16 h film surface was coated with a thin layer of PMMA and the ssp 

spectrum was collected. The PMMA coating was made by spin coating (2000 RPM) a 0.5% w/w 

PMMA solution in nitromethane, which does not dissolve iPS, on top of the 16 h film. As the coated 

sample does not have the iPS/air interface, a substantial decrease in the SFG intensity, comparing 
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with the 16 h sample without the top coating, demonstrates that the iPS/air interface is the 

predominant source of SFG signal from the iPS samples of the present study. Furthermore, we 

collected the spp spectra of the amorphous and 16 h films, because spp polarization is not surface 

active in SFG and may be considered a characteristic ‘’bulk’’ spectra228. 

 

5.4.3. SFG orientation analysis 

 

The SFG spectra were collected from 2800 cm-1 to 3100 cm-1, to include the resonances 

from the phenyl ring and backbone of iPS. The vast majority of previous IR spectroscopic studies 

of the crystallization of iPS230,234–240 have focused the discussion of the spectra in the frequency 

region between 500 cm-1 to 1500 cm-1. This is because this region includes the IR vibrational modes 

that are most sensitive to crystallization, such as the mode at 981 cm-1, which is associated with the 

ordering of the phenyl rings and increases in intensity with crystallization, and the mode at 840 cm-

1, which decreases in intensity with crystallization and is linked to the amorphous phase of iPS239. 

These frequencies are usually out of the range of operation of commercially available SFG 

spectrometers, which poses not only a challenge for the interpretation of the iPS SFG spectra with 

crystallization, but also represents an opportunity to explore iPS crystallization by spectroscopy 

within a different region of the IR spectra.  

The vibrational modes of the phenyl ring of iPS, 𝜈20𝑏, 𝜈7𝑎, 𝜈7𝑏 and 𝜈2 (Figure 5.2 A), were 

assigned the resonances present at ~3027 cm-1, ~3038 cm-1, ~3056 cm-1 and ~3072 cm-1, 

respectively6,7,13. Also, the vibrational modes of the iPS backbone, 𝐶𝐻2𝑠𝑠, 𝐶𝐻3𝑠𝑠, 𝐶𝐻 and 𝐶𝐻2𝑎𝑠 

were assigned to the resonances present at ~2850 cm-1, ~2877 cm-1, ~2906 cm-1 and ~2923 cm-1, 

respectively, in agreement with previous studies10,19,105, where ‘’𝑠𝑠’’ and ‘’𝑎𝑠’’ represent the 

symmetric and antisymmetric stretch. 
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A.  B.  

C.             D.  

Figure 5.2. A. C-H stretch vibrational modes of iPS phenyl ring. B. Phenyl ring Euler angles, tilt 

angle of iPS phenyl ring (𝜃), twist (𝜓) and the azimuthal (𝜑) angles. C. C-H stretch vibrational 

modes of 𝐶𝐻2. d. Tilt angle of iPS backbone 𝐶𝐻2 groups (𝜃𝑏). 

 

The orientation of the pendant phenyl ring in iPS is described in terms of the Euler angles, 

namely the tilt (𝜃), the twist (𝜓) and the azimuthal (𝜑) angles (Figure 5.2 B). In the orientation 

analysis, we consider the twist and azimuthal angles as isotropically distributed. This assumption 

is based on the fact that the samples were annealed above the melting temperature prior to 

crystallization, which removes any possible net orientation of the phenyl rings in the x-y plane 

(surface plane), leading to isotropic 𝜑 distribution. Furthermore, the spherulites formed during 

crystallization also lead to an isotropic 𝜑 distribution. The phenyl rings at the vicinity of the air 

interface can rotate around the 𝐶2 axis (single C-C bond), leading to isotropic 𝜓 distribution. A 

non-isotropic 𝜑 distribution usually involves high energy interactions (for example, between the 

phenyl rings and the substrate) that overcome the torsion barrier of the ring with respect to the 

chain11. 

The SFG spectra of the films were used for analyzing the tilt angle of the pendant phenyl 

ring (𝜃) and of the 𝐶𝐻2 groups (𝜃𝑏), defined as the angle between the 𝐶2 symmetry axis of these 

groups and the surface normal (Figure 5.2 B and D). For the orientation analysis, the five specimens 

of the amorphous and 16 h films were used. For each specimen, at least 3 ssp and 3 ppp spectra 
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were collected in different spots from the specimen on the same day. The triplicate ssp and ppp 

spectra collected for each specimen were then averaged for the following fitting performed with 

Igor Pro 8 software (WaveMetrics). The average spectra were fitted using a Lorentzian 

function14,111,137 (Equation 5.1), that relates the SFG intensity (𝐼𝑆𝐹𝐺) to the square of the effective 

second-order non-linear susceptibility tensor (𝜒𝑒𝑓𝑓). In Equation 5.1, 𝜒𝑁𝑅 and 𝛼 are the non-

resonant signal and its phase, respectively, 𝐴𝑞 is the amplitude of the vibrational mode 𝑞, 𝜔𝐼𝑅 and 

𝜔𝑞 are the IR beam frequency and the frequency of the resonant vibrational mode 𝑞, respectively, 

and 𝛤𝑞 is a damping constant. To maximize the accuracy of the fitting parameters, the fitting using 

Equation 5.1 was performed separately for the phenyl ring and backbone vibrational frequencies 

of the spectra. The fitting parameters were then averaged for all specimens. 

 

                 𝐼𝑆𝐹𝐺 ∝ |𝜒𝑒𝑓𝑓|
2

= |𝜒𝑁𝑅𝑒𝑖𝛼 + ∑
𝐴𝑞

𝜔𝐼𝑅−𝜔𝑞+𝑖𝛤𝑞
𝑞 |

2

                   Equation 5.1   

 

We used two different strategies to estimate the tilt angle of the iPS pendant phenyl ring. 

First, 𝜃 can be estimated by the ratio between 𝜈2 amplitudes in ssp and ppp polarizations (method 

1, Equation C1), according to the work of Lu and co-workers7. Another way to estimate the phenyl 

ring tilt angle is based on the ratio between the amplitudes of the 𝜈20𝑏 and 𝜈2 vibrational modes in 

ssp polarization (method 2, Equation C2)10,13,141. Here, we have used the parameters values reported 

by Hong and co-workers6. 

 

5.5. Results and discussion 

 

5.5.1. Crystal growth  

 

The growth of iPS crystals was monitored by optical microscopy. The images are presented 

in Figure 5.3. No crystalline features were observed for the films after the melting and quenching 

processes, confirming the applicability of this methodology to produce a fully amorphous sample. 

At 2.5 h, the presence of iPS spherulites of diameter 71 ± 1 µm distributed throughout an 

amorphous matrix can be observed. The spherulitic diameter grows with the crystallization time 

and impingement can be observed starting at 10 h. At 16 h, the surface of the film is mostly 
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crystalline with large spherulites (diameter of 455 ± 9 µm). The average linear spherulitic growth 

rate was 14.1 ± 0.1 µm h-1, which is comparable to the value reported by Sawamura et al.220 for 

100 nm thick iPS films deposited on glass and crystallized at 180 °C (16 µm h-1). The surface 

crystallinity, in terms of area fraction, was estimated from the optical microscopy images to be 

about 8 %, 18 %, 51 % and 89 %, for 2.5 h, 5 h, 10 h and 16 h, respectively. 

 

A.  B.   C.  

D.    E.  

Figure 5.3. Optical microscopy images of the iPS films that are: A. amorphous and crystallized at 

180 °C for B. 2.5 h, C. 5 h, D.10 h and E.16 h. 

 

5.5.2. Confirming the source of the SFG signal 

 

The SFG selection rules state that this process can only occur if the media symmetry does 

not have an inversion center. As a result, SFG is generally considered to be specific for the 

polymer/air or polymer/substrate interface of thin films, because for most amorphous polymeric 

films, the ensemble averaged bulk region has inversion symmetry. In these materials, the inversion 

symmetry is only broken at the interfaces, and therefore, only the interfaces are SFG active. 

However, for crystalline materials, there is the possibility of SFG activity from the bulk, when the 

crystals are non-centrosymmetric228,233, or when there is a large difference in the refractive indices 

Amorphous 2.5 h 5 h 

10 h 16 h 
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of the amorphous and crystalline phases77,229. To test the bulk SFG activity in the present work, we 

compared the SFG spectra of the amorphous and 16 h crystalline iPS films collected in spp 

polarization (Figure 5.4 A). This polarization combination was previously reported to generate 

distinguishable resonances for a polymer sample with a SFG active bulk228. The spp spectra of the 

amorphous and 16 h films are very similar, with no significant differences in the SFG intensities 

or new features, indicating a lack of SFG activity from the bulk of iPS semi-crystalline films. 

The SFG signal arising from each interface of the sample can be expressed in terms of their 

contribution to 𝜒𝑒𝑓𝑓, as shown in Equation 5.263. In Equation 5.2, 𝐹𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆 and 𝐹𝑖𝑃𝑆/𝑎𝑖𝑟 are the 

Fresnel coefficients of the silica/iPS and iPS/air interfaces, respectively. Also, 𝜒𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆 and 

𝜒𝑖𝑃𝑆/𝑎𝑖𝑟 are the second-order non-linear susceptibility tensors for the silica/iPS and iPS/air 

interfaces. 

 

𝜒𝑒𝑓𝑓 = 𝐹𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆𝜒𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆 +  𝐹𝑖𝑃𝑆/𝑎𝑖𝑟𝜒𝑖𝑃𝑆/𝑎𝑖𝑟 + 𝜒𝑁𝑅        Equation 5.2 

 

We used a thin film interference model63,112 presented in Appendix C. Briefly, the 

magnitude of the Fresnel coefficients are 10 times stronger for the iPS/air interface than for the 

silica/iPS interface in ssp polarization. Furthermore, for ppp polarization, all components of the 

Fresnel coefficients are 1.5 to 6 times stronger for the iPS/air interface, compared to the silica/iPS 

interface. The SFG intensity has a quadratic dependence on 𝜒𝑒𝑓𝑓 (Equation 5.1). Therefore, 

stronger Fresnel coefficients for the iPS/air interface represent a substantial magnification of the 

resonant SFG signal coming from this interface. 

 To further confirm that the film surface (iPS/air) was the main source of SFG signal, with 

negligible contribution from the iPS/silica interface and from the bulk crystals, the 16 h sample 

was coated with a thin layer of PMMA. The ssp spectrum collected in this configuration, as well 

as the spectrum of the 16 h film with no top coating, are shown in Figure 5.4 B. The feature 

observed at ~2955 cm-1 in the coated sample belongs to the PMMA. The pure PMMA SFG spectra 

contains no features between 2980 cm-1 - 3100 cm-1 as shown in Figure 5.4 C. We observe that, 

when the film’s surface is coated with PMMA, the SFG signal in the phenyl ring region decreases 

to about 1/3 of its initial value. Furthermore, coating the film surface resulted on a shift of the 𝜈2 

vibrational frequency from ~3070 cm-1 to ~3060 cm-1. These observations are consistent with the 

work of Curtis, et al.13, where the authors compared the SFG spectrum of the surface of atactic 
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polystyrene films, with the one in which the surface was coated with PMMA. These results indicate 

that the main source of the SFG signal in the present study is the film surface, with negligible 

interference from the bulk or from the iPS/silica interface. 

 

A.   B.    

C.  

Figure 5.4. A. SFG spectra of the amorphous and 16 h semi-crystalline iPS films collected in spp 

polarization. B. SFG spectra of the 16 h iPS film with and without the top surface coated with a 

thin layer of PMMA (ssp polarization). C. PMMA SFG spectrum in ssp polarization, showing the 

absence of features from 3000 cm-1 to 3100 cm-1. 

 

5.5.3. Tracking the crystallization progress by SFG 

 

Before performing the surface orientation analysis of the iPS films, it is important to know 

the changes in the SFG spectral features with the progress of the crystallization. The surface SFG 

spectra of iPS was previously reported by Oh-e and co-workers241. However, the spectra reported 

by the authors are of a rubbed iPS surface (annealed at 170 °C for 1 h), making it impossible to 
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directly compare with the spectra collected in the present study. Also, the authors did not explore 

the effect of the crystallization on the iPS SFG spectra. 

Previous authors have reported drastic changes in the SFG spectra with crystallization of 

different substances. For example, Zhang and co-authors monitored the freezing temperature of 

water at different interfaces by looking at the temperature at which there was a sudden increase of 

the SFG intensity at ∼3100 cm−1, which is associated with tetrahedrally coordinated hydrogen-

bond stretch, only present in ice242. Also, Johnson, et al. observed the appearance an intense new 

spectral feature at ∼3007 cm−1 when comparing the SFG spectra of amorphous and semi-crystalline 

PLA films228. Contrastingly, only subtle SFG spectral changes are observed during iPS 

crystallization, which is consistent with the IR and Raman behavior of iPS with crystallization243. 

When the SFG spectrum of the amorphous film is compared to that of the 2.5 h film (Figure 5.5 

A), which already contains several spherulites (Figure 5.3 B), we observe only a small decrease in 

the 𝜈2 intensity, with the other spectral features remaining nearly unchanged. Even when 

comparing the SFG spectra of the amorphous films with the 16 h iPS films (Figure 5.5 B), which 

have the surface dominated by crystals, we observe no new features emerging in the spectra. Still, 

in the phenyl ring frequency region (3000 cm-1 to 3100 cm-1), we observe changes in the relative 

intensities of the vibrational modes, as explained in the following paragraphs. Furthermore, in the 

backbone frequency region (2980 cm-1 to 3000 cm-1), it is possible to observe that the resonances 

of the 16 h films are better resolved than the ones of the amorphous films. For example, the 𝐶𝐻2𝑠𝑠 

and the 𝐶𝐻3𝑠𝑠 resonances are merged in the SFG spectra of the amorphous films, while they are 

completely separated in the SFG spectra of the 16 h films. The same happens with the 𝐶𝐻 and the 

𝐶𝐻2𝑎𝑠 resonances. This observation indicates that the level of ordering14 of the backbone groups 

at the surface is higher for the 16 h sample, compared to the amorphous samples, which is consistent 

with the backbone ordering that occurs during the helix formation of crystallization. Furthermore, 

the lower level of ordering seen for the amorphous iPS film surface is expected, as it maximizes 

the conformational entropy of the surface chains. 
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A.  B.  

Figure 5.5. A. SFG spectra of iPS amorphous films and 2.5 h semi-crystalline films. B. SFG spectra 

of iPS amorphous films and 16 h semi-crystalline films. All spectra are in ssp polarization. 

 

The use of SFG in the analysis of chain conformation in semi-crystalline systems raises a 

few challenges that are not present in amorphous systems. For example, the heterogeneity of the 

sample surface may lead to lack of repeatability in the SFG spectra. Figure 5.6 A shows various 

spectra collected for a single 5 h film specimen, at different spots. It is possible to see that, the 

spectra labeled as #1 is significantly different than the others, and that the relative amplitudes of 

the 𝜈7𝑏 and 𝜈2 modes resemble the ones observed for the 16 h sample (Figure 5.6 B). This probably 

happened because spot #1, which was chosen randomly, was richer in crystalline features than the 

other spots. Similar behavior was seen for the other intermediate crystallization times. It is 

important to mention that the orientation analysis of the films at intermediate crystallization times 

(2.5 h, 5 h and 10 h) is challenging and goes beyond the scope of the present work, because there 

exist two populations of chains with different conformations, and they may be probed 

simultaneously by the SFG beam. A deeper discussion of the SFG spectra differences due to 

heterogeneous film surfaces is presented in section C2 of Appendix C. 

Despite the intrinsic challenges associated with the SFG analysis of heterogeneous surfaces, 

we observe that the intensity of the 𝜈2 mode decreases progressively as crystallization advances 

(Figure 5.6 B). Also, we demonstrate that the SFG spectra provides an indication of the surface 

crystallinity. By simply calculating the ratios of the SFG intensities of the phenyl ring vibrational 

modes, it is possible to clearly distinguish the samples with lower surface crystallinity (amorphous 
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and 2.5 h) from the ones with higher surface crystallinity (5 h, 10 h and 16 h), as shown in  Figure 

5.6 C and D for the SFG intensities ratios of 𝜈20𝑏/𝜈2 and 𝜈7𝑏/𝜈2, respectively. 

 

A. B.    

C.  D.   

Figure 5.6. A. SFG spectra of a 5 h film, the curves are multiple spectra taken from different spots 

(curve numbers) of one specimen, in a single day. B. SFG spectra of iPS amorphous films and 

crystallized at 180 °C for 2.5 h, 5 h, 10 h and 16 h. C. Ratio of the SFG intensity 𝜈20𝑏/𝜈2  as a 

function of crystallization time (ssp polarization). D. Ratio of the SFG intensity 𝜈7𝑏/𝜈2 as a 

function of crystallization time (ssp polarization). Here, we note that, to account for the surface 

heterogeneity, the intensity ratios are based on the average of 24 to 52 spectra per crystallization 

time. Error bars represent the standard error. 
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5.5.4. Crystalline structure of iPS and expected SFG response 

 

The crystalline structure of iPS was described by Natta and Bassi244. The 31 helix of iPS in 

thin films may be oriented parallel or perpendicular to the surface normal, resulting in a flat-on or 

edge-on lamella orientation, respectively (Figure 5.7). Our goal is to use the SFG conformation 

analysis to determine the lamellar orientation of the surface crystals of the iPS thin films 

crystallized at 180 °C. To do this, we will discuss the expected SFG response of each lamellar 

orientation, and then, we will compare with the SFG spectra collected for the crystalline iPS films. 

A. B.  

Figure 5.7. Scheme of iPS lamellar orientation A. flat-on. B. edge-on 

 

In the flat-on lamellae, the surface of the sample is composed of the top face of the crystals, 

as well as of the amorphous loops formed by the chains going in and out of the crystal structure 

(Figure 5.7 A). The loops should have negligible contribution to the SFG response of the films 

because the loops can be considered to have an ensemble averaged inversion symmetry at the 

surface. Our hypothesis is based on the argument proposed by Li et al.19, for an adsorbed layer of 

polystyrene (train-loop-tail adsorption model), in which the loops’ influence on the SFG signal was 

neglected due to their ensemble averaged inversion symmetry at the interface arising from their 

amorphous nature. Therefore, the helices would be the only source of the SFG signal. In this 

conformation, all the phenyl ring groups in the structure assume the same tilt angle of 𝜃 ~ 73° 

(Figure 5.8 A and B) between the C2 axis and the surface normal. Furthermore, all the 𝐶𝐻2 groups 

assume the same tilt angle of 𝜃𝑏~ 110° (Figure 5.8 B). Therefore, for the SFG results to be 

considered consistent with a flat-on lamellar structure at the surface, one may expect to have a 

narrow 𝜃 distribution width and an average tilt angle of about 73° for the phenyl rings. Similarly, 

for the 𝐶𝐻2 groups, one would expect an average tilt angle, 𝜃𝑏, of 110° and a narrow 𝜃𝑏 distribution.  
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A.  B.  

Figure 5.8. A. Scheme of crystalline structure of iPS, according to Natta et al.244, for a flat-on 

crystalline orientation. B. Zoomed regions of the 31 helix of iPS, showing the angles between the 

𝐶2 symmetry axes of the 𝐶𝐻2 (𝜃𝑏) and phenyl ring groups (𝜃) with the surface normal. 

 

 In the edge-on lamellar orientation, the surface of the sample is the lateral face of the 

crystals (Figure 5.7 B), formed by the side of the iPS helices. The packing of the helices occurs in 

a way that the phenyl rings have various 𝜃 values (~0°, ~60°, ~120° and ~180°), as shown in Figure 

5.9 A. A detailed description of the expected SFG response of the edge-on orientation is more 

challenging than that of the flat-on orientation, due to the multi phenyl ring and  𝐶𝐻2 orientations, 

both within a single molecule and across the ensemble of molecules forming the crystal. For a 

single molecule containing more than one of the same functional group with different orientations, 

the SFG signal of both groups may have constructive or destructive interference245,246, depending 

on the angle between the groups and the surface normal. This effect is not accounted on the 

equations commonly used for 𝜃 and 𝜃𝑏 analysis that consider Gaussian angle distributions. 

However, considering the intermolecular packing arrangement of the iPS helices in the edge-on 

orientation, we may expect to have destructive SFG interference. When two or more of the same 

functional group is present at different orientations, the overall second order non-linear 

susceptibility tensor, which is responsible for the SFG response, has contributions of the non-

resonant susceptibility as well as the sum of the individual resonant susceptibilities of the groups245. 

When the direction of a group is reversed, the resonant susceptibilities change sign14. For iPS edge-

on packing, we see that each phenyl ring may be matched with another ring of the opposite 
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orientation (Figure 5.9 B). Given these orientations, we expect the two resonant susceptibilities for 

the paired rings to have equivalent value, but with reversed sign, leading to destructive SFG 

interference. Therefore, for the edge-on crystalline orientation at the surface, we expect to see 

spectral signs of a broad tilt angle distribution and of destructive interference, both leading to low 

SFG intensity and resolution in the backbone and phenyl ring regions.  

 

A. B.  

Figure 5.9. A. Scheme of crystalline structure of iPS, according to Natta et al.244, for an edge-on 

crystalline orientation. B. Oppositely oriented iPS phenyl groups are shown with the same frame 

color. 

 

5.5.5. Analyzing iPS lamellar orientation with SFG 

 

For determining the iPS lamellar orientation using the SFG spectra, we will use the 16 h 

films due to their higher surface crystallinity and increased surface homogeneity. Furthermore, we 

will compare the 16 h SFG spectra and orientation analysis, with the same results of the amorphous 

films. The amorphous iPS surface serves as a comparison to determine the conformational changes 

that occur with crystallization and gives the initial intensity and peak width of the resonances before 

crystallization. The SFG spectra of the iPS/air interface of the films in ssp and ppp polarizations 

are presented in Figure 5.10 A and B. The spectra fitted with Equation 5.1 are shown in Figure 5.10 

C and D for the phenyl ring resonances and in Figure 5.10 E for the backbone resonances (only 

ssp). The amplitudes of the phenyl ring vibrational modes, obtained through the Lorentzian fit 

(Equation 5.1), are presented in Table C1 of Appendix C. The phenyl ring tilt angle analyses (𝜃), 

according to methods 1 and 2 are shown in Figure 5.11, where the experimental ratios of amplitudes 

were plotted as the shaded regions and the overlap between the shaded regions and the solid curves 

represents the possible values of 𝜃 for each tilt angle distribution width (𝜎). The results of the tilt 

angle analysis are also shown in Table 5.1. 
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The SFG spectra of the amorphous iPS films (Figure 5.10 A) resemble the ones reported 

for atactic polystyrene (also amorphous) at the air interface5,7. While the ranges of possible values 

of 𝜃 obtained using methods 1 and 2 for the amorphous samples do not overlap (Table 5.1), the 

similarity between the results of the two methods still permits some elucidation of the orientation 

at the iPS/air interface. First, we may exclude the broader tilt angle distribution (𝜎 = 30°), because 

with this value of 𝜎, methods 1 and 2 differ by at least 25°. Then, when comparing the range of 𝜃 

shown in Table 5.1, we can conclude that the range of possible 𝜃 for the amorphous films is 31°-

58° or 122°-149°, with 𝜎 between 1° and 15°. Both the 𝜃 and distribution width range obtained for 

the amorphous iPS films are consistent with previous studies of the conformation of atactic 

polystyrene at the air interface 5,7. The differences in the results obtained using methods 1 and 2 

may arise from the different mathematical assumptions used to derive the equation of amplitude 

ratio as a function of 𝜃 (Equation C1 and Equation C2), which include theoretical calculations of 

the molecular hyperpolarizabilities.  Due to the low resolution and thus high fitting parameter 

uncertainty of the backbone resonances of the amorphous films, it is not viable to perform the 𝜃𝑏 

analysis.  Therefore, previous authors have focused exclusively on the analysis of the phenyl ring 

conformation when analyzing the atactic polystyrene/air interface, which are comparable to the 

SFG spectra of the amorphous iPS films5,7,8,17.  

When comparing the amorphous and 16 h SFG spectra, we observe that the SFG intensity 

and peak widths of the vibrational modes of the phenyl ring are similar in both samples (Figure 

5.10 C and D). In contrast, the resonances measured for the semi-crystalline 16 h films have 

narrower peak widths in the backbone frequency region when compared to the amorphous film 

(Figure 5.10 E). These observations are contrary to the expected SFG response for the edge-on 

lamellar orientation, in which a substantial destructive SFG interference is predicted. The phenyl 

ring 𝜃 results for the 16 h films in Figure 5.11 show that only narrow 𝜃 distribution widths are 

consistent with the experimental data, and there is agreement of the 𝜃 range and distribution width 

for methods 1 and 2 (Table 5.1). However, method 1 is better constrained when compared to 

method 2. While method 2 gives a wide range of possible 𝜃, method 1 gives two narrow ranges. 

For example, for 𝜎 = 15°, method 2 gives a 𝜃 range of 67°-113°, while method 1 narrows the 𝜃 

possibilities to 66°-73° or 107°-114°. These results are consistent with the predicted structure of a 

flat-on crystalline lamella (Figure 5.8), in which we expect a narrow 𝜃 distribution, and the 𝜃 
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determined from the flat-on crystal geometry of 𝜃 = 73° is included in the experimentally 

determined tilt angle range. 

 

A. B. C.

D. E.  

Figure 5.10. SFG spectra of iPS thin films: amorphous (black) and crystallized at 180 °C for 16h 

(red). A. ssp polarization, B. ppp polarization, C. Phenyl ring vibrational frequency region of ssp 

spectra fitted with Equation 5.1, D. Phenyl ring vibrational frequency region of ppp spectra fitted 

with Equation 5.1 and E. Backbone vibrational frequency region of ssp spectra fitted with Equation 

5.1.  

 

The backbone spectral features of the 16 h iPS films were well resolved, allowing the proper 

fitting of resonances for 𝜃𝑏 analysis. The ratio of the vibrational amplitudes of 𝐶𝐻2𝑠𝑠 (𝐴𝐶𝐻2 ss ) 

and  𝐶𝐻2𝑎𝑠 (𝐴𝐶𝐻2 as ) is used to determine 𝜃𝑏, according to the method proposed by Xiao, et al.247. 

The experimental value of 𝐴𝐶𝐻2 ss /𝐴𝐶𝐻2 as for the 16 h films was 0.4 ± 0.1, which indicates a high 

𝜃𝑏, in the range of 60° - 120°. This result is consistent with the expected value of 𝜃𝑏~ 110° in the 

helical structure of iPS in a flat-on orientation (Figure 5.8 B). 



96 
 

 

A.  B.  

Figure 5.11. Tilt angle analysis of the pendant phenyl ring of iPS. Solid black curves represent the 

plots of A. Equation C1 (Method 1) and B. Equation C2 (Method 2), for different values of the tilt 

angle distribution width (𝜎 = 1°, 15°, 30°). The shaded regions represent the experimental ratios of 

amplitudes and their standard error. Grey regions represent the amorphous sample, and the red 

regions represent the 16 h semi-crystalline films. The overlap of the shaded regions with the solid 

back curves represents possible values for 𝜃 and 𝜎. 

 

Table 5.1. Possible values of tilt angle assumed by the pendant phenyl ring of iPS at the iPS/air 

interface. 

 

𝝈 Amorphous 16h 

 Method 1 

𝜃(°) 

Method 2 

𝜃(°) 

Method 1 

𝜃(°) 

Method 2 

𝜃(°) 

𝝈 = 𝟏° 50-53 or 127-130 36-47 or 133-144 58-61 or 119-122 59-121 

𝝈 = 𝟏𝟓° 54-58 or 122-126 31-49 or 131-149 66-73 or 107-114 67-113 

𝝈 = 𝟑𝟎° 84-95 14-59 or 121-166 - - 

 

 

5.5.6. Validating the iPS lamellar orientation 

 

To validate the SFG results interpretation, AFM height images with high magnification 

were used (Figure 5.12 A and B). These images clearly show the presence of overgrowth terraces, 



97 
 

which is a characteristic of the flat-on orientation94,220,222,248. No fibril-like structures can be seen, 

which demonstrates the lack of edge-on orientation.  

 

A. B.  

C.  

Figure 5.12. A. AFM height images of the iPS films crystallized at 180°C 2.5 h (5 µm x 5 µm), B. 

Zoomed region shown in a. in a red square, B. Height profile obtained over the arbitrary line 1, 

shown in B. 

 

Direct measurement of the lamellar thickness by AFM is challenging and requires previous 

treatment of the surface such as chemical etching249. However, the height difference profile can be 

considered a good estimate of the lamellar thickness219. Figure 5.12 C shows the height profile over 

an arbitrary line (line 1 in Figure 5.12 B) at the surface of the crystal. The height profile is 

characteristic of the flat-on orientation, confirming the presence of the overgrowth terraces. The 

roughness analysis of the surface area of the crystals resulted in a root mean square height (Sq) of 

3.6 ± 0.2 nm. The Sq value represents the profile height deviation from the mean line, therefore, it 

is possible to infer that the average terrace step height is 7.2 ± 0.4 nm (2 x Sq). This value is 

1 
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consistent with the height difference of about 7 nm reported by Taguchi, et al.219 for iPS thin films 

crystallized at 180°C. 

The crystalline lamellae orientation is dependent on the crystallization temperature, due to 

the different surface energies of the growing crystal. Generally, higher crystallization temperatures 

lead to a preferred flat-on orientation and lower crystallization temperatures lead to preferred edge-

on orientation224. For iPS thin films, Sawamura, et al.220 reported flat-on crystals for isothermal 

crystallization at 180 °C. The authors observed the edge-on conformation only at a significantly 

lower crystallization temperature (150 °C). The flat-on orientation observed for the iPS thin films 

crystallized at 180 °C in the present study is also in agreement with what is reported in other studies 

for iPS thin and ultra-thin films crystallized at the same temperature231,250. The agreement between 

the AFM images and the SFG results demonstrates for the first time the possibility of using of SFG 

to determine and to confirm the orientation of polymeric lamella in thin films at the air interface 

and possibly also at buried interfaces. 

 

5.6. Conclusions 

 

In the present work, we analyzed the orientation of crystalline lamella at the surface of iPS 

thin films using SFG. Amorphous iPS films presented a surface conformation comparable to the 

one reported for atactic polystyrene (amorphous isomer of iPS) with similar molecular weight. In 

summary, the phenyl rings assumed a narrow tilt angle distribution width (𝜎), between 1° and 15°, 

with the average tilt angle, 𝜃, of 44° ± 14° or 135° ± 14°, and the polymer backbone presented a 

low degree of organization, most probably, to maximize the conformational entropy.  

It was observed that crystallization led to the appearance of more distinguishable vibrational 

modes for the backbone, compared to the amorphous samples, indicating a more organized 

backbone structure in the crystalline film. The SFG tilt angle analyses of both phenyl ring (𝜃) and 

methylene groups (𝜃𝑏) for the 16 h films (with a surface dominated by crystalline structures) are 

consistent with the reported 31 helical structure of iPS with the chains packed in a flat-on lamellae. 

Here, the analysis found that iPS phenyl rings assumed a narrow 𝜎, between 1° and 15°, with the 

average 𝜃 of 69° ± 4° or 111° ± 4, with the former value consistent with that expected for the flat-

on structure. In the backbone region, the 𝐶𝐻2 𝜃𝑏, was determined to be in the range of 60° - 120°. 
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These findings were confirmed by AFM analysis, which also revealed a flat-on lamellar orientation 

at the film’s surface. 

This research expands the use of SFG for the characterization of polymer conformations at 

interfaces in semi-crystalline thin films. To the best of our knowledge, this is the first time that the 

lamellar orientation at the surface of a polymeric thin films has been determined by SFG orientation 

analysis. This study opens the way to the investigation of more complex polymeric structures and 

crystalline arrangements that cannot be studied by other established methods such as AFM, for 

example thin films buried between two solid substrates. New techniques such as SFG are needed 

to elucidate the critical properties in thin films, such as adhesion and wettability, which are affected 

by the conformation of the interfacial chains. 
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Chapter 6 . Conclusions 

 

In this work, we have conducted a comprehensive investigation into the interfacial 

conformation of polystyrene chains across diverse interfaces using SFG spectroscopy. Our study 

offers significant contributions to the field of polymer science by providing detailed insights into 

the molecular-level arrangements at interfaces and their impact on macroscopic film behavior. We 

systematically explored the role of polymer molecular weight in determining the interfacial 

conformation near free surfaces and buried interfaces, such as silver and mica substrates, 

highlighting how the interplay between entropic and enthalpic forces of adsorption drives these 

conformations. 

Additionally, our research extends beyond fundamental conformational analysis by linking 

interfacial arrangements to the macroscopic behavior of polymer films, particularly their dewetting 

properties. This connection showcases the practical implications of molecular-level conformation 

in controlling film stability and performance. Furthermore, we introduced an innovative application 

of SFG spectroscopy for examining lamellar orientations at the interfaces of semi-crystalline thin 

films, broadening the scope of this technique in polymer science. 

Together, these findings provide a detailed understanding of the factors influencing 

interfacial molecular arrangements and their influence on the macroscopic film behavior. This work 

not only advances theoretical knowledge but also offers valuable experimental methodologies and 

strategies for using SFG spectroscopy as a powerful tool for interfacial studies in polymer science. 

 

6.1. Detailed conclusions, contributions and future work by chapter 

 

In Chapter 3, we conducted a detailed investigation into the interfacial conformation of PS 

chains near a silver substrate, with a specific focus on the influence of polymer molecular weight, 

using SFG spectroscopy. The chosen experimental approach enabled direct probing of these buried 

interfacial conformations, due to the intense plasmon field generated at the PS/silver interface. This 

field significantly enhances the SFG signal from the silver interface with minimum contributions 

from the PS/silica interface. Our results revealed that the molecular weight of PS plays a critical 

role in determining both the backbone and phenyl ring conformations at the interface. 
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Our findings demonstrated that short PS chains tend to adopt an isotropic conformation 

near the silver substrate, with phenyl rings tilting toward the surface to benefit from d-π interactions 

with the substrate. On the other hand, long PS chains assume an extended conformation that 

facilitates multisite adsorption, maximizing the enthalpic gain per chain. This extended 

conformation also induces significant torsion in the polymer backbone, which is possible by tilting 

the phenyl rings toward the surface normal. To our knowledge, this study represents the first 

application of SFG spectroscopy to elucidate the molecular weight-dependent conformational 

behavior of PS at a polymer/metal interface. 

The insights gained from this work extend far beyond the PS/silver system, offering a 

foundational understanding of the balance between entropic confinement and enthalpic adsorption 

that governs polymer behavior near metallic substrates. These findings have implications for a wide 

range of applications, including coatings, adhesives, and electronic materials, where polymer-metal 

interfaces play a critical role. Furthermore, our research highlights the necessity of accounting for 

chemical interactions in the equations used for SFG orientational analysis. Specifically, we 

demonstrated that the commonly applied hyperpolarizability values for other interfaces are not 

suitable for systems involving d-π interactions, such as the silver/PS interface. This critical 

methodological refinement addresses a topic that is underexplored in the literature and provides a 

valuable insights for interpreting SFG spectra in systems involving metallic substrates. 

This chapter provides an important contribution to our understanding of polymer chain 

behavior near metallic substrates, highlighting the impact of molecular weight on interfacial 

conformation through direct SFG measurements. It establishes a strong foundation for future 

investigations into additional factors influencing interfacial conformations at metallic interfaces. 

Potential directions for future research include: i) examining the effect of chain architecture, such 

as differences between polymers with phenyl rings in the backbone versus pendant phenyl rings; 

ii) analyzing chain conformations near various metals exhibiting distinct interaction types with 

polymers; and iii) exploring the role of surface chemistry by comparing the interfacial 

conformations of polymers near substrates with various chemical compositions and structures. 

In Chapter 4, we explored the conformation of PS chains at the polymer/air and 

polymer/mica interfaces, investigating the influence of polymer molecular weight on their 

arrangement. By using SFG spectroscopy, we analyzed PS chains with molecular weights ranging 

from 27,000 g/mol to 344,000 g/mol. Our findings reveal that the annealing environment, whether 
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at a free or buried interface, significantly templates the interfacial conformation of polymer chains, 

with these templated conformations subsequently impacting their behavior when transferred to 

other substrates. Specifically, we combined experimental results with theoretical calculations of 

enthalpic and entropic forces to establish a descriptive relationship between the initial interfacial 

chain conformation and the dewetting behavior of thin films. 

To overcome the inherent challenges of selectively probing the PS/air and PS/mica 

interfaces, we introduced an innovative application of the established thin-film flotation method, 

adapting it as a strategy for SFG studies to selectively probe different interfaces of a single film. 

This approach, coupled with Fresnel factor calculations, enabled the selective enhancement of 

signals from targeted interfaces, representing an innovative methodological contribution to SFG 

spectroscopy. 

Our results showed a clear distinction in interfacial conformations based on molecular 

weight: low molecular weight chains exhibited coiled conformations regardless of the interface, 

whereas high molecular weight chains displayed coiled conformations at the air interface and 

extended conformations at the mica interface. These variations in interfacial conformation directly 

influenced dewetting behavior. Films composed of low molecular weight PS exhibited slow 

dewetting rates regardless of their interfacial history. In contrast, high molecular weight PS films 

showed significantly different behaviors: air-templated chains with coiled conformations exhibited 

rapid dewetting due to the high entropic cost of adsorption, whereas mica-templated chains with 

extended conformations demonstrated slower dewetting rates, benefiting from higher enthalpic 

gain of multisite interaction, enhancing the film stability. 

One of the key discoveries of this work is the critical role that initial chain arrangement 

plays in dictating the macroscopic behavior of thin films, particularly their dewetting dynamics. 

Furthermore, we highlighted the powerful templating effect of the annealing conditions on the 

interfacial conformations, which could potentially be leveraged in other polymer systems. This 

study not only advances our understanding of the interplay between molecular structure, annealing 

conditions, and thin film performance but also bridges fundamental polymer science and practical 

applications, offering innovative approaches to controlling thin film behavior. 

In addition to these scientific contributions, we address long-standing questions in the 

literature regarding the disparity in dewetting behavior observed between two interfaces of a single 

film, providing robust hypotheses grounded in interfacial conformation differences. This work also 
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introduces the thin-film flotation method as a powerful tool for probing distinct interfaces within a 

single film using SFG spectroscopy, broadening the technique’s applicability to systems with 

substrates traditionally unsuitable for SFG measurements. 

 Future research inspired by this study could explore several avenues, such as: i) examining 

how templated interfacial conformations affect other film properties like adhesion and barrier 

performance; ii) investigating the behavior of PS chains with extremely low or high molecular 

weights to test the generalizability of our observed trends; and iii) developing reverse 

manufacturing strategies that utilize substrate-templated effects to achieve desired initial chain 

conformations, whether extended or coiled. These opportunities underscore the foundational 

impact of our findings on polymer science and thin film technology. 

In Chapter 5, we explored the application of SFG spectroscopy to determine the lamellar 

orientation of surface iPS crystals, representing a significant advance in the interfacial analysis of 

semi-crystalline polymers. By performing SFG measurements and orientation analyses on iPS 

films with varying isothermal crystallization times, we successfully identified the presence of flat-

on lamellar orientations at the film surfaces. This identification was achieved by combining 

experimental SFG data with theoretical predictions of SFG responses for the two possible lamellar 

orientations (flat-on and edge-on orientations), and it was subsequently confirmed through AFM 

analysis.  

Despite the common presence of semi-crystalline polymers in practical applications, the 

use of SFG spectroscopy to analyze such systems remains largely underexplored. Our research 

addressed this gap, highlighting both the potential and the challenges of applying SFG spectroscopy 

to semi-crystalline films. Specifically, we demonstrated that the intrinsic heterogeneity of these 

films, where crystalline and amorphous regions coexist, necessitates careful treatment of SFG data. 

We emphasized the importance of acquiring a large number of spectra to account for sample 

heterogeneity and of properly classifying these spectra to avoid misinterpretation. These 

considerations are crucial, as the spectra may represent crystalline regions, amorphous regions, or 

a mixture of both, and averaging such data for orientation analysis can lead to erroneous 

conclusions. 

Our study represents significant contributions to the field of interfacial analysis of semi-

crystalline polymer films. First, we established that the ratios of SFG intensities for specific 

vibrational modes can serve as a reliable, non-contact, and non-destructive indicator of surface 
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crystallinity. This provides a valuable tool for characterizing surface properties in situ. Second, we 

presented a comprehensive theoretical discussion for interpreting SFG responses of semi-

crystalline polymer thin films, elucidating the key differences between lamellar orientations and 

demonstrating how theoretical insights can greatly contribute to the analysis of experimental data. 

To the best of our knowledge, this is the first study to utilize SFG spectroscopy for determining 

surface lamellar orientation in semi-crystalline polymeric thin films. 

These advancements open new possibilities for the application of SFG spectroscopy in 

polymer research. Our work not only expands the analytical capabilities for studying surface 

crystallinity and lamellar orientation but also provides a foundation for further exploration. 

Potential future directions include: i) probing lamellar orientations at buried interfaces; ii) 

investigating other polymers with diverse crystalline structures; and iii) conducting in situ studies 

of semi-crystalline polymers during isothermal crystallization to monitor molecular 

rearrangements during nucleation and crystal growth. 
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APPENDIX A. Supplementary information for Chapter 3 

 

A1. Calculation of the uncertainty 

 

The uncertainty (𝛿�̅�) for each parameter 𝑥 was determined by error propagation of the 

fitting uncertainties (𝛿𝑥) given by the software, according to 𝛿�̅� = 1/6 ∗

√(𝛿𝑥1)2 + (𝛿𝑥2)2 + ⋯ + (𝛿𝑥6)2, where the subscript numbers represent each fitting. 

Furthermore, the uncertainties on the ratios of different amplitudes 𝛿(𝐴/𝐵) were determined by 

propagating the uncertainties for the amplitudes calculated by the previous method, according to 

𝛿(𝐴/𝐵) =
𝐴

𝐵
∗ √(

𝛿𝐴

�̅�
)

2

+ (
𝛿𝐵

�̅�
)

2

, where A and B represent two different vibrational amplitudes251. 

 

A2. Local plasmon field 

 

The decay in the plasmon field intensity across the PS film was calculated following the 

approach published by Read et al.140 for a continuous metal surface. The result is shown in Figure 

A1. The exponential decay of the plasmon field can be expressed as exp (−2𝑧/𝑙𝑑), where 𝑧 is the 

distance from the silver surface and 𝑙𝑑 is the plasmon field propagation depth, defined as: 

 

                                            𝑙𝑑 =
𝜆0

2𝜋
√|

𝜀𝑚+𝜂2

𝜂4 |                Equation A1 

 

Here, 𝜆0 is the wavelength of the excitation radiation, with a value of 532 nm for the visible 

radiation; 𝜀𝑚 is the real part of the relative permittivity of silver, with a value of 16.2252 and 𝜂 is 

the refractive index of polystyrene, with a value of 1.617. The intensity of the plasmon field decays 

exponentially and reaches about 20% of its initial value at the silica/PS interface, making the signal 

of this interface negligible with respect to the total SFG signal. 
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Figure A1. Decay in the plasmon field radiation as a function of the distance from the silver surface. 

 

A3. Tilt angle analysis using ssp amplitudes for 𝝂𝟐𝟎𝒃 and 𝝂𝟐 modes 

 

SFG can be seen as two consecutive processes, infrared absorption, followed by Raman 

scattering. Therefore, the plasmon enhancement effects observed for surface enhanced Raman 

spectroscopy (SERS) can be expected to influence the SFG spectra. In fact, Chulhai et al.253 

proposed that surface-enhanced SFG can be, at some level, interpreted as a ‘’SERS-like’’ process. 

In this sense, the SFG signal is not only related to the isolated molecular hyperpolarizabilities 

(𝛽𝑆𝐹𝐺
𝑀 ), but to the total hyperpolarizability of the molecule/metal system 𝛽𝑆𝐹𝐺

𝑡𝑜𝑡 . In a similar way to 

what is widely reported for the total polarizability in SERS experiments, one can expect 𝛽𝑆𝐹𝐺
𝑡𝑜𝑡  to 

have contributions from two enhancement mechanisms, the electromagnetic mechanism (EMM) 

and the chemical mechanism (CM)253.  

In the vicinity of a metal surface, the electron distribution within the molecule is perturbed, 

which changes the values of the hyperpolarizability elements. Baldelli et al.254 reported that the 

hyperpolarizability ratio 𝛽𝑦𝑦𝑧/𝛽𝑧𝑧𝑧 for carbon monoxide adsorbed on platinum was up to 6 times 

higher than that of the free molecule. The authors attributed the changes in the hyperpolarizabilities 

to the electron transfer from the d-orbitals of platinum to the π* orbitals of the CO molecules, which 

changed the overall shape of the electron distribution. 
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Equation 3.6 cannot be used in a quantitative analysis of the tilt angle distribution unless 

the values of the hyperpolarizabilities for the phenyl group adsorbed on silver are known. The 

calculation of the hyperpolarizabilities of PS adsorbed on silver goes beyond the scope of this 

paper, so only a qualitative discussion of the tilt angle analysis using Equation 3.6 is presented 

here. The goal of this section is to demonstrate that this alternative method for determining tilt 

angle leads to a result that is qualitatively consistent with the approach presented in the thesis text 

and that is based on Equation 3.5. 

The general qualitative relationship between the 𝐴𝜈20𝑏/𝐴𝜈2 ratio in ssp polarization (R) and 

tilt angle is shown in Figure A2.  Furthermore, the R value obtained experimentally using the 

amplitudes of the 𝜈20𝑏 and 𝜈2 modes in ssp polarization are presented in Figure A3. The decrease 

in the R value with increasing Mw indicates that tilt angle also decreases with increasing Mw. This 

qualitative trend is consistent with the tilt angle analysis presented in the main text, where the tilt 

angles were determined using different SFG polarization combinations (Equation 3.5). 

 

  

Figure A2. Qualitative relationship between the R value (𝐴𝜈20𝑏/𝐴𝜈2) and the tilt angle, θ. 
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Figure A3. R value obtained from the ssp spectra as a function of PS Mw. The uncertainties were 

determined as described in section A1 for the ratio of the amplitudes. 
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APPENDIX B. Supplementary information for Chapter 4 

 

B1. SFG spectra fitting 

 

The SFG spectra were fitted using a Lorentzian equation (Equation B1)7,10, to obtain the 

amplitudes of the vibrational modes of the pendant phenyl ring and backbone groups. Here, 𝐼𝑆𝐹𝐺  is 

the SFG intensity, 𝜒𝑒𝑓𝑓  is the effective second-order non-linear susceptibility tensor, 𝜒𝑁𝑅 and 𝑎 

are the non-resonant signal and its phase, respectively, 𝐴𝑞 is the amplitude of the vibrational mode 

𝑞, 𝜔𝐼𝑅 and 𝜔𝑞 are the infrared (IR) beam frequency and the frequency of the resonant vibrational 

mode 𝑞, respectively, and 𝛤𝑞 is a damping constant. The frequency assignments to the PS 

vibrational modes were made according to our previous publications187,188. 

 

𝐼𝑆𝐹𝐺 ∝ |𝜒𝑒𝑓𝑓|
2

= |𝜒𝑁𝑅𝑒𝑖𝛼 + ∑
𝐴𝑞

𝜔𝐼𝑅−𝜔𝑞+𝑖𝛤𝑞
𝑞 |

2

         Equation B1 

 

B2. SFG spectra of PS films 

 

Typical SFG spectral curves fitted using Equation B1 in the phenyl ring and backbone 

vibrational regions are presented in Figure B1. 
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A.     B.  

C. D.  

Figure B1. Typical SFG spectra of PS thin films. Markers represent SFG signal and lines represent 

the fittings using Equation B1. A. Air-templated interface - phenyl ring vibrational region. B. Mica-

templated interface - phenyl ring vibrational region. C. A. Air-templated interface - backbone 

vibrational region and D. Mica-templated interface - backbone vibrational region. 

 

B3. Phenyl ring orientational analysis 

 

Two well-established approaches were employed to determine the possible range of tilt 

angles for the pendant phenyl ring of the PS samples. The first approach 7 uses the ratio of the 𝜈2 

amplitudes in ssp and ppp polarizations to determine the range of possible tilt angle values. This 
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relationship is shown in Equation B2, where 𝐴𝜈2  represent the amplitude of the 𝜈2 mode and the 

brackets represent an ensemble average. 

 

                  
𝐴𝜈2,𝑠𝑠𝑝

𝐴𝜈2,𝑝𝑝𝑝
≅

0.65〈cos 𝜃〉−0.20〈𝑐𝑜𝑠3𝜃〉

−0.01〈cos 𝜃〉+0.31〈𝑐𝑜𝑠3𝜃〉
                                 Equation B2 

 

The second approach6,10,13,141 relates the ratio of the 𝜈20𝑏 and 𝜈2 amplitudes in ssp 

polarization to the possible range of 𝜃 (Equation B3). Here, 𝐴𝜈20𝑏  represent the amplitude of the 

𝜈20𝑏 vibrational mode, and 𝛽𝑐𝑎𝑎,𝜈20𝑏/𝛽𝑎𝑎𝑐,𝜈2 is the ratio of the hyperpolarizability components for 

𝜈20𝑏 and 𝜈2 modes.  

 

                     |
𝐴𝜈20𝑏,𝑠𝑠𝑝

𝐴𝜈2,𝑠𝑠𝑝
| = |(

𝛽𝑐𝑎𝑎,𝜈20𝑏

𝛽𝑎𝑎𝑐,𝜈2
) (

2(〈cos 3𝜃〉−〈cos 𝜃〉)

(7+2𝑟)〈cos 𝜃〉+(1−2𝑟)〈cos 3𝜃〉
)|                 Equation B3 

 

B4. Range of phenyl ring tilt angle for PS samples 

 

 The range of possible values of 𝜃 obtained using Equation B2 and B3, as well as the overlap 

region between the two approaches, are shown in Table B1.  

 

Table B1. The tilt angle of the pendant phenyl ring of PS samples, using Equation B2 and Equation 

B3. 

Sample 
Tilt angle range* 

Equation B2 Equation B3 Overlapping region 

27 kg/mol air-templated interface 33 ° - 47 ° 28 ° - 38 ° 33 ° - 38 ° 

27 kg/mol mica-templated interface 0 ° - 36 ° 33 ° - 49 ° 33 ° - 36 ° 

130 kg/mol air-templated interface 0 ° - 45 ° 33 ° - 42 ° 33 ° - 42 ° 

130 kg/mol mica-templated interface 32 ° - 44 ° 31 ° - 37 ° 32 ° - 37 ° 

344 kg/mol air-templated interface 26 ° - 35 ° 20° - 36 ° 26 ° - 35 ° 

344 kg/mol mica-templated interface 42 ° - 47 ° 44 ° - 90 ° 44 ° - 47 ° 

* Considering a narrow tilt angle distribution of 1° 
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APPENDIX C. Supplementary information for Chapter 5 

 

C1. SFG equations for phenyl ring orientation analysis 

 

Two methods were used to calculate the possible tilt angle range for the pendant phenyl 

ring at the iPS/air interface. 

 

Method 1 

 

This method, shown in Equation C1, relates the ratio of the 𝜈2 amplitudes in ssp and ppp 

polarizations to the 𝜃 range. Lu and co-workers7 have previously reported the derivation of 

Equation C1, which is used here as reported by the authors. In Equation C1, 𝐴𝜈2,𝑠𝑠𝑝  and 

𝐴𝜈2,𝑝𝑝𝑝 represent the amplitudes of the 𝜈2 mode in ssp and ppp polarization, respectively, and the 

brackets represent an ensemble average. 

 

                  
𝐴𝜈2,𝑠𝑠𝑝

𝐴𝜈2,𝑝𝑝𝑝
≅

0.65〈cos 𝜃〉−0.20〈𝑐𝑜𝑠3𝜃〉

−0.01〈cos 𝜃〉+0.31〈𝑐𝑜𝑠3𝜃〉
                                 Equation C1 

 

Method 2 

 

This is the most commonly used approach to estimate the 𝜃 range at the air/PS 

interface10,13,141. As shown in Equation C2, the ratio of the  𝜈20𝑏 and 𝜈2 amplitudes in ssp 

polarization are used to obtain the 𝜃 range. In Equation C2, 𝐴𝜈20𝑏,𝑠𝑠𝑝  represent the amplitude of 

the 𝜈20𝑏 vibrational mode in the ssp polarization. Also, 𝛽𝑐𝑎𝑎,𝜈20𝑏 and 𝛽𝑎𝑎𝑐,𝜈2 are hyperpolarizability 

components for 𝜈20𝑏 and 𝜈2 modes, respectively, and 𝑟 is the ratio between 𝛽𝑐𝑐𝑐/𝛽𝑎𝑎𝑐 for the 𝜈2 

mode. Here, we have used 𝛽𝑐𝑎𝑎,𝜈20𝑏/𝛽𝑎𝑎𝑐,𝜈2  = 1.12 and 𝑟 = 1.13, as reported by Hong and co-

workers6.  

 

                     |
𝐴𝜈20𝑏,𝑠𝑠𝑝

𝐴𝜈2,𝑠𝑠𝑝
| = |(

𝛽𝑐𝑎𝑎,𝜈20𝑏

𝛽𝑎𝑎𝑐,𝜈2
) (

2(〈cos 3𝜃〉−〈cos 𝜃〉)

(7+2𝑟)〈cos 𝜃〉+(1−2𝑟)〈cos 3𝜃〉
)|       Equation C2 

 

 



113 
 

C2. Fresnel coefficients of the silica/iPS and iPS/air interfaces 

 

The SFG intensity (𝐼𝑆𝐹𝐺) is proportional to the square of the effective second-order non-

linear susceptibility tensor (𝜒𝑒𝑓𝑓) (Equation C3). 

 

𝐼𝑆𝐹𝐺 ∝ |𝜒𝑒𝑓𝑓|
2
              Equation C3 

 

Each interface present in the sample contributes to 𝜒𝑒𝑓𝑓, as well as the non-resonant 

background, 𝜒𝑁𝑅
63. The participation of each interface in the overall SFG signal is based on the 

Fresnel coefficients (𝐹), responsible for the local field corrections at the interface, as well as the 

magnitude of the second-order non-linear susceptibility tensor at the interface, 𝜒. For the geometry 

used in the present study, we have: 

 

             𝜒𝑒𝑓𝑓 = 𝐹𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆𝜒𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆 +  𝐹𝑖𝑃𝑆/𝑎𝑖𝑟𝜒𝑖𝑃𝑆/𝑎𝑖𝑟 + 𝜒𝑁𝑅        Equation C4 

 

The components of  𝐹 and 𝜒  in 𝜒𝑒𝑓𝑓 for the ssp and ppp polarization combinations are: 

 

𝜒𝑒𝑓𝑓,𝑠𝑠𝑝 = 𝐹𝑦𝑦𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

𝜒𝑦𝑦𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

+  𝐹𝑦𝑦𝑧
𝑖𝑃𝑆/𝑎𝑖𝑟

𝜒𝑦𝑦𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

+ 𝜒𝑁𝑅,𝑠𝑠𝑝               Equation C5 

 

 

𝜒𝑒𝑓𝑓,𝑝𝑝𝑝 = 𝐹𝑥𝑥𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

𝜒𝑥𝑥𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

+  𝐹𝑥𝑥𝑧
𝑖𝑃𝑆/𝑎𝑖𝑟

𝜒𝑥𝑥𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

+ 𝐹𝑥𝑧𝑥
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

𝜒𝑥𝑧𝑥
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

+

 𝐹𝑥𝑧𝑥
𝑖𝑃𝑆/𝑎𝑖𝑟

𝜒𝑥𝑧𝑥
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

+ 𝐹𝑧𝑥𝑥
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

𝜒𝑧𝑥𝑥
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

+  𝐹𝑧𝑥𝑥
𝑖𝑃𝑆/𝑎𝑖𝑟

𝜒𝑧𝑥𝑥
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

+ 𝐹𝑧𝑧𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

𝜒𝑧𝑧𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

+

 𝐹𝑧𝑧𝑧
𝑖𝑃𝑆/𝑎𝑖𝑟

𝜒𝑧𝑧𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

+ 𝜒𝑁𝑅,𝑝𝑝𝑝      Equation C6 

 

We used the thin film model reported by Lu, X.63,112 to calculate the Fresnel coefficients at 

the 2 interfaces present in the current study. The visible and infrared beams incidence angles are 

60° and 55°, respectively, with respect to the surface normal. The refraction indexes of each media 

used in the model were reported by Lu, X.7. Figure C1 shows the |𝐹𝑦𝑦𝑧| coefficients (ssp 

polarization) as a function of the iPS film thickness for the silica/iPS and iPS/air interfaces. It can 

be seen that the iPS film thickness used in the present study (100nm) is in the region where 
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|𝐹𝑦𝑦𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

| is minimum. More specifically, the magnitude of |𝐹𝑦𝑦𝑧
𝑖𝑃𝑆/𝑎𝑖𝑟

| is 10 times stronger than 

|𝐹𝑦𝑦𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

|. 

 

 

Figure C1. 𝐹𝑦𝑦𝑧 magnitude for silica/iPS and iPS/air interfaces as a function of film thickness 

 

The modulus of the Fresnel coefficients for a 100 nm iPS thin film for ppp polarization are 

shown in Table C1. From Table C1, it can be seen that each component of the Fresnel coefficients, 

|𝐹𝑥𝑥𝑧
𝑖𝑃𝑆/𝑎𝑖𝑟

| , |𝐹𝑥𝑧𝑥
𝑖𝑃𝑆/𝑎𝑖𝑟

|, |𝐹𝑥𝑥𝑧
𝑖𝑃𝑆/𝑎𝑖𝑟

| and |𝐹𝑧𝑧𝑧
𝑖𝑃𝑆/𝑎𝑖𝑟

| is between 1.5x to  6x  stronger than its equivalent 

for the iPS/air interface, |𝐹𝑥𝑥𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

| , |𝐹𝑥𝑧𝑥
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

|, |𝐹𝑥𝑥𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

| and |𝐹𝑧𝑧𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

|. Therefore, all 

components contributing to the SFG signal in ppp polarization are magnified for the iPS/air 

interface, compared to the silica/iPS interface. 
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Table C1. Fresnel coefficients for iPS/air and silica/iPS 

 

 

 

 

 

 It is important to highlight that the SFG signal has a quadratic dependence on 𝜒𝑒𝑓𝑓, as 

shown in Equation C3. Therefore, a higher Fresnel coefficient for one interface compared with the 

other, means that the resonant vibrational SFG signal from that interface will be quadratically 

magnified.  

 

C3. SFG of heterogeneous surfaces 

 

The area probed by the SFG spectrometer was estimated to be about 300 µm2 based on the 

area burned on a piece of paper by the visible beam. The effective area probed is less than this 

value because it constitutes the area in which there is an overlap between the visible and infrared 

beams. When the SFG spectra is collected, the probing spot is randomly chosen, with no control or 

view of the features present in the probed area. In Figure C2, we show the optical microscopy of 

the 5 h film. The area of the squares indicates the area probed by SFG. One may observe that, there 

is a probability that the SFG probed area falls in a region with no crystals (white squares), and the 

resulting spectra would be similar to the one of the amorphous film. The other extreme case would 

be red squares, in which the SFG probed area falls in a region richer in crystals, compared to the 

rest of the film, and the resulting spectra would resemble the ones for the 16 h films. Lastly, most 

spectra would be collected from regions that are better representations of the average surface 

crystallinity of the film (yellow squares), and the resulting spectra would be intermediate between 

the white and red regions. 

 

|𝐹𝑥𝑥𝑧
𝑖𝑃𝑆/𝑎𝑖𝑟

| |𝐹𝑥𝑧𝑥
𝑖𝑃𝑆/𝑎𝑖𝑟

| |𝐹𝑧𝑥𝑥
𝑖𝑃𝑆/𝑎𝑖𝑟

| |𝐹𝑧𝑧𝑧
𝑖𝑃𝑆/𝑎𝑖𝑟

| 

0.33 0.40 0.41 0.48 

|𝐹𝑥𝑥𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

| |𝐹𝑥𝑧𝑥
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

| |𝐹𝑧𝑥𝑥
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

| |𝐹𝑧𝑧𝑧
𝑠𝑖𝑙𝑖𝑐𝑎/𝑖𝑃𝑆

| 

0.21 0.22 0.23 0.08 
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Figure C2. Optical microscopy of 5 h films. The area of the squares is 300 µm2, equivalent to the 

area probed by the visible and IR beams. White squares are in a region with no crystals. Red squares 

are in a region with high surface crystallinity. Yellow squares contain a balance of amorphous and 

crystalline phases. 

 

C4. Fitting amplitudes of phenyl ring resonances 

 

Table C2. Amplitudes of the vibrational modes of the pendant phenyl ring of iPS. The amplitudes 

were obtained through fitting the SFG spectra with a Lorentzian equation (Equation C1).  

 

Resonant 

mode 

ssp amplitude 

± standard 

error 

ppp amplitude 

± standard 

error 

𝜈20𝑏 0.25 ± 0.04 0.011 ± 0.007 

𝜈7𝑎 0.4 ± 0.1 0.16 ± 0.02 

𝜈7𝑏 0.09 ± 0.02 0.26 ± 0.02 

𝜈2 0.67 ± 0.03 0.13 ± 0.01 
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