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ABSTRACT 

 

Polymer nanocomposites (PNCs) are prepared by incorporating nanoparticles 

within a polymer host. The properties of PNCs are determined, in part, by the 

functionalities (e.g. electronic, optical, mechanical) of the nanoparticles and of the 

polymer host. Designing PNCs, however, is challenging due to uncontrolled enthalpic 

and entropic interactions that generally lead to micro and macrophase separation between 

the nanoparticles and the polymer; this negatively impacts the properties of the PNC. The 

goals of this thesis are the design of the structure and properties of thin film polymer 

nanocomposites in thin film geometry. Specifically, the research involved: (1) using 

thermodynamic principles to design and to fabricate thin film homopolymer/metallic 

nanoparticle PNCs; (2) investigating the dynamics of structural evolution of di-block 

copolymer (BCP)/metallic nanoparticle PNCs.  

In order to control the structure of PNCs, particularly the nanoparticle distribution, 

polymer chains were grafted onto the surface of the nanoparticles. Prudent choices of the 

grafted chain lengths, grafting densities and nanoparticle radii enabled significant control 

of the nanoparticle distribution within the PNC. A morphological phase diagram, which 

describes regimes of miscibility, in terms of the molecular characteristics of the mixture, 

was developed for polystyrene/polystyrene-coated gold nanoparticle (PS/PS-Au) 

mixtures. This information enabled the design and fabrication of PS/PS-Au PNCs with 
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unusual optical absorption (surface plasmon) and dielectric properties. The refractive 

indices of the thin film PNCs were tailored by manipulating the nanoparticle 

concentration and distribution, and the film thickness.  

In the second part of this thesis, it was shown how defects, specifically 

dislocations, had a significant impact on the nanoparticle distribution throughout thin film 

BCP hosts. When the nanoparticles are small compared to the average phase separated 

domains of the BCP, they reside preferentially within the domains. However, when the 

nanoparticles were comparable to the domain size they preferentially resided within the 

defect structures. This was shown to have a significant effect on the time-dependent 

evolution of surface nano-architecture of the BCP thin films.    
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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivation and Research Objectives 

 The fabrication of polymer-based composites by the incorporation of inorganic 

fillers into a polymeric host has had a wide ranging impact on the technological 

applications and performance of polymer based systems. Recently, nanoscopic fillers 

(sub-100nm particle size) with diverse functionalities (e.g., optical, magnetic, and 

mechanical) have been intensively explored as they relate to the design of polymer 

composites, specifically polymer nanocomposites (PNCs). Owing to the high surface-

area-to-volume ratio of nanoscopic fillers, low filler loading (<10 vol%) is often 

sufficient to maximize the property enhancements that can be attained by loading up to 

40 vol% for conventional microscopic fillers. Applications of polymer nanocomposites 

are in principle limitless, and range from photovoltaics and batteries to biological sensors 

[1-5]. Even though the research related to PNCs has been around for over decades, 

designing PNCs is still considered to be challenging since nanoparticles (NPs) have 

tendency to agglomerate, e.g., by Van der Waals attraction between NPs [6,7].  

Here, we have attempted to resolve the agglomeration problem by grafting 

polymer chains onto the nanoparticle surface hindering particle-particle interactions. Still, 

when chain grafted particles are incorporated into polymer matrices, host polymer chains 
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undergo entropic penalties near the particle surface due to the stretching of chains around 

particles. This entropic penalty will lead to phase separation between particles and host 

chains. Therefore, energetic interactions between the components must be carefully 

tailored to the spatial distribution of NPs. 

Inclusion of NPs not only creates desired properties based on their functionalities 

but also alters other material characteristics, such as glass transition dynamics [8,9] and 

viscosity [10] from their intermolecular interactions between polymer chains and 

particles. Lack of understanding of these intricate changes in the host materials may 

introduce a series of problems, from the fabrication of the product to the durability of the 

material. For example, nanoparticles have shown to drive defect nucleation due to 

unfavorable interaction between host chains and nanoparticles [11,12], which leads to 

performance loss and failure of the material. Other problems can come from the shift in 

dynamics and thermal properties of the materials. To minimize these issues, it is critical 

to align material properties with well-defined PNC structures.   

Here, we focus on the morphology of PNCs confined in thin film matrices as an 

extension of emerging thin film technologies such as data storage devices [13], optical 

coatings [14], and sensors [4]. The presence of interfacial interactions between polymer-

interface and particle-interface in thin films were capable of changing the phase 

miscibility from their bulk counterpart.  

 The goal of this research is to establish the design rule by tuning the scaling 

behaviors that relate to material properties involve thermodynamic interactions and 

kinetics of thin film polymer/brush-coated nanoparticle mixtures. We begin the 

discussion with the energetic interactions lying in thin film polystyrene (PS)-coated Au 
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nanoparticles/ PS mixtures which ultimately determine the film morphology. The next 

step is to employ these well-defined systems to correlate to the optical properties of the 

film in terms of NP distribution, particle size, and film thickness, where surface plasmon 

resonance (i.e., collective oscillations of conduction electrons induced by incident light) 

peak was shown to shift. Then, we change the host to block copolymers to further 

investigate NP organization in the phase separated polymer matrices, particularly the role 

of defects in thin film block copolymers (BCPs). In the final chapter, we illustrate the NP 

effect on the structural evolution of the two-dimensional islands on thin film BCPs 

associated with surface-driven defects. The remaining sections of this chapter provide the 

background and the context of the work described in the body of this dissertation. 

 

1.2 Background 

1.2.1 Phase behavior of homopolymer/nanoparticle mixtures  

1.2.1.1 Bulk Homopolymer/nanoparticle mixtures  

 To control the distribution of NPs throughout the polymer host, it is essential to 

understand the interactions between the entities. Ideally, the dispersion state of bare 

spherical NPs in the polymer host is determined by the volume fraction, ϕ, and NP size, 

R, where translational entropy Ftrans ≈ (ϕ/R3)lnϕ. However, there is an opposite effect as 

the volume fraction of NPs increases; the excluded volume effect leads to a loss of 

entropy which scales as ϕ2 [15]. Also, depletion interaction between particles arises from 

host chains trying to minimize contact with the particles to reduce entropic penalty near 

the surface. Moreover, Van der Waals interactions of NPs, which scale as Hamaker 

constant R and 1/xd (a distance between particles), increase the tendency to aggregate [6]. 
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Molecular dynamics simulations have demonstrated that when there is a strong 

absorption of polymer into the particle surface, bridging interactions can be effective at 

reducing the miscibility of particles [16]. All these factors render the spatial distribution 

of NPs a highly challenging issue.  

 Functionalizing NPs with polymer brush is a well-known technique to control the 

dispersion of NPs within the polymer matrices [17,18]. Even for chemically identical 

polymer brush and host chains, that is, an athermal mixture χKBT = 0 where χ is Flory 

interaction parameter, entropic effects need to be further controlled to attain a complete 

miscibility between two mixtures. Parameter space for athermal mixtures of polymer host 

and particles are the degree of polymerization of homopolymer chains, P, degree of 

polymerization, N, NP size, R, and grafting density, σ are the factors that controls the 

distribution of NPs [17,19]. The miscibility between grafted chains and host chains is 

described as either wet brush (Figure 1.1a) or dry brush (Figure 1.1b) where the former 

exhibits complete intermixing while the latter shows partial intermixing.  

 The scaling theory of interactions between host chains and polymer brush 

originated from the polymer brushes on the planar surface. When the interaction 

parameter is χ = 0, surface tension between brush and host chains dominates the wetting 

of the host chain to the brush. For positive surface tension between brush and the host, 

γbrush-host > 0, host chains will tend to dewet from the brush layer, often referred to as the 

autophobic dewetting of polymer chains. As γb-h decreases almost to a negligible value, 

host chains will wet the polymer brush by interpenetration into the layer and lead to the 

surface stabilization. The former is a “dry” brush while the latter describes a “wet” brush 

condition; note that minimal interpenetration still exists in the dry brush state. Longer 
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host chains and higher σ of the brush are unfavorable conditions for wetting the brush 

since the entropic loss will become significant for both host and brush. In dry brush 

conditions, opposing brush will be attracted due to the depletion of host chains. But when 

grafted chains on the planar surface are sufficiently sparse, brush collapses into a semi-

spherical cap which resembles a “mushroom” shape. Ferreira et al. [20] have estimated 

the wetting transition by self-consistent field (SCF) approximation to be  

while the calculation reaches its limitation for stretched brushes, . Brush further 

stretches to conform to host chains in comparison to the case where χ = 0 at similar N and 

P. Diagram of states in Figure 1.2 illustrates the scaling behavior of grafted chains 

undergoing different conformation. Borukhov and Leibler [21] have generalized the 

scaling theory by integrating χ into SCF equations. They verified that when χ is negative, 

short-range attraction between grafted chains and host chains favors the interpenetration. 

The enthalpic interactions are dominant for long chains. The differences between 

enthalpic-dominated regimes and entropic-dominated regimes were identified to be 

approximately at .  

 

Figure 1.1 Chain-end grafted spherical nanoparticles of length N mixed with 

homopolymer melt of length P. (a) Wet brush condition: complete intermixing between 

homopolymer melt and grafted chains. (b) Dry brush condition: partial intermixing 
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between homopolymer melt and grafted chains.  

 

 

Figure 1.2 Diagram of states for grafted chains in contact with chemically identical 

homopolymer melt. Reprinted with permission [21].   

The curvature effect becomes more significant as NPs become smaller, R < N1/2a, 

where a is the segment size [22]. The higher the curvature surface is, the less the chains 

will crowd radially from the particle surface to the end point of the brush. Spherical brush 

(brush on spherical surface), hence, will have a greater tendency to intermix with host 

chains. By using self-consistent field theory (SCFT) and scaling theory, Victor et al.[23] 

were able to demonstrate that the wetting transition is influenced by the curvature effect. 

They used the ratio of interpenetration width, wb-h, to the brush height l, as the scale to 

quantify the compatibility of grafted chains and polymer host. The segmental density of 

chains from the particle core was calculated and the critical wetting transition, N/P, 

increased with increasing particle curvature. The wetting behavior of large NPs, that is, R 

> N1/2a, will be nearly identical to the behavior of brush on flat surface.   
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 Phase miscibility of brush-coated NPs/homopolymer athermal mixtures is 

therefore controlled by N, P, R, ϕ, and σ. At low σ limit, below 0.1 chains/nm2, core-core 

attraction has not been screened completely, and NPs form aggregates in an asymmetrical 

shape. Ackora et al.[24] used self-consistent theory and Monte Carlo simulation to 

confirm the asymmetric geometries of particle aggregates. Experimental data agreed well 

with the theory and simulation based on the concept of short-ranged “point” interparticle 

attraction. A morphological diagram was established by the grafting density as a function 

of grafted chain length/matrix chain length and was characterized by four regimes: 

spherical aggregates, strings, sheets, and dispersed. Interplay between the rearrangements 

of grafted chains and core-core attractions governed the development of such 

morphologies. On the other hand, for high σ, particles do not show any distinctive 

morphology when they aggregate since direct core-core attraction is completely screened 

by densely grafted chains. In the dry brush regime, particle aggregates randomly formed 

but the aggregate size increased with the increase in particle concentration. A more 

general description of the phase behavior of these systems has been established 

qualitatively but a complete picture remains elusive since the parameter space is complex 

for different regimes and materials.  

1.2.1.2 Homopolymer/NP mixtures in thin films 

 Interactions between surfaces and the two components play an important role in 

the miscibility of homopolymer/NP mixtures confined in thin film geometry. McGarrity 

et al. [25] used density functional theory (DFT) to demonstrate the surface induced 

layering of particles near the hard surface and the exclusion of polymer chains from the 

surface. They referred to this as “entropic push”. The first order surface transition has 
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been rationalized by the subtle interplay between the chain entropy and packing entropy 

near the surface. Size anisotropies between particle and chain, and conformational 

entropy were the determining factors for the surface transition. However, the “entropic 

push” only presents in the narrow particle size range according to the theory: for 

sufficiently small particles, polymer chains do not suffer an entropic loss by incorporating 

particles while for larger particles, polymer chains resemble the particle surface as a hard 

flat surface.   

 Earlier studies have shown that particles tend to stabilize the film when particles 

are expelled to interfaces. When particles were entropically-driven to interfaces, particles 

suppressed the dewetting by reducing the surface energy of the film. Hosaka et al. [11] 

systematically controlled the dispersion state of polyhedral oligomeric silsesquioxane 

(POSS) particles by functionalizing the surface in order to study the dewetting behavior 

of polystyrene films. They have confirmed that dewetting was inhibited by the surface-

segregated particles while dispersed particles did not generate this effect. Also, the 

pinning of holes was pronounced for films in the dewetting process. Specifically, 

particles were shown to segregate to the boundaries of the holes, which suppressed the 

hole growth considerably. This tendency of NPs to segregate toward the interfaces can be 

used for self-healing materials and patterning by controlling the dewetting of the film.  

Meli et al. [19] was the first to experimentally demonstrate the crossover from 

miscibility to surface segregation of brush-coated spherical NPs in thin film 

homopolymer host. At fixed N =10 and P = 1500, a transition from surface segregation to 

intermixing occurred by changing Rcore from 2.5 nm to 1nm as translational entropy 

increases. For Rcore = 2.5 nm, host chains suffer a conformational entropic loss near the 
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particle which led particles to segregate. However, at fixed R = 2.5 nm, host chains 

enable to intermixing with the grafted chains as the size ratio between brush size and host 

chain length, N/P increases. In the wet brush regime, particles generally remained 

dispersed within the thin film host with surface excess showing up in the depth profile. 

Even though the particle and the host are miscible, particles are still tend to segregate 

towards the surface due to the entropic gain in thin film mixtures.   

 In chapter 2, we examine the phase behavior of polystyrene-coated gold NPs in 

thin film PS host. Phase separation was driven by the difference in architecture between 

athermal mixtures. Three regimes have been identified from the phase behavior of the 

system: (1) phase separation accompanied by surface fluctuation, (2) complete interfacial 

segregation and (3) miscibility. Since the transition from intermixing to phase separation 

was gradual with the ratio of P over N, an intermediate regime has been indicated in the 

phase diagram.   

 Subsequently in chapter 3, we apply the system in chapter 2 to explore the effect 

of morphology on the optical properties of thin film PNCs. We demonstrate the control of 

optical constants of thin film PNCs with respect to the NP morphology, particle size, 

concentration, and film thickness. With the control of miscibility between nanoparticles 

and polymeric host, we were able to fabricate the film from single- to multi- layer 

structure with alternating particle-rich and particle-poor layers creating optical anisotropy 

in the film. Spectroscopic ellipsometry was used to characterize the optical spectra in 

homogeneous and phase separated mixtures by integrating the degree of anisotropy to the 

optical layers in the model.  
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1.2.2 Phase Behavior of Diblock Copolymer/NP Mixtures  
 
1.2.2.1 Bulk Block Copolymer/NP Mixtures  

 A-b-B diblock copolymers (BCPs) serve as a great template for tailoring NP 

organization. BCPs, consist of two covalently bonded immiscible polymer blocks, phase-

separate into various structures from cylinders and spheres to lamellae. Figure 1.2 

illustrates a phase diagram of BCPs where f is the volume fraction of A block, χ is the 

Flory interaction parameter, and N is the degree of polymerization of BCP [26]. The 

surface functionalization of NPs is a general method for particles to stabilize into BCP 

matrices without aggregation [27-30]. When particles are functionalized to be compatible 

with one of the phase separated domains, e.g., A block, particles preferentially segregate 

to A domain upon phase separation.  

 Even though particles are enthalpically stabilized to A domain, one needs to 

consider parameters for entropic effects to tailor the precise spatial distribution within the 

block domain. Thompson et al. [31] calculated the free energy of BCP/NP mixtures using 

self-consistent field theory (SCFT) for polymers and density functional theory (DFT) for 

particles to predict the morphology of the particles within the BCP domain when χA-NP = 0. 

As a result, the distribution of NPs within the domain changed by the ratio between 

particle size R and the periodic spacing of BCP domain. In the case of R = 0.3R0, 

particles exclusively localized in the center of the domain to minimize conformational 

entropic loss of polymer chains. On the other hand, for R = 0.2R, particles distributed 

towards the interfaces since translational entropy dominates, while the conformational 

entropy of polymer chains is negligible. Following Thompson et al.’s pioneering work, 

many theoretical and experimental studies have studied wide range of parameter space to 
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control the NP localization [29, 30, 32-34]. In particular, the factors that determine the 

composite structure for polymer-grafted NPs are grafted chain size, areal chain density, 

χN, interfacial tension, volume fraction of particles as well as R/R0. By implementing 

these parameters, more complex structures have been developed such as organizing two 

different particles in BCPs by differentiating the core size or chemistry of the grafted 

chain.   

 

Figure 1.3 Mean-field phase diagram for symmetric A-b-B diblock copolymer, 

reproduced from [26]. The diagram depicts the different microstructures: BCC (spheres 

in a body-centered cubic array), HEX (cylinders in a hexagonal array), GTR (gyroid), and 

LAM (lamellar).    
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 At relatively high NP concentrations, NPs were shown to shift the order-disorder 

transition (ODT) and order-order transition (OOT) [29, 33,35]. Depending on the degree 

of surface affinity of NPs to the BCP chain, BCPs exhibited an increase or decrease in the 

segregation strength which shifted ODT. Kim et al. [33] have illustrated OOT by the 

concentration gradient in the 100µm-thick PS-b-P2VP film. As concentration gradually 

increased from top-to-bottom of the film, a phase transition occurred from lamellar to 

either spherical or hexagonal structures based on the molecular weight, Mn, 59 kg/mol 

and 114 kg/mol of PS-b-P2VP. The transition was largely due to the swelling of the 

domain by NPs, which induced the interfacial curvature of the BCP chains. 

Morphological transitions in BCP/NP mixtures provide rich phase separation 

characteristics that need to be considered in designing PNC structures.  

 

1.2.2.2 Block Copolymer/NP Mixtures in Thin Film Matrices 

 The self-assembly of BCPs in two dimensions (2D) has drawn considerable 

attention as scaffolds or templates for nanostructured materials [26]. To develop perfect 

long-range order, researchers have topographically [36] or chemically patterned [37] the 

substrate to direct the domain orientation and minimize the number of defects. A wide 

range of materials has been organized in thin film BCPs so far: quantum dots, spherical 

nanoparticles, nanorods, proteins, and metal/semiconductor channels [27, 35, 37, 38]. 

A number of studies have successfully presented a simple route to arranging 

inorganic NPs in cylindrical or lamellar thin film BCPs. Lin et al.[39] reported that the 

localization of CdSe particles in the P2VP domain of PS-b-P2VP film stabilized the 

hexagonally-ordered cylindrical structures. Solvent annealing of the film in liquid solvent 
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or in supercritical carbon dioxide enhances the degree of ordering with respect to high 

temperature vacuum annealing [39]. Kang et al. [37] chemically patterned the substrate to 

arrange the perpendicular lamellar structure of PS-b-PMMA film upon annealing.  

Even though this topic has been investigated vigorously for over a decade, 

tailoring NP organization in thin film BCPs is still challenging thermodynamically and 

kinetically [40]. Despite the fact that the interaction parameter, χ dominates the 

thermodynamic interactions, interfacial interactions and wetting behavior of thin film 

BCPs near the wall place additional constraints on the morphologies near the thin film. 

Moreover, there is a tendency for NP to segregate towards the wall instead of spatially 

distributing throughout the preferential domain. Using SCFT, Lee et al. [41] 

demonstrated that when BCP film is confined to two hard walls, the majority of NPs 

directed to the walls. Interfacial segregation of NPs is due to depletion attraction despite 

of the wetting condition between polymer and NP. He et al. also pointed out that upon 

annealing NPs segregated towards the substrate and to the free surface as the structure 

shifted from micelles to cylinders. Surface segregation of NPs led to faster ordering near 

the surface while the process was slower for the bulk [40]. Other challenges associated 

with the kinetic process come from the variation in morphology of thin film BCP-NP 

mixtures during the fabrication procedures. For example, heterogeneous solvent 

evaporation in the drying process leads to irregularity in BCP domains and particle 

aggregations [37]. Evidently, more theoretical and experimental studies are essential to 

fully understand and optimize the self-assembly process in thin film BCP-NP mixtures.  
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1.2.2.3 Defect Evolution in BCPs upon Ordering 

 Without any external field applied to BCPs, various defects are prone to 

developing in BCP upon phase separation. A defect is a non-equilibrium structure usually 

formed during the late stage of phase separation. Defects strongly impacts on material 

properties such as mechanical and dielectric properties. Understanding the nature of the 

defect formation is critical to tackle the problems in a range of chemical and physical 

applications. For example, grain boundaries (GBs) in bulk lamellar BCPs are better 

established than in other structures. GBs developed in lamellar BCPs are largely divided 

into two morphologies: twist and tilt GBs. Gido et al. rationalized the formation of such 

morphologies in lamellar BCPs by calculating free energy density as a function of 

interfacial curvature within the structure [42, 43].    

For thin film BCPs forming lamellae parallel to the substrate, defectless structures 

are only formed by the film thickness that is commensurate to multiple times of lamellar 

spacing, h = nL When the initial film thickness is other than h = nL, excess materials will 

evolve into islands or holes. Dislocations and/or disclinations were typically examined on 

the boundaries of island/hole structures to accommodate these structures [26, 44, 45]. 

Turner et al. [46] calculated the equilibrium position of edge dislocation that minimizes 

the free energy. This issue will be revisited in detail in chapter 4. For perpendicular 

lamellar structure, dislocations and disclinations are exposed to free surface. Hahm and 

Siebener were able to track defects by in-situ AFM studies to examine the defect mobility 

and morphological transitions. Substantial progress has been made in understanding 

defect-defect interactions and defect evolution involving propagation, relinking or joining, 

clustering, and annihilation.   
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Recently, studies in defect evolution have been moving towards an understanding 

of the effect on NP organization. Listak et al. [47] displayed NP aggregates along the 

grain boundaries formed in lamellar BCPs. While NPs strongly segregated to high-angle 

tilt GBs, i.e. T-junction and omega, NPs were not selective in low-angle tilt GBs, i.e. 

chevron grain boundaries (Figure 1.4). NPs not only organize along the GBs but also 

stabilized high-angle tilt GBs, which are barely examined in pure BCPs due to instability. 

An SCFT/DFT theoretical study by Thompson et al. provided qualitative evidence of 

Listak et al.’s observation. The theory predicted that NPs tend to be crowded in the 

regions of high packing frustration in GBs while NPs still show a sign of aggregation in 

regions of lesser packing frustration. They envisioned the feasibility of engineering 

“packing frustration” to self-organize NP clusters. In this context, we explored the role of 

defects on the self-assembly of NPs in lamellar-forming thin film BCPs (Chapter 4). This 

study proposed a novel method to self-organize NP clusters into defects trapped into 

boundaries of island/hole structures.   

In the following chapter, we investigate the NP effect on coarsening dynamics of 

islands on lamellar BCP film. The structural evolution of islands is discussed in terms of 

classical coarsening mechanisms, Ostwald ripening, and coalescence, which can be 

characterized by the morphology of NPs sequestered in island boundaries.   
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Figure 1.4 Transmission Electron Micrograph of Poly(styrene-block-ethylene propylene) 

copolymer/polystyrene coated-gold NP mixtures depicting a (a) chevron grain boundary, 

(b) omega-type grain boundary, and (c) T-junction grain boundary. Particle formed 

aggregates and periodically array along the high angle grain boundaries (omega-type and 

T-junction) while particle remained dispersed in polystyrene domain across the low angle 

grain boundary (chevron). Reprinted with permission. [47] 

   

 

1.2.3 Processing polymer thin films under supercritical carbon dioxide (scCO2) 

 Pressurized carbon dioxide is becoming an attractive alternative to organic 

solvents in polymer processing. Some advantages of CO2 processing include but are not 

limited to: non-toxicity, controllability of solvent strength, and enhancement in interfacial 

and transport properties of the material [48-51].  

Many studies have examined a wide range of CO2 conditions related to the 

plasticization effect and decrease in Tg of bulk/thin film polymers. Conditions for glassy-

to-rubbery transition rely on the interplay between thermal energy and CO2 solubility [49, 

52]. For amorphous polymer thin films, anomalous maxima swelling occurred under 

isothermal conditions where compressibility of CO2 becomes largely dissimilar to the 
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bulk [53]. Likewise, by subjecting to scCO2, a significant enhancement in crystallization 

was examined for Bisphenol A polycarbonate thin films comparing to the bulk analogue 

[48]. Differences between thin film and bulk was claimed to be due to the large surface 

excess of CO2 [48, 53]. Moreover, interfacial width in the bilayer film was shown to 

extend even at very low CO2 pressure. This characteristics can be employed to enhance 

interfacial properties of polymer layers [50, 51].  

Morphology and phase transitions of BCPs/polymer blends could also be tailored 

by pressurized carbon dioxide. Watkins et al. demonstrated that LCST (lower critical 

transition) of PS/poly (vinyl methyl ether) blend can be reduced as much as 115 ºC at 

only 2.4MPa [54, 55]. Considerable shift in phase boundaries was caused by the increase 

in volume disparity and the screening effect of favorable interactions in CO2. On the 

other hand, CO2 can in some cases drive phase miscibility for polymers that carry ODT 

(order-disorder transition)/UCST (upper critical transition) by screening repulsive 

intermolecular interactions. Morphologies of polymer blends and BCPs were controlled 

by tuning the temperature and pressure of CO2. For example, structural inversion of two 

segments in BCP micelles took place upon annealing in scCO2 as one of the blocks had a 

strong affinity to CO2 [18, 56]. The size of the micelle aggregates was modified by 

annealing conditions where the decrease in scCO2 activities led to an increase in size [56].   

Here, scCO2 annealing was particularly important for low temperature annealing. 

Sorption of CO2 plasticizes the polymer and lowers the glass transition temperature and 

viscosity for the polymer. Using scCO2 annealing, therefore, prevents ligands from 

thermal desorption and avoid the steric stabilization of NPs. Evidence of detachment of 

thiol-terminated ligands has been seen several studies which resulted in aggregation and 
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coarsening of particles [7]. For this reason, in this study scCO2 was selected as the 

annealing environment for processing thin film polymer/NP mixtures.   
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CHAPTER 2  

PHASE BEHAVIOR OF THIN FILM BRUSH-COATED NANOPARTICLES / 

HOMOPOLYMER MIXTURES 

 The phase behavior of supported thin film mixtures (h~120 nm thick) of 

polystyrene (PS) brush-coated spherical nanoparticle and PS homopolymers is 

characterized by three regimes, depending on P, the degree of polymerization of the PS 

host, and N, the degree of polymerization of the grafted chains. Phase separation between 

the nanoparticles and the host chains occurs in samples for which N < N* and P>>N. 

Specifically, the nanoparticles segregate exclusively at the substrate and free surface in 

these samples, forming a trilayered structure. When P>>N and N> N*, preferential 

segregation of the grafted nanoparticles to the interfaces is accompanied by a structural 

instability (surface roughening). We identify this as Regime I and the former as Regime II. 

The system is miscible in Regime III (P < N and N > N*); the nanoparticles are dispersed 

throughout the film. There exists a region of partial miscibility that separates regimes I 

and III. The characteristics of Regime I are reminiscent of phase separation in 

polymer/polymer thin film mixtures. Regime II is reminiscent of the interfacial 

segregation of hard spheres in an athermal melt of polymer chains. 

Reprinted with permission from Kim, J; Green P. F. Macromolecules 2010, 43 (3), 1524-

1529. Copyright © 2010 American Chemical Society.  
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2.1 Introduction 

 Polymer nanocomposites (PNCs) are a technologically important class of 

materials, with structural, biomedical and optoelectronic applications.[1-3] Depending on 

the polymer host and nanoparticle functionalities, this class of materials may exhibit 

properties, such as thermal, mechanical and optical, that differ significantly from the pure 

polymer host, even at low nanoparticle concentrations.[3-5] The properties of PNCs are 

sensitive to their microstructural features, which are generally difficult to control, largely 

due to a complex interplay of entropic and enthalpic interactions determine the spatial 

distribution of nanoparticles. [4, 6] One successful strategy that has been used to control 

the phase behavior of these systems is to graft chains, chemically identical to the melt 

chains, onto the nanoparticle surfaces. In principle, control of the degree of 

polymerization of the grafted chains, N, the degree of polymerization of the host, P, 

nanoparticle core radius, Rc, composition and the grafting density, σ, would enable 

control of the phase behavior, and hence the properties of the system. [4, 6]  The phase 

behavior of thin film mixtures polystyrene (PS) chain grafted gold nanoparticles with PS 

homopolymer chains is of particular interest in this paper.   

The miscibility between brush coated nanoparticles and a melt of chains, 

chemically identical to the grafted chains, is determined primarily by entropic constraints.  

The translational entropy promotes dispersion of the spherical particles in the system.  

For spherical particles of diameter D in a melt, the entropy of mixing is Fmix~(φ/D3) lnφ, 

where φ is the volume fraction; mixing is favored with decreasing D.[7, 8]  When chains 

are grafted onto the nanoparticles, the chains from the melt may be excluded from the 

brush layer at sufficiently high grafting densities.  This would favor aggregation of the 
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particles in order to reduce the interfacial free energy associated with the brush/host chain 

interfaces. There is an additional driving force; attraction between the nanoparticles 

might occur because the melt chains confined between particles suffer a loss of 

conformational entropy. This loss increases with increasing P, which would have the 

effect of enhancing particle-particle aggregation for larger P. At lower grafting densities, 

and P/N > 1, interpenetration of the brush layer by the free host chains may occur and this 

would favor dispersion of the particles within the host.   

The curvature of the particle surface has an important influence on the 

nanoparticle/host chain interpenetration, and hence miscibility. Klos et al. calculated 

density profiles for small nanoparticles, Rc < N1/2a, where a is the size of a monomer, as a 

function of distance from particle surfaces for a wide range of values of Rc, N, σ and 

P.[9]   It was shown that as Rc decreases, the grafted chains became less stretched, due to 

reduced crowding, for a constant σ and P. [10, 11] The probability of interpenetration by 

the host chains into the brush layer therefore increases with decreasing particle radius.  

Hence particle dispersion is therefore favored under these circumstances.  

 In thin films, miscibility is determined by additional factors that include 

melt/interface and nanoparticle/interface and melt /nanoparticle interactions. Recently 

Meli et al. showed that it was possible to disperse the nanoparticles within the polymer 

host and, additionally, to induce the nanoparticles to reside exclusively at the interfaces, 

free surface and substrate, through control of N and P.[12] Specifically, for small gold 

nanoparticles of Rc = 1.8 nm (Rc << N1/2a), and N = 10 (R = 2(Rc+RN) ~ 4.5 nm), the 

nanoparticles were miscible with PS host chains of P = 125, whereas for Rc = 2.5, N = 10 

(D = 7.5 nm), the nanoparticles phase separated toward the interfaces; the interior was 
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virtually devoid of nanoparticles. However, when N = 480, the system was miscible 

largely due to interpenetration between the melt chains of P = 125 and the grafted chains. 

These observations were rationalized in terms of the foregoing melt/brush interaction 

scaling arguments. 

 In this study we examine the phase behavior of thin film mixtures of φ~2-5 wt.% 

gold nanoparticles (Rc = 2.5 nm), onto which PS chains of varying N were grafted, and 

entangled PS chains of varying P. A phase diagram, which shows qualitatively the 

location of miscible, partially miscible and immiscible regions, depending on N and P (at 

constant σ) is proposed for this system. We show that the phase behavior of supported 

thin film (h= 120±10 nm) PS brush-coated spherical nanoparticle/PS homopolymer 

mixtures is characterized by three regimes, depending on P and N.  For P >>N > N*, 

complete phase separation occurs, wherein the nanoparticles segregate to both interfaces, 

accompanied by a structural instability. The topography of the film is characterized by 

spatial fluctuations in height. We will identify this as Regime I.  When P>>N and N < N* 

, phase separation occurs only normal to the substrate; the nanoparticles reside 

exclusively at the interfaces and the sample is characterized by a tri-layer structure. This 

is the regime discussed by Meli et al. and is identified in this paper as regime II. For P/N 

< 3 and N > N*, the system is miscible, wherein the nanoparticles are dispersed 

throughout the sample; this is regime III. There is a transition between regimes I and III, 

where nanoparticles and host chains are partially miscible. The characteristics of phase 

separation in Regime I are similar to those of thin film polymer/polymer blends, whereas 

those of regime II are similar to the phase separation of hard spheres in an athermal melt 

with homopolymer chains.  
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2.2 Experimental 

 The gold nanoparticles (AuNPs) were synthesized through modification of a two-

phase precipitation method described elsewhere. [4, 6] The thiol-terminated PS molecules 

(PS-SH) were purchased from Polymer Source (Mn=1,000 g mol-1, Mw/Mn = 1.4; Mn = 

29,000, Mw/Mn = 1.08; Mn = 50,000 g mol-1, Mw/Mn = 1.06). The synthesized particles 

were cleaned 10 times using methanol and toluene to remove excess ligands in the 

solution. After cleaning, the particles were dried, completely, and dissolved in toluene. 

Thermogravimetric analysis (TGA) was used to obtain the weight fractions of gold and 

ligands. The runs were performed by TA 2960 instrument under air at the heating rate 

5 °C/min. Using the weight fractions, the average particle size, determined from scanning 

transmission microscopy (STEM), and the densities of each species, we were able to 

calculate, for the Mn = 50,000 g mol-1 ligand, the areal grafting density, σ = 1.44/nm2 and 

RNP = 27.0 nm, with the Rc (radius of core) = 2.42 (±0.61) nm and RN (brush thickness) = 

12.3 nm.[12, 13] RNP was calculated from the interparticle spacing considering that 

chain-grafted particles are closely packed. Throughout the remainder of this paper the 

gold nanoparticles are identified as AuPSN, where N is the degree of polymerization of 

the grafted chain. While results for AuPS480 are mainly discussed, AuPS10, AuPS115, 

AuPS280 particles have been synthesized with the sizes 2.0, 4.65 and 4.81 nm and σ = 

1.44, 1.54, and 1.48 chains/nm2 respectively.  

 Sample Preparation 

 A series of toluene/PS solutions, each containing 3 wt.% PS of different 

monodisperse molecular weights (M = 170,000 g/mol. (P = 1630); 400,000 g/mol. (P = 

3840); 590,000 g/mol. (P = 5660); 900,000 g/mol. (P = 8640), were mixed with of 
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AuPS480 nanoparticles, of concentrations 2~5 wt.%; the mixtures were stirred for at least 

30 min. The solutions are then spin cast onto cleaned SiOx/Si substrates to form films 

with thicknesses of approximately 110-130 nm. The thicknesses of the samples were 

determined using spectroscopic ellipsometry (M-44, J.A Woollam Co.).  

Samples were annealed in a vacuum oven at 65 ºC for a day for solvent 

evaporation and then annealed in compressed CO2 (T = 50 ºC, P = 13.8MPa) in a high-

pressure cell. The annealing procedure is described in detail elsewhere.[14] Super 

critical-CO2 is a poor solvent for PS and it plasticizes the mixture enabling the system to 

reach equilibrium. It is used here in order to avoid heating the sample to very high 

temperatures to achieve a reasonable degree of plasticization and maintain thermal 

stability of grafted chains. Additionally sc-CO2 annealing is more controllable than liquid 

solvent annealing.   

Transmission electron microscopy (TEM), using a JEOL2010F in scanning mode 

(STEM), was used to characterize the lateral distribution of the nanoparticles in the 

samples. STEM was used to characterize the Au NP distribution throughout the film 

before and after annealing. The STEM samples were prepared first by spin casting the 

solutions onto a glass slide and then floating the resulting film from the slide onto a bath 

of distilled water. The films were then deposited from the water bath onto silicon nitride 

windows (SPI Supplies) for STEM analysis. Images were taken using high annular angle 

dark field (HAADF) detector (Z-contrast) applying accelerating voltage of 200 KV.  

 Depth profiles of AuNPs within the PS films were acquired using DSIMS, 

performed by Dr. Tom Mates at the University of California, Santa Barbara, using 

Physical Electronic 6650 Quadropole instrument. The combination of STEM and SIMS 
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enabled determination of the spatial distribution of nanoparticles in the films.  

Topographical analyses were determined using Autoprobe CP scanning force microscopy 

(SFM), operating in the contact mode. Information about RMS roughness (Rq) and 

kurtosis were extracted by WSXM software in order to characterize the topography. The 

characteristic lengths were obtained from the power spectrum density (PSD), which 

characterizes the surface fluctuations, as a function of frequency.  

 

2.3 Results and discussion 

 The SFM measurements indicate that the AuPS480/PS8640 films, h~120 nm, 

exhibited surface roughening, as shown in Figure 2.1a for P = 8640 and N = 480. The 

roughening increased after annealing (Figure 2.1b).  The depth profiles of the gold 

particles in Figures 2.1a and 1b exhibit maxima at the free surface and at the 

polymer/substrate interface. These maxima represent enhanced interfacial segregation of 

brush coated Au nanoparticles. This segregation may be understood in analogy to multi-

arm star molecules at interfaces; chains tethered to the particles suffer less of an entropy 

penalty upon segregation to an interface than the linear host chains. This relieves 

frustrated packing in the bulk; it also relieves the entropic restrictions associated linear 

chains at flat interfaces. The surface roughening is similar to the behavior of phase 

separated polymer/polymer thin film mixtures. [15, 16]    

 Characteristics of the structure of the phase separated samples will be discussed 

below, but in the meantime we note that samples for which P > 8N exhibit this behavior: 

preferential nanoparticle segregation to the interfaces accompanied by a structural 

instability. We will associate this behavior with Regime I. The structural instability is 
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suppressed in the range of N and P where 3N < P < 8N. However, while the instability is 

suppressed, phase separation still occurs; the nanoparticles segregate exclusively to the 

interfaces. This behavior is associated with Regime II and was identified by Meli et al.; it 

is analogous to phase separation between the homopolymers and athermal hard sphere 

nanoparticles. When P < 3N, the system is miscible; this behavior is associated with 

Regime III. A “phase diagram” characterizing the behavior of this system, depending on 

N and P, will be discussed later.   

 

Figure 2.1 Topographies and corresponding depth profiles of Au for a 4 wt.% 
AuPS480/PS8640 films are shown here for: (a) as-cast films (b) CO2 annealed films at 50 ºC, 
13.8MPa for 4320min.  
 

 

 The features of phase separation in Regime I are now discussed. In-plane 

distributions of AuNPs in hosts of different P, and fixed N = 480, for as-cast films are 
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shown in Figure 2.2. The particle-rich and particle-poor regions are evident from the 

images. The images indicate that as P increases from 1630 (=3.4N) to 8640, the particles 

aggregate and the extent of aggregation increases with increasing P.  

 
 
Figure 2.2 STEM images are shown for 4 wt.% AuPS480 mixed with PS hosts different 
molecular weights:  (a) Mn (PS)= 170 kg/mole (P=1630) (b) Mn (PS)= 400 kg/mole (P = 
3840) (c) Mn (PS)=590 kg/mole (P = 5660) (d) Mn (PS)=900 kg/mole (P=8640).  
 

 Information about phase separation of the system may be learned from an analysis 

of the number of nanoparticles throughout different regions of the sample. The average 

number of particles in the particle-rich phase, Npar, and in the polymer-rich phases, Npoly, 

were determined for each sample by counting the number of particles in several selected 

areas of each sample; the results are plotted in Figure 2.3. In this Figure, r=Npar/Npoly ;  

r~1.0, increases from P~3840, to r~3.3, for P~8640 (Figure 2.3). P~1630 denotes the 
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transition from miscibility to partial miscibility, with increasing P; the system is 

immiscible for P> ~ 4000. This transition miscibility to immiscibility occurs within the 

range of 3N < P < 8N.  

 

 
Figure 2.3 The ratio r=Npar/Npoly, is potted as a function of the molecular weight of the 
PS host chains. 200x200 nm2 areas were analyzed throughout different regions of the 
samples.  The number of particles at the boundary is (Npar+Npoly)/2.  
 

 Surface topographies of the AuPS480 /PS samples were also examined, using the 

power spectrum density analysis, to learn more about phase separation (Figure 2.4). The 

PSD exhibited much larger maxima for the sample containing 4% AuPS480/PS8640 than 

the sample containing 2% AuPS480/PS8640, revealing a much larger degree of phase 

separation (Figure 2.4a). Further, the PSD maxima and the average wavelength of the 
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fluctuations in the 4% AuPS480/PS5660 sample were appreciably smaller than that of the 

4% AuPS480/PS8640 sample, reflecting a much smaller degree of phase separation. This 

observation is consistent with the data in Figure 2.2.  

 The RMS roughnesses of samples containing 2% and 4% AuPS480/PS are shown 

in Figure 2.4b. The RMS roughness increased with increasing P, reflecting increasing 

phase separation. The sample with the higher concentration exhibited larger surface 

fluctuations, again reflecting increasing phase separation. Note that for host P < 4000, the 

surfaces are effectively smooth. However for greater values of P, the surface fluctuations 

increased rapidly. Again, this latter regime is associated with enhanced lateral phase 

separation. 

 Based on the AFM and STEM data, the regions of high nanoparticle concentration 

(aggregation) are associated with the peak locations of the surface topographies. The 

development of the topography reflects phase separation of the system, analogous to 

polymer/polymer phase separation in thin films; phase separation becomes significant at 

large P. The final state of these sample is one in which an excess of nanoparticles resides 

at both interfaces. The peaks and valleys in the topographies represent an attempt by the 

system to minimize the area of contact between the long chain grafted (N=480) 

nanoparticles and the homopolymer chains, subject to the interfacial constraints. Finally, 

with regard to experimental details, we note that the state of dispersion of the particles 

did not change significantly from the in-plane view after annealing for longer times, up to 

4320 min, as one might anticipate if the phase separation were nearly complete.  
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Figure 2.4 (a) The RMS roughness (Rq) vs M. are plotted for various host chain lengths.  

(b)  Power spectrum densities of different samples (orange square: 4% AuPS480/PS8640, 

blue diamond: 2% AuPS480/PS8640, green triangle: 4% AuPS480/PS5660) are shown here. 

The lines represent the characteristic wave vector for each mixture. 

 

 The distinction between phase separation phenomena in regimes I and II are 

clearly illustrated in Figures 2.5 and 2.6. It is clear from the STEM images in Figures 

2.5a, b and c that as N increases, for these mixtures containing PS of P=8640, the particle 
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aggregation increases. The SIMS profiles show that for smaller N, the nanoparticles 

reside exclusively at the interfaces. With increasing N, there is evidence of nanoparticles 

in the interior of the sample. However, the AFM images in Figure 2.6 provide the best 

insight into the actual phenomenon. The surface of the sample of lowest N is relatively 

smooth, whereas with increasing N, the surfaces exhibit significant height fluctuations.  

 The images in Figures 2.5 and 2.6 show that for small N (N=10), the particles 

reside exclusively at the interfaces according to the DSIMs profile in Figure 2.5a and the 

surfaces are smooth (Figure 2.6a). However, at large N, a structural instability 

accompanies the interfacial segregation, reflecting the behavior of polymer/polymer thin 

film systems that undergo phase separation. 

 

 
Figure 2.5 STEM images and depth profiles are shown here for samples in which P = 

8640 and: (a) N = 10 (b) N = 280 (c) N = 480.  All samples contained 4 wt.% Au. 
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Figure 2.6 The corresponding topographies are shown here for the samples in Figure 2.5. 

  

 Parenthetically, for P/N >> 1, one might anticipate that the nanoparticles would be 

miscible with the melt chains, particularly for sufficiently small values of N and Rc.  

Under such conditions particles may be incorporated within the host without much loss of 

conformational entropy. Such a case was observed by Meli et al. when particle diameter 

was DNP = 4 nm (Rc = 0.9 nm) and P = 8640. In our experiments, nanoparticles were 

larger, D = 10 nm and this behavior was not observed.   

 The N-dependence of the phase behavior of AuPSN/PS, described above is 

associated with three competing entropic contributions to the free energy. While grafted 

chains pack densely around the particle core to minimize the entropic stretching energy, 

the grafted chains reside in more stretched state for smaller N, in order to accommodate 

the high grafting density (σ> 1) near the surface of the core. Therefore with decreasing N, 

at constant σ, the host chains are excluded from the brush layer. Consequently, the 

particles exhibit a larger tendency to segregate to minimize the interfacial free energy.   

Segregation is further favored, as mentioned earlier, because confinement of the chains 

between nanoparticles reduces the conformational entropy of the host chains; this effect 
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increases with increasing P. The competing effect is that the host chain/brush layer 

interfacial tension decreases with decreasing N (and decreasing RNP), which favors 

miscibility, and hence dispersion. Therefore the suppression of the instability is not 

unexpected with decreasing N, at constant P.   

 

 
Figure 2.7 Phase diagram, represented by Rg,(P)/RN (Radius of gyration of host over 

brush thickness) versus N, is shown here for samples characterized for various values of 

N and P.  

 

A “phase” diagram was developed to qualitatively delineate the different regimes 

based on N and P at constant σ, Figure 2.7. The broken lines in the diagram show 

qualitatively where the different regimes of phase separation, miscibility and partial 

miscibility occur. For large values of N and P, the system is incompatible and phase 

separation occurs in a manner similar to phase separation in polymer/polymer systems 

(Regime I). When N is sufficiently small (N<N*=10) the behavior is that of hard particles 
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segregating to the interfaces to minimize the free energy of the system. There is a 

transition regime of partial miscibility between Regime I and Regime III, where the 

system is miscible. We anticipate that the quantitative aspects of the phase diagram are 

specific to the polymer and the molecular weights. However, we expect that the 

qualitative aspects of this phase diagram should be general, assuming that the 

nanoparticle is not too small. We now make final comments regarding the phase 

separation in regime I and II by drawing an analogy with the behavior of 

homopolymer/micelle systems. Semenov et al. proposed a theory of phase behavior of a 

linear homopolymer chain, A, and copolymer, A-B, spherical micelles (A-B/A) 

mixture.[17, 18] The relative sizes of NA-B to NA, determines, in part, the size of the 

micelle, and the phase stability. When NA-B>>NA, separation into A-B micelle-rich and 

homopolymer-rich phases occurs due to an attraction between micelles. For thin film A-B 

micelle/A homopolymer mixtures, micelles segregated towards the interfaces.[17, 19]   

The attraction between the micelles was predicted to increase with the size of the 

micelles.[17, 19, 20] Though this comparison between micelle/homopolymer mixtures 

was qualitative, one may qualitatively anticipate the phase behavior and structure of 

AuPS/ PS mixtures based on parameters, N, P, and D (2Rc + 2RN). The SIMS image in 

Figure 2.1 shows four maxima, each of which is associated with a layer of brush-coated 

nanoparticles. The diameter of the nanoparticles is approximately D = 30 nm and the 

depth resolution of the SIMS measurement is just under 20 nm.  The two peaks near the 

substrate correspond to the spacing of two layers of nanoparticles. It is difficult to make 

the same assessment of the free surface due to the instability. Nevertheless, the spacing 

between the peaks near the free surface and the substrate is also consistent with two 
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layers of grafted nanoparticles. The central region corresponds to homopolymer chains.  

 The theory of Semenov indicates that the attraction of micelles, and by extension 

our brush coated particles, should be strong. This would be consistent with the 

interpretation of the maxima in the SIMS data. Finally we note that with regard to 

athermal mixtures of stars and linear chains, where only differences in architecture are 

considered, Fredrickson et al. predicted that they are intrinsically, thermodynamically less 

stable than linear-linear athermal mixtures.[21] This prediction is consistent with our 

findings in regime I. 

 

2.4 Conclusions  

 Phase separation of thin film brush-coated NPs/homopolymer mixture was 

systematically studied by changing φ, N and P, at a fixed brush density and nanoparticle 

core radius. We showed that the phase behavior of supported thin film PS brush-coated 

spherical nanoparticle/PS homopolymer mixtures is characterized by three regimes, 

depending on P and N. Regime I is characterized by phase separation between the 

nanoparticles and the host chains normal to the substrate, accompanied by a structural 

surface instability. With decreasing P, at fixed N, the system became fully miscible for 

P/N < 3 (Regime III). The system was partially miscible between regimes I and III.  

Regime II was observed, when N < N*and sufficiently large P; phase separation occurred 

normal to the substrate, but the instability was suppressed. Characteristics of regime I are 

reminiscent of the behavior of thin film polymer/polymer mixtures. The behavior in 

Regime II is characteristic of the behavior of hard spheres separating from an athermal 

mixture with polymer chains.  
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CHAPTER 3 

TAILORING REFRACTIVE INDEX OF THIN FILM POLYMER 

NANOCOMPOSITES BY THE CONTROL OF NANOPARTICLE 

DISTRIBUTION 

 

3.1 Introduction 

The functionalities (e.g., optical, magnetic, mechanical) of polymer nanocomposites 

(PNCs) are influenced by the chemical compositions of the polymer and by the type, size 

and spatial organization, of nanoparticles (quantum dots, fullerenes, and metallic crystals, 

etc.) within the polymer host. The geometrical shape, interparticle spacing, and different 

types of entropic and enthalpic interactions between nanoparticles (NP) and between the 

nanoparticles and the polymer chains [1, 2] and the external interfaces. For example, 

optical properties of the polymer may change appreciably when mixed with metallic 

nanoparticles of different sizes and shapes, particularly for metal NPs possessing average 

sizes below 100nm) [3-5]. Noble NPs such as gold, silver and copper contributes to 

strong absorption and scattering of the light.  This is due to a surface plasmon resonance 

(SPR) effect,  arising from the collective oscillation of conduction electrons induced by 

the light. The absorption of light is evident from the color change in solutions or in films 

of polymer/NP mixtures. The magnitude of the surface plasmon resonance effect is 

controlled by the interparticle distance and the relative permittivity (dielectric constant) 
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of polymer, as well as size and shape of particles [6-11]. Applications of the SPR effect 

include biological sensors, surface-enhanced spectroscopies and photovoltaics [8, 12-14].  

 In this study, we have incorporated Au NPs, onto which polymer chains are 

grafted onto the surface, enabling the fabrication of polymers with very stable structures. 

Functionalizing the surface of NPs is one of the most common methods to control 

nanoparticle/polymer compatibility and to control the spatial distribution of NPs.  This 

study differs from previous studies, where the SPR effect was studies under conditions 

where the NPs of varying grafted chain sizes and thus interparticle spacing where placed 

on a hard substrate [5, 11, 15].  In this study, however, NPs with different grafted chain 

sizes were incorporated into a polymer hosts of varying chain lengths; this enabled 

tailoring of the spatial distribution of nanoparticles and hence the optical properties of the 

mixture. With this, we have demonstrated the effect of interparticle spacing and NP size 

on the SPR band in homopolymer thin film.  

 Following our earlier study, NPs were functionalized with polystyrene (PS) 

ligands and incorporated into PS host; this system is an athermal mixture because the 

structure is determined largely by the host/brush interactions. Combinations of the degree 

of polymerization of the host, P, and the degree of polymerization of the ligand, N, 

grafting density and core size, Dcore were key factors that determined the miscibility of 

NPs to the host. Two distinctive systems-homogeneous and phase separated thin film 

mixtures- created by varying N, P and Dcore, together with an additional control of film 

thickness, h and the NP concentration. Apart from the applications abovementioned, thin 

film phase separated mixtures may have its own merit of enhancing light absorption and 
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scattering in optical devices as anti-reflection coating for example, with multiple 

refractive indices inherited in the film [16-18].   

 Once we characterized the film structures, UV-Vis and spectroscopic 

ellipsometry (SE) were used to characterize the optical spectra and correlate to the 

morphology of thin film PS-coated/polystyrene mixtures. While UV-Vis measures the 

light absorption of the film, SE measures the reflectance ratio between s-polarized light 

and p-polarized light, which is sensitive to a small shift in refractive index and optical 

anisotropy within the film. The SE measurement, therefore, was conducted to directly 

measure the optical properties in order to reveal the nature of NP distribution in thin film 

polymer host. In these measurements, films containing homogeneous distributions of NPs 

and others where the NPs preferentially resided at the external interfaces (phase 

separated), were analyzed using optical models that appropriately described the structure.  

 

3.2 Experimental 

3.2.1 Materials and sample preparation 

Gold nanoparticles (Au NPs) were synthesized using the two-phase arrested 

precipitation method reported by Brust et al [19]. Thiol-terminated polystyrene molecules 

(PS-SH) of number-average molecular weight Mn = 1100 g/mol (Mw/Mn = 1.12), 3000 

g/mol (Mw/Mn = 1.07), and 5300 g/mol (Mw/Mn = 1.1), purchased from Polymer Source, 

Inc., were then grafted onto the surfaces of the nanoparticles. The details of our synthetic 

procedures are described in earlier publications. The synthesized particles were cleaned at 

least 10 times using methanol and toluene to remove excess ligands and salts in the 

solution. Thermogravimetric analysis (TA 2960) was used to estimate the grafting density, 
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σ with the weight fractions between gold and ligands, densities of each component and 

the runs were performed under air at a heating rate of 5 °C/min.  

The diameters of the NP cores, dcore, and the brush thicknesses, hbrush, were 

determined from scanning transmission electron microscopy (STEM) images of the 

samples, obtained using a JEOL 2010F electron microscope operated at 200 kV. The 

average particle sizes were determined by measuring the diameters of groups more than 

300 NPs in the images. Three sets of grafted nanoparticles were prepared: (1) Au(5)-PS is 

a nanoparticle of dcore = 4.6 ± 1.2 nm and dNP = dcore + 2hbrush = 8.6 ± 1.1 nm; N = 50, σ = 

1.0 chains/nm2; (2) Au(2)-PS is a nanoparticle of dcore = 1.8 ± 0.5 nm; dNP = 4.5 ± 1.1 nm, 

N = 10 and σ = 1.9 chains/nm2; (3) Au(7)-PS is a nanoparticle of dcore = 7.0 ± 1.4 nm; dNP 

= 12.8 ± 1.5 nm, N = 30 and σ = 1.9 chains/nm2. 

Polystyrenes (PS) of number-average molecular weight Mn = 7500 g/mol and Mn 

= 170000 g/mol and polydispersity, Mw/Mn ≤ 1.06 were purchased from Pressure 

Chemical Inc. Homogeneous solutions containing well-defined concentrations of the PS 

and the nanoparticles were prepared using toluene as a solvent. The solutions of 

PS/Au(dNP)PSN (N = 10, 30, 50) mixtures were spin-casted on to cleaned silicon 

substrates with native oxide layer (~14 Å) then dried in vacuum oven at 60 °C for 16 ~24 

hrs to remove excess solvent in the film.  

 

3.2.2 Structural characterization 

 The morphologies of the thin film PNCs, the Au NP distributions and the 

roughness of the sample were determined using a combination of STEM, dynamic 

secondary ion mass spectrometry (DSIMS) and scanning force microscope (SFM). The 
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samples examined using STEM were prepared first by spin-casting their solutions onto a 

glass slide and then floating the film from the slide onto a bath of distilled water. The 

films were then transferred onto a Si3N4 grid and subsequently dried by annealing them in 

vacuum at 60 °C for 16 h. DSIMS was performed at University of California Santa 

Barbara by Tom Mates using a Physical Electronics 6650 Quadropole instrument used to 

determine the depth profile of Au within PS films. SFM measurements of the films were 

performed using the MFP-3D (Asylum Research, Inc.) microscope, in tapping (AC) 

mode with silicon cantilevers (Nano and More Inc., spring constant 20 N/m and resonant 

frequency of 130 kHz) to verify the surface roughness of the film. RMS roughness turned 

out to be below 1.5 nm for all the samples.  

 

3.2.3 Optical characterization 

The absorption spectra were measured using a Varian Cary 50 Bio. The complex 

refractive index (RI) was characterized by multi-variable angle spectroscopic 

ellipsometric (M-2000D with the NIR extension, J.A.Woollam Inc., Co.) and 

CompleteEASE software (J.A.Woollam Inc., Co.). Spectroscopic ellipsometry (SE) data 

is acquired from the change in polarization of light reflected by the film with the 

wavelength range of 193-1690 nm and incident angle range of 45-80 degrees. 

Ellipsometry measures the reflectance ratio, ρ, between p- and s-polarized light which is 

parameterized by ψ and Δ: 

                                                   (3.1) 

To determine the film thicknesses, h, of the nanocomposite samples, transparent 

wavelength range 900-1690 nm was initially selected and fitted by the Cauchy model. 
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Then the range was expanded to 350-1690 nm rest of wavelength to fit NP coverage and 

optical spectra in effective medium approximation (EMA) model, which will be 

discussed more in detail. The merit function used to assess the quality of fitting the 

measured data was mean-squared error (MSE) between measured data and calculated 

data by the established model:  

+ ]                  (3.2) 

where N is the number of (ψ and Δ) and M is the number of model parameters.  

One should proceed with caution when constructing a model and fitting raw data of 

spectroscopic ellipsometry (SE) because low MSE does not necessarily mean the fitted 

data is close to the actual physical property. The complexity usually arises from trying to 

fit too many parameters at the same time. It would be ideal to have a sample with a 

known structure to attain proper optical constants as a function of wavelength. Step-by-

step fitting procedures will be shown in more detail in Appendix D.  

Detailed models used to fit ψ and Δ were developed based on the structural 

characterization, based on DSIMS and STEM data. First, we consider homogeneous 

composite film for all the samples and build EMA layer that consists of two materials, i.e., 

Cauchy for PS and bulk Au, on top of substrate layer (Figure 3.1a). To characterize phase 

separated mixtures, however, it would be unphysical to treat as a single RI since the film 

contains multiple refractive indices. Therefore a single EMA layer was divided into three 

EMA layers, which mimic the actual structure (figure 3.2); repeated refining of the model 

allowed the MSE to be minimized. Since the number of fitting parameters tripled by 

dividing the layers, we limited the parameters by fixing film thicknesses of each layer 

based on the htotal and h of two NP-rich layers (determined by DSIMS). The volume 
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fraction of NPs was set to reasonable value 0 for middle layer to further reduce the 

number of variables. After fitting the particle coverage of NP-rich layers and constants 

for Cauchy model, the thickness and NP volume fraction of all the layers were re-fitted.  

The oscillator models were then built using the optical spectra obtained by EMA 

model. This is a reasonable procedure since bulk Au permittivity should be re-evaluated 

since the model does not respond to different particle size and interparticle spacing [20]. 

Both EMA and Lorentz oscillator models consist of dielectric functions that only describe 

a homogeneous sample. The simplified Lorentzian equation can be described as the 

following:  

                   (3.3) 

In this equation,  is the bulk plasma frequency, and  is the free electron relaxation 

frequency, which describes the peak width. An improvement in MSE was evident; it 

agreed physically with other theoretical and experimental data. In Figure 3.1, the peak 

width and location for Au(5)PS50-PS70 sample were slightly adjusted after fitting with 

Lorentz oscillator model; this led to an improvement of the MSE model by 3~5. Results 

for 2 nm NP embedded film initially displayed the most improvement in MSE, from 18 to 

6 by fitting with Lorentz model. Real and imaginary part of complex refractive index, n 

& k, follows Kramer-Kronigs relation showing the dependence between dispersive and 

absorptive properties of the sample [21].  
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Figure 3.1 (a) and (b) are effective medium approximation (EMA) models for 

homogeneous (single layer) and phase separated mixtures (tri-layer) (c) An example (20 

wt% Au(5)PS50/PS70 sample) of fitting ψ and Δ data with EMA model (initial model) and 

General-Oscillator model (parameterized complex refractive index, n & k from EMA 

model). 
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3.3 Results and Discussion 

Using the strategies described below, thin film samples contain different 

nanoparticle distributions: (1) homogeneous distribution and (2) nanoparticles located 

only at the external interfaces. The nanoparticle distributions of these samples, 

determined using scanning transmission electron microscopy (STEM) and dynamic 

secondary ion mass spectrometry (DSIMS) are shown in Figure 3.2.  The most important 

question is to what extent does information about the refractive index (RI), as determined 

by SE, of thin film PNC reflect the NP distribution.   

  The NP distributions in the samples were obtained by controlling the experimental 

variables, N, P, the nanoparticle size and the grafting density of the nanoparticle.  

Specifically, to obtain phase separated mixtures consist the variables were N = 30, P = 

1630 and Dcore= 7nm.  In this situation, the grafting density is sufficiently high and P>>N, 

so the so-called dry-brush condition is met. The particle is also sufficiently large, 

comparable to, the radius of gyration of the host chains, that the free energy is minimized 

when the nanoparticles are located at the external interfaces. The additional driving forces, 

the van der Waals forces between the nanoparticles and the substrate, are largely 

responsible for the segregation of a fraction of the nanoparticles to the substrate.  When a 

fraction of the NPs are at the free surface the host chains gain translational entropy.  We 

note further that the particles form close packed structures, local two-dimensional 

crystalline ordering (Figure 3.2a and 3.2b), at the interfaces, a consequence of the 

segregation. This structure is obtained regardless of the film thickness h or Au weight 

fraction �.  

The homogeneous distributions were achieved by changing N and Dcore. When the 
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nanoparticle size is decreased to Dcore= 2 nm (Figure 3.2d), smaller the size of the host 

chains, NPs arranged to form a more uniform distribution throughout the films Figure 

3.2f (dashed curve). In this case, the translational entropy became more important; 

moreover, because of the small size of the nanoparticles relative to the host chains, the 

conformational entropy (stretching energy) of the host chains is reduced considerably.  

[1] The second strategy for achieving a homogeneous mixtures (Figure 3.2f) is to 

increase the value of N (N = 50), decrease P (P= 70) and the particle size from (Dcore= 

7nm to 5 nm. These strategies enabled the “wet brush” condition to be met, i.e., host 

chains intermix with the brush (Figure 3.2f).  

 Figure 3.2 (a), (b) and (c) show STEM and DSIMS data of phase separated 

Au(7)PS30/PS1630 mixtures, (a) ФAu~0.02 (wt. fraction), h ~ 54 nm (b) ФAu~0.02, h ~ 160 

nm (c) Au depth profile which contains ФAu~0.03 , h~ 90 nm (line), ФAu~0.02 , h~97 nm 

(dash), ФAu~0.02 , h~55nm (square dot); (d), (e), and (f) present homogeneous mixtures 
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where (d) Au(2)PS10/PS70, ФAu~0.02, h~97 nm (e) Au(5)PS50/PS70, ФAu~0.02, h~85nm (f) 

Au depth profile of Au(2)PS10/PS70 (dash) and Au(5)PS50/PS70, (line) both containing 

ФAu~0.02. Right side of (c) and (f) are the schematics of phase separated and 

homogeneous films based on DSIMS profile. Scale bar presents 50 nm. 

 

Based on the structural characteristics of these samples, optical models were 

constructed in order to interpret their SE optical spectra.  The optical properties of 

homogeneous and phase separated mixtures containing 30 wt% Au were characterized 

and compared to the absorption spectra shown in Figure 3.3a. The absorption peak 

locations for homogeneous and phase separated mixtures were 533 nm to 538 nm 

respectively. This slight red shift of the peak would be due to the shorter interparticle 

distance and local aggregation of NPs in phase separated mixtures (Figure 3.2b). 

However, the enhancement of the sensitivity, that is, the ratio between maximum and 

minimum intensity in the SPR band, was an unexpected result. We speculate that this 

may arise from the unique geometry of the sample. The role of the NP size on the shift 

may be excluded because these size ranges (Dcore = 5 and 7 nm) are too small; this 

interpretation is consistent with theoretical and experimental studies of nanoparticles in 

solution. 
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Figure 3.3 (a) Absorption spectra of Au(7)PS30/PS1630 (blue, phase separated) and 

Au(5)PS50/PS70(red, homogeneous) mixtures of ФAu~0.03(wt. fraction), h ~ 100nm. SPR 

peak was red-shifted by 5 nm with enhanced refractive index sensitivity (RIS), an 

intensity ratio between the peak and local minimum within the band from homogeneous 

to phase separated mixtures. (b) A comparison between absorption spectra from UV-Vis 

and k (imaginary part of refractive index) from SE of Au(7)PS30/PS1630 with ФAu~0.03, h 

~ 100 nm. While two data sets in overall match well, there was a slight deviation below 

and above SPR band. 

  

The spectroscopic ellipsometry (SE) measurements of the films are now described.  

Here the complex refractive index is obtained by fitting the measured spectra. We 

compared the UV-vis absorption spectra with k (imaginary part of refractive index) of the 

phase separated mixtures to confirm that SE technique is valid to characterize optical 

properties of these samples. One important thing to bear in mind is the critical difference 

between angles of incidence used in SE and UV-Vis measurements. SE measures angles 
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in the range of 40-90 degrees, whereas the UV-Vis measurement angle is 0 degrees (i.e. 

the entire cross-section of the sample). Moreover, for phase separated films, the effective 

refractive index should be very different between particle-rich and particle-poor layers. In 

light of this difference, the optical models to fit SE data must reflect the inhomogeneity in 

the film.  

In homogeneous Au/PS mixtures, two different NP sizes were considered in order 

to understand the effect of the size on the refractive index of the film. Two samples were: 

(1) Dcore= 2 nm, N = 10, P = 1630 and (2) Dcore=5 nm, N = 50, P = 70 (Figure 3.1e). The 

data in Figure 3.3a, reveal that the amplitude of SPR peak is smaller and blue-shifted for 

2 nm than 5 nm. Peak locations were at 511 nm and 533 nm for the 2 nm and 5 nm NPs, 

respectively; the 2 nm particles showed less contrast in extinction coefficient 

(kmax/kmin~450). These values are in agreement with the earlier theoretical calculations for 

corresponding particle sizes. However the peak widths are larger for 2 nm sample; this 

most likely arises from the effect of size polydispersity.[22] A blue-shift and small 

intensity of the peak for 2 nm particle samples were due to the short lifetime of plasmon 

for sufficiently small NPs. This is due to the small mean free path of the electrons in this 

highly confined 2nm diameter sample [3, 6, 23]. The real part of the refractive index, n, 

of the Au(5)PS50-PS70 sample revealed the existence of a distinctive anomalous 

dispersion with peak location at ~ 600 nm; the contrast between maximum and minimum 

values of n are below 0.03. On the other hand Au(2)PS10-PS70 sample exhibited a broad 

shoulder, between 510~650 nm, which is consistent with the Kramers-Kronig consistency 

between the real and imaginary part of the refractive index near the absorption peaks.  



 
 

54 
 

 
Figure 3.4 Complex refractive index of homogeneous AuPS/PS mixtures; 20 wt% 

Au(5)PS50/PS70 (n: green, k: blue) and 20 wt% Au(2)PS10/PS70 (n: red, k: orange) where n 

is indicated to the left axis and k is to the right.  

 

It is important to note that the phase separated AuPS/PS mixtures could be characterized 

using three different layers, described here as the top, middle and bottom layers. 

Schematics of this tri-layer structure (Figure 3.5) show the contrast in the values of n and 

k between each layer. If we assume that the NPs and the host chains are homogeneously 

mixed within these individual layers, we can characterize these three layers in terms of 

their average interparticle spacing. In Figure 3.6, an obvious contrast in the refractive 

indexes between the separated layers is evident for this 30 wt% Au/PS mixture. 

Specifically, the SPR peak locations (Figure 3.6b) varied from 535 to 573nm, from top to 

the bottom layer. In addition, the band was significantly broadened and the peak is red-

shifted. The real part of the refractive index, n, showed a maximum contrast from 1.6 to 
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1.9 in the bottom layer (Figure 3.6a). This variation in refractive index could be 

interpreted in terms of effective volume fraction and corresponding interparticle spacing 

within each layer. Based on DSIMS data, the effective volume fractions in each layer 

were calculated to be 6.4, 0.5, and 6.8 %; in the average (nominal) volume fraction of the 

entire film is 1.3 %.  The average interparticle spacings, l were then calculated to be 16, 

290, and 15 nm, for the 6.4, 0.5 and 6.8% regions, respectively.  The following equation l 

/Dcore~ (φm/φ)1/3-1, where φm = 0.638 is the maximum random packing fraction, was used 

to perform these calculations.  

 

 
 

Figure 3.5 Schematics of tri-layer structure divided into top, middle, bottom layers. From 

SE data, h, n & k of each layer were obtained. Two dominating interparticle spacings 

could be extracted depending on the direction, lxy and lz, since middle layer contains 

negligible amount of Au NPs comparing to other layers. θ indicates angle of incidence. 
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Figure 3.6 Complex refractive index, n (a) and k (b) of tri-layer structure of 30 wt% 

Au(7)PS30/PS1630. Top, middle, and bottom layer of the sample were shown as square dot, 

long-dashed, and solid curves respectively. 

 

 

 The interparticle coupling effect, which is supposed to be responsible for the 

significant red shift and broadening of the band, is reported to be significant when l ≤ 5R 
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[7, 10]. However, the average interparticle spacing we obtained from the calculation was 

approximately equal to the value where the interparticle coupling effect is known to be 

effective. While the interparticle spacings were somewhat insufficient to explain such a 

large variation, the NP aggregation into 2-dimensional hexagonal packing, indicated in 

Figure 3.2a and b, may be responsible for the red-shift and broadening of the band. 

Descriptions of phase separated samples of different NP concentrations were summarized 

in Table 1. This data in this table presents the wide range of tunability of the SPR band, 

and thus the refractive index of the thin film mixtures that may be achieved by tailoring 

the nanoparticle distributions within a film.  

 

Samples htotal 
(nm) 

φ 
(vol%, 
mean) 

Layer h 
(nm) 

φ 
(effective  

vol%) 

Interparticle 
spacing 

(nm) 

Max. 
peak 

location 
(nm) 

Top 8.9 4.7 25 552 
Middle 132.1 0 NA NA 

10wt%Au(7)PS30/PS1630 151.4 0.61 

Bottom 10.4 4.8 24 557 
Top 10.0 4.3 20 538 

Middle 70.3 0.3 350 533 
20wt%Au(5)PS50/PS1630 95.3 1.3 

Bottom 15.0 4.0 22 535 
Top 11.0 6.4 16 563 

Middle 82.5 0.5 290 535 
30wt%Au(7)PS30/PS1630 116.3 2.3 

Bottom 22.8 6.8 15 573 
 

Table 3.1 Characterization of phase separated samples of varying NP concentration 

(ФAu : 0.01~0.03). Effective volume fraction of each layer was calculated based on 

DSIMS result. Interparticle spacing was calculated assuming that within the separated 

layers particles are spatially distributed.  

 

We further characterized the refractive index of phase separated mixtures by 

differentiating the measurement angles. The optical spectra are expected to vary in the 
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inhomogeneous samples, based on the angle of incidence. One curve was the result of 

fitting data measured from 5 or 6 different angles where we separated the ranges into 50-

60, 62-70, and 72-80 degrees. As a result, we could gain different optical spectra by 

varying the angle of incidence; the maximum contrast was shown in the bottom layer 

(Figure 3.7c). This large contrast may arise from the fact that the bottom layer is adjacent 

to the substrate where there is a significant and abrupt the shift in dielectric properties. 

Additionally, the optical spectra obtained from the highest angles of incidence, between 

72 and 80 degrees, exhibited a maximum intensity in SPR peak (k) and anomalous 

dispersion (n) since the light has a higher probability to interact with the thin particle-rich 

layers. This type of analysis will be also useful in optimizing material performance at 

angles of incidence other than 0� for optical coatings [17, 18].  
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Figure 3.7 Measurement angle dependence on refractive index of phase separated film 

(30 wt% AuPS30-PS1630, h ~ 100 nm) Optical models were divided into three layers: (a) 

Top (particle-rich) (b) Middle (particle-poor) (c) Bottom (particle-rich) layers. Three 

different range of angles were identified in the graph; where 55: 50-60 degrees (purple), 

65: 62-70 deg (blue), and 75: 72-80 deg (red). Notice the order of magnitude difference in 

the scale of k between particle-rich (a and c) and particle-poor (b) layers. Largest contrast 

between the layers was seen for 72-80 degrees. 
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It is noteworthy that by decreasing the film thickness of phase separated Au/PS mixtures, 

we no longer obtain multiple optical spectra of particle-rich and particle-poor layers. 

Films below a threshold thickness appear to lose the contrast between the optical 

characteristics between these layers, despite the fact that the structure is identical. This 

apparent contradiction may be understood by evaluating interparticle spacings in xy plane 

and as a function of depth, z, as indicated in Figure 3.5 (i.e.: lxy and lz). For samples in 

table 1, ΔL (=<lz>- <lxy>) are 90, 51, 68 nm for the 10 wt%, 20 wt% and 30 wt% 

AuPS/PS1630, samples, respectively. However as the hm and/or mean NP coverage 

decreases, the contrast between lxy and lz will be smaller. For the samples described in 

Figure 3.8, the htot of each sample are 37.7, 38.4, 67.3 nm where NPs in maximum are 

able to develop into 3~7 stacks if they are closely packed throughout the film. For phase 

separated films, the NPs pack into either monolayer or bilayer in interfacial layers. The 

average values of lz determined for these samples are 30, 31, 50 nm for the 10, 20, 30 

wt% films respectively; these are all much smaller than lxy. Therefore, anisotropy in z-

direction does not entail varying refractive index in the film despite the fact that the Au 

depth profile (Figure 3.2c) shows two distinctive peaks, near free surface and the 

substrate. As a result, only the 30 wt% sample demonstrated a slight red-shift. The 

behavior of the 10 and 20 wt% sample, on the other hand, remained similar to the 

homogeneous mixtures, which is expected when average interparticle spacing, lxy >> 5R.  
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Figure 3.8 Fitted n (a) & k (b) for ultra thin film Au(7)PS30/PS1630 mixtures where 

ФAu~0.01 (red empty square), 0.02 (orange empty triangle), 0.03 (green circle). Even 

though NPs are segregated to free surface and the substrate, distance between two NP-

rich layers in close proximity that contrast between optical spectra does not exist as in 

thicker films. 
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3.4 Conclusion 

 We established a facile method to tailor and characterize refractive index of 

polymer/NP mixtures by controlling the experimentally accessible molecular 

characteristics of the system. The NP distribution in the film was tailored by controlling 

the nanoparticle size, grafting chains length, grafting density and host chain lengths.  

Spectroscopic ellipsometry was used to determine the real and imaginary refractive 

indices of these designed systems. These SE data were interpreted in terms of optical 

models “built” to reflect the structure of the samples. We showed that the SE spectra 

manifested details of the structure, phase separated or homogeneous, of the samples.  We 

mentioned that while the SPR peak in homogeneous films corresponded well to the 

theoretical calculations, the SPR peaks in phase separated films exhibited large red shifts, 

beyond that expected based on the calculations. This indicates that the local aggregates 

near substrate and free surface were responsible for the shift and broadening of the peak.   

Obtaining this type of information is indeed an advantage of the SE measurements.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

A systematic control of phase miscibility between AuNP and polymer hosts offers unique 

opportunities to tailor refractive index of thin film polymers for a range of applications, 

from optoelectonic and/or bio- to chemical- sensor devices.   
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CHAPTER 4 

DIRECTED ASSEMBLY OF NANOPARTICLES IN BLOCK 

COPOLYMER THIN FILMS: ROLE OF DEFECTS 

 

 The structure of A-b-B diblock copolymer (BCP) thin films is often exploited for 

“tailoring” the assembly of nanoparticles into various geometries, characterized by long-

range order.  Mechanistically, the nanoparticles are sequestered within the A or B 

domains of the copolymer and the domains act as scaffolds to direct the assembly of the 

nanoparticles.  We show that defects play the dominant role in determining the spatial 

organization of NPs when the NPs are sufficiently large.  The nanoparticles preferentially 

segregate to the core of edge dislocations, which are ubiquitous in ordered thin BCP films 

of suboptimal thicknesses.  We also show that the “healing length,” λ, the length scale 

associated with the transition from an island or hole to the adjacent layer, scales as λ 

∝h1/2, where h is the average film thickness, in accordance with theory.  In films of 

thickness between L and 2L, where L is the domain spacing, λ determines the average 

size of the region within which the nanoparticles are sequestered. 

 

Reprinted with permission from Kim, J; Green P. F. Macromolecules 2010, 43 (24), 

10452-10456. Copyright © 2010 American Chemical Society.  
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4.1 Introduction 

Functional materials that rely on the combined properties of soft materials and the 

functionality of inorganic nanoparticles are possible with the fabrication of polymer 

nanocomposites (PNCs) [1-4]. The use of phase separated A-b-B diblock copolymers as 

scaffolds enables self-organization of the nanoparticles (NPs) into patterns characterized 

by long-range order [5, 6]. The long-range nanoparticle pattern is dictated by the BCP 

domain symmetry because the nanoparticles are confined within the domain with which 

their interactions are thermodynamically most favorable.   

Nanoparticles are known to induce structural phase transitions in BCPs, 

particularly at higher volume fractions; otherwise they are sequestered within the 

domains and the structure of the copolymer remains stable [7-11]. The distribution of 

spherical nanoparticles, of diameter d, within a BCP which possesses a lamellar 

morphology, for example, is generally determined by the ratio d/L, where L is the 

interlamellar thickness.  Monodisperse particles of sufficiently small d/L, typically 

d/L<0.15, would reside throughout the domains, maximizing the translational entropy.  

Under these conditions, the chains would stretch, costing entropic (elastic) energy, in 

order to accommodate nanoparticles; the gain in translational entropy of the nanoparticles 

offsets this cost in entropic energy [7, 12-15]. However as d/L increases, the penalty due 

to chain stretching becomes significant and the nanoparticles become more localized 

toward the center of the appropriate domains. It has been shown that the lateral 

distribution of nanoparticles within a domain in the BCP/NP system can be quite 

sensitive to size distributions of nanoparticles; larger particles reside preferentially 

toward the center of the domains [7, 16-18].  
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 The nanoparticles may form separate phases at sufficiently large nanoparticle 

volume fractions [15]. Additionally, they may segregate to defects, such as dislocations 

and grain boundaries, which are well known to exist in bulk BCPs [19, 20]. Generally, 

they segregate to high angle grain boundaries [21-23]. Larger nanoparticles are also 

believed to form separate nanoparticle phases within the copolymer.  In studies of 

BCP/NP thin film systems, NPs have been shown to form nanoscale periodic structures, 

with long-range order, within the phase separated domains of thin film BCPs on 

chemically or topographically patterned substrate [24-26]. 

Islands or holes develop at the surface of ordered BCP films of suboptimal 

thicknesses in order to accommodate excess material not contributing to the formation of 

a complete layer [10, 11, 27-29].  Edge dislocations are ubiquitous in thin film symmetric 

BCPs; they accommodate the transition from a complete layer to islands and to holes [28, 

29]. In the present study, we show that in thin films defects play the primary role in the 

self-organization of nanoparticles when d/L is sufficiently large.  When d/L is sufficiently 

small, the nanoparticles reside predominantly within the domains; this situation is well 

understood.  However, for larger d/L, the nanoparticles do not necessarily form a separate 

phase, as is generally believed; instead they reside almost exclusively at the core of edge 

dislocations in thin films.  Generally, the nanoparticles form clusters within the domains.  

Layers (domains) within the film undergo significant local elastic deformations in order 

to accommodate the formation of nanoparticle clusters, particularly at high nanoparticle 

concentrations.   
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4.2 Experimental 

 Gold nanoparticles (Au NPs) were synthesized using the two-phase arrested 

precipitation method reported by Brust et al.[30]. Thiol-terminated polystyrene molecules 

(PS-SH) of number average molecular weight Mn=1,000 g/mol (Mw/Mn=1.4), purchased 

from Polymer Source, Inc., were grafted onto the surfaces of the nanoparticles that were 

synthesized. Details of our synthetic procedures are described in earlier publications [31, 

32]. 

The diameters of the NP cores, Dcore, and the brush thicknesses were determined 

from scanning transmission electron microscopy (STEM) images of the samples, 

obtained using a JEOL 2010F electron microscope operated at 200 KV.  The average 

particle sizes were determined by measuring the diameters of groups more than 300 NPs 

in the images. (An example of particle size analysis is described in Appendix A) Two sets 

of grafted nanoparticles were prepared: (1) Dcore=5.1±1.2 nm; diameter of the 

nanoparticle (core + grafted layer (brush) thickness)  DNP =8.9±1.1 nm;  chain grafting 

density, σ=2.1 chains/nm2; (2) Dcore=1.8±0.5 nm; DNP =4.5±1.1 nm and σ=1.4 chains/nm2. 

Poly(styrene-b-n-butyl methacrylate) (PS-b-PnBMA) diblock copoymers of 

number average molecular weight Mn=86,700 g/mol and  dispersion Mw/Mn=1.08 were 

purchased from Polymer Source, Inc.  The Mns of the PS and the PnBMA blocks were 

43,700 g/mol and 43,000 g/mol, respectively; the volume fraction of PS block was 

fps=0.58.   

Homogeneous solutions containing well defined concentrations of the copolymer 

and the nanoparticles were prepared using toluene as a solvent. The solutions of PS-b-

PnBMA/AuPS mixtures were spin-cast onto silicon nitride (Si3N4) coated silicon 
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substrates.  The Si3N4 layer of thickness 100 nm was grown by LPCVD (WaferNet, Inc.).  

The initial film thicknesses, h0, of the nanocomposite samples were determined using 

spectroscopic ellipsometry. 

The morphologies of the block copolymer films, the Au NP distributions and the 

topographies of the sample were determined using a combination of scanning force 

microscope (SFM) and scanning transmission electron microscopy (STEM). Those 

samples that were examined using STEM were prepared first by spin casting the 

solutions onto a glass slide and then floating the film from the slide onto a bath of 

distilled water.  The films were then transferred from the water bath onto a Si3N4 grid.  

These samples were then dried by annealing them in vacuum at 60 °C for 16 hrs.  They 

were subsequently subjected to supercritical carbon dioxide (sc-CO2) annealing at a 

temperature of T=60 °C and a pressure of P=13.8± 0.3 MPa for periods between 2 hrs 

and 72 hrs.  Additional details of the annealing procedure are described elsewhere [33]. 

Sc-CO2 was used because it is a poor solvent; it plasticizes the films. Using it avoids 

heating the sample to high temperatures.  Therefore thermal stability of the samples was 

ensured.  The primary effect of sc-CO2 is to swell the films.  Considerably less swelling 

occurs in sc-CO2 environments than in toluene vapor; the swelling is readily controlled 

through varying of the amount of sc-CO2 and the related pressure. (swelling amount as a 

function of pressure is included in Appendix C)  STEM was used to determine the Au NP 

distributions throughout the samples before and after sc-CO2 annealing.  Many of the 

samples that underwent sc-CO2 annealing were also subjected to Ruthenium tetraoxide 

(RuO4) vapor for 5-10 min and then examined using STEM.  RuO4 selectively stains the 

PS phase. Image J software was used analyze the STEM images. 
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SFM measurements were performed on the films using the MFP-3D ( Asylum 

Research, Inc.) microscope, in tapping (AC) mode.  Silicon cantilevers (Olympus, Inc.), 

each with a spring constant of 42 N/m and resonant frequency of 300 kHz, were used.  

The SFM images were analyzed using Igor Pro (Asylum Research, INC.) software.   

The lamellar spacings, L, of the films can readily be measured using SFM by 

taking advantage of the fact that diblock copolymer films, and droplets, form steps when 

in contact with the substrate. They are readily observed by scratching the film, thereby 

exposing the underlying substrate, and then annealing.  The step heights provide a 

measure of the interlamellar spacings of the phase separated system.  The edges of PS-b-

PnBMA form steps on Si3N4 and on SiOx, substrates upon annealing in air and in sc-CO2.  

The step heights determined from samples annealed in vacuum at 150 °C were 32 nm and 

they were 34±2 nm for samples annealed in CO2 at 60 °C. Our data are in agreement with 

published data on this system [34]. 

 

4.3 Results and Discussion 

  We begin by noting that the PS‐b‐PnBMA copolymer orders symmetrically on 

the substrates, wherein PnBMA resides at the substrate and at the free surface. The 

surface energy of PnBMAis less than that of PS, and it is more polar, which explains 

the  wetting  behavior  of  the  material.  The  lateral  distributions  of  nanoparticles 

throughout films of thicknesses 1.6L< h< 2L are sensitive to the nanoparticle sizes, 

as illustrated by the STEM images in Figure 1. The STEMimage in Figure 1a is that of 

a film containing 3 wt % of the Au(5)‐PS nanoparticles. The darker regions, within 

the circular nanoparticle patterns, of  the  image are holes of depth L belowthe free 
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surface.The  lighter  regions  are  thicker  regions  of  h=2L.  Shown  in  Figure  1b  is  a 

magnified  image, which  includes  a  hole.  It  is  apparent  from  this  image  that while 

nanoparticles  preferentially  reside  at  the  boundaries  of  the  hole,  they  are  also 

distributed throughout the domains at  low densities. This behavior  is typical of all 

films in the thickness range L<h<3L that we examined. 

 

 
 

Figure 4.1 STEM images of the lateral distribution of nanoparticles in BCP thin films of 

thicknesses in the range 3L/2<h<2L, containing 3wt.% nanoparticles, are shown here.  (a) 

The images of a film containing NPs of average diameter (5.1 nm) is shown; the holes are 

of height h = L above the substrate, and the adjacent layer is of height h = 2L. (b) A 

magnified image of (a). (c) The edge of a hole in a film containing NPs of average 

diameter 1.8 nm. Layers of height h = 1L and 2L are identified in the image. 

 

  The smaller Au(2)‐PS nanoparticles are distributed uniformly throughout the 

film,  exhibiting  no  evidence  of  preferential  segregation  to  the  boundaries.  This  is 

apparent  from the high magnification  image  (Figure 1c)  in which  the boundary of 

hole is visible, based on the contrast. In general, preferential segregation is only observed 
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in BCP films containing nanoparticles sufficiently large in size and cannot be 

accommodated solely within the domains. 

Further insight into the structure of the boundaries is provided in Figure 4.2.  A 

STEM image of a film of average thickness 1.4L, containing 3 wt.% NPs, is shown in 

Figure 4.2a.  The schematic of the distribution of nanoparticles is shown in Figure 4.2b; it 

indicates that the NP clusters reside at the core of an edge dislocation (extra partial layer). 

In thin film BCPs, the chains that comprise the dislocation core undergo significant 

distortion, experiencing a reduction in conformational entropy within the core, in order to 

accommodate the transition from a complete layer to form an island (or hole) to the layer 

below [28]. When the nanoparticles are located within the core of the dislocation, the 

conformational entropy loss associated with chain stretching is minimized. This 

additional energy gain associated with the incorporation of the nanoparticles, of larger 

d/L, within the dislocation cores is greater than would be gained by incorporating them 

within the normal domain structure (Figures 4.2b1 and b2). It is noteworthy that studies 

of bulk BCP-nanoparticle systems reveal that the NPs preferentially segregate at tilt 

boundaries [22, 35]. In light of this, our observation that nanoparticles of sufficient size 

would preferentially reside within the defects should not be surprising. The segregation in 

both cases is due largely to entropic effects. 
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Figure 4.2 Preferential segregation of nanoparticles to the dislocation core surrounding 

an island.  (a) STEM image of nanoparticle clusters at the perimeter of a island in a 

h=1.4L thick film. (b), Schematic of the cross section of the film, illustrating how the 

nanoparticles are located at the core of an edge dislocation (extra partial layer); (b2) a 

copolymer domain layer is shown to undergo a local elastic distortion to accommodate 

nanoparticle clusters.   

 

 An assessment of the early time evolution of the nanoparticle distribution of a 

film containing 3 wt.% NPs, using STEM, is illustrated in Figure 4.3.  Initially, after spin 

casting, the NPs are nearly uniformly distributed throughout the film, as shown in Figure 

4.3a.  The islands and holes do not exist at this time.  Nanoparticle aggregates begin to 

form upon annealing. With increasing time nanoparticle aggregates begin to form (Figure 

4.3b).  These aggregates reside at the boundaries of islands (Figure 4.3c) (and holes) in 

the ordered film.  In short, our observation is that the islands and holes form concurrently 



 
 

74 
 

with the segregation of the nanoparticles to the boundaries. 

 

 
 

Figure 4.3 Structural evolution of a BCP film (h=1.4L).  (a) As-cast; (b) time=120min; 

(c) time=2340 min. 

 

 For samples containing larger NP concentrations, the average size of the NP 

clusters increase; additionally NP clusters reside throughout the surface of the film. The 

lateral distribution of NPs is illustrated in Figure 4.4a for a sample containing 13 wt.% 

nanoparticles; the average NP cluster size is larger than that of the 3 wt% samples. Unlike 

the 3 wt% samples, NP clusters reside throughout the domains, away from the boundaries. 

The existence of clusters away from the boundaries of the islands is particularly evident 

from the STEM image in Figure 4.4b and the SFM image in Figure 4.4c. A line profile 

from the SFM image (Figure 4.4d) indicates that regions away from the islands exhibit 

significant local elastic deformation to accommodate the nanoparticles. In fact, the 

increase in thickness locally is �50% larger than the domain size. 

 The basic picture that emerges is the following. For the smallest values of d/L, the 

nanoparticles reside throughout the appropriate domains and maximize their translational 

entropy. However for sufficiently large d/L, the nanoparticles preferentially reside in the 
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dislocation cores where it is entropically more favorable. Clearly, there is a partitioning 

of these larger nanoparticles between the dislocation cores and the normal domains, based 

on nanoparticle composition and size. 

 

 
 

Figure 4.4 Lateral distribution of nanoparticles in film of thickness h=1.4L containing 13 

wt % NPs. (a, b) lateral distribution of nanoparticles. (c) Lateral force microscopy image 

(d) A line scan showing the dimensions of an islands as well as the local elastic 

deformation of the domain that develops to accommodate a nanoparticle cluster. 

 

 We now further discuss the role of dislocations toward nanoparticle sequestration.  

For a sample of L < h < 2L, an edge dislocation would necessarily resides near the free 

surface, stabilized by the surface tension.  Turner et al. have shown that for a lamellar 
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structure of n layers, in contact with a substrate, the total elastic energy of a single 

dislocation is approximated to be 

F ≈ (L/2)γAB+(L/2n1/2)( γABγ)           (4.1) 

where γ is the surface tension of the component exposed to the free surface and γAB ≈ 

(KB)1/2, where K and B are the bending and bulk moduli, respectively [29]. This 

approximation assumes that the dislocation resides at its equilibrium location, near the 

center of the film.  Generally, it is shown that the depth of the dislocation below the 

surface of the film is determined by γAB/(KB)1/2.  Note that the cost of placing an extra 

layer at the free surface (i.e., the edge dislocation) is proportional to the surface tension 

difference between the two components, hΔγ, whereas the cost for placing a dislocation 

below the free surface is hγAB.  In the case of our copolymer system, PS-b-PnBMA, it has 

been shown that γAB~0.9 dynes/cm2 and Δγ ~9 dynes/cm2 [29]. Therefore the edge 

dislocation would reside beneath the surface. The “healing length,” the length scale over 

which the boundary extends from the top of the island to the layer below (see Figure 4.5), 

is  

    λ≈(κHΓ)1/2                       (4.2) 

where κ = (K/B)1/2 and H is the total film thickness and Γ= γ/(K/B)1/2. One of the key 

predictions of the theory is that λ should increase as the film thickness increases and the 

dislocation resides deeper into the film. The depth of the dislocation below the surface of 

the film is determined by Γ = γ/(KB)1/2. It is evident from Figure 4.5a, b that λ is nearly 

twice as large for the thicker (h=5.7L) sample. The data in Figure 4.5c indicate that the 

healing length in our system scales as in a manner consistent with h1/2, in agreement with 

the theory as described above.  
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Figure 4.5 The healing length. STEM images of typical islands on films of thicknesses, 

(a) 81nm (=2.7L) and (b) 170 nm (=5.7L), and their corresponding line profiles at the 

edge of the islands are shown below each image in order to illustrate the magnitude of the 

“healing length”, λ. The fluctuations in the shape of the lines are due to the presence of 

nanoparticles. (c) Healing length is plotted as a function of h1/2. (d) Schematic, 

constructed from the topography and STEM image, showing nanoparticles located in the 

core of an edge dislocation that lies a few layers below the surface of a film. 
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This observation, λ ∞ h1/2, was first made in a study of pure PS-b-PnBMA systems by 

Turner et al.[29] While details of the theory remain unexplored, work by Liu et al. made 

it clear that dislocations would reside within the interior of thick BCP films [36]. 

 In the thinnest films, the healing length is the smallest and the chains undergo 

more stretching than thicker films in order to accommodate the dislocation at the 

boundary of an island or hole. We note that when the film thickness increases the 

dislocation moves deeper within the film as suggested by the theory [29]. When the film 

thickness increases, the healing length increases; consequently, the chains evidently 

undergo less stretching to accommodate dislocation formation. 

 

  
 

Figure 4.6 STEM images of NP clusters that form in films of different thicknesses: (a) h 

= 81nm (2.7L) and (b) 170 nm (5.7L).  

 

 It would appear that this effect, the increasing λ and the associated relaxation of 

the chain stretching constraints, would influence the average size of the clusters. The 

images in Figure 4.6 indicate that the size of the aggregates of the nanoparticles are larger, 

on average, in the thicker h = 5.7L film (Figure 4.6b) than in thinner h=2.7L film (Figure 

4.6a). In Figure 4.6a, the average cluster size is relatively constant, 300±60 nm2, 
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regardless of the size of the islands or hole, for a given concentration of nanoparticles. In 

the case of the h=5.7L film, the average cluster size is 1200 ±400 nm2. The schematic in 

Figure 4.5d provides an indication of the probable structure of this system when the film 

is thick; in this case the cluster is not 2-dimensional, as it is for the thin films of h < 3L. 

 

 
Figure 4.7 Distribution of NP clusters along the perimeters of edge dislocations in films 

of different thicknesses. Each sample contains 3 wt% nanoparticles.  

 

 It is noteworthy that the NPs are not uniformly distributed along the boundaries of 

the islands (or holes); instead, they form clusters, and the number of clusters per unit 

length along the perimeter is constant regardless of island size within the film (Figure 

4.7). We speculate that the formation of clusters may be understood from the following. 

The chain grafting density of the nanoparticles and the grafting chain length are such that 

the PS components of the BCP that comprise the appropriate domains would not 
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interpenetrate the grafted layers. We are confident of this fact as we have shown that 

these nanoparticles are immiscible to PS homopolymers of a wide range of molecular 

weights, as low as 10 kg/mol. In the absence of interpenetration between the grafted 

and the PS copolymer chains, the nanoparticles show a tendency to cluster in order 

to minimize the area of contact between the copolymer layer and the nanoparticles. 

The  energy  cost  is  evidently  minimized  when  the  nanoparticles  form  clusters 

instead  for  residing  uniformly  throughout  the  domains.  The  fact  that  the  cluster‐

cluster separation distance  is relatively constant  is consistent with  the notion that 

the clusters reside within a single plane. 

  A  future study examining  the connection between core size, healing  length, 

and  the  depth  of  the  dislocation  below  the  free  surface  is  planned.  Such  a  study 

would  include  thicker  films,  and  it  is  possible  to  get  cross‐sectional  TEM  images 

showing  the  location  of  the  dislocation  below  the  free  surface,  enabling  a  direct 

comparison with additional predictions of  the  theory. We are currently examining 

the  long‐time  structural  of  the  evolution  (i.e.,  coarsening  phenomena)  of  the 

islands/holes, using the nanoparticles as markers. 

 

4.4 Concluding Remarks 

 We showed that defects play a central role in the assembly of nanoparticles into 

block copolymer thin films, particularly for sufficiently large d/L. Specifically, for 

nanoparticles of d/L~0.25, a significant fraction of the nanoparticles reside at the core of 

edge dislocations.  However, when d/L is very small the nanoparticles tend to be located 

within the domains, thereby maximizing the translational entropy, which is well known. 
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Our findings will impact the manner in which BCP thin films are used for nano-

fabrication.  Nanoparticles of larger d/L do not necessarily form separate phases as is 

commonly believed.  Future theoretical efforts should consider the role of defects and 

their impact on the free energy of the films in order to understand phase transitions and 

other structural phenomena in thin film BCPs systems containing larger nanoparticles. 
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CHAPTER 5 

TIME EVOLUTION OF THE SURFACE NANO-ARCHITECTURE 

OF A HYBRID STRUCTURED POLYMER/NANOPARTICLE 

SYSTEM 

 

5.1 Introduction 

 Precise control of structural properties of materials at the nanoscale is a key 

challenge associated with the development of nano-structured materials for many 

technological applications [1]. A class of hybrid materials, soft material/nanoparticle (NP) 

composites, has been shown for wide range of applications from biosensors [2] and 

batteries [3] to opto-electronic devices [4]. A common strategy used to fabricate 

nanostructured within materials is lithography. The self-assembly of NPs to create 

functional hybrid materials; the material might include; conjugated polymers, block 

copolymers, liquid crystals, and proteins [5,6]. Lithography may also be exploited to 

create templates on surfaces on which, the chemistry and topography may be controlled 

[5,7-10]. A-b-B diblock copolymers, which are known to self-assemble in into different 

structures (spherical, hexagonal, lamellar), can be induced to self-organize onto templated 

surfaces, where they would exhibit long-range order, with minimal defects.  Appropriate, 

A or B, domain of these copolymers may be used as scaffolds in order to direct the 

assembly of the nanoparticles.   

A fundamental understanding of the thermodynamics and kinetics processes that 



 
 

86 
 

determine nanostructure formation in materials is essential in order to establish a 

foundation for the design of polymer nanocomposite (PNC) materials. Defects such as 

dislocations and grain boundaries are ubiquitous in hard and soft materials that possess 

long-range structural order; controlling them during processing is a major challenge.  In 

the case of BCPs, difficulties largely arise from the fact that such structural disruptions 

occur randomly during self-assembly process during solvent evaporation; internal 

stresses develop and disorientations of ordering domains occur [11-13].  

Questions related to role of defects in NP organizations in self-assembled A-b-B 

diblock copolymers are specific interest in the work described here [14,15]. In phase 

separated BCPs/NP materials, the NPs are organized within the domain structures and 

defects to minimize the total free energy. In the particle surface is modified to be 

chemically identical to one of the block domains, competition between translational 

entropy of the nanoparticles and conformational entropy of block chains to accommodate 

particles largely determines the location of the nanoparticles. The nanoparticles 

preferentially reside within the domains of the same chemical structure.  If the particles 

are too large to be accommodated within the domains, then defects in the organization of 

the phase separated domains (block copolymers, grain boundaries) influence the NP to its 

location, largely due to entropic reasons. The chains undergo additional stretching, loss of 

conformational entropy, to accommodate the formation of defects and the 

accommodation NPs.   The alternative process, significant increase in the domain sizes, 

becomes too costly to accommodate the increasingly large nanoparticles.  

In this study we examined the 2-dimensional structural time-evolution of surface 

nanoarchitectures of A-b-B diblock copolymer thin films containing nanoparticles. In 
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particular, the BCP films formed a lamellar structure where similar A domain residing at 

substrate and free surface (symmetric wetting). Film thickness was below 2L, where L is 

interdomain spacing a partial layer, composed of islands, is formed on the surface of the 

copolymer. A majority of NPs are segregated to boundaries of islands, where edge 

dislocation core is located [16].  Figure 5.1 describes the structure of such a system, part 

a shows the organization of the nanoparticles around the island (part c) and part b is a 

schematic of the process.  The islands are shown to increase in size, with a growth rate 

that exhibits power law dependence; the behavior is self-similar. Classical coarsening 

mechanisms, Ostwald ripening and coalescence were typically observed for both pure 

and NP containing thin film BCPs. The behavior of the pure BCP system is modified by 

the nanoparticles; changes in the temporal evolution and of the mechanism of the 

evolution of the surface nanoarchitecture were apparent. The coarsening dynamics of 

islands is reminiscent of 2-dimensional phase ordering systems of binary alloys, magnetic 

systems and others [17]. Specifically, each phase in 2-phase regions possesses power-law 

behavior in growth where the dynamics exhibits self-similarity [17-20].   
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Figure 5.1 Structure of island on top of the lamellar domain of 3wt% AuPS10/PS-b-

PnBMA. (a) Plane-view of island by HAADF-STEM. NP clusters appear bright 

surrounding the island (b) schematics of NPs (c) topographical image of island. 

 

 

5.2 Experimental 

 Thin films of a Poly(styrene-b-n-butyl methacrylate) (PS-b-PnBMA) diblock 

copolymer with PS-ligand coated gold nanoparticles (Au NPs) were prepared on silicon 

substrates, on which there was a native oxide layer of 1.5 nm thick.  Solutions, containing 

5 wt.% Au nanoparticles, prepared using toluene as the solvent, were spin cast onto SiOx 

substrates to create films of thicknesses ranging from 52 nm < h < 55 nm.  These films 

corresponded to thickness of h =1.4L.  For the pure BCP, L = 35nm, whereas L=37nm for 

the BCP/NP mixtures.   

 The PS-b-PnBMA diblock copolymers of number-average molecular weight, Mn 

=93000 g/mol (Mw/Mn = 1.08) were purchased from Polymer Source, Inc.  The molecular 

weights of PS and PnBMA blocks were Mn =45000 g/mol and 48000 g/mol respectively, 

and the volume fraction of polystyrene was fps = 0.56 (this system forms a lamellar 
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structure).  

 The nanoparticles were synthesized using the two-phase arrested precipitation 

method reported by Brust et al [21]. Thiol-terminated polystyrene molecules (PS-SH) of 

number-average molecular weight, Mn = 1000 g/mol (Mw/Mn = 1.4) purchased from 

Polymer Source, Inc. were then grafted onto the surface of nanoparticles.  The resulting 

brush-coated  NPs were characterized by scanning transmission electron microscopy 

(STEM) to determine the average NP core diameter Dcore = 5.1 ± 1.2 nm, and the overall 

diameter of the nanoparticle and the brush layer thickness DNP = 8.9 ± 1.1 nm.  The 

grafting density of σ = 2.1 chains/nm2 was determined based on thermal gravimetric 

analysis experiments.   

 The time evolution of topographies of the films was examined using atomic force 

microscope (AFM), optical microscope (OM) and scanning transmission electron 

microscopy (STEM). AFM and OM measurements were performed using MFP-3D 

(Asylum Research, Inc.) and Eclipse LV 150 (Nikon Inc.).  Silicon cantilevers (Olympus, 

Inc.), each with a spring constant of 42 N/m and resonant frequency of 300 kHz, were 

used.  

 Samples were annealed under supercritical CO2 (scCO2) at a temperature of T = 

60 °C and a pressure of P = 2000 psi during a time range of t = 150 - 12000 min. The two 

sets of samples, pure PS-b-PnBMA and 5 wt% AuPS10/PS-b-PnBMA, were processed 

simultaneously.  We note that samples of the pure copolymer were analyzed after 

processing in vacuum at temperatures above the glass transition temperature of the 

copolymers and the mechanisms that characterize the structural evolution were identical 

to those that developed in the liquid CO2 environment under which the present samples 



 
 

90 
 

were processed. Ex-situ images of similar areas of the samples were taken by OM and 

AFM. The island sizes and shapes were analyzed by using Image J, Igor Pro (Asylum 

Research, Inc.) and WSXM software. Details annealing procedure in scCO2 are described 

in prior publications.  

 The samples that were analyzed using STEM were fabricated by spin-casting 

solutions onto glass substrates, from which they were floated onto a bath of distilled 

water.  They were then picked up onto silicon nitride windows (TEM grid (SPI Supplies)). 

Images were taken using high annular angle dark field (HAADF) detector (Z-contrast) 

applying an accelerating voltage of 200 kV. 

 

5.3 Results and Discussion 

The optical microscopy images in Figure 5.2 show the topographies, specifically 

islands, of a pure BCP film and that of a NP/BCP film at various times, throughout the 

time interval 2500 to 12,000 minutes.  In Figure 5.1a, an atomic force microscopy image 

of a typical island is shown. A STEM image, revealing the gold nanoparticles 

surrounding an island is shown. A schematic is shown of the edge at an island; the 

location of the gold nanoparticles in the dislocation core, which surrounds the island, is 

also evident. Optical microscopy will be used to examine the time evolution of the 

topography and STEM will be used to examine details of the local nanoparticle 

distributions in order to get further insight into the mechanism of structural evolution.  
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Figure 5.2 Time evolution of islands on thin film PS-b-PnBMA for pure (a, c, e) and 

5wt% Au mixtures (b, d, f) at times, t = 2490 min (a, b), 5335 min (c, d) and 12000 min 

(e, f). Total surface area island for both samples remain 22~23% throughout the annealing 

period. Solid circle indicates coalescence and reshaping of islands and dashed circle 

indicate shrinking of islands due to OR. Scale bar corresponds to 5 µm.    

 

The topographies are very similar after 2500 minutes, but are quantitatively and 

qualitatively different at 12,000 minutes (Figure 5.2e and 5.2f).   The dashed circles in the 

images, taken after 2500 minutes identify islands in both samples.  The islands in the 
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pure BCP gradually disappear whereas they remain, though smaller in size, after 12,000 

minutes in the NP/BCP system.  The process responsible for the disappearance of the 

islands is believed to be Ostwald Ripening (OR).  The solid circles in the images show 

the structural evolution, via coalescence, occurs at a faster rate in the pure BCP than in 

the NP/BCP.  We will discuss this issue in further detail below.  In the meantime, it is 

suffice to emphasize that two mechanisms appear to operate simultaneously and are 

responsible for the evolution of the structure of both systems.  

Quantitative information may be gleaned from the systems by analysis of the 

island sizes and size distributions and comparing them with the theoretical distribution 

functions.  The average area per island, <S(t)> and the number of islands N(t) are shown 

in Figure 5.3 to exhibit power law dependencies. For the pure BCP, <SBCP(t)>~t0.69 and 

NBCP(t)~t0.64, whereas for the NP/BCP system, <SNP(t)>~t0.47 and N NP~t0.48. It is 

important to note that our analysis was conducted under conditions where the total 

surface area of islands remained constant at 22-23%.  This growth experiment is, within 

experimental error, β =2/3 which is the theoretical classical growth exponent predicted by 

the theories for capillarity driven growth processes.  We note that the growth exponent for 

our BCP sample is different from that of an earlier study of a pure BCP film. The 

difference arises from the fact that, as stated by the authors of that study, the interlamellar 

spacing changed and the total surface area of islands decreased during their experiment.  

According to the classical theories, the power law behavior is anticipated only during the 

late stage of structural evolution when the total area is conserved, and the behavior is 

self-similar.  
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Figure 5.3 Time dependences of average surface area and number of islands, <S(t)> and 

N(t) for pure and 5wt% samples. All exhibited power law behavior, <S> ~ tβ  and N ~ t-β’ ; 

where β= 0.69 (neat, circle), β= 0.48 (5wt%, square), β’= 0.64 (neat, diamond); β’= 0.47 

(5wt%, cross), R2 ~ 0.99 except for R2 ~ β (5wt%) ~ 0.96.  

 

The power law analysis provided only limited insight into the physics and a 

thorough analysis that involves the use of the distribution functions can reveal more 

insight into the structural evolution of the system.   

In order to do this we now review the classical coarsening theories, Ostwald 

ripening and coalescence (dynamic and static), that are relevant here [18, 22, 23].  The 

coarsening of  the structure of an initially homomogeneous A/B mixture, quenched below 

a critical temperature into the two-phase regime, may be described within the framework 

of classical ,coarsening mechanisms such as Ostwald Ripening or coalescence.  Ostwald 

ripening (OR) illustrates that islands larger than a critical island radius rc, grow at the 

expense of the smaller islands. Lifshitz and Slyozov (LS) used this theory to develop a 
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late-stage of coarsening in a binary solution assuming atoms (or molecules) have a finite 

mobility while the islands are static in the limit of dilute volume fraction of minority 

phase [24]. At a late-stage growth volume fraction of islands remain constant and obeys 

power law behavior, rc ~tβ, where t is time and β is the growth exponent. The island size 

distribution function F(r, t) can then be described in a scale invariant form F(R’=r/rc). 

With these assumptions, Ostwald theory was modeled to describe the bulk-diffusion-

controlled dynamics of island. Later on, Wagner included interface-controlled diffusion 

mechanism into OR theory models [25].  

For a two-dimensional island, when the rate limiting step is detachment from the 

island, then β=1/2. The invariant distribution function is obtained from the solution of the 

following equation: 

     (5.1) 

where v(r) = dr / dt. With appropriate boundary condition, the distribution function is 

then, 

exp(      (5.2) 

where F(R�) = 0, when R� > 2. 

However for diffusion-limited process, the growth exponent is β=1/3 and the distribution 

function yields, 

 
   (5.3) 

where C is a normalization constant and F(R�) = 0 for R� > 3/2.  

Conti et al. have refined the Lifshitz-Slyozov and Wagner’s (LSW) theory for more 



 
 

95 
 

concentrated islands [20]. According to Conti et al’s study, when total surface coverage 

of the minority phase is above that limit island will prone to contact each other as they 

grow while the center of the domain is fixed throughout the coarsening procedure. Taking 

Wagner’s self-similarity solution into consideration, probability distribution of OR yields, 

exp(    (5.4) 

where β is constant. The extended solution of OR showed an evidence of coalescence by 

the integral diverges logarithmically.  

Coarsening may also occur from two islands diffusing into each other to coalesce. The 

coalescence mechanism can be divided into dynamic and static coalescence depending on 

the motion of center of mass of island. Dynamics coalescence involves diffusion and 

subsequent merging of islands while static coalescence occurs during the fluctuation in 

the shape of an island where the center of mass is stationary.  Dynamic coalescence is 

described by using Smoluchowski equation [26], a mean field rate that explains the 

change in island density by,  

   (5.5) 

where cN is the concentration of islands of size N, and the kernel Ki,j is the collision rate 

constant between islands of mass i and j. The first term describes the coalesced island and 

second term is associated with the loss due to the irreversible growth of islands. A 

collision kernel used here is the Brownian diffusion kernel. The growth via Brownian 

motion, DN = D0N-α exhibit power law scaling, r ~ tβ, where β = 1/d(α +1), and d is 

dimension (d=2 for islands on flat surface). Finally, the distribution function of dynamic 

coalescence is, 
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   (5.6) 

where W=  and Γ is the gamma function. Thus, the parameter α 

is related to the coarsening behavior in dynamic coalescence; for periphery diffusion α 

yields 3/2 and thus β=1/5; for terrace diffusion (correlated) α =1 and β=1/4; and for 

uncorrelated diffusion α=1/2 and β=1/3. Probability distributions from Smoluchowski 

and LSW equations are summarized in Figure 5.4.  

 

Figure 5.4 Theoretical probability distribution functions, F(S/<S>) versus S/<S> that 

account for OR (detachment-limited and diffusion-limited) and coalescence respectively. 

 

It is noteworthy that determining operating mechanisms from the probability 

distributions precautions must be taken, because some assumptions of the classical 
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theories are not exactly met under experimental conditions. Even though Smoluchowski 

equation strictly applies for dynamic (Brownian) coalescence, numerical simulations 

have indicated that the result of static coalescence (islands interact by shape fluctuation) 

did not present any new length scales to the system [27].  

The distributions, determined from measurements of the number of islands of a 

specific area, normalized by the total number of islands, are plotted in Figure 5.4 for the 

pure BCP (Figure 5.5a) and for the NP/BCP (Figure 5.5b). The distributions are shown 

for two different times, 970 minutes and for 6600 minutes. The size distribution for the 

NP/BCP sample is smaller than that of the pure BCP; this would presumably be due to 

the role of the nanoparticles decreasing the dynamics of growth. We also note the 

existence of an anomalous peak at S ~ 0.3 um2, appearing only in the data representing 

the NP/BCP sample (t = 6600 min). This suggests the existence of a large number of 

islands of a certain size that did not further evolve, for a long annealing time. The change 

in size of these islands is only temporarily suppressed by the nanoparticles; they evolve in 

size with increasing time. 



 
 

98 
 

 

Figure 5.5 Probability distributions of island size (area) for pure (a) and 5 wt% (b) 

samples of annealing times at t=970 min and 6575 min.  

 

We calculated probability densities of pure and 5 wt% samples in Figure 5.6 and 

compared them with the theoretical probability distributions for coarsening, i.e. LSW and 

Smoluchowski equations, for 2D clusters. The island size distribution function, F(S, t) = 

F(S/<S>) is a time-invariant, dimensionless and asymptotic function where S�=S/<S>. 

In pure case, probability distributions of islands indicated that coarsening mechanism 

exhibited a transition from coalescence to OR (detachment-limited). For annealing time t 

= 150 min (Figure 5.6a) during the initial stages of coarsening, the Smoluchowski 

equation fit the data reasonably well (R2 ~ 0.91), implying that dynamic coalescence is 

the primary coarsening mechanism. The growth exponent, β deduced from the single 

fitting parameter α in Smoluchowski equation (5.6) turns out to be 2/3, which 
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corresponds well to the experimentally obtained exponent (β ~ 0.69). However, for longer 

time scales t=3710 and 6575 min, better fit was obtained by the equation that describe the 

detachment (interface)-limited OR equation (R2 ~ 0.86) than Smoluchowski (R2 ~ 0.85) 

but the difference was within the error range. Even though the dominant mechanism for 

longer time scales was not distinctive by the comparison with two coarsening theories, it 

was evident that positive tails have disappeared at the later growth stages. The 

disappearance of positive tail suggests that OR is becoming more dominant at these time 

scales. The poor fitting may be due to the fact that LSW equation is truly applicable in 

dilute systems where islands are sufficiently far apart so they cannot interact or come into 

contact with each other as they grow. However, any real distribution affected by spatial 

correlation and thus results in broadening of the distribution. The transition from 

coalescence (early growth stage) to OR was (later stage) has been observed in other 

systems such as Cu on Cu (100) [18]. The main reason for this transition emerges from 

the increase in island mass and distance between the islands with time that makes it 

harder for islands to come in contact. 

 On the other hand, in Figure 5.6c the probability distributions for 5 wt% sample 

were in closer accordance with Smoluchowski equation for all the time scales, t = 150, 

3710, 6575 min where R2 > 0.9. This indicates that the coalescence mechanism 

dominates the coarsening process throughout the time period of this hybrid sample; 

contributions to the structural evolution by OR were still apparent, though small. The 

difference in the dominant mechanisms between pure and 5 wt% was mainly attributed to 

the NPs that have exclusively formed a cluster along the island boundaries (Figure 5.1a), 

which will be discussed later in more detail.  
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Figure 5.6 Normalized size distribution of islands (R, radius) for pure (a) and 5 wt% (b) 

samples; t = 150 min (red circle), 3710min (blue square), 6575 min (green triangle). 

Theoretical curves were fitted to experimental data; black curve indicates OR 

(detachment- limited) and red curve indicates Smoluchowski equation. For pure case, the 

peak slightly shifted to the right as positive tails disappeared from 150 min to 3710min. 

Except for data  points for neat at t = 3710, 6575 min other data points showed better 

fitting to Smoluchowski equation (R2 > 0.9). Error bar is from the area analysis of islands 

in OM and AFM images.  
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Despite the fact that all of 5 wt% sample data collapsed into Smoluchowski 

equation, it is necessary to carefully track the individual islands in the images to 

determine whether the coalescence is dynamic or not especially at later stages. For 

example, if we track three islands marked as solid circle in Figure 5.2b (t = 2490 min), it 

is apparent that two islands merged together in Figure 5.2c (t = 5350 min) possibly during 

the reshaping (shape fluctuation) process of top right island which appears to be elliptical. 

From t = 5350 min (Figure 5.2c) to t = 12000 min (Figure 5.2e), remaining island on the 

left merged into the right island also in the reshaping process. From these observations, 

static coalescence driven by shape fluctuation turns out to be the mechanism at these 

stages rather than the by Brownian motion; thus, the coalescence in 5wt% sample for t > 

150 min is rather static than dynamic. The growth exponent β = 2/3 obtained from the 

Smoluchowski, however, did not correspond to the experimental exponent β = 0.48. This 

discrepancy is most likely due to the trapped NPs in boundaries of island (Figure 5.1) 

slowing down the motion.  

Abovementioned discussion, however, does not fully describe the divergence in 

probability distributions between pure and 5 wt% samples. One possibility for not seeing 

the transition of coarsening mechanism in 5 wt% sample as in the pure case is because 

the system has not structurally evolved enough to undergo this transition which, in that 

case, the threshold (critical island size and distance between islands) for the transition is 

apparently much higher for the hybrid sample. Another explanation could be the 

segregated NPs in edge dislocations cores in the boundaries of islands somewhat 

suppressing OR than coalescence by deterring chains to translate from one island to the 
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other.   

The effect of NPs on island coarsening has been examined in great detail by 

STEM images. Using the spatial distribution of NP clusters around the island, it was 

possible to verify the coarsening mechanism of individual islands without in-situ 

characterization of the sample. Figure 5.7 is STEM images of 3 wt% sample at t = 2340 

min (Figure 5.7a) and 12000 min (Figure 5.7b). A contrast between disappearing and 

growing island was evident in Figure 5.7 from the NP distribution and island shape. One 

can determine that two islands, indicated as 1 and 2 in Figure 5.7a and b, have been just 

merged together by the existence of neck in between. We suspect that the shape of these 

two islands were non-circular before the merging which indicates that these islands have 

also grown by coalescence. This observation implies that the coalescence is selective 

towards the islands in the relaxation (reshaping) process consistent with the observations 

in OM (Figure 5.2). One should note that NP clusters maintained their spatial 

arrangements around the domain boundaries upon coalescence, meaning that NP clusters 

translate along with islands during coalescence and the reshaping process. On the other 

hand, the examples of OR has been denoted as 3 and 4 in the Figure. NP loops or semi-

loops in the Figure indicates the location where islands used to locate but disappeared (or 

disappearing) by OR.  

 These unique NP morphologies were more common for later time at t =12000 min 

than t= 2340 min. Specifically, island 3 in Figure 5.7b is an example of an island that is in 

a shrinking process by OR noticeable by the development of continuous NP chain 

surrounding the left half of the island. As molecules leave the island by capillarity-driven 

process, edge dislocations in island boundaries will move toward the center of the island 
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and moving dislocations carry NP clusters along the path. As a result, distance between 

NP clusters comes in closer proximity until islands finally disappear leaving NP loops 

behind. During the OR process, NPs will act as a barrier by limiting the pathway of 

chains to translate and thus partially stabilizing the edge dislocation core. Trapped NPs in 

dislocations, therefore, likely to have a stronger influence on OR than the coalescence 

since NPs constrain individual chains from moving but does not hinder shape fluctuation 

of islands.   

 

Figure 5.7 STEM images of 3wt% AuPS10/PS-b-PnBMA annealing times at t=2340 min 

(a) and 12000 min (b). Island 1 and 2 indicates coalesced islands in reshaping process. 3 
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and 4 (red dashed circle) indicates small islands that is disappearing (island 3) or already 

disappeared by OR (island 4). The inset better illustrates the asymmetrical shrinkage of 

island 3. Coarsening mechanism operated for each island can be identified from the 

distribution of NP clusters and the curvature of island. 

 

Finally, we would like to comment on the “dragging” of NP clusters by the 

moving edge dislocation [28]. This concept introduced by De Gennes’ through his 

calculation of the frictional force a particle experiences while moving parallel to the 

layers in smectic liquid films. The viscous friction force is an opposing force of the drag 

force of dislocations. When these opposing forces are in equilibrium, for radius, r of 

spherical particles,  

2Tsinα = 8πηrV       (5.7) 

where T is a line tension of the edge dislocation.  Its value is approximately K (bending 

modulus, ~0.9 dynes/cm for PS-b-PnBMA) and η is the smectic viscosity.  The critical 

velocity, V* is calculated to be V* = T/ 4πηr, above this velocity the particles will detach 

from the edge dislocation and become free. Since NP clusters remain at the island 

boundaries and being dragged along with the islands during growth we can determine 

that the velocity of dislocation is lower than the critical velocity. Considering that the 

shape of NP clusters are close to 2D disks or long ellipses, the viscous friction force of 

these clusters is at least one order of magnitude smaller than the commensurate volume of 

a spherical particle. Therefore, unless the host material viscosity is much larger, therefore 

leading to much larger viscous friction forces, the particles will be dragged along by the 

dislocations moving parallel to the lamellar structure. 
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5.4 Conclusion 

 We examined the effect of “trapped” NPs on the coarsening dynamics of islands 

by comparing optical microscopy and atomic force microscopy images of islands, and the 

NP distribution measured by STEM, with theoretical probability distributions. By 

examining the NP distribution and island shapes, specific coarsening mechanisms 

responsible for the growth of the islands were identified. The effect of NPs on island 

growth could be described as follows. During OR, NP clusters acted as a barrier for 

chains to translate to other islands and thus small islands disappeared at a much slower 

rate comparing to the pure sample. During coalescence, however, NPs did not appear to 

influence the shape fluctuation of islands; this led to merging of the islands. The 

transition between the mechanisms by the presence of NPs contributed to the discrepancy 

between the island size distribution of pure and NP containing BCP thin films.  
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CHAPTER 6 

CONCLUSION 

 

61. Concluding Remarks 

This dissertation demonstrated the thermodynamic phase behavior and kinetic 

processes of the morphological transitions of thin film polymer-coated NPs/polymer 

mixtures. The studied morphology of thin film PNCs was subsequently correlated to 

optical properties and dynamics of the film. This final chapter includes the key findings 

of this research as well as recommendations for future work.  

1) Phase Behavior of Brush-coated NPs in thin homopolymer matrix and its 

relationship to optical properties 

A systematic study of the thermodynamic phase behavior of PS-coated Au NPs/PS 

athermal mixtures has been established to control the morphological structure of thin film 

mixtures. At fixed Rcore ≈ 5 nm, we adjusted the degree of polymerization of grafted chain 

N and degree of polymerization of linear chains P where the grafting density of all the 

particles were between 1.5 and 2 chains/nm2. We were able to identify three different 

regimes: 1) Phase separation with surface instabilities 2) surface segregation 3) 

miscibility. In regime 1, at dry brush state, N << P, NPs exhibited phase separation both 

laterally and normally to the substrate confirmed by STEM and DSIMS. Surface 

roughness of the film reflected the lateral phase separation between particle-rich and 
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polymer-rich regions. Combining the characteristic length of the domains with the 

surface roughness obtained from topographical images, we could attain the degree of 

phase separation quantitatively. As the P/N and N increases within regime 1, 

characteristic length and the RMS were shown to increase. When N was sufficiently 

small, however, there was no distinctive lateral phase separation and surface roughness 

for N << P. At N = 10. Particles were segregated completely to two interfaces, i.e. 

substrate and free surface, showing a tri-layer structure (regime 2). In regime 3, particle 

and host chains displayed compatibility as host chains are interpenetrated to the brush 

layer when the brush thickness was larger than the radius of gyration Rg or host PS chains. 

This study was intended to explain the pure entropic effect on the phase behavior and 

morphology of brush-coated NPs/homopolymer athermal mixtures.  

In the following study, nanoparticle distribution has been controlled by the phase 

miscibility of polymer/NP mixtures to tailor the refractive index of the polymer film. 

Spectroscopic Ellipsometry (SE) was used to obtain single or multiple refractive indices 

in the film depending on the phase miscibility of the mixture. As a proof of concept, we 

begin the discussion by showing the homogeneous case with two different particle sizes 

of approximately 2 and 5 nm and compared fitted data with theoretical calculation based 

on the Drude-Lorentz theory. Once the characterization method was verified, we 

analyzed a phase separated mixture where a tri-layer structure was developed. We were 

able to identify the layers in the fitting model to obtain three different optical spectra for 

each layer: free surface, middle layer and substrate. The large contrast between the 

interfacial and middle layers was examined especially in the wavelength range 

responsible for the surface plasmon resonance (SPR) effect. However, the contrast in the 
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refractive index disappeared within the phase separated film when the total film thickness 

was small and two particle-rich layers were in close proximity. Using the optical analysis 

of homogeneous and phase separated mixtures by SE technique suggested a facile route 

to tailor and characterize optical properties of thin film polymer/NP mixtures.        

2) Direct Self-Assembly of NPs on the island boundaries of thin film BCPs and 

the effect of NPs on coarsening dynamics of islands  

In chapter 4, we demonstrated that the NPs arrange themselves as clusters exclusively 

in defects in thin film BCPs to minimize the elastic energy of chains. When lamellar thin 

film BCPs forms islands/hole domains at suboptimal thicknesses, edge dislocations 

develop into the domain boundaries. A majority of NPs of sufficiently large in 

comparison with lamellar spacing, R ≥ 0.25L, sequestered into the edge dislocations as a 

cluster while particles of size R ≤ 0.15L were dispersed throughout the film as 

translational entropy dominates the system. NP cluster size on the boundaries 

corresponded to the “healing length” of the island, proportional to the square root of film 

thickness. A surface deformation on island boundaries in the topographical image 

indicated the location of NP clusters. Self-organization of NPs into topographically 

developed defects illuminated strong energetic interactions between NPs and surface-

driven defects.   

The study in chapter 5 was designed to elucidate the role of NPs on coarsening 

dynamics of islands on lamellar thin film BCPs. The island growth was inhibited 

considerably by NPs trapped along the island boundaries. To further investigate the island 

coarsening processes, two mechanisms, i.e., Ostwald ripening (OR) and coalescence, 

were described to define the dominating coarsening mechanism. Probability distribution 
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of islands revealed that the presence of NPs had greater influence on OR than on the 

coalescence mechanism. Hence, coalescence was the governing mechanism for island 

coarsening in 5 wt% NPs containing film while OR was dominant for pure BCP film at 

the late growth stage. Characterizing the shape and distribution of “trapped” NP clusters 

allowed the prediction of the structural evolution of two-dimensional islands.    

 
 
6.2 Recommendations for the Future Work  
 
 In chapter 2, we examined the morphology and phase behavior of thin film PS-

coated Au NPs/PS mixtures by tailoring the size ratio between the degree of 

polymerization of host chains, P and grafted chains, N. Three different phases were 

identified by the phase miscibility and morphology of the mixtures. One can extend the 

miscibility parameters to NP concentration and thickness to define the phase behavior 

from thin film to bulk mixtures. The transition thickness from thin film to bulk is 

expected to rely on the brush thickness and Rg of host chains at relatively small NP size. 

In the case of NP concentration, we briefly showed the shift in degree of phase separation 

by measuring the characteristic length of phase separated domains comparing 2 and 4 

wt%. It will be useful to extend the concentration range and to quantify the transitions. In 

ultra-thin film regimes, packing frustrations may suppress the phase separation and 

develop into 2D organization. Grazing incidence small angle X-ray scattering (GI-SAXS) 

may be the appropriate technique to determine long-range structures and characteristic 

length of the PNC film. Phase behavior of other polymer systems, including biopolymers 

and semi-crystalline polymers, can be explored using a similar concept. As one expands 

the materials systems, more critical parameter space may emerge which will be key to 
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theoretical and simulation studies on this topic. These experiments will possibly facilitate 

broadening our understanding of phase behaviors on thin film PNCs and enlighten our 

development of new design rules.  

In this study, we have correlated the optical properties with the phase miscibility 

of thin film PS-coated Au NPs/PS mixtures. On the condition of N << P for short N 

where NPs are completely segregated to both interfaces, we have identified three layers, 

i.e., free surface, interior and substrate, to characterize the change in optical constants 

within the film. Multi-layer films can be fabricated by alternating solvents that will not 

dissolve the layer underneath. Through this method, advanced functionalities can be 

developed such as bio-compatible surfaces for sensors and biomedical applications. 

Processing the multi-layer film in sc-CO2 will be advantageous since pressurized CO2 

usually enhances the interfacial properties and increases the mechanical stability of the 

film. Chitosan molecules may be an attractive alternative for their good spin-casting 

characteristics, abundance in nature, and accessibility as a ligand for Au NPs. 

Furthermore, thin film polymer-coated AuNPs/polymer can be applied to enhance the 

performance of organic photovoltaics. The surface plasmon resonance effect of metal 

NPs is responsible for the increase in efficiency. Our fabrication method of organizing 

NPs is effective in terms of size and processability. It would be interesting to compare the 

performance of homogeneously distributed film and tri-layer film, both containing the 

same amount of NPs.  

In chapter 4, we have shown that the NPs preferentially segregated to edge 

dislocation cores as clusters. Adopting this behavior, one can intentionally pattern the 

substrate and develop disorientations in the domains, thus creating grain boundaries. 
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Particles are likely to segregate to the boundaries as indicated in this study. In order to 

successfully organize particles exclusively into the patterns, one may need to control the 

shape, size, and periodic spacing of the ordered structures. A hierarchical pattern of 

clustered NPs presented a configuration distinctive from other thin film BCP-NP hybrid 

systems. The proposed system of patterning NP clusters, therefore, offers unique 

opportunities to explore new optical and catalytic properties for bio-sensing and 

optoelectronic devices as well as serving as a template for further fabrication. 
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APPENDICES 

 

Appendix A. Nanoparticle size analysis  

 
Figure S1. Particle size distribution. Dcore=5.1±1.2 nm, σ=2.13 chains/nm2 
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Appendix B. Lamellar spacing of BCP thin film (1L < h0 < 2L) VS NP concentration 

 
Figure S2. Lamellar spacing of PS-b-PnBMA film as a function of NP concentration. 1st 

layer corresponds to the layer on the substrate and 2nd layer indicated the island. Solid 

line accounts for the theoretical prediction L=L+φ/(1-φ)[1]. Domain thicknesses were 

measured by AFM where the film was scratched prior to annealing. 
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 Appendix C. Thickness swelling of BCP thin film (1L < h0 < 2L) under supercritical 

carbon dioxide 

 

 
Figure S3. In-situ swelling measurement of neat PS-b-PnBMA film of (~100nm) in 
supercritical-CO2 by spectroscopic ellipsometry. Maximum swelling amount was 19% at 
1630psi. Detail measurements can be found in reference [2].  
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Appendix D. Optical characterization of phase separated thin film PNCs  

Spectroscopic ellipsometry measures the changes in polarization state of reflected 

light from the sample. The change in polarization is characterized by ψ and Δ parameters 

which is defined as  

 

where ρ is defined as the ratio of the reflectivity of the p- polarized light ( ) and s- 

polarized light ( ). To obtain sample properties such as optical constants, thickness, and 

surface roughness from the measured data, optical model should be established with the 

exception of bulk samples.  

Prior to refractive index analysis, it is best to know the film structure and build a 

model based on the structure. If not, it would be difficult to obtain a reliable result 

especially when there are too many unknown parameters. Increase in fitting parameters 

means that there will be correlations between parameters which produce a vague fitting 

result. One way to roughly determine whether the thin film mixture is homogeneous or 

not is to convert the optical model from isotropic to anisotropic and see whether the 

fitting improves or not.   

Data analysis procedures for phase separated mixtures (ex. 30wt% AuPS30-PS1630, 

h~105nm) are the following: 

1. Fit measured data with Cauchy layer by selecting transparent wavelength range 

(ex. 900 nm-1700 nm, differs depending on the sample) to obtain film thickness. 

Cauchy layer (fit A, B, thickness) 

Native Oxide_jaw (fixed) 
Si_jaw (substrate-fixed) 
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Figure S4. A schematic of the fitting model to determine total film thickness. 

2. Convert Cauchy layer to three EMA (effective medium approximation) layers. 

Each layer is assumed to be a homogeneous mixture. To minimize fitting 

parameters, first fix Au concentration of the middle layer to zero and the film 

thicknesses of top and bottom layer to 10~ 15nm based on NP size and the film 

structure. The thickness of the middle layer will then be determined by the 

difference between total film thickness and the thickness of top and bottom layer. 

It would be ideal to have a depth profile of gold by SIMS or RBS (Rutherford 

backscattering) to input more accurate thickness. Expand the wavelength to 370 

nm-1700 nm and fit the data (concentration of top and bottom layer).  

EMA (Cauchy + Au) (fix htop: 10~15nm) 
EMA (Cauchy) (fix hmiddle= htot – (htop + hbot) 
EMA (Cauchy + Au) (fix hbot: 10~15nm) 
Native Oxide_jaw (fixed) 
Si_jaw (fixed) 

 
Figure S5. A schematic of the fitting model of three EMA layers to distinguish 
between particle-rich and polymer-rich layers. 
 
3. Fit all film thicknesses and concentrations for every layer including the middle 

layer (particle-poor layer).  

4. Parameterize EMA model to Gen-Osc model and match e2 (or k) shape followed 

by the e1 (or n) shape by choosing the oscillator types. Replace layer to Gen-Osc 

layer and fit the data. This procedure should be performed one layer at a time 

while other layers remain fixed. When assigning oscillators to previously obtained 

n & k, there should be only one oscillator that describes the SPR band while 3 or 

4 oscillators can be assigned for wavelength range other than SPR band. By this 
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procedure, amplitude, width, and the location of the peak shifts will be adjusted 

that decreases MSE significantly. (MSE reduced from 7.785 to 3.690 for 30wt% 

AuPS30-PS1630 mixtures) 

Gen-Osc (used Gaussian oscillators to fit e1 and e2) 
Gen-Osc (used Gaussian oscillators to fit e1 and e2) 
Gen-Osc (used Gaussian oscillators to fit e1 and e2) 
Native Oxide_jaw (fixed) 
Si_jaw (fixed) 

 
Figure S6. A schematic of the fitting model converted from EMA to Gen-Osc models. 

 

 

Figure S7. ψ and Δ data as a function of wavelength fitted from the model for 
30wt% AuPS30-PS1630 (h~105nm). CompleteEASETM software (J.A. Woollam Co.) is 
used for data acquisition and analysis.  
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