
STABILITY AND MORPHOLOGICAL EVOLUTION IN 

POLYMER/NANOPARTICLE BILAYERS AND BLENDS 

CONFINED TO THIN FILM GEOMETRIES 

 

Rituparna Paul 

 

A dissertation submitted to the faculty of the  
Virginia Polytechnic Institute and State University  

in partial fulfillment of the requirements for the degree of  
 

Doctor of Philosophy 
in 

Macromolecular Science and Engineering 
 
 

Alan R. Esker, Chair 
John G. Dillard 

Charles E. Frazier 
Judy S. Riffle 

Garth L. Wilkes 
 
 

August 7, 2007 
Blacksburg, Virginia 

 
Keywords: Polymer thin films, Langmuir-Blodgett films, Polymer blends, Polymer 
bilayers, Polyhedral oligomeric silsesquioxanes (POSS)  

 

Copyright 2007, Rituparna Paul 



STABILITY AND MORPHOLOGICAL EVOLUTION IN 

POLYMER/NANOPARTICLE BILAYERS AND BLENDS 

CONFINED TO THIN FILM GEOMETRIES 

 
Rituparna Paul 

 

(ABSTRACT)  
 
 Thin film bilayers and blends composed of polymers and nanoparticles are 

increasingly important for technological applications that range from space survivable 

coatings to novel drug delivery systems. Dewetting or spontaneous hole formation in 

amorphous polymer films and phase separation in multicomponent polymer films can 

hinder the stability of these systems at elevated temperatures. Hence, fundamental 

understanding of dewetting and phase separation in polymer/nanoparticle bilayer and 

blend films is crucial for controlling transport and thermomechanical properties and 

surface morphologies of these systems. This dissertation provides studies on 

morphological evolution driven by phase separation and/or dewetting in model 

polymer/nanoparticle thin film bilayers and blends at elevated temperatures.  

 Morphological evolution in dewetting bilayers of poly(t-butyl acrylate) (PtBA) or 

polystyrene (PS) and a polyhedral oligomeric silsesquioxane (POSS), trisilanolphenyl-

POSS (TPP) is explored at elevated temperatures. The results demonstrate unique 

dewetting morphologies in both PtBA/TPP and PS/TPP bilayers that are significantly 

different from those typically observed in dewetting polymer/polymer bilayers. Upon 

annealing the PtBA/TPP bilayers at 95 °C, a two-step dewetting process is observed. 

PtBA immediately diffuses into the upper TPP layer leading to hole formation and 

subsequently the holes merge to form interconnected rim structures in the upper TPP 

layer. Dewetting of both the TPP and PtBA layers at longer annealing times leads to the 

evolution of scattered holes containing TPP-rich, fractal aggregates. The fractal 

dimensions of the TPP-rich, fractal aggregates are ~2.2 suggesting fractal pattern 

formation via cluster-cluster aggregation. Dewetting in PS/TPP bilayers also proceeds via 

a two-step process; however, the observed dewetting morphologies are dramatically 
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different from those observed in PtBA/TPP bilayers. Cracks immediately form in the 

upper TPP layer during annealing of PS/TPP bilayers at 200 °C. With increasing 

annealing times, the cracks in the TPP layer act as nucleation sites for dewetting and 

aggregation of the TPP layer and subsequent dewetting of the underlying PS layer. 

Complete dewetting of both the TPP and PS layers results in the formation of TPP 

encapsulated PS droplets.  

 Phase separation in PtBA/TPP thin film blends is investigated as functions of 

annealing temperature and time. The PtBA/TPP thin film blend system exhibits an upper 

critical solution temperature (LCST) phase diagram with a critical composition and 

temperature of 60 wt% PtBA and ~70 °C, respectively. Spinodal decomposition (SD) is 

observed for 60 wt% PtBA blend films and off-critical SD is seen for 58 and 62 wt% 

PtBA blend films. The temporal evolution of SD in 60 wt% PtBA blend films is also 

explored. Power law scaling for the characteristic wavevector with time (q ~ tn with n ≈  

-1/4 to -1/3) during the early stages of phase separation yields to domain pinning at the 

later stages for films annealed at 75, 85, and 95 °C. In contrast, domain growth is 

instantly pinned for films annealed at 105 °C.  

 Our work provides an important first step towards understanding how nanoparticles 

affect polymer thin film stability and this knowledge may be utilized to fabricate surfaces 

with tunable morphologies via controlled dewetting and/or phase separation. 
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Chapter1  Overview 

 1

CHAPTER 1 

Overview 

 

 Polymer thin films have been extensively studied for their technological applications 

that range from the fabrication of microelectronics and sensors to biocompatible coatings 

and novel drug delivery systems. Moreover, polymer thin films are increasingly 

important for high temperature and space survival coatings applications. For most 

applications, polymer thin films are required to maintain their stability after being spread 

onto substrates. Dewetting or spontaneous hole formation in amorphous polymer films 

and phase separation in multicomponent polymer films can pose problems for the 

stability of these systems at elevated temperatures. Hence, it is critical to gain insight into 

dewetting and phase separation behavior and their interplay in multilayer polymer films 

for controlling the stability, properties, and morphologies of these systems. In this 

dissertation, we investigate film stability and morphological evolution in model 

polymer/nanoparticle bilayers and blends confined to thin film geometries at elevated 

temperatures. This work provides an important first step towards exploring and 

understanding the effects of nanoparticles on polymeric thin films. 

 Chapter 2 provides an overall introduction and review. In this chapter, a general 

introduction to the importance of polymer thin films, dewetting in polymer thin films, 

and phase separation in polymer blends is provided. Thermodynamics, kinetics, and 

morphological evolution of dewetting and phase separation are reviewed with examples 

pertaining to polymeric systems from the literature. The Langmuir-Blodgett (LB) 

technique, a method for depositing monolayers of amphiphilic molecules onto solid 

substrates from the surface of a liquid has been used to prepare films of controlled 

thicknesses for this work. A detailed description of the LB-technique is provided. The 

films of amphiphilic molecules on the liquid surface are termed Langmuir films. The 

various thermodynamic phase transitions that are observed upon compression of 

Langmuir monolayers of traditional small molecule amphiphiles and amphiphilic 

polymers are presented. The apparatus for the preparation of Langmuir monolayers and 

LB-films, and various types of LB-deposition are reviewed. Techniques such as atomic 
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force microscopy (AFM) and x-ray photoelectron spectroscopy (XPS), which have been 

used for characterizing our polymer/nanoparticle bilayers and blends confined to thin 

films, are also summarized in Chapter 2. Furthermore, polyhedral oligomeric 

silsesquioxanes (POSS), the nanoparticles of choice for this work are reviewed with 

respect to their general synthesis scheme and applications. 

 Chapter 3 introduces the materials and experimental techniques that are used in this 

dissertation. Only Chapter 3 will contain a detailed description of experimental methods 

used in this research. 

 Chapter 4 describes pattern formation in thin film bilayers of poly(tert-butyl acrylate) 

(PtBA) and a POSS, trisilanolphenyl-POSS (TPP), as functions of annealing temperature 

and time. The surface morphology of the dewetting bilayers is monitored by reflected 

light optical microscopy (OM) and AFM, and the surface composition is determined by 

XPS. A two-step dewetting process is observed for PtBA/TPP bilayers at elevated 

temperatures. Upon thermal annealing at 95 °C, PtBA diffusion into the upper TPP layer 

leads to the formation of holes that subsequently merge to form interconnected rim 

structures in the upper TPP layer. At later annealing times, dewetting of both the upper 

TPP and lower PtBA layers results in the evolution of scattered holes containing TPP-

rich fractal aggregates. The observation of TPP-rich fractal aggregates is novel as it is the 

first experimental (morphological) observation of micron-scale, fractal, nanoparticle-rich 

aggregates within holes in dewetting polymer/nanoparticle bilayer films. Selective 

solvent etching of PtBA from the dewet bilayers confirms that the fractal aggregates are 

primarily composed of TPP. 

 Morphological evolution in dewetting thin film bilayers of polystyrene (PS) and TPP 

is presented in Chapter 5. Like the PtBA/TPP bilayers reported in Chapter 4, dewetting in 

PS/TPP bilayers occurs through a two-step process; however, the higher glass transition 

temperature (Tg ≈100 °C) of PS causes the surface morphology to evolve at much higher 

annealing temperatures in this system. Upon annealing the PS/TPP bilayer at 200 °C, 

cracks form immediately in the upper TPP layer. These cracks serve as nucleation sites 

for dewetting and aggregation of the upper TPP layer and subsequent dewetting of the 

underlying PS layer. TPP encapsulated PS droplets are formed upon complete dewetting 

of both the TPP and PS layers. The dewetting mechanism and morphologies observed for 



Chapter1  Overview 

 3

dewetting PS/TPP bilayers are unique and have not been previously reported for 

polymer/polymer or polymer/nanoparticle bilayer systems. 

 One of the main goals of this dissertation is to explore the phase behavior in binary 

blends of polymers and nanoparticles confined to thin film geometries. Chapter 6 

provides a phase diagram for the PtBA/TPP blend system confined to thin films. Phase 

evolution in PtBA/TPP blend films as functions of annealing temperature and time is 

monitored by reflected light OM. The PtBA/TPP thin film blend system exhibits lower 

critical solution temperature (LCST) behavior with a critical temperature of ~70 °C and a 

critical composition of 60 wt% PtBA. Spinodal decomposition (SD) is observed for 60 

wt% PtBA blend films and off-critical SD is seen for 58 and 62 wt% PtBA blend films. 

Phase separation via nucleation and growth is observed for all blend films with 

compositions outside the 58 to 62 wt% PtBA window. The kinetics of SD at various 

annealing temperatures for 60 wt% PtBA blend films is also provided in Chapter 6. 

 Chapter 7 provides the overall conclusions for this dissertation and several 

suggestions for future work in the area of polymer/POSS bilayers and blends confined to 

thin films. The manipulation of physical variables such as polymer molar mass, annealing 

temperature, annealing time, film thickness, and mechanical confinement is suggested for 

reproducible control of phase separation and dewetting in the bilayer and blend systems. 

The determination of phase boundaries for the PtBA/TPP thin film blend systems with 

PtBA of higher molar masses is suggested as the thermodynamics, kinetics, and 

morphological evolution of phase behavior in the higher molar mass systems is expected 

to be significantly different from the low molar mass one. Furthermore, the study of 

phase behavior in ternary systems of polymer blends containing POSS nanoparticles is 

proposed.  
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CHAPTER 2 

Introduction and Review 

 

2.1 Interest in Polymer Thin Films 

 In recent years, there has been immense research interest in polymer thin films due to 

their unique properties and wide ranging applications. The properties of polymers 

confined to thin films deviate significantly from their bulk counterparts as indicated by 

observations involving their structural and dynamic behavior. The effect of high surface 

area to volume ratios for polymer thin films on their properties such as density, adhesion 

and stability, glass transition temperature (Tg), diffusion coefficient, etc. is far from being 

completely understood and is intensely debated. Unpatterned and patterned polymer thin 

films on solid substrates have the potential of being used in several technological 

applications. These applications include electroluminescent films,1 dielectric layers for 

semiconductor devices,2 dielectric actuators,3 fabrication of microelectronics,4 chemical 

sensors,5 biocompatible coatings,6 novel drug delivery systems,7 and biosensors.8 

Moreover, polymer thin films can be used in high temperature and space survivable 

coatings applications.9 These future high-end applications require a reduction in film 

thicknesses to nanoscale regimes while maintaining adhesion and stability at the 

interfaces. Furthermore, the stability of multilayer films composed of different polymers 

as well as polymeric and non-polymeric materials is dependent on the stability of each 

layer and the interactions between the dissimilar layers. Dewetting in amorphous polymer 

thin films and phase separation in multicomponent polymer films may hinder the stability 

of these systems at elevated temperatures.  

 

2.2 Dewetting 

 Dewetting is the process of spontaneous hole formation on the surface of an unstable 

liquid film. Amorphous polymers, though not obvious liquids, can be regarded as liquids 

above their Tg and therefore may undergo dewetting at elevated temperatures. This 

process can pose a serious problem in the nanofabrication of polymeric coatings.  The 
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substrates on which the films are supported could either be solid or liquid-like. The 

nature of the substrate is not determined by the inherent properties of the substrate but by 

the relative viscosities of both the substrate and the dewetting films.10 The idea of a solid 

substrate implies that the liquid/solid interface is a non-deformable plane and the viscous 

dissipation during dewetting occurs only within the dewetting film. On the other hand, a 

liquid substrate indicates that the liquid/solid interface is deformable and the viscous 

dissipation may occur in the dewetting film as well as the substrate.10 It is important to 

note at this point that the phenomenon of dewetting is not solely restricted to polymeric 

films and has been observed for metallic and semiconductor films.11,12 However, in this 

dissertation, dewetting will be discussed as it pertains to polymer thin films.  

 Dewetting in polymer thin films has been extensively studied not only for the 

technological importance of polymeric films but also to gain fundamental insight into 

surface interactions that govern thin film stability. While dewetting is a hindrance for 

many applications, research has shown controlled dewetting may be used advantageously 

in polymer thin films to fabricate patterned polymer surfaces.13-30 Wang et al. have 

fabricated single arrays of poly(methyl methacrylate) (PMMA) and 

poly(dioctylphenylthiophene) (PDOPT) and bilayer arrays of PMMA/PDOPT on 

patterned polymeric substrates via dewetting (Figure 2.1).23 Recently dewetting has  been 

utilized to drive nanoparticle assembly.31-36 Complex assemblies and patterns of  silica 

and gold nanoparticles on mica substrates (Figure 2.2) have been prepared by the 

dewetting of charged poly(N-isopropylacrylamide) (PNIPAM) solutions.32,36   Dewetting 

has been used to study the interactions between two polymers37 and gather information 

about surface Tg and mobility of polymer thin films.38,39 Furthermore, dewetting has been 

explored as an alternative method for determining the surface energy of surfaces having 

micron-scale energy variations.40  
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Figure 2.1: AFM height images of (a) PMMA lines with a periodicity of 10 µm (z range 

= 2 nm) and (b) PDOPT lines with a periodicity of 1.66 µm (z range = 200 nm) fabricated 

on patterned polymeric substrates via dewetting. Reprinted with permission from 

Nanotechnology 2005, 16, 437-443. Copyright 2005 Institute of Physics.23 
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Figure 2.2: AFM height images of (a) gold (z range = 6 nm) and (b) silica (z range = 40 

nm) nanoparticle assemblies formed by the dewetting of charged PNIPAM solutions. 

Reprinted with permission from Langmuir 2004, 20, 4430-4435. Copyright 2004 

American Chemical Society.32 
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2.2.1 Work of Adhesion and Wettability 

 The total work of adhesion (Wadh,total), between two materials [(substrate (S) and 

liquid (L)] can be expressed in terms of thermodynamic work of adhesion (Wadh,thermo), 

and a viscoelastic modification (ζ) of the thermodynamic term:41 

  ζ)( ,,, thermoadhthermoadhtotaladh WfWW +=        (2.1) 

The thermodynamic work of adhesion (Wadh,themo) under isothermal reversible conditions 

is given by Equation 2.2:41 

  LSairSairLthermoadhW ,,,, γγγ −+=        (2.2) 

where, γS,air is the substrate/air interfacial energy, and γL,air and γL,S are the liquid/air and 

substrate/liquid interfacial energies, respectively. A positive or negative value of 

Wadh,thermo indicates a non-wettable or wettable substrate, respectively. Furthermore, 

spreading of a liquid on a substrate can also be thought of in terms of its spreading 

coefficient, (S), which can be expressed in terms of γS,air, γL,air and γS,L as,42 

 LSairLairSS ,,, γγγ −−=         (2.3) 

A positive value of S (S > 0) indicates spontaneous wetting, whereas a negative value of S 

(S < 0) indicates a non-wettable or a partially wettable substrate. The stability of polymer 

thin films is not only governed by surface energies but also by long-range van der Waals 

and short-range forces that may be acting on the films.43-46  

2.2.2 Interfacial Potential and Polymer Film Stability 

 Generally, the stability (or instability) of a polymer thin film on a substrate is 

theoretically rationalized in terms of a film thickness (h) dependent parameter termed as 

the effective interfacial potential [∆G(h)].29,30,43-47 The effective interfacial potential, 

[∆G(h)] is defined as the excess free energy per unit area required to bring two interfaces 

from infinity to a certain separation distance, which in a thin film case is the initial film 

thickness (h0). Theoretically, the sign of the curvature [∆G''(h)] of the plot of ∆G(h) 

versus h determines the stability (or instability) of a thin film. The effective interfacial 

potential is a combination of long-range van der Waals and short-range entropic 

interactions. The most widely used long-range part of the potential is expressed in the 

form of a non-retarded van der Waals potential [∆GvdW(h)] defined by,45,46 
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−=∆          (2.4) 

where Aeff(h) is the effective Hamaker constant describing the combined solid-liquid 

system, and h is the film thickness. For a liquid film (L) on top of a substrate (S), the 

effective Hamaker constant is independent of liquid film thickness, Aeff(h) = AS,L – AL,L, 

where AS,L and AL,L are the Hamaker constants for the combined solid-liquid film system 

and pure liquid film, respectively. The addition of a coating layer (C) of thickness d onto 

the substrate (S) covered with liquid film (L) yields a thickness dependent Hamaker 

constant:45 
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AA
AAhA LSLC
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where AC,L is the Hamaker constant describing the combined liquid film-coating layer 

system. The short-range interaction part of the potential [∆GSR(h)] that arises from the 

distortion of the density profile in the vicinity of the substrate is expressed by a repulsive 

Born-like term:46,48 

 8)(
h

hGSR
β

=∆           (2.6) 

where β stands for the strength of the short-range interactions and h is the film thickness. 

The short-range interactions have been represented by other functional forms depending 

on the nature of the interactions.43,44,49,50 Muller et al. have proposed a functional form of 

GSR(h), that decays exponentially as a function of distance between a substrate and an 

interface as shown in Equation 2.7:43,44 

 ⎟
⎠

⎞
⎜
⎝

⎛
−∆

ξ
γ hhG airLSR exp~)( ,         (2.7) 

where ξ is the width of the liquid/vapor interface and γL,air is the liquid/air interfacial 

energy. For a dense polymer melt, ξ has been calculated to be on the order of a few 

Ångströms.  It is clear from the above discussion that the interplay between the short- and 

long-range interactions determines the shape of the effective interfacial potential and 

hence the stability (or instability) of polymer thin films. 
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 Three common scenarios typically result from different curvatures for plots of ∆G(h) 

versus h: stable, unstable, and metastable films. As seen in Figure 2.3,45,46 as h → ∞, 

∆G(h) → 0 independent of scenario. For stable films, the second derivative of ∆G(h) with 

respect to h is positive [∆G''(h) > 0] for all positive values of thickness (h > 0) and 

exhibits a global minimum at infinite film thickness [(a) on Figure 2.3]. In contrast, 

unstable films possess negative curvatures on ∆G(h) versus h plots, i.e. ∆G''(h) < 0 for all 

positive values of h, with a global minimum at h = h*, as shown for (b) on Figure 2.3. An 

unstable film will dewet via the spinodal mechanism due to spontaneous amplification of 

capillary waves, if the initial film thickness (h0) is larger than h*. It is also suggested that 

a negative global minimum of ∆G(h) at h = h* indicates that an equilibrium layer of 

thickness h* will be left behind on the substrate after spinodal dewetting of a film into 

droplets.46 For a metastable film, ∆G''(h) < 0 for small initial film thicknesses, but 

∆G''(h) > 0 for larger initial film thicknesses [(c) on Figure 2.3]. Metastable films 

undergo dewetting via the nucleation and growth mechanism for thick films, [∆G''(h) > 

0], whereas dewetting occurs by the spinodal mechanism for thin films when ∆G''(h) < 0. 

Dewetting of metastable films is expected to proceed via heterogeneous and 

homogeneous nucleation for high and low nucleation barriers, respectively. It is 

important to state that the accurate prediction of the boundary between unstable and 

metastable states depends on using the correct form of the effective interfacial potential. 

Seemann et al. have quantitatively reconstructed the effective interfacial potentials for 

thin polystyrene (PS) films supported on SiO2/Si substrates from the dewet morphologies 

and their results follow the trend shown in Figure 2.3.46 
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Figure 2.3: Representative plots of effective interfacial potential [∆G(h)] as a function of 

film thickness (h) for (a) stable, (b) unstable, and (c) metastable films.46  

 

 There are numerous experimental reports for which the dewetting mechanisms and 

the resultant morphologies cannot be explained satisfactorily in terms of the effective 

interfacial potential. Green et al. have shown that there are no uniform equilibrium layers 

of thickness h* left behind on the substrates after complete dewetting of unstable PS 

films supported on SiO2/Si substrates, as predicted by the interfacial potential theory.48 

Moreover, a dependence of h* on PS molar mass is observed suggesting that either the 

long- or short-range interactions are dependent on polymer molar mass. The effect of 

ambient temperature on the stability of PS films on SiO2/Si substrates has been studied by 

Müller and coworkers and the results suggest that short-range interactions are most likely 

temperature dependent.44 The above experimental findings indicate that new parameters 

such as temperature, molar mass, etc. have to be included into the long- and short-range 

interaction terms that compose the effective interfacial potential to adequately explain the 

experimental results.  Furthermore, there is an ongoing discussion in the literature on 

kinetic effects that influence the stability of polymer thin films. It is now widely accepted 

that equilibrium thermodynamics alone cannot always predict and explain the observed 

dewetting mechanisms (in particular the nucleation and growth process) and resulting 

morphologies.51 The density and surface tension gradients, slow structural relaxations, 

substrate heterogeneities and contamination, defects and residual stresses arising from 

film preparation, strong specific substrate-film interactions, etc. all play important roles 
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in determining the stability (or instability) and morphological evolution in dewetting 

polymer thin films.48,52-59 

2.2.3 Dewetting Mechanisms 

Two mechanisms are commonly proposed for explaining dewetting of polymer thin 

films: nucleation and growth, and spinodal mechanisms. 

2.2.3A Nucleation and Growth Mechanism. In the nucleation and growth mechanism 

(NG), hole formation is initiated or nucleated by an impurity in the film and/or a substrate 

defect when the temperature is raised above the Tg of the polymer.60 After hole initiation, 

dewetting proceeds via three characteristic stages: (i) break-up of the continuous film by 

the formation of cylindrical holes surrounded by polymer rims, (ii) hole growth until the 

rims contact each other yielding a cellular pattern, and (iii) formation of isolated polymer 

droplets on the substrate upon the break-up of the rims.61 Usually, a hole formed by the 

NG mechanism is characterized by a defect at its center. A schematic depiction of hole 

formation by the NG mechanism is shown in Figure 2.4.  

 

(a)

(b)

(c)

(a)

(b)

(c)
 

Figure 2.4: A schematic representation of hole formation in a polymer thin film by the 

nucleation and growth (NG) mechanism: (a) A uniform film with an impurity (circular 

structure), (b) initiation of a hole by the impurity, and (c) formation of a hole with the 

impurity at its center. 
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Figure 2.5: Liquid drops in equilibrium with a partially wetting substrate: (a) a small 

spherical drop unaffected by gravity and (b) a large drop flattened by gravity to form a 

film of thickness l.62 

 

 It follows from Section 2.2.2 that dewetting of polymer thin films via the NG 

mechanism is far from being completely understood and the accurate prediction of film 

rupture via nucleation is extremely difficult.51 In the early 1990s, Brochard-Wyart et al. 

proposed that the stability of partially wetting films with thicknesses greater than 100 nm 

is determined by the interplay between interfacial energies and hydrostatic forces.62 For 

the case of partial wetting, the spreading coefficient (S) is negative and a liquid drop on 

the substrate has a finite contact angle of θ (Figure 2.5a), which is related to the 

interfacial energies by Young's equation:63 

  θγγγ cos,,, airLLSairS +=         (2.8) 

where γS,air is the substrate/air interfacial energy, and γL,air and γS,L are the liquid/air and 

substrate/liquid interfacial energies, respectively. Moreover, a large drop of a liquid on a 

partially wetting substrate is not spherical in shape but flattens out because of gravity to 

form a thick film of thickness l, as shown in Figure 2.5b. The hydrostatic pressure acting 

on the large drop is related to γS,air and γS,L as,63 

 
2

2

,,
gl

LSairS
ργγ +=           (2.9) 

where ρ is the density of the liquid and g gravitional constant. Equation 2.10 is obtained 

from Equations 2.8 and 2.9:  

 
g

l airL

ρ
θγ cos2 ,2 =        (2.10) 
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It follows from Equation 2.10 that, 

 2/11 )cos2( θκ −=l        (2.11) 

where κ-1 = (γL,air/ρg)-1/2 is the Laplace length. 

A liquid film is stable if its initial thickness (h0) is greater than l (h0 > l) whereas it is 

metastable (i.e. ruptures via nucleation) if h0 < l.  

 Several studies have been conducted to gain insight into the morphological evolution 

and hole growth dynamics in polymer thin films undergoing dewetting via the NG 

mechanism.48,60,61,64-76 Representative morphological evolution in a 19 nm PS film 

supported on a Si/SiO2 substrate undergoing dewetting by the NG mechanism is shown in 

Figure 2.6.60 Various scaling laws have been developed to describe the dynamics of the 

early stages (i.e. before rims come in contact) of the hole growth process. Brochard-

Wyart et al.65 have proposed three separate regimes during hole growth in polymer thin 

films: (i) an initial stage characterized by the absence of a rim around the hole, (ii) an 

intermediate regime where the rim is present but not completely mature, and (iii) a late 

stage where the rim is fully developed or mature. These growth regimes are only valid if 

the initial film thickness (h0) is much less than the extrapolation length (b). The 

extrapolation length (b) is a distance below the polymer/substrate interface where the 

velocity of the bulk fluid would extrapolate to zero.77 The first growth regime is predicted 

to occur when the radius of the hole [R(t)] < (bh0)1/2. The extrapolation length (b) is 

determined as b = k/η, where η is the dynamic viscosity of the dewetting liquid and k is 

the monomer-surface friction coefficient.64 In this regime, there is an absence of a rim 

surrounding the hole and the hole radius [R(t)] scales exponentially with annealing time 

(t):65   

 τ
t

etR ~)(         (2.12) 

where τ = 0.7(h0/V*), and V* is the capillary velocity defined as the ratio of the liquid/air 

interfacial tension (γL,air), and dynamic viscosity of the dewetting liquid (η). The 

intermediate regime of hole growth is predicted to occur when R(t) > (bh0)1/2. In this 

regime, rim formation starts and the dynamics of hole growth is dominated by frictional 

resistance at the substrate/polymer interface. The dewetting velocity is constant and R(t) 

scales linearly with t as:64,65  
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 ttR ~)(         (2.13) 

The final regime of hole growth is predicted to occur for R(t) >> (bh0)1/2 where the 

dynamics is dominated by slip. This regime is characterized by a mature rim and a 

decreasing dewetting velocity where R(t) scales with t as,64,65 

 3/2~)( ttR         (2.14) 

The three different regimes of hole growth in a polymer thin film during the early stages 

of dewetting by NG is summarized in Figure 2.7.65 
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Figure 2.6: Optical micrographs of a 19 nm PS film supported on a Si/SiO2 substrate 

undergoing nucleated dewetting at 121 °C for (a) 192, (b) 384, (c) 576, and (d) 768 min. 

Reprinted with kind permission from Appl. Phys. A (Springer Science and Business 

Media) 2002, 74, S383-S385, "Nucleated dewetting of thin polymer films," Lorenz-Haas 

et al., Figure 1, Copyright 2002 Springer.60  
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Figure 2.7: A representative plot of hole radius [R(t)] as a function of annealing time (t), 

for a polymer thin film (h0 << b) during the early stages of dewetting by the NG 

mechansim.65  

 

 The scaling law, R(t) ~ t, has been experimentally verified by monitoring dewetting 

dynamics for thick (20-50 µm) polydimethylsiloxane (PDMS) films supported on non-

wettable, silanized silicon substrates.64,73 The scaling law, R(t) ~ t2/3, has been observed 

by Redon and coworkers for thin (< 1 µm) PDMS films dewetting from silanized silicon 

substrates.74 Jacobs et al. have demonstrated experimentally that the values of the hole 

growth exponents (n) observed for dewetting PS thin films on silanized substrates were 

between those observed for limiting cases of perfect slip (n = 2/3) and stick (n = 1) 

boundary conditions.69 Dewetting experiments performed with PS films on top of dense 

PS brushes have revealed a n of ~2/3.76 Limary and Green have investigated the 

dewetting dynamics of PS-b-PMMA diblock copolymer films on Si/SiO2 substrates.70 

For this system, an exponential growth of holes [R(t) ~ et/τ] is observed during the early 

stages followed by an intermediate regime where R(t) ~ t. Finally, a slip dominated 

regime with a growth exponent of 2/3 is observed. The scaling laws for hole growth have 

also been verified by Green et al. for 49 nm thick PS films.48 However, their results 

indicate that the strict theoretical delineation of the developing and mature rim regimes 

may not be readily apparent experimentally because the regimes are narrow leading to 

significant cross-over effects. 



Chapter 2   Introduction and Review 

 16

2.2.3B Spinodal Mechanism. In the spinodal mechanism, hole formation is initiated by 

capillary waves on the surface arising from density fluctuations in the polymer.78 These 

capillary waves vary in amplitude and when one of these waves has a large enough 

amplitude to contact the substrate, an initiation site is formed. The polymer film pulls 

away from the initiation site at temperatures above the Tg of the polymer and collects in 

rims around the holes. A schematic depiction of hole initiation via the spinodal 

mechanism is shown in Figure 2.8. 

 Theoretically, dewetting of polymer thin films via the spinodal mechanism is better 

understood than dewetting via NG. Typically, in films of thicknesses less than 100 nm, 

van der Waals forces dominate, making the films unstable whereby they dewet via the 

spinodal mechanism.62 As stated in Section 2.2.2, if the curvature of the plot of effective 

interfacial potential versus film thickness is negative [∆G''(h) < 0], then the long-range 

van der Waals forces no longer stabilize the film and spinodal dewetting can occur.45,46 

Intuitively, it may be difficult to understand the role of long-range dispersive forces in 

causing film break-up since they are always attractive and would seem to encourage film 

stability. However, if the attractive dispersive interaction between the substrate and the 

surrounding medium is stronger than that of the film and the surrounding medium, the 

film becomes unstable.  

 

(a)

(b)

(c)

(d)

(a)

(b)

(c)

(d)
 

Figure 2.8: A schematic representation of hole initiation in a polymer thin film by the 

spinodal mechanism: (a) A uniform film, (b) thermally induced surface capillary waves, 

(c) propagation of surface capillary waves, and (d) hole initiation when a capillary wave 

with a large amplitude contacts the substrate.    
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 The morphological evolution and dynamics of spinodal dewetting in polymer thin 

films supported on solid substrates have been studied extenstively.14,26-30,37,45,46,78-85 Xie et 

al. studied the morphological evolution and dynamics of spinodal dewetting for a 4 nm 

PS film supported on a Si/SiO2 substrate.78 It is observed that for short annealing times 

(up to 90 min), spinodal dewetting proceeds slowly and bicontinuous surface patterns are 

formed while for longer annealing times the bicontinuous patterns break-up and form 

isolated droplets (Figure 2.9). During the late stages of dewetting, i.e. after the break-up 

of the bicontinuous structures, the coarsening of morphological features represented by 

the characteristic wavevector (q) can be described by a power law (q ~ tn) with n ≈ -0.43. 

Similar morphological evolution and dynamics of spinodal dewetting have been reported 

for complex systems such as liquid crystalline polymer and block copolymer films.83,86  

 

(b)

(a) (c)

(d)(b)(b)

(a)(a) (c)(c)

(d)(d)

 
Figure 2.9: 2.5 x 2.5 µm2 AFM height images for a 4.5 nm PS film supported on a 

Si/SiO2 substrate undergoing spinodal dewetting at 115 °C for (a) 21, (b) 90, (c) 450, and 

(d) 2580 min. Reprinted Figure 2 from Xie et al., Phys. Rev. Lett. 81, 1251-1254, 1998, 

http://prola.aps.org/abstract/PRL/v81/i6/p1251_1. Copyright (1998) by the American 

Physical Society.78  
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Figure 2.10: A schematic depiction of thermally induced surface fluctuations in a 

polymer thin film with an initial thickness of h0 undergoing spinodal decomposition.62  

 

 The dynamics of a thin liquid film (h < 100 nm) is typically described by Equation 

2.15:37,87 
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where η is the viscosity of the liquid, h(x, t) is the local film thickness, ho is the initial 

film thickness, γL,air is the liquid/air interfacial tension, and ∆G(h) is the effective 

interfacial potential. The surface fluctuations at any point (x) at time (t) (Figure 2.10), 

grows exponentially as,37,62,81 

 [ ]iqxtqhtxh +∝− )(exp),( 0 ω      (2.16) 

where q is the wavevector and ω is the growth rate of the fluctuations. For thin films, 

undergoing spinodal dewetting, the long-range, dispersive van der Waals interactions 

[∆G(h)vdW] dominate and hence ∆G(h) can be expressed as,45,46  
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where Aeff(h) is the effective Hamaker constant describing the combined solid-liquid 

system. For systems, where ∆G"(h) < 0, the surface fluctuations amplify if q is smaller 

than a critical wavevector (qc), which is determined by,81    
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where a is a material dependent characteristic length scale. There is a competition 

between the dispersive forces that drive dewetting and the inherent energy cost of having 

a larger interfacial area, yielding a capillary wave with a dominant wavelength (λ ≈ 
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h0
2/a).45,62,81 This dominant wavelength (λ) grows faster than any other unstable 

wavelength and spontaneously initiates holes with a characteristic spinodal rupture time 

(τspin):62,81 
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where η is the viscosity of the dewetting liquid. It is clear from the above discussion that 

the hole positions are correlated due to the presence of a dominant wavelength and thus 

spinodal dewetting can be used to fabricate patterned surfaces with characteristic length 

scales. This approach for creating patterned surfaces has been extensively discussed 

theoretically26-30 and been realized experimentally.14 In particular, Higgins and Jones 

have illustrated that by imposing specific orientations onto glass substrates, it is possible 

to obtain periodic structures with characteristic length scales during dewetting of 

PS/PMMA bilayer films (Figure 2.11).14 

 

20 µm 20 µm 

 
Figure 2.11: An optical micrograph of the dewet morphology of a PS/PMMA bilayer 

film, where the PMMA film was prepared on a rubbed glass substrate. Reprinted by 

permission from Macmillan Publishers Ltd.: Nature 2000, 404, 476-479, 

http://nature.com, copyright (2000).14  

 

 It is important to note at this point that accurate predictions and experimental 

observations of film rupture via the spinodal mechanism are complicated by the 

coexistence of and competition between spinodal and NG mechanisms, for any given 
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film.51 Theoretical studies have clearly described scenarios for the simultaneous 

appearance of both mechanisms.57,58 The simultaneous occurrence of NG and spinodal 

mechanisms in the same systems in certain thickness regimes and time windows have 

also been experimentally verified.59,79 The amplification of surface fluctuations is the key 

to spinodal dewetting but the growth of surface fluctuations may be suppressed by the 

growth of nucleated holes. The characteristic rupture time (τspin) for spinodal dewetting 

increases with increasing film thickness because τspin ~ h5.62,81 Hence, in a certain 

thickness regime (or temperature window) for a system where both dewetting 

mechanisms are plausible, the film can rupture by nucleation processes that are much 

faster as the characteristic rupture time for dewetting by NG has a weaker dependence on 

film thickness (τnucl ~ h3).88 However, if the density of nucleated holes is low and 

nucleated dewetting is incapable of completely destroying the film at times shorter than 

τspin, then the spinodal process can be the dominant mechanism.51 

2.2.4 Dewetting in Polymer/Polymer Bilayer Films 

 Dewetting of polymer bilayers has gained considerable attention during the last 

decade. An interesting area of research has been dewetting at a liquid/liquid interfaces. 

The interface between two immiscible polymer films supported on a solid substrate may 

behave either as a solid/liquid or a liquid/liquid interface depending on the viscosities of 

the two polymers.10,89 The substrate or the lower polymer layer behaves as a solid if the 

liquid/solid interface is non-deformable and the viscous dissipation occurs only within 

the upper dewetting layer. On the contrary, the lower polymer layer behaves as a liquid if 

its viscosity is lower than that of the upper layer and the lower layer is deformable. For 

this case, viscous dissipation may occur in the dewetting upper layer as well as the 

substrate (lower layer). Several studies have explored the stability of purely polymeric 

bilayers and have demonstrated a variety of initial instability modes in these systems that 

evolve into different morphologies through different dewetting pathways (NG versus 

spinodal). Some examples of polymer/polymer bilayer systems that have been studied 

experimentally are PMMA on PS,14,18,80,90 PS on PMMA,91,92 brominated PS (PBrS) on 

PS,93,94 PS on PDMS,95 polycarbonate (PC) on styrene-co-acrylonitrile (SAN),96,97 PS on 

polyamide (PA),98,99 poly(vinylpryrolidone) (PVP) on PS,24,100 etc. The key factors that 
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affect dewetting behavior of polymer/polymer bilayers include interfacial energies, 

viscosities, film thicknesses of the bilayer components, and the bounding media. The 

dewetting behavior of polymer bilayers with non-deformable (solid) lower layers is 

similar to that observed for liquid films dewetting from solid substrates (discussed in 

detail in Section 2.2.3).  

 The dewetting of a liquid from a liquid substrate has received much less attention 

relative to a liquid dewetting from a solid substrate. In recent years, there have been some 

theoretical89 and experimental90-92,96,97,101 efforts to better understand the morphological 

evolution and dynamics of dewetting at the liquid/liquid interface in polymer systems. 

Liquid/liquid dewetting in polymeric systems may proceed either via NG or spinodal 

mechanisms. Nonetheless, the upper film deforms the lower film as it dewets irrespective 

of the dewetting mechanism. For nucleated dewetting of a thin liquid film from a liquid 

substrate, Brochard-Wyart et al. have predicted that R (t) ~ t2/3.89 Wang and coworkers 

have shown experimentally that R(t) indeed scales as t2/3 for nucleated dewetting of 100 

nm PS upper layers from liquid PMMA lower layers supported on silicon.40 The 

morphological evolution and dynamics of PC upper layers dewetting from liquid SAN 

lower layers have also been studied in detail.96,97 A number of interesting morphological 

features that are characteristic of  liquid/liquid dewetting are observed for 200 nm PC 

films dewetting from 200 nm SAN films upon annealing at 190 °C.96 The upper PC layer 

dewets from the underlying SAN layer producing a shallow depression on the floor of the 

hole and the profile of the rim is non-circular. It is also observed that the thickness of the 

SAN underlayer decreases as the PC layer dewets from the SAN layer by pulling it into 

the rim. For 200 nm PC films dewetting from SAN lower layers of variable thicknesses 

(125-1850 nm) at 180 °C, R(t) grows linearly with time [R(t) ~ t]97 instead of the 

theoretical t2/3 prediction by Brochard-Wyart and coworkers. The authors explained that 

this deviation from the theoretical prediction arose because the complex hole morphology 

present in this system (SAN pulled into the rims) deviates from the simple, circular rims 

assumed for the theoretical study. 

 If the stability of a thin liquid film (A) of initial thickness h0 on a liquid substrate (B) 

of initial thickness d0 is governed by long-range van der Waals forces, then the bilayer 

undergoes dewetting via the spinodal mechanism. There are two collective modes in 
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layered systems by which the free surface and the liquid/liquid interface can be deformed. 

These fundamental modes of deformation in thin liquid/liquid systems are: (i) a 

transverse bending mode associated with vertical displacements, where the displacements 

of the free surface and the liquid/liquid interface are in phase, and (ii) a longitudinal 

peristaltic mode associated with horizontal displacements, where the displacements of the 

free surface and the liquid/liquid interface are out of phase. The peristaltic mode is 

believed to be the crucial mode for spinodal dewetting in liquid/liquid bilayers.89 The 

same conditions for stability (as discussed in Section 2.2.3B) apply for liquid/liquid 

spinodal dewetting, except that the interfacial tension for the liquid/liquid case has to be 

treated as an effective interfacial tension (γeff), which is defined as,89,90 
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111
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+=             (2.20) 

where γA,air is the surface tension of the liquid film A and γA,B is the interfacial tension of 

the liquid/liquid (A/B) interface. Moreover, the characteristic rupture time (τspin,liq/liq) for 

liquid/liquid spinodal dewetting is significantly different from τspin for liquid/solid 

spinodal dewetting (Equation 2.19, Section 2.2.3B):90 
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where ηB is the viscosity of the liquid substrate B, Aeff is the effective Hamaker constant 

for the combined liquid-liquid system, and h0 and d0 are the initial thicknesses of the 

upper (A) and lower (B) layers, respectively. Sferrazza et al. have experimentally verified 

τspin,liq/liq scales as h6 for spinodal dewetting of PMMA films from liquid PS layers.90 

Furthermore, the results demonstrate a quadratic dependence of the characteristic 

wavelength on the initial thickness of the upper layer, as predicted by the spinodal model.  

 

2.3 Phase Separation in Binary Polymer Blends 

 Phase separation in a binary polymer mixture is induced when the blend goes from a 

homogeneous phase into a miscibility gap region. The qualitative thermodynamic 

argument limiting polymer/polymer miscibility is evident from the relationship between 
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the Gibbs free energy of mixing (∆Gm) and the entropy (∆Sm) and the enthalpy (∆Hm) of 

mixing: 

 mmm STHG ∆−∆=∆        (2.22) 

The entropy of mixing (∆Sm) for polymer blends becomes very small and approaches 

zero as the molar masses of the polymers approach infinity. Hence, polymer miscibility is 

essentially determined by ∆Hm, in the limit of infinite molar masses. Although the sign of 

∆Sm always favors mixing, it is usually too small to compensate for a positive ∆Hm that is 

generally observed for systems with dispersive interactions. It is important to note that a 

negative free energy of mixing (∆Gm < 0) is not necessarily a sufficient condition for 

determining polymer/polymer miscibility. The Flory-Huggins theory clarifies the above 

point and provides a framework for understanding the miscibility of polymers. According 

to Flory-Huggins theory, the ∆Gm for a binary mixture of polymers, A and B, can be 

expressed as,102 
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where φA and φB are the volume fractions of polymers A and B, respectively, NA and NB 

are the degrees of polymerization of polymer A and B, respectively, nc is the number of 

moles of the reference unit (monomer) and χ is the Flory-Huggins interaction parameter. 

For a symmetric polymer mixture, i.e. a mixture where NA = NB = N, (nc/N) can be 

expressed as a sum of nA and nB (nc/N = nA + nB), where nA and nB are the number of 

moles of polymer A and B, respectively. For the symmetric case, Equation 2.23 may also 

be written as,102 

 BABBAA
c

m N
RTn
GN

φφχφφφφ ++=
∆

lnln     (2.24) 

 



Chapter 2   Introduction and Review 

 24

0.0

-0.1

-0.2

-0.3

0.0 0.2 0.4 0.6 0.8 1.0
φA

(Ν
∆G

m
/n

cR
T)

χN = 2.8

χN = 2.4

χN = 1.6

(χN)c = 2.0

A

BφA′ φA″

0.0

-0.1

-0.2

-0.3

0.0 0.2 0.4 0.6 0.8 1.0
φA

(Ν
∆G

m
/n

cR
T)

χN = 2.8

χN = 2.4

χN = 1.6

(χN)c = 2.0

A

BφA′ φA″

 
Figure 2.12: Plots of ∆Gm as a function of composition for a symmetric, binary polymer 

mixture, as described by Equation 2.24.102 

 

 Equation 2.24 is particularly convenient for illustrating how increasing χ and/or N 

can lead to phase separation in a symmetric, polymer blend. Figure 2.12 shows plots of 

(N∆Gm/ncRT) versus φA for different values of (χN). As seen in Figure 2.12, for very low 

values of χ (below a critical value, χc), i.e. low values of (χN), ∆Gm is negative for all 

values of φA with a minimum at φA = 0.5, indicating miscibility at all compositions. For 

the case of the critical condition [(χN)c= 2], a broad flat minimum centered at φA = 0.5 is 

observed. When χN > (χN)c, there is a change in the shape of the plots (χN = 2.4 and 

2.8) in Figure 2.12. In the χN > (χN)c regime, a maximum rather than a minimum 

emerges at φA = 0.5. The free energy of mixing (∆Gm) is never positive at any 

composition for the plot of (χN) = 2.4 whereas ∆Gm is positive at some intermediate 

compositions for the plot of (χN) = 2.8, although the general shape of both the plots are 

similar. For the plot of (χN) = 2.4, a blend with a composition, φA ≈ 0.3 (point A on the 
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plot), has a negative value of ∆Gm and this may lead to the erroneous conclusion that the 

two polymers will mix to form a homogeneous one-phase mixture. However, on closer 

examination of the plot, it becomes obvious that the mixture represented by point A 

would be thermodynamically metastable since it can lower its free energy further (to 

point B) by forming two different phases with compositions φA′ and φA″. The two minima 

at φA′ and φA″ in the plot of (N∆Gm/ncRT) versus φA for (χN) = 2.4 possess the same 

chemical potential [ ( )
BnPTAmA nG ,,∂∆∂=µ ] giving rise to phase separation. The 

reduction in ∆Gm with the formation of two different phases is only possible in the 

composition range φA′ ≤ φA ≤ φA″ and one homogeneous phase is formed outside this 

composition range. Thus, the sign of ∆Gm only indicates whether the one-phase mixture 

is more or less stable than the pure components; ∆Gm < 0 suggests that the homogeneous 

mixture is more stable than the pure components. However, the sign of ∆Gm does not tell 

us about the stability of the one-phase homogeneous mixture relative to a two-phase 

(phase separated) mixture. For a symmetric, binary polymer blend, the critical value of 

(χN) below which there is miscibility through all compositions is equal to 2. Thus, 

compatibility is expected for χ < χc = 2/N (symmetric binary blends) while a miscibility 

gap is expected for χ > χc. In the limit N → ∞, χc → 0, i.e. for all positive values of χ, 

polymers of infinitely high molar masses are immiscible. For binary blends of polymers 

with different degrees of polymerization, the phase diagram loses its symmetrical shape. 

For asymmetric blends, φA′ and φA″ do not necessarily correspond to the minima in Figure 

2.12, but are rather defined by a common chemical potential. Whether or not the blend is 

symmetric, the inflection points between the maximum in ∆Gm at intermediate 

compositions and φA′ and φA″ [in plots of (N∆Gm/ncRT) versus φA] define the unstable 

region where the blend phase separates spontaneously. These features will be discussed 

in more detail in Section 2.3.2. In general, the critical value of the interaction parameter 

(χc) and the critical composition (φA,c) for any binary polymer blend are,102,103 
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where NA and NB are the degrees of polymerization of polymer A and polymer B, 

respectively. 

2.3.1 Phase Diagrams: Upper and Lower Critical Solution Temperatures 

 The dependence of the interaction parameter (χ) on temperature (T) for polymer 

blends with only dispersive interactions is normally well represented by, 

 
T
BA +=χ         (2.27) 

where A and B are the entropic and enthalpic contributions, respectively. The dependence 

of χ on composition is ignored, unless blends are fairly dilute in one of the components 

(φA or φB ≤ 0.15).104 In some systems, the contributions of finite compressibility, molar 

mass, and chain architecture (including monomer shape) of the blend components to χ 

are also considered.105-108 The two most common types of phase diagrams, as shown in 

Figure 2.13 can emerge from Equation 2.27 depending on the signs of A and B in 

Equation 2.27.102,103 A phase diagram (Figure 2.13a) with an upper critical solution 

temperature (UCST) is observed when A is negative and B is positive. Endothermal 

polymer blends with only dispersive interactions usually exhibit UCST behavior. This 

condition results in the miscibility of two components at high temperatures above a 

critical temperature (Tc) and the formation of a miscibility gap at low temperatures, 

provided the components are of reasonably low molar mass. It is important to note that 

the original Flory-Huggins theory which uses a purely enthalpic definition of χ can only 

yield a UCST phase diagram. A phase diagram (Figure 2.13b) with a lower critical 

solution temperature (LCST) is observed when A is positive and B is negative. Some 

exothermal polymer blends with specific interactions such as hydrogen bonding, donor-

acceptor interactions, etc. exhibit LCST behavior. LCST behavior corresponds to 

demixing of components at temperatures higher than Tc and miscibility of components at 

temperatures lower than Tc. The binodal (solid) line in both phase diagrams separates the 

homogeneous one phase region from the two-phase region, whereas the spinodal (dotted) 

line marks the boundary between the locally stable and unstable two-phase regions.  
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Figure 2.13: Representative phase diagrams for symmetric, binary polymer blends 

exhibiting (a) UCST and (b) LCST behavior.102 

 

2.3.2 Phase Diagram and Polymer Blend Stability 

 Figure 2.14 illustrates the relationship between a plot of ∆Gm versus composition for 

a binary blend of polymers, A and B, at a specific temperature, (T0), within the miscibility 

gap and corresponds to a phase diagram exhibiting LCST behavior.102,109 The two points, 

B' and B'' in Figure 2.14a, are obtained from a common tangent line relative to the free 

energy versus composition curve. The tangent line represents the chemical potential of 

species B, [ ( )
AnPTBmB G ,,φµ ∂∆∂= ], where B' and B'' provide the compositions of the 

two coexisting phases (φB', φB″; binodal) at T0. Also, there are two inflection or spinodal 

points (S' and S'' in Figure 2.14a) on the free energy versus composition curve where the 

curvature becomes zero, i.e. ( ) 0,
22 =∂∆∂ pTBmG φ . The spinodal points (S' and S'') 

provide the two spinodal compositions (φS', φS″; spinodal) at T0. The curvature of the plot 

of ∆Gm versus φB between the spinodal points is negative, ( ) 0,
22 <∂∆∂ PTBmG φ , and the 

homogeneous mixture between these points is thermodynamically unstable and any small 

fluctuation in composition causes a decrease in free energy leading to spontaneous phase 

separation. Between the spinodal and binodal points the curvature of the plot of ∆Gm 

versus φB is positive and the mixture is metastable. The metastable mixture can withstand 
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small compositional changes; however, sufficiently large compositional fluctuations lead 

to phase separation by a nucleation and growth mechanism.  
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Figure 2.14: (a) A plot of ∆Gm versus composition showing binodal (B', B'') and spinodal 

(S', S′') points, and (b) binodal (φB', φB″) and spinodal (φS', φS″) compositions for a binary 

polymer blend exhibiting a LCST phase diagram.102,109 

 

2.3.3 Mechanisms of Phase Separation  

 Phase separation in polymer blends can be induced either by temperature and/or 

pressure changes, depending on the system. As temperature changes at constant pressure 

are more commonly used to study miscibility (or immiscibility) in polymer blends, the 

remainder of this discussion will only consider thermal changes. Phase separation can 
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occur either by (a) spinodal or (b) nucleation and growth (NG) mechanisms depending on 

the composition of the polymer blend.102,109 The mixture whose composition lies within 

the spinodal region (φS′ ≤ φB ≤ φS″) is locally unstable and has no thermodynamic barrier 

to phase separation and can segregate spontaneously. In the spinodal region, the initially 

uniform mixture undergoes spontaneous phase separation by a diffusional flux against the 

concentration gradient and is characterized by a negative diffusion coefficient. This 

process is termed spinodal decomposition (SD). The mixture with a composition that lies 

between the binodal and spinodal regions (φS′ < φ < φB' and φS′' < φ < φB″) is locally 

stable, hence phase separation can only proceed by overcoming a thermodynamic barrier 

to phase separation through a large compositional fluctuation. Once an initiation site or a 

nucleus is formed the phase separation proceeds by a downhill diffusional process and is 

characterized by a positive diffusion coefficient. This process is termed phase separation 

by a NG mechanism. Schematic representations of the temporal evolution of composition 

for phase separation via a NG mechanism and SD are shown in Figure 2.15.102,109,110 

Spinodal decomposition for bulk polymer blends has been extensively studied and 

distinguishable time regimes are established for its evolution.111-120 The early stage 

evolution of bulk SD is well described by the linear theory of Cahn, Hillard, and 

Cook.121-123 In the intermediate and late stages, the time evolution of spinodal domains is 

usually characterized by a power law, q ~ tn, where q is the characteristic wavevector and 

n is the scaling exponent. For intermediate and late stages of bulk SD, the scaling 

exponents (n) are predicted to be -1/3 and -1, respectively.124-126 Time evolution of phase 

separation via the NG mechanism has received very little attention relative to that of SD. 

It is believed that once nuclei are formed in a polymer blend undergoing phase separation 

by NG, the nucleated domains grow by the diffusion of polymer chains into the existing 

domains. The rate of this process has been approximated from the Oswald ripening 

theory and the domain diameter (D) is reported to scale with time (t), as D ~ t1/3.110 
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Figure 2.15: Schematic representations of temporal evolution of composition profiles for 

phase separation in binary polymer blends via (a) a NG mechanism and (b) SD. 102,109,110 

For phase separation via NG, a large compositional fluctuation results in the formation of 

a nucleus of a new equilibrium phase with a composition φB″ followed by growth of the 

nucleus by downhill diffusion (part a). For SD, the amplitude of a compositional 

fluctuation grows continuously from an infinitesimal value until two equilibrium phases 

with compositions φs' and φS″ are formed via uphill diffusion (part b). The arrows in parts 

a and b indicate the direction of diffusion of polymer chains. 

 

 The morphologies observed for phase separated polymer blends depend on the phase 

separation mechanism. For polymer mixtures that decompose by the NG mechanism, the 

formation of a new phase starts from small nuclei which then proceed to grow in extent 

and form essentially globular phase separated domains. Polymer blends undergoing SD 

exhibit bicontinuous two-phase structures that are characteristically uniform and highly 

interconnected. The connectivity between the phases is maintained as long as the volume 

fraction of the minor phase exceeds ~15%; however, the minor phase forms isolated 

droplets if its volume fraction is less than ~15%.121 Figure 2.16 shows optical 

micrographs of PS/PBrS blend films undergoing phase separation by the NG mechanism 

and SD.127 
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Figure 2.16: Phase separation in PS/PBrS blend films via (a) a NG mechanism (φPS = 

~0.7) and (b) SD (φPS = ~0.5), upon annealing at 190 °C for 2 h. Reprinted with 

permission from Macromolecules 1986, 19, 2683-2689. Copyright 1986 American 

Chemical Society.127 

 

2.3.4 Phase Separation in Thin Film Polymer Blends 

 Phase separation in thin film polymer blends has received less attention compared to 

phase separation in bulk polymer blends as confinement introduces complications such as 

surface interactions.128-132 Confinement induced surface interactions in polymer thin film 

blends have been reported to alter the thermodynamics and kinetics of phase separation in 

these systems.128,132-134 Tanaka et al. have demonstrated that the critical temperature (Tc) 

decreases (relative to bulk Tc) for blends of PS and poly(vinyl methylether) (PVME) 

upon confinement.132 The alteration of the Flory-Huggins interaction parameter, χ, and 

critical composition (φc) has been reported for binary polymer blends confined to thin 

films because of specific surface interactions.133 A demixing polymer blend in the 

presence of a surface may form a wetting layer because of the preferential attraction of 

one of the components to the surface. The wetting layer may either be formed by 

diffusion of the wetting component (slow process) or by hydrodynamic flow (fast 

process) of the wetting component through channels in the non-wetting component.135 

Previous studies have reported a logarithmic or a power law growth of the wetting layer 

thickness (d) in phase-separating thin film blends, d ~ tn with n ranging from ~0.1 to 

1.3.135-149  The preferential wetting or surface segregation may give rise to oscillatory 

compositional profiles perpendicular to the surface leading to surface-directed SD in 
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polymer blend films of critical compositions.135-151 Furthermore, the kinetics and 

morphology of phase separation are a function of film thickness.149 The morphological 

features for surface induced phase separation is a topic recently reviewed by Geoghegan 

and Krausch.152  

 In recent years, morphology and kinetics of SD of polymer thin film blends have been 

studied extensively but questions still remain.135-151 The results reveal a wide range of 

morphologies that include smooth or rough surfaces, bicontinuous phases, and stratified 

or perforated wetting layers. The time dependent evolution of spinodal domains is usually 

characterized by a power law for the dependence of characteristic wavevector on time, q 

~ tn. The growth exponents for SD in thin films vary not only between different blend 

systems but also in same systems as a function of film thickness. Growth exponents of ca. 

-1.0 and -0.13 have been reported for ~495 and ~130 nm PMMA/SAN blend films 

(supported on Si/SiO2 substrates), respectively, during the early stages of SD at 185 

°C.135,142 Furthermore, Chung et al. have illustrated the absence of a universal scaling law 

for time dependent morphological evolution (decreasing values of n with decreasing film 

thickness) in PMMA/SAN blend films undergoing SD.153  

 While phase separation in thin film polymer blends may be a hindrance for some 

applications, research has shown that phase separation may be utilized to fabricate 

patterned surfaces.154-156 Wu et al. have demonstrated the formation of alternating PS and 

PVP stripes on unpatterned substrates during solvent evaporation from spincoated 

PS/PVP blend films.157 Honeycomb-like phase morphologies have been observed for thin 

film blends of PS and poly(2-vinylpyridine) (P2VP) cast from ethylbenzene solutions 

during solvent evaporation.158 Furthermore, ordered patterned surfaces have been 

obtained via phase separation of thin film polymer blends on patterned substrates.159-162 

Krausch et al. were the first to fabricate periodic stripe-like structures via spinodal 

decomposition of PS/PBrS blend films spincast on hydrophobic silicon substrates 

patterned with periodic arrays of metallic lines.161 Several studies have proposed the 

utilization of surface segregation in demixing thin film polymer blends for novel 

applications. Surface segregation at the interface of homopolymers and binary polymer 

blends has been used to compatibilize interfaces.163-165 Surface segregation may also be 

useful for applications where certain surface properties have to be regenerated throughout 
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the lifetime of a material. Hefland et al. have illustrated the preparation of protein 

resistant surfaces by annealing blend films of an amphiphilic comb polymer (PMMA 

backbone and poly(ethylene oxide) (PEO) side chains) and poly(vinylidene fluoride) 

(PVDF).166 The surfaces of the annealed samples were comb polymer-rich and had better 

resistance against bovine serum albumin adsorption relative to unannealed samples. 

Moreover, surface segregation behavior in polymer blend films supported on solid 

substrates can be tuned by changing either the surface energy of the substrates or polymer 

molar mass to yield polymer surfaces with specific surface properties.167,168 

 It is important to state at this point that currently there is a lack of comprehensive 

understanding for phase evolution in thin film polymer blends. The lack of insight arises 

from the fact that phase separation in thin film blends is influenced by the interplay 

among various factors such as phase separation, wetting, hydrodynamics, capillary 

fluctuations, and dewetting. The dynamic interplay of various factors makes it especially 

difficult to isolate the role of each factor on phase evolution. In addition, each of the 

above mentioned factors may depend differently on physical parameters such as 

composition, temperature, film thickness, viscosity, surface interactions, etc. Hence, 

systematic studies to unravel the roles of the above factors are essential for controlling 

the final properties and surface morphologies of these systems.  

 

2.4 Experimental Techniques 

 In this section, the important experimental techniques and materials that were 

extensively used for the preparation and characterization of thin films for the work in this 

dissertation will be introduced and reviewed.  

2.4.1 Langmuir-Blodgett (LB) Technique 

 The Langmuir-Blodgett (LB) technique, first introduced by Irving Langmuir and 

extensively used by Katherine Blodgett, is a method to deposit a monomolecular film or a 

monolayer of amphiphilic molecules onto a solid substrate from the surface of a 

liquid.169-171 By convention, monolayers of amphiphilic molecules that are transferred 

onto solid substrates are termed Langmuir-Blodgett (LB) films, whereas films of 

amphiphilic molecules on liquid surfaces are called Langmuir films. A liquid surface on 
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which a Langmuir monolayer is formed is commonly referred to as a subphase. LB-films 

can be composed of either a single monolayer or multiple monolayers, i.e. multilayers. 

Similarly, Langmuir films may be monomolecular or multimolecular in thickness 

depending on the phase of the film. Both Langmuir and LB-films may be single or 

multicomponent. 

2.4.1A Subphase and Monolayer Materials 

 The most commonly used subphase for Langmuir film studies is water, but other 

aqueous systems as well as liquids like mercury, glycerol, etc. have been used.172,173 The 

monolayer forming materials are usually amphiphilic in nature, consisting of a polar head 

group and a hydrophobic tail group. The polar head groups anchor the amphiphiles onto 

the subphase while the hydrophobic tails prevent the amphiphiles from dissolving into the 

subphase.174 The solubility of amphiphiles decreases with increasing hyrdrophobicity of 

the tails. Amphiphilic molecules with sufficiently long hydrophobic tails can form 

insoluble, nearly two-dimensional (2D) films on the subphase. Long-chain fatty acids, 

alcohols, esters, and phospholipids are various classes of small molecules that can form 

stable Langmuir films at the air/water (A/W) interface.175 Typically, these molecules 

consist of one polar head group and one or more long hydrocarbon (at least 12 to 14 

carbon atoms) chain(s). Long-chain carboxylic acids such as stearic acid were used in 

early work on Langmuir films.169,170,173,174,176 Recently, the syntheses of amphilphiles 

with multiple polar head groups and varying number and length of hydrophobic tails that 

can form stable Langmuir films at the A/W interface have been reported.177,178 Various 

classes of amphilphilic polymers that have can form stable Langmuir films at the A/W 

interface include polysiloxanes such as PDMS,179-182 polyacrylates and polymethacrylates 

such as poly(tert-butyl acrylate) (PtBA),183 poly(tert-butyl methacrylate) (PtBMA) and 

PMMA,183-185 polyesters such as poly(lactic acid) (PLA)186,187 and poly(ε-caprolactone) 

(PCL),188,189 polyethers such as high molar mass poly(ethylene oxide) (PEO),190 etc. 

Moreover, Langmuir film studies have been performed using fullerene derivatives,191 

organometallic compounds,192 and dendrimers.193 

 Langmuir films are interesting for a number of reasons.175 A Langmuir film can serve 

as an excellent model system for studying ordering in "2D". The water surface is an 
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ideally smooth surface and the three thermodynamic variables, temperature, surface 

pressure (2D analog to pressure), and area per molecule (2D analog to molar volume) can 

be directly controlled during Langmuir film studies. Intramonolayer and monolayer-

subphase interactions can be studied using Langmuir films. These interactions can be 

varied by altering the polar head groups or hydrophobic tails of the amphiphiles or the pH 

or ionic strength of the subphase. Langmuir films may also be used as model systems for 

biological membrane studies since biological membranes are typically considered as two 

weakly coupled monolayers. Previous research has shown that some amphiphilic 

molecules can form stable bilayers at the A/W interface and are capable of mimicking the 

behavior of biological membranes.173 Moreover, Langmuir films can serve as templates 

for chemical and biological reactions in 2D.194,195 Last but not the least, Langmuir films 

are crucial for the fabrication of LB-films of controlled thicknesses.  

2.4.1B Monolayer Phases 

 In order to prepare a Langmuir film, a solution of an amphiphile in a suitable organic 

solvent such as chloroform is spread onto the subphase. The solvent is allowed to 

evaporate and then the molecules are compressed to form a film. The film undergoes 

different thermodynamic phase transitions as the amphiphilic molecules are compressed. 

The phase changes are monitored by the measurement of surface pressure (Π) as a 

function of molecular area (A), at a constant temperature. The surface pressure (Π), the 

2D analog of pressure is defined as, 

 γγ −=Π 0         (2.28) 

where γ0 and γ are the surface tensions of pure water surface and film covered water 

surface, respectively. A plot of surface pressure as a function of molecular area at a 

constant temperature is referred to as the Π-A isotherm and is the 2D analog of the P-V 

isotherm. In the late 1800s, Agnes Pockles performed the first isotherm measurements in 

her kitchen using oil films on water contained in a bowl and her Π-A isotherm of stearic 

acid is now considered to be the first isotherm study.196-198 Following this, Lord Rayleigh 

repeated some of Pockles' experiments and inferred that the oil layers on the water 

surface were monomolecular.199 Irving Langmuir greatly extended the experimental 

methods to study insoluble monolayers at the A/W interface (that now carry his name, 
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Langmuir monolayers) and is considered to be the first to provide insight into monolayer 

structures at the molecular level.171,176 The various monolayer phases that are typically 

observed in Π-A isotherms of traditional amphiphiles are elucidated in the subsequent 

paragraphs of this section.    

 Initially, when the amphiphilic molecules are spread onto the subphase at very low 

concentrations, the amphiphiles can exist in a 2D gaseous (G) phase where there is no 

interaction or very weak interactions between the neighboring molecules. Gaseous 

monolayers are characterized experimentally by surface pressures that asymptotically 

approach zero with increasing surface area. In the gaseous phase, A is large compared to 

the molecular dimensions and the hydrocarbon tails of the amphiphiles make significant 

contact with the subphase. In principle, any monolayer forming material can exist as a 

gaseous monolayer and will have a surface vapor pressure if the molecules are 

sufficiently separated. However, the surface vapor pressures for most of these materials 

are very low at room temperature making the investigation of gaseous monolayer states 

experimentally difficult.173,200 The Π-A behavior of gaseous monolayers is usually 

modeled using a 2D kinetic analysis analogous to 3D ideal gas theory. According to this 

theory, the molecules in the monolayers are assumed to move with an average 

translational kinetic energy of kT/2 (where k is the Boltzmann constant and T is the 

temperature) for each degree of freedom. Since the molecules on the surface have two 

translational degrees of freedom, the resulting total kinetic energy is equal to kT. The 

kinetic energy and Π for a gaseous monolayer behaving ideally are related by the 2D 

analog of the ideal gas law:173,174 

 A kTΠ =          (2.29) 

where A is the area per molecule. 

 As a G monolayer is compressed, a liquid-expanded (LE) phase usually emerges 

when interactions between neighboring molecules begin. In the LE phase, the 

hydrophobic tails of the molecules are randomly oriented but the head groups are 

constrained to be in contact with the subphase. The appearance of a LE phase is a first 

order phase transition accompanied by a constant pressure region in the Π-A isotherm 

corresponding to the coexistence of G and LE phases in the monolayer. G/LE coexistence 

is difficult to observe experimentally as Π < 0.01 mN⋅m-1. However, experimental 
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observations of coexisting G/LE phases have been reported.201,202 At the small A end of 

the G/LE coexistence regime, one finds LE phase (Figure 2.17a). The Π-A isotherm of a 

monolayer in the LE phase shows considerable curvature and the surface pressure 

approaches zero at a steeper angle rather than asymptotically as in the case of gaseous 

monolayers. The molecular area is typically two or three times the molecular cross-

section.173,174 The existence of a LE phase in simple long-chain compounds is dependent 

on the length of hydrophobic tails and the temperature. An increase in hydrophobic chain 

length increases the van der Waals forces between the molecules leading to enhanced 

cohesion. A decrease in temperature decreases thermal motion which also tends to 

condense the film. If lateral interactions between the molecules are too strong, then there 

may be a direct transition from a gaseous phase to a condensed monolayer phase, as 

shown in Figure 2.17b.  

 On further compression of a monolayer in a LE phase, liquid-condensed (LC) phases 

can emerge where the molecules become closely packed. In the condensed monolayers, 

the headgroups are constrained on the subphase and the hydrophobic tails are closely 

packed with either titled or untilted orientations relative to the subphase (Figure 

2.17c).174,175 In 1922, Adam first observed a kink in the isotherm of a condensed 

monolayer upon further compression and the compressibility of the monolayer further 

decreased beyond this kink.203 This kink was initially believed to be a phase transition 

between LC and solid (S) phases of the monolayer. However, recent studies have shown 

that the hydrophobic tails are aligned parallel to each other in both LC and solid phases 

and the only difference between the two is in the orientation of the tails relative to the 

subphase; the tails are either tilted (for LC) or perpendicular (for S) with respect to the 

subphase.175 Hence, both LC and solid phases can be collectively termed as condensed 

phases. The appearance of a condensed phase is usually accompanied by a plateau in the 

Π-A isotherm indicating the coexistence of the LE and condensed monolayer phases 

followed by a transition into purely condensed phases. This phase transition is also first 

order.204,205 The Π-A plot of a condensed monolayer is characterized by a steep slope 

compared to that of a LE monolayer due to its low compressibility arising from strong 

tail-tail interactions. The typical molecular area of a condensed monolayer is nearly equal 

to the cross-sectional area of the head groups of the amphilphiles.174 Phase transitions and 
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other aspects of condensed phases have been studied using various in situ techniques 

such as grazing incidence x-ray diffraction, fluorescence microscopy, and Brewster angle 

microscopy.204,206-208  
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Figure 2.17: Generalized Π-A isotherms of Langmuir monolayers depicting (a) G to LE, 

(b) G to LC, and (c) LE to LC phase transitions.175 

 

 The compression of molecules beyond the untitled condensed phases results in a state 

where the surface pressure cannot be increased any further by decreasing the surface area. 

The area of the monolayer decreases if the pressure is kept constant or the surface 

pressure decreases if the monolayer is held at constant area. This state is commonly 

referred to as collapse. The molecules are forced out of the monolayer and can have one 
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of two fates: they can form multilayers to minimize the energy resulting from close 

packing of molecules during compression, or they may dissolve into the subphase. 

 It is necessary to mention that Langmuir monolayers of amphiphilic polymers at the 

A/W interface generally exhibit less complicated Π-A isotherms compared to those 

observed for small molecules such as lipids.209 Recently, two polymers PLLA and PCL 

have proven to be exceptions to the rule by exhibiting LE/LC coexistence, and 

undergoing crystallization, respectively.186,188 Typically, Π-A isotherms of polymers 

show a gas phase, a liquid phase, and a solid-like phase. Less complicated isotherms of 

polymer monolayers result from the fact that most polymers lack the long hydrophobic 

tails that are present in traditional amphiphiles such as lipids that give rise to complicated 

unltilted and tilted phases in Π-A isotherms. Langmuir monolayers of polymers are 

generally classified as condensed and expanded.209 However, the terms expanded and 

condensed as applied to polymer monolayers are different from expanded and condensed 

phases of small molecules. An expanded polymer monolayer exhibits a gradual rise in 

surface pressure whereas a condensed polymer monolayer is characterized by a steeper 

slope on a Π-A isotherm. 

2.4.1C Apparatus for Preparing Langmuir and Langmuir-Blodgett (LB) Films 

 Langmuir and LB- films are prepared on an apparatus referred to as a Langmuir-

Blodgett (LB) trough. The trough is designed to contain the subphase and all the parts of 

the trough that come in direct contact with the subphase should be hydrophobic and inert 

to the organic solvents that are used for dissolving the amphiphiles. The most popular 

material of choice for the trough is poly(tetrafluoroethylene) (PTFE). The troughs are 

equipped with movable barriers that span the water’s surface and change the surface area 

occupied by the amphilphilic molecules after spreading. The barriers are made of either 

hydrophilic Delrin™ or hydrophobic PTFE. Different types of barriers are used for the 

troughs; some of them form an integral part of the trough whereas others are independent 

and easily removable for cleaning.174 The LB-trough is also fitted with a device that 

measures surface pressure. There are two common methods for measuring surface 

pressure during monolayer compression; the Langmuir balance and the Wilhelmy plate 
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techniques. The maximum sensitivities for both techniques are similar (~ 10-3 mN/m),174 

though the measurement method is very different.  

 In the Langmuir balance technique, a clean portion of the water surface is separated 

from the monolayer covered water surface by a partition and the force acting on the 

partition is measured by a float connected to a balance.210 The more common Wilhelmy 

plate technique (Figure 2.18) provides an absolute measurement of surface pressure. The 

technique involves partial immersion of a very thin plate made of platinum or filter paper 

from an electrobalance or sensitive spring into the subphase and the subsequent 

measurement of forces acting on the plate.210 The plate experiences downward forces 

such as gravity and surface tension and upward forces such as buoyancy due to 

displacement of the liquid. The net downward force (F) experienced by a rectangular 

plate of dimensions l, w, t, with a density of ρP, immersed to a depth of h in a liquid of 

density ρL, is given by,174  

 gtwhwtglwtF LP ρθγρ −++= cos)(2     (2.30) 

where γ is the surface tension of the liquid, θ is the contact angle, and g is acceleration 

due to gravity. The procedure uses a plate that is completely wetted by water (θ = 0°, i.e. 

cosθ = 1) and the change in the net downward force is measured for a stationary plate 

after monolayer formation. The change in the net downward force is related to surface 

pressure (Π) by the following expression:174  
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where γ0 and γ are the surface tensions of pure water surface and film covered water 

surface, respectively, and F0 and F are the net downward forces experienced by the plate 

upon partial immersion in pure water and the film covered water surface, respectively. 

For a very thin plate, t << w, Equation 2.31 can be written as,174  
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Figure 2.18: A schematic depiction of a Wilhelmy plate: (a) front view and (b) side 

view.174 

 

2.4.1D Langmuir-Blodgett (LB) Film Deposition 

 Langmuir monolayers may be transferred onto hydrophilic or hydrophobic solid 

substrates to fabricate multilayer LB-films. The monolayers are transferred from the A/W 

interface onto solid substrates when the molecules are at their closest packing, i.e. just 

before monolayer collapse occurs.210 Typically, the transfer of monolayers in the LB-

technique proceeds from the condensed phases and molecular organization in the 

resulting LB-films depend on the initial orientation of molecules in the condensed 

monolayers.174 Transfer from condensed phases is done so that the molecules are closely 

packed, vertical (with or without a tilt) relative to the subphase, to minimize voids and 

defects.210 

 The transfer involves vertical dipping of a substrate through the subphase containing 

the condensed monolayer. There are several vertical LB-deposition patterns such as X, Y, 

and Z-type transfers, as shown in Figure 2.19. The most common type of transfer using a 

hydrophobic substrate is referred to as Y-type deposition (Figure 2.19a). Y-type transfer 

involves the vertical lowering of a hydrophobic substrate through the 

subphase/monolayer interface and the substrate picks up a layer one molecule in 

thickness due to the hydrophobic interactions between the hydrophobic tails of the 

amphiphilic molecules and the substrate. On the upstroke, another monolayer is 

transferred as the polar head groups of the already deposited monolayer that are facing 
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outward are attracted to the polar head groups of the amphiphiles at the 

subphase/monolayer interface. This process is repeated until an even number of 

monolayers are obtained. In LB-films produced by Y-type transfer, the layers stack up in 

a head-to-head and tail-to-tail fashion, as shown in Figure 2.19a. For X-type (Figure 

2.19b) and Z-type (Figure 2.19c) deposition, the molecules are deposited only on the 

downstroke and upstroke, respectively. In ideal LB-films formed by X-type and Z-type 

transfer, all the layers would have the same orientation rather than the alternating 

orientation observed for LB-films prepared by Y-type transfer.  

 It is important to state at this point that the hyrdrophobicity of air frequently leads to 

structural rearrangements in LB-films, during or shortly after transfer to form more 

energetically favored conformations. X-ray diffraction and IR studies of LB-films of 

octadecyldimethylamine oxide and dioctadecyldimethylammonium chloride have shown 

that molecular reorientation occurs during the deposition of multilayer films.211 

Moreover, X-type and Y-type films of barium stearate have been reported to have the 

same internal structures due to molecular rearrangement.212 Grundy et al. have reported 

that the alternating orientation of monolayers of docosanoic acid LB-films deposited by 

Y-type transfer is destroyed at low dipping rates.213 Typical overall, internal structure of 

LB-films (irrespective of deposition type) demonstrate that the hydrophobic tails of the 

final layer tend to face away from the substrate.214 
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Figure 2.19: Schematic representations of various LB-deposition patterns: (a) Y-type, (b) 

X-type, and (c) Z-type.215 

  

 In order to reproducibly prepare Langmuir monolayers and LB-films of high quality, 

certain conditions have to be strictly followed. These include the (i) use of pure materials, 

spreading solvents and subphase, (ii) thorough cleaning of trough and barriers, (iii) 

controlled temperature of subphase, (vii) and a clean and vibration free environment. One 

measure of for LB-films is the transfer ratio (TR), which is expressed as the ratio of the 

decrease in the area occupied by a monolayer on the water surface (AL) to the area of the 

substrate passed through the monolayer (AS):  
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The transfer ratio of an ideal transfer process should be equal to 1. In some cases, TR 

values may show large but consistent deviations from unity suggesting possible 

molecular reorientation during transfer. Another parameter (ϕ) has been suggested by 

Honig et al. to determine the quality of LB-films prepared by the various LB-deposition 

techniques.216 The quantity ϕ  is defined as,216 
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,=ϕ         (2.34) 

where TR,u and TR,d are the transfer ratios for the upstroke and downstroke, respectively. 

For pure Y-, X-, and Z- type deposition, ϕ = 1, 0, and infinity, respectively.  

2.4.2 Atomic Force Microscopy (AFM) 

 Atomic force microscopes belong to the family of scanning probe microscopes and 

the first scope was invented in 1986 by Binnig, Quate, and Gerber.217 Initially, atomic 

force microscopes were solely used for obtaining information about the three dimensional 

topography of surfaces but now they are also used to measure surface properties such as 

adhesion, abrasion, corrosion, etc. AFM can be used to image both insulating and 

conducting surfaces in ambient, fluid, or high vacuum environments. AFM is capable of 

measuring surfaces in all three dimensions (x, y, and z) and usually can be operated to 

image a surface non-destructively. The typical lateral and vertical resolutions for AFMs 

under ambient conditions are ~5-10 nm and >0.1 nm, respectively.  

2.4.2A Instrumentation and Working Principle  

 In AFM, the surface of a solid sample is swept in a raster pattern with a flexible force 

sensing cantilever stylus. The force acting between the cantilever tip and the sample 

surface causes minute deflections of the cantilever which are measured by optical means. 

Laser light from a solid state diode is reflected from the back of the cantilever and 

collected by a photo detector comprised of two photodiodes whose output signal is 

collected by a differential amplifier. Angular displacement of the cantilever causes one 

photodiode to collect more light than the other resulting in an output signal which is 

proportional to the cantilever deflection. The working components of a typical atomic 

force microscope are shown in Figure 2.20.  
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Figure 2.20: A schematic diagram of the components of a typical atomic force 

microscope.  

 

2.4.2B Operation Modes of an Atomic Force Microscope  

 The feedback in AFM can be operated either in a constant force mode or a constant 

height mode.218  In the constant force mode, the tip-sample interaction force is set at a 

pre-determined value by altering the tip-sample distance. A topographical image of the 

sample surface is obtained by recording the position of the piezo by keeping the 

cantilever deflection constant. The constant force mode is generally used to image large 

and rough surfaces to avoid damaging the tip and/or sample. However, the imaging has to 

be done at low scan rates to allow the feedback system sufficient time to respond to large 

height changes. In the constant height mode, the sample-tip distance is set at a pre-

determined value by altering the tip-sample interaction force. A topographical image is 

obtained by recording the cantilever deflections arising from variable tip-sample 

interaction forces by keeping the tip-sample distance constant. The constant height mode 

is typically used for high resolution imaging at high scan rates but large scan ranges 

should be avoided to prevent possible tip damage. 

  There are several modes of tip-sample interactions in AFM. The three main operating 

modes for atomic force microscopes are contact, non-contact, and tapping modes.219 The 

various operation modes are shown in Figure 2.21. In contact mode AFM (Figure 2.21a), 
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the tip contacts the sample surface through the adsorbed fluid layer during imaging and 

changes in the cantilever deflection are monitored by the photo detector. The contact 

mode operation can take place in ambient and liquid environments. However, imaging in 

contact mode may lead to sample damage due to an excessive tracking force. In non-

contact mode AFM (Figure 2.21b), the tip typically hovers ~5-10 nm over the sample 

surface. The attractive van der Waals forces between the tip and the surface are detected. 

Imaging in non-contact mode does not allow imaging of surfaces at high resolution 

because the van der Waals forces are weak forces which may not be detected through 

thick adsorbed fluid layers on the surface. In tapping mode AFM (Figure 2.21c), the tip 

alternately touches the surface (for high resolution) and lifts off the surface (to avoid 

exerting excessive tracking force) at ~50 to ~500 kHz. The cantilever is oscillated at or 

near its resonant frequency with a constant amplitude ranging from ~20 to ~100 nm. The 

tip-sample interaction is kept constant by maintaining a constant oscillation amplitude. 

The oscillation amplitude is used as a feedback signal to gain topographical information 

about the surface. The tapping mode operation can take place in ambient and liquid 

environments. Phase imaging is an extension of the tapping mode that provides 

information about morphological features at different length scales and material 

properties such as adhesion, viscoelasticity, and hardness. In phase imaging, the phase lag 

between the cantilever and the drive oscillation is monitored and this information 

produces a phase image of an x-y surface. AFM in tapping mode is commonly used to 

characterize soft samples such as polymers as the contact mode may cause damage to soft 

polymeric materials and non-contact mode usually cannot provide images with sufficient 

resolution.  
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Figure 2.21: (a) Contact, (b) non-contact, and (c) tapping modes for AFM.  

 

2.4.2C AFM Probes 

 Probes are one of the most important components of an atomic force microscope. 

They are usually made of silicon, silicon dioxide, or silicon nitride and are integrally 

attached to the cantilevers. Typically, the tips are available in three basic geometries: 

pyramidal, conical, and tetrahedral. The silicon nitride tips are exclusively pyramidal, 

whereas silicon and silicon dioxide tips are available in all three geometries.219 Single 

crystal silicon tips integrally attached to cantilevers (Figure 2.22) are usually used for 

tapping mode operations. Imaging of sub-nanometer structures using the conventional 

silicon or silicon nitride tips is limited by tip derived artifacts. In the last few years, 

carbon nanotubes have attracted considerable attention as potential AFM tips due to their 

high aspect ratio and high strength.220 Optical fiber AFM tips have also been developed 

to provide high resolution, deep trench imaging.221  

 The radius of curvature, the cone or sidewall angle, and the length of the tip affect the 

image quality. The size of the tip relative to the size of the sample feature being imaged is 

a very important consideration in AFM imaging; if the tip dimensions are comparable to 

or larger than that of the sample features to be imaged then the images of the sample and 

the tip will be convulated giving rise to image artifacts. For higher resolution and to avoid 

tip effects, a sharp tip with a radius of curvature smaller than that of the smallest feature 

of interest in the sample should be used.222 The cone angle and length of a tip are crucial 

for imaging steep sloped features and measuring the depths of depressions on the surface. 

To accurately image steep sloped depressions, the length of a tip should at least be equal 

to the depth of the feature of interest and the tip should be narrow enough to completely 
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penetrate the depression and reach its bottom. The depth of a depression will always be 

underestimated if the cross-sectional area of a tip (determined by the tip length and its 

cone angle) is larger than that of the depression. Thus, tips with appropriate shapes and 

cone angles smaller than the steepest feature on the sample should be chosen for imaging 

steep sloped and narrow features.219,222 
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Figure 2.22. A schematic representation of a typical single crystal silicon probe used for 

tapping mode AFM.  

 

2.4.2D Contrast Mechanism in AFM  

 The contrast mechanism in AFM depends on its mode of operation. The primary 

mode of contrast in conventional topographical imaging is height variations for the 

surface features of a sample. The contrast in phase imaging arises from differences in 

material properties such as hardness between the components making up a sample.223 In 

friction force mode, friction arising from tip-sample contact yields a lateral force on the 

tip apex leading to cantilever deflections which are recorded. The contrast in friction 

mode arises from the local variations in surface friction of sample components.223,224 In 

chemical force mode, the local variations in surface forces related to interactions between 

different chemical groups present on the tip and the sample determine the surface 

composition.225 

2.4.2E Sample Preparation for AFM 

 AFM in contrast to electron microscopy usually does not require any extensive 

sample preparation for imaging non-biological samples including polymers. A wide 

variety of substrates such as mica, highly oriented pyrolitic graphite, gold, silicon, glass, 
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derivatized silicon oxide, etc. have been used for AFM.222,226 An AFM substrate is 

required to be clean, flat, and have as few defects as possible so that it does not produce 

image artifacts. For studying bulk morphologies of polymeric samples, the samples can 

either be cast into thick films from solutions or cryo-microtomed.  

 Imaging of biological molecules requires extensive sample preparation because the 

observed structures of biomolecules are often dependent on sample preparation 

techniques.227 The range of substrates that have been used for AFM imaging of 

biomolecules is limited. Metals are undesirable as substrates for biomolecules because 

they tend to denature many proteins upon adsorption.228 Highly oriented graphite which 

is used extensively for imaging of non-biological samples is usually not used for 

biomolecules. The main reason for this is that graphite has high hydrophobicity which 

leads to weak adsorption of molecules such as DNA, even after inducing a large positive 

surface charge electrochemically.229 Some attempts have been made to use passivated 

metal surfaces such as thiol-modified bioreactive monolayers on gold230 and 

semiconductors such as hydrogen-passivated Si(111) for imaging of biomolecules.231 

Typically, freshly cleaved mica is the substrate of choice for imaging biomolecules. The 

reasons for using mica are its hydrophilicity and its ability to retain a layer of water (upon 

drying of biological samples under controlled humidity conditions) that is sufficient to 

maintain the hydrated conformations of the biomolecules when imaging under ambient 

conditions.232 The three most common biological sample preparation techniques are: (i) 

the drop deposition method in which a dilute sample solution is pipetted directly onto the 

substrate, (ii) an ultra-centrifugation technique that involves attaching the substrate to the 

bottom of an ultra-centrifuge tube and ultra-centrifuging the sample solution for a 

specified time period, and (iii) the adsorption method in which the substrates are dipped 

vertically in the sample solution for specific amounts of time.222,227 Moreover, lipids have 

been transferred onto substrates by the LB-technique for AFM imaging.232 

2.4.2F Applications of AFM to Polymer Characterization 

 AFM has been extensively used for polymer characterization; however, it is very 

difficult to include all of the relevant literature because of the massive number of 

publications. Nonetheless, several review articles have attempted to compile the research 
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done in this area.233-237 Initially, AFM was used for probing polymer surface morphology, 

microstructure, and molecular order, but now it is widely used for determining local 

material properties and for compositional mapping in heterogeneous samples. The study 

of friction properties, elastic behavior, adhesion, viscoelastic properties, etc. of polymer 

thin films using AFM has become customary.238-241 AFM has been successfully used for 

studying various polymer surfaces ranging from ordered single crystals242 to polymeric 

systems with heterogeneous microstructures such as segmented and block copolymers,243 

and polymer composites.244 Furthermore, AFM has been used extensively to study the 

morphological evolution of phase separation in polymer thin film blends245-248 and 

dewetting in polymer thin films.249-252  Again, it is not possible to include all of the 

relevant literature in this section due to its sheer volume. 

2.4.2G Limitations 

 Atomic resolution under ambient conditions is extremely difficult to obtain with 

conventional tips in contact mode because of plastic deformation at the sample surface 

caused by long-range attractive forces such as van der Waals forces, capillary forces, etc. 

between the tip and the sample. Capillary forces can be eliminated in liquids and in 

vacuum but van der Waals forces are always present. It has been shown that in ultrahigh 

vacuum conditions typical van der Waals forces are on the order of ~0.1-10 nN253 and the 

attainable resolution is ~1 nm.254 Under ambient conditions, van der Waals forces are the 

largest (~1-100 nN) and resolution usually ranges from of ~5 to ~10 nm.255 Recently, true 

atomic resolution of surfaces using non-contact mode imaging in ultrahigh vacuum 

conditions have been reported.256,257   

 AFM imaging with conventional tips in the topography mode cannot provide insight 

into the chemical nature of a multi-component system but chemical mapping is possible 

using chemically modified tips.225,258,259 In 1994, Frisbie et al. were the first to use 

chemically modified AFM tips to study specific interactions and spatially map chemical 

groups on surfaces.258 In this study, they performed adhesive and friction force 

measurements on organic monolayers lithographically patterned with two different 

functional groups (methyl and carboxylic acid) using probe tips covalently modified with 

self-assembled monolayers containing either methyl or carboxylic acid terminal groups. 
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It is observed that adhesive interactions between simple hydrophobic-hydrophobic, 

hydrophobic-hydrophilic, and hydrophilic-hydrophilic molecules could be reproducibly 

measured. Moreover, the differences in adhesive interactions are shown to correlate 

directly with images obtained in the friction mode which allowed mapping of the spatial 

distribution of different surface functional groups. This mode of AFM operation was 

termed chemical force microscopy. 

2.4.3 X-ray Photoelectron Spectroscopy (XPS) 

 Photoelectron spectroscopy utilizes the photoelectric effect to characterize surfaces 

with a high degree of chemical specificity in terms of composition and molecular 

structure. Photoelectron spectroscopy utilizes the analysis of electrons rather than 

photons as its primary source of information. Research done by Professor Kai Siegbahn 

and his group at the University of Uppsala was instrumental in the evolution of modern 

x-ray photoelectron spectroscopy (XPS) and their pioneering work established XPS as a 

surface-sensitive chemical analysis tool.260-264 X-ray photoelectron spectroscopy can be 

carried out successfully on gases, liquids, and solids. Any solid sample capable of 

withstanding ultrahigh vacuum conditions and x-ray radiation can be analyzed by XPS. 

Until recently, the analyses of liquids and gases only provided bulk chemical and 

molecular information rather than surface chemical composition. Recent determinations 

of surface ion concentrations in aqueous solutions of alkyl halides using XPS operating at 

near ambient pressures provides a first step towards the exploration of surface chemical 

composition of liquid samples.265 As this dissertation focuses on solid surfaces, the 

following discussion is primarily related to XPS on solids. 

2.4.3A Physical Basis 

 XPS involves impinging a sample atom or molecule (M), which has a potential 

energy (E1), with a beam of mono-energetic photons of energy hν, resulting in the 

ejection of electrons with kinetic energy Ek, provided hν ≥ Ek. 

 −+ +=+ eMhM ν        (2.35)  

Conservation of energy between the ion and electron yields,266  

 spBk EEh φν ++=        (2.36) 
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where h is the Planck’s constant, ν is the x-ray frequency, Ek is the kinetic energy of the 

ejected electron, EB is the ionization or the binding energy of the electron in the molecule, 

and φsp is the workfunction of the spectrometer. The value of the workfunction term is 

determined by calibrating the spectrometer against reference compounds. The kinetic 

energy of the electron is negligible relative to EB because of the small mass of an 

electron. Thus, direct determinations of EB of the photoelectrons are possible, using 

mono-energetic radiation for ionization and the precise measurement of Ek. The basic 

photoionization process is schematically depicted in Figure 2.23. 
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Figure 2.23. A schematic depiction of the basic photoionization procces.266 

  

 Surface sensitivity of XPS is not related to the penetration depth of the incident x-

rays, but rather to the low probability of photoelectrons that are generated just below the 

surface leaving the solid with their original energies and allowing the determination of 

their binding energies according to Equation 2.36. The possibility of photoelectrons 

generated at some depth below the surface leaving the solid with its original energy is 

essentially determined by inelastic scattering processes that lead to energy loss. The two 

most common terms that have been used in literature to describe inelastic scattering 

effects and depth of analysis in XPS are the attenuation length (λA) and the inelastic mean 

free path (λ).266 Seah et al. proposed a relationship connecting the inelastic mean free 

path (λ).to electron energy and material properties as,267  
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where EA is the energy of the electron in eV, aA
3 is the volume of the atom in nm3. The 

constants (538 and 0.41) were determined from empirical functions that provide best 

correlations between experimentally measured λ values and electron energy and material 

properties. Usually, the attenuation length is about ten percent less than the inelastic 

mean free path268 and these quantities are used interchangeably to determine the intensity 

of electrons at any depth (z) below the surface. Assuming that only inelastic scattering 

leads to electron attenuation, the intensity of electrons generated at a depth of z below the 

surface is given by Equation 2.38:266 

 ( )θλ sin/exp0 zII z −=       (2.38) 

where Iz and I0 are the intensities of electrons generated at depth z and on the surface, 

respectively, λ is the inelastic mean free path of the measured electrons, and θ is the 

electron take-off angle relative to the surface (i.e. the angle between the detector and the 

sample). It is evident from Equation 2.38 that there is an exponential decay of signal with 

increasing depth. The signal essentially goes to zero for z > ~5λ and most of the detected 

electrons come from depths of z ≤ λ. Hence, for all practical purposes, the electron escape 

depth (de) for a take-off angle of θ  is defined as, de = λ sinθ .266,268 As >95% of the 

detected electrons come from depths of z ≤ 3λ, the sampling depth (ds) is typically taken 

to be three times de and is expressed as,266,268 

 θλ sin3=sd         (2.39) 

The sample depth is dependent on θ and λ, and λ in turn is a function of kinetic energy of 

the emitted photoelectrons. Thus, in principle there is no single standard sampling depth 

for XPS analysis but for all practical purposes the sampling depth is usually taken to be 

40 ± 15 Å.269 

 The dependence of sampling depth on the take-off angle forms the basis of angle-

resolved XPS (ARXPS) for non-destructive depth profiling. ARXPS involves 

manipulation of the take-off angle to change the sampling depth for compositional depth 

profiling. At a very low take-off angle such as 10° the technique is extremely surface 

sensitive with a sampling depth of ~0.5λ whereas for a take-off angle of 90° the sampling 



Chapter 2   Introduction and Review 

 54

depth reaches a limiting value of 3λ. The lowest take-off angle that can be used for 

ARXPS depends on geometrical constraints and the signal to noise ratio of the 

instrument. Generally, a series of spectra for a sample is acquired at various take-off 

angles by tilting the sample stage with respect to the detector for compositional depth-

profiling. ARXPS is very useful for determining compositional changes that occur very 

close to the sample surface and has been extensively used to study thin, passive oxide 

films on metal surfaces270 and surface segregation in polymers.271 

2.4.3B Instrumentation and Working Principle 

 A schematic diagram of the working components of an x-ray photoelectron 

spectrometer is shown in Figure 2.24. An x-ray photoelectron spectrometer consists of a 

vacuum chamber and its associated pumps and sample introduction/manipulation 

systems, an x-ray source, an electron energy analyzer, an electron detector, and a 

dedicated data system (computer) for controlling XPS operation and processing of the 

acquired data. The x-ray source, sample and energy analyzer are housed within the 

vacuum chamber and are usually maintained at pressures less than 10-6 Torr. The high 

vacuum is necessary to prevent air molecules from scattering the electrons before they 

reach the analyzer. Samples are introduced in the target chamber of a photoelectron 

spectrometer and a beam of x-ray impinges on them. X-rays are generated by bombarding 

an anode with high energy electrons from a heated filament. The two most common x-ray 

sources are magnesium and aluminum. The x-rays produced by magnesium and 

aluminum have energies of 1253.5 eV and 1486.6 eV, respectively. Although x-ray 

radiation allows for the study of valence and core orbitals, the attainable resolution in 

most cases is no better than ~0.5 eV. The ejected electrons are then analyzed with respect 

to their kinetic energy (Ek) in an electron analyzer. If the energy of the radiation and 

workfunction (φsp) are known, then the ionization potential (EB) of the ejected electrons 

can be determined using Equation 2.36. The electron detector provides single electron 

counting. The x-ray photoelectron spectrum is obtained by scanning the range of kinetic 

energies and plotting the number of electrons (counted by the electron detector) 

exhibiting a given kinetic energy (determined by the electron energy analyzer) versus 

binding energy.  
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Figure 2.24: A schematic diagram of the components of a typical x-ray photoelectron 

spectrometer.  

 

2.4.3C Interpretation of X-ray Photoelectron Spectra 

 The spectra can be interpreted to obtain information about elements that are present 

on the surface. The exact value of the binding energies of the detected elements may give 

information about their chemical/oxidation state. It is important to reference the binding 

energy scale of a x-ray photoelectron spectrum. The zero binding energy position is 

established as the Fermi level for conducting samples. However, for insulating samples 

such as polymers, the Fermi level is not well-defined, so binding energy referencing is a 

requirement. Internal referencing is an efficient method where a particular peak in the 

spectrum is unambiguously assigned to an accurate binding energy (EB). If a measured 

spectrum exhibits a reference peak at EB ± δ, then the whole binding energy scale is 

shifted by ± δ amount. The C1s peak with a binding energy of 285 eV is most commonly 

used as the internal reference for polymer spectra. It has been observed that almost all 

elements exhibit shifts in XPS binding energies depending on their local chemical 

environment. This feature is utilized to gain insight into the chemical/oxidation state of a 

detected element.  

 XPS spectra may be quantitatively interpreted to obtain surface composition of a 

detected element. The area (Ai) of a given peak is directly proportional to the 
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concentration of the element giving rise to the peak. The atomic percentage (A%) of a 

particular element can be determined by,268 

 
( )
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=%        (2.40) 

where Fi is the sensitivity factor defined as, 268  

 ),,( Ai KfF λσ=        (2.41) 

where K is a term covering the spectrometer constants, σ is the photoelectron cross-

section, a measure of the efficiency of the photoionization process, and λA is the electron 

attenuation length. 

2.4.3D Processes Simultaneously Occurring with Photoionization 

 Two processes that can occur simultaneously with photoionization are the Auger and 

the x-ray fluorescence processes. Upon impinging a molecule with high energy radiation 

such as x-rays, a hole is formed in the core orbital due to photoejection of an electron 

(Figure 2.25a). This step is followed by an ion relaxation process, whereby a valence 

electron in the case of x-ray fluorescence (Figure 2.25b) or a less tightly bound electron 

in the case of an Auger process (Figure 2.25c) is dropped into the core hole. The energy 

released from this relaxation process can either be emitted as an x-ray photon (x-ray 

fluorescence) or can eject a valence electron from the ion (Auger process), as depicted in 

Figure 2.25b-c, respectively. The ejected electron is termed as the Auger electron and it 

possesses a kinetic energy that is characteristic of the atom from which it is ejected.  
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Figure 2.25: Energy level diagrams for simultaneously occurring (a) photoinonization, 

(b) x-ray fluorescence, and (c) Auger processes.266 
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2.4.3E Application of XPS to Polymer Characterization 

 XPS has been extensively used for characterizing polymer surfaces; however, it is 

very difficult to include all of the relevant literature reporting XPS studies of polymers 

because of the massive volume of publications. Nonetheless, several review articles have 

attempted to compile the research done in this area.272-274 XPS has been successfully used 

to characterize surfaces of homopolymers275 and copolymer films,276 carbon fiber 

composites,277 and adhesives and adherends in adhesive bonding applications.278 

Moreover, XPS has been extensively used in studying surface segregation in thin film 

polymer blends. Bhatia et al. have used XPS to illustrate that poly(vinyl methyl ether) 

(PVME) preferentially segregates to the air interface to form a PVME-rich surface layer 

upon annealing miscible PS/PVME blend films.271 XPS has also been used to study the 

effect of substrates on surface composition of a phase separating 30/70 immiscible blend 

of PS and PMMA.279 It is observed that the surface area fraction of the PMMA rich phase 

increased with increasing hydrophobicity of the substrates. Hottle et al. have shown that 

XPS can be used as an effective tool for distinguishing between dewetting and phase 

separation in polymer/nanoparticle blend films.280 

2.4.3F Limitations 

 Two major problems that may complicate XPS analyses of polymeric samples are (i) 

radiation damage of samples and (ii) sample charging. XPS is a non-destructive 

technique for many materials; however, some polymers are susceptible to radiation 

damage. In situ x-ray degradation studies of several polymers have been reported,281 but 

these usually involve exposure times longer than normally required for conventional 

analysis. For practical purposes, it is important to obtain an idea about the relative 

stability of a particular class of polymers prior to analyzing a given sample. This step 

enables an experimenter to make reasonable decisions about acquisition times especially 

when longer acquisition times are necessary to resolve weak spectral features. A database 

with a simple degradation index under constant operating conditions for a number of 

homopolymers has been compiled.282 The index was calculated from a plot of Xt/X0 

versus t, where X is a parameter derived from an x-ray photoelectron spectrum of the 

undamaged polymer such as Cl/C ratio in a chlorine containing polymer; X0 is the initial 
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value, and Xt represents the value after x-ray exposure for time t. Thus, it is critical to 

choose the acquisition times such that there is no sample degradation during analyses.  

 Charging can be a problem for insulating samples and can result in the shift of 

binding energy peaks to higher energy values. X-ray radiation causes the ejection of 

electrons from the insulator surface resulting in a positive surface potential as electrons 

from the bulk or the sample mount cannot compensate for the loss of surface electrons. 

Sample charging is not a serious problem for non-monochromatic x-ray sources as some 

compensating electrons are generated by the aluminum or beryllium windows of the x-

ray source and other metallic components near the sample. On the other hand, for 

monochromatic x-ray sources, sample charging can be a serious problem. The x-rays are 

generated further away from the sample so a compensating electron source has to be 

introduced in the vicinity of the sample. Furthermore, the x-ray beam is focused onto a 

small area of the sample and the lack of uniform irradiation may lead to differential 

sample charging. However, the advantages of using monochromatic radiation such as 

better signal to noise ratios and the elimination of ghost and satellite peaks outweigh any 

problems associated with sample charging. Thus, extensive research has been done to 

tune the surface potential to avoid charging and it has been found that maintaining a 

slightly negative surface potential is the best strategy.283 Sample charging is not only a 

function of the nature of x-ray radiation but also of polymer surface composition. Hence, 

polymers containing atoms with low photoemission cross-sections (e.g. carbon and 

hydrogen containing polyethylene) charge to a lesser extent compared to polymers 

composed of atoms with high photoemission cross-sections (e.g. fluorine containing 

PTFE). Polymer charging can be prevented by studying thin films on conducting 

substrates as the secondary electrons generated in the substrate can pass through the thin 

films and compensate the positive surface potential. However, the choice of substrate is 

critical to avoid sample radiation damage; sample degradation may occur if a metal such 

as gold with a high photoemission cross-section is used because a high number of 

secondary photoelectrons can pass through the films. Silicon devoid of any organic 

contaminants is a suitable and a commonly used substrate. 
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2.5 Nanoparticles of Choice: Polyhedral Oligomeric Silsesquioxanes (POSS) 

 Polyhedral oligomeric silsesquioxanes (POSS) will be used as the novel nanoparticles 

for the polymer/nanoparticle blends and bilayer films studied in this dissertation. The 

term silsesquioxane refers to all structures with the empirical formula RSiO1.5 where R is 

hydrogen or any alkyl, aryl, arylene, or derivatives of aryl or arylene groups.284 The 

silsesquioxane derivatives are also referred to as spherosiloxanes285 because they are 

topologically equivalent to a sphere and can have random, ladder, and cage (open and 

closed) structures.286 POSS is an organic/inorganic hybrid material consisting of a rigid, 

highly symmetric three-dimensional inorganic core (Si-O cage) and a flexible organic 

corona that can be considered to be the smallest particles of silica.284,286-288  The organic 

corona allows processability and compatibility with polymers and the rigid inorganic core 

provides mechanical strength and oxidative stability. Figure 2.26 shows the chemical 

structures of a heptasubstituted trisilanol-POSS (open cage) and a fully functional 

octasubstitued-POSS (closed cage). Larger (10, 12, and 14 member) cages are known, but 

are not the focus of this dissertation. 
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Figure 2.26: Chemical structures of (a) an open cage heptasubstituted trisilanol-POSS, 

and (b) a closed cage fully functional octasubstitued-POSS. R is most commonly an 

alkyl, aryl, or arylene substituent. 

 

 Various strategies have been reported for the syntheses of POSS derivatives.289 The 

most common synthetic route involves the preparation of POSS derivatives by hydrolytic 

polycondensation of XSiY3 type monomers, where X is a chemically stable substituent 

such as methyl, phenyl, vinyl, etc. and Y is a highly reactive substituent such as chloride, 
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methoxy, ethoxy, hydroxyl, etc.290-293 The general route for the hydrolytic condensation 

of XSiY3 monomers to produce polyhedral silsesquioxanes is shown in Scheme 1. 

However, the polycondensation method frequently yields a distribution of products and 

the yield depends on the nature and relative concentrations of the starting silanes, solvent, 

and catalyst, the amount of added water, the reaction temperature, and the solubility of 

final products. The isolation of heptasubstituted trisilanol-POSS in moderate yields from 

controlled hydrolytic condensation of commercially available organotrichlorosilanes has 

been reported.290,294 Heptasubstituted trisilanol-POSS derivatives can be reacted with 

organosilicone monomers to form closed cage POSS derivatives with single reactive 

functionalities. The reactive functional group can be a hydride, chloride, hydroxide, 

nitrile, vinyl, etc.292,295 Fasce et al. have reported the synthesis of multifunctional POSS 

derivatives by the hydrolytic condensation of modified aminosilanes.296 N-(β-

aminoethyl)-γ-aminopropyltrimethoxysilane was reacted with a stoichiometric amount of 

phenyl-glycidyl ether and this led to the formation of a heptasubstituted trisilanol-POSS 

and a series of oligomers. The crude product was subjected to hydrolytic condensation 

using a variety of catalysts and heating cycles yielding fully functional closed cage POSS 

derivatives. Furthermore, the syntheses of POSS macromers with functionalized 

polymerizable groups and the subsequent syntheses of POSS-copolymers using standard 

polymerization techniques have been extensively reported.297-303  

 

n XSiY3 + 1.5nH2O → (XSiO1.5)n + 3nHY 

Scheme 1. Hydrolytic condensation of XSiY3 monomers.289 

  

 Over the past decade or so, POSS had gained considerable attention due to its unique 

structure and has been used for various applications by itself and in POSS-based hybrid 

polymeric systems. These applications include templates for catalysts,304 low-k dielectric 

materials,305 highly porous polymers,306 flame retardants,307 high temperature 

lubricants,308 dental materials,309 resist coatings for lithography,310 and space-survivable 

coatings.9,311-314 Research studies have shown that the incorporation of POSS into 

polymeric systems has resulted in enhanced Tg,315-319 thermo-oxidative stability,318-320 and 

mechanical properties.321-323 However, relatively little is known about the surface and 
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interfacial properties of POSS324-326 and the effect of POSS on the stability of polymer 

thin films.280 A deeper understanding of the interfacial and surface properties of 

polymer/POSS systems is imperative as these properties are critical to many potential 

surface applications of these systems.  
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CHAPTER 3 

Materials and Experimental Methods 

 

3.1 Materials 

 Poly(tert-butyl acrylate) (PtBA) [number average molar mass (Mn) = 5.0 kg⋅mol-1; 

polydispersity index (Mw/Mn) = 1.27] and polystyrene (PS) (Mn = 20.0 kg⋅mol-1; Mw/Mn 

= 1.07) were obtained from Polymer Source, Inc. A polyhedral oligomeric silsesquioxane 

(POSS), trisilanolphenyl-POSS (TPP) was obtained from Hybrid Plastics, Inc. The 

chemical structures of PtBA, PS, and TPP are shown in Figure 3.1. PS, PtBA, and TPP 

were used without further purification. Silicon wafers (100) were purchased from 

Waferworld, Inc. 
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Figure 3.1: Chemical structures of (a) PtBA, (b) PS, and (c) TPP. 

 

3.2 Cleaning Procedure for Silicon Substrates  

 The silicon wafers were boiled in a 1:1:5 (by volume) solution of ammonium 

hydroxide (28%) : hydrogen peroxide (30 %) : and ultrapure water (Millipore, Milli-Q 

Gradient A-10, 18.2 MΩ, <5 ppb organic impurities) for ~1.5 h. After rinsing the 

substrates with Millipore water and drying them with nitrogen, they were immersed in a 

Piranha solution (30:70 by volume solution of hydrogen peroxide (30%) : concentrated 

sulfuric acid) for ~3 h, rinsed with copious amounts of Millipore water, and dried with 
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nitrogen. Following this step, the substrates were hydrophobized by treating them with 

HF (J. T. Baker, Inc., 1:7 buffered oxide etch, ~5 min) and NH4F (J. T. Baker, Inc., 40%, 

~3 min) solutions. 

 

3.3 Bilayer Films 

 In this section, the preparation of PtBA/TPP and PS/TPP bilayer films and the 

characterization of their morphological evolution during dewetting will be discussed. 

3.3.1 Preparation of Bilayer Films and Control Samples  

 The PtBA/TPP and PS/TPP bilayer films were prepared in a two-step process: (1) 

PtBA and PS films were spincoated onto hydrophobic silicon wafers from 1 wt% toluene 

solutions at 2000 rpm for ~45 s. The residual toluene was removed from the spincoated 

PtBA and PS films by annealing them under vacuum in the vicinity of the bulk glass 

transition temperature (Tg) of the polymers for ~2 h. PtBA (bulk Tg = 25 °C for Mn = 5.0 

kg⋅mol-1) films were annealed at 25 °C and PS (bulk Tg = 100 °C for Mn = 20.0 kg⋅mol-1) 

films were annealed at 95 °C. The thickness of the PtBA and PS films after annealing for 

2 h was determined by phase modulated ellipsometry (Beaglehole Instruments, λ = 632.8 

nm) to be 29.0 ± 0.5 nm and 30.0 ± 0.5 nm, respectively. (2) 30 layers of TPP were 

deposited onto PtBA and PS coated silicon wafers via Y-type Langmuir-Blodgett (LB) 

film deposition using a commercial trough (KSV 2000, KSV Instruments, Inc.) 

maintained at a constant temperature of 22.5 °C. A TPP solution (≈0.5 mg⋅mL-1 in HPLC 

grade chloroform) was spread to a surface pressure of ~5 mN⋅m-1 and the surface 

pressure was monitored by the Wilhelmy plate technique. The solvent was allowed to 

evaporate for at least 20 min and the barriers were compressed at a speed of 10 mm⋅min-1 

to approach the target surface pressure of 9 mN⋅m-1. The TPP layers were then 

quantitatively transferred (transfer ratios of ~1.0) onto PtBA and PS coated substrates by 

dipping them in and out of water at a rate of 10 mm⋅min-1. X-ray reflectivity of TPP 

bilayers reveals a thickness of 0.84 nm⋅layer-1.1 Hence, 30 LB-layers of TPP are 25.2 nm 

thick. Configuration of the PtBA/TPP and PS/TPP bilayer films used in this dissertation 

is shown in Figure 3.2.  
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 Pure PtBA (~29 nm) and PS (~30 nm) with Si//PTBA(PS)//Air configurations were 

prepared on hydrophobic silicon substrates by spincoating 1 wt% toluene solutions at a 

spinning rate of 2000 rpm. Furthermore, pure TPP LB-films (30 layers ≅ 25.2 nm) with 

Si//TPP//Air configurations were fabricated by Y-type LB-deposition. 

 

Substrate (Si)

TPP (30 layers ≅ 25.2 nm)
PtBA (~29 nm) [PS (~30 nm)]

Substrate (Si)

TPP (30 layers ≅ 25.2 nm)
PtBA (~29 nm) [PS (~30 nm)]

 
Figure 3.2: Configuration of the PtBA/TPP (or PS/TPP) bilayer films supported on 

hydrophobic silicon substrates used for bilayer studies in this dissertation. 

 

3.3.1A Removal of Residual Stresses from PS/TPP Bilayer Films 

 Residual stresses from PS/TPP bilayers were removed by the following process: (1) 

Spincoated PS films were annealed at 120 °C (>bulk Tg of Mn = 20.0 kg⋅mol-1 PS) for 

~45 h under vacuum to allow enough time for the removal of residual stresses that may 

have resulted from structural relaxations near and above Tg and slow residual solvent 

loss, prior to deposition of TPP layers; and (2) After the deposition of TPP layers via Y-

type LB-deposition, PS/TPP bilayers were annealed at 60 °C for ~24 h under vacuum to 

remove any residual stresses that may be associated with the double layer structure of the 

TPP LB-film. The temperature at which the loss of double layer structure (Tdl) occurs for 

pure TPP LB-films is ~40 °C. 

3.3.2 Determination of Thermal Expansion Coefficients of PS and TPP Films 

 The thermal expansion coefficients of spincoated PS films (~30 nm) and TPP LB- 

films (30 layers ≅ 25.2 nm) supported on hydrophobic silicon substrates were determined 

using a phase modulated ellipsometer (Beaglehole Instruments, λ = 632.8 nm) with a 

heating stage. Two kinetic scans from 25 to 150 °C for PS and 0 to 90 °C for TPP were 

performed at a heating rate of 1 °C⋅min-1 under nitrogen. Subsequent to the first heating 

scans, the PS and TPP films were rapidly cooled to 15 and -10 °C, respectively, using 
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chilled nitrogen gas (N2 was passed through a coil immersed in dry ice/ethanol mixture, ~ 

-65 °C), for an effective cooling rate of ~10 °C⋅min-1. The thermal expansion of the films 

was tracked from changes in ellipticity during the second heating scans at Brewster's 

angle. Ellipticity (ρ) for sufficiently thin, homogeneous films measured at Brewster's 

angle is defined by Drude's equation:2 
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where Rp and Rs are the reflection coefficients of p and s polarized light, respectively, ε1 

= 1.00 is the dielectric constant of air, ε2 = 15.07 is the dielectric constant of silicon, 

ε  = 2.53 (PS) or 2.46 (TPP)  is the dielectric constant of the film, λ is the wavelength 

(632.8 nm) of the laser used, and D is the film thickness. Equation 3.1 is generally valid 

for D<<λ. 

 The volumetric thermal expansion coefficient (α) for condensed matter can be 

expressed in terms of volume (V) and temperature (T):  
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The linear thermal expansion coefficient for thin films in two-dimensions (thickness 

changes ⊥  to the substrate) can also be written as, 
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where D is the film thickness. It is evident from Equation 3.3 that the slope of a plot of 

ln(D) as a function of T yields the thermal expansion coefficient of the film. The 

dielectric constant of the film was assumed to be independent of T within experimental 

error over the limited T-range. 

3.3.3 Dewetting Studies  

 An optical microscope (OM) operating in the reflection mode (Axiotech Vario 100 

HD, Carl Zeiss, Inc.) with a Linkam temperature controlled stage was used to study 

dewetting. All optical micrographs were captured at 20X magnification. The PtBA/TPP 

and PS/TPP bilayers were annealed on the heating stage from 25 to 140 °C and 30 to 210 

°C, respectively, at a heating rate of 1 °C⋅min-1 to determine the temperature range over 
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which dewetting occurs. Dewetting as a function of annealing temperature was viewed 

with Scion Image software.  

 To explore the effect of residual stresses on the morphological evolution in PS/TPP 

bilayers, dewetting as a function of annealing temperature (30 to 210 °C at a heating rate 

of 1 °C⋅min-1) in these bilayers after the removal of residual stresses was monitored using 

a reflected light OM. Moreover, the morphological evolution in spincoated PS films (~30 

nm) and TPP LB-films (~25.2 nm) supported on hydrophobic silicon substrates was 

monitored using reflected light optical microscopy upon annealing from 30 to 210 °C at a 

heating rate of 1 °C⋅min-1 as control experiments.  

  Additional PtBA/TPP bilayer samples were annealed at 95 °C and PS/TPP bilayer 

samples were annealed at 200 °C and dewetting as a function of annealing time was 

monitored by a reflected light OM and viewed with Scion Image software. Atomic force 

microscopy (AFM) in the tapping mode (Dimension 3000 scope with a Nanoscope IIIa 

controller, Digital Instruments, set point of ~0.6) was used to study the surface 

morphologies of the PtBA/TPP and PS/TPP bilayers after annealing them under vacuum 

for variable times at 95 and 200 °C, respectively. The surface composition of the 

annealed samples was determined by X-ray photoelectron spectroscopy (XPS) (PHI 

5400, Perkin-Elmer, Mg-Kα radiation) at a take-off angle of 45°. XPS results presented 

in this dissertation are the averages of two replicates.  

 The spincoated PtBA films (~29 nm) on hydrophobic silicon substrates with 

Si//PtBA//Air configurations were annealed at 95 °C for variable times and the surface 

morphologies of the annealed samples were studied by a reflected light OM and tapping 

mode AFM as control experiments. Similarly, the morphological evolution in TPP LB-

films (~25.2 nm) supported on hydrophobic silicon substrates (Si//TPP//Air) was 

explored using an OM in the reflection mode, upon annealing at 95 °C as a function of 

time.  

3.3.4 Selective Removal of Components from Dewet Bilayer Films  

 The dewet PtBA/TPP bilayers (annealed at 95 °C for 1 h) were exposed to the vapor 

of an aqueous 3 M HCl solution at 60 °C for ~8 h following the procedure of Esker et al.3 

After hydrolyzing the PtBA to poly(acrylic acid) (PAA), Millipore water was used to 
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wash away the PAA, and the films were dried in a vacuum oven at 60 °C for AFM 

analysis. As this approach yielded satisfactory AFM images, solution hydrolysis was not 

pursued.4  

 The dewet PS/TPP bilayers (annealed at 200 °C for 5 min) were immersed in ethanol 

for ~24 h at room temperature to selectively remove TPP. After the TPP removal, the 

samples were rinsed with ethanol and Millipore water and the films were dried in a 

vacuum oven at 60 °C prior to AFM analysis. 

3.3.5 Fractal Analysis  

The fractal dimensions of fractal aggregates observed in dewet PtBA/TPP bilayers before 

and after selective solvent removal of PtBA were determined using Nanoscope III 

(Version 4.32r) software that uses the box-counting method of fractal analysis. In the 

box-counting method, an array of cells is used to completely cover an image. The size of 

the cells is varied and the number of cells intersected by the image is counted for a 

specific cell size. The fractal dimension is estimated from the slope of a log-log plot of 

cell count versus cell size. For the determination of dimensions of fractal aggregates in 

dewet PtBA/TPP bilayers before and after selective solvent removal of PtBA, AFM 

images of (1) three independent scan sizes of the same fractal aggregates, and (2) three 

independent fractal aggregates of the same scan sizes were used. The resolutions and the 

z ranges of all the AFM images used for fractal analyses were 512 pixels x 512 pixels and 

200 nm, respectively. The fractal dimensions were determined from the slopes of least-

squares fits to the linear regime of the log-log plots of cell count versus cell size data.  

 

3.4 Blend Films 

 In this section, the preparation of PtBA/TPP blend films and the characterization of 

phase evolution in these systems will be discussed. 

3.4.1 Preparation of Blend Films 

 The PtBA/TPP blend solutions were prepared by dissolving 50 mg PtBA/TPP [2, 10, 

20, 40, 55, 58, 60, 62, 65, 80, 95, and 99 wt% PtBA (consequently 98, 90, 80, 60, 45, 42, 

40, 38, 35, 20, 5, and 1 wt% TPP)] in 100 mL chloroform (EMD, HPLC grade). 
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PtBA/TPP blend films (100 layers, ~84-90 nm) were deposited onto hydrophobic silicon 

wafers via Y-type LB-deposition using a commercial trough (KSV 2000, KSV 

Instruments, Inc.) maintained at a constant temperature of 22.5 °C. The trough was filled 

to the brim with Millipore water after thorough cleaning. The PtBA/TPP blend solutions 

(≈0.5 mg⋅mL-1 in HPLC grade chloroform) were spread to a surface pressure of ~5 

mN⋅m-1. The surface pressure was monitored by the Wilhelmy plate technique. The 

chloroform was allowed to evaporate for at least 20 min. Next, the barriers were 

compressed at a speed of 10 mm⋅min-1 to approach specific target pressures. The target 

pressure was varied from ~9-18 mN⋅m-1, depending on the collapse pressure of each 

blend composition; the higher the PtBA content in the blend the higher the collapse 

pressure. The TPP filled PtBA layers were then quantitatively transferred (transfer ratios 

of ~1.0) onto hydrophobic silicon substrates by dipping them in and out of water at a rate 

of 10 mm⋅min-1. Configuration of the PtBA/TPP blend films supported on hydrophobic 

silicon substrates used for blend studies in this dissertation is shown in Figure 3.3. 

 

PtBA/TPP Blend Film

Substrate (Si)

PtBA/TPP Blend Film

Substrate (Si)Substrate (Si)
 

Figure 3.3: Configuration of the PtBA/TPP blend films supported on hydrophobic silicon 

substrates used for blend studies in this dissertation. TPP is depicted as the round 

structures in the PtBA film. 

 

3.4.2 Phase Separation Studies 

 Phase separation was studied using an optical microscope (OM) operating in the 

reflection mode (Axiotech Vario 100 HD, Carl Zeiss, Inc.) with a Linkam temperature 

controlled stage. To determine the phase boundary for PtBA/TPP blends confined to thin 

film geometries, blend films with varying compositions were annealed on the heating 

stage from 25 to 140 °C at a heating rate of 1 °C⋅min-1 and phase separation as a function 
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of temperature was viewed with Scion Image software. All optical micrographs were 

captured at 20X magnification. 

 60 wt% PtBA blend (critical composition) films were annealed at 75, 85, 95, and 105 

°C as a function of time and spinodal decomposition was studied by optical microscopy. 

The phase evolution was viewed with Scion Image software. All optical micrographs 

were captured at 20X magnification. Fast Fourier transforms (FFTs) of the images (using 

Scion Image software) were obtained by selecting a square area of 256 pixels x 256 

pixels whose dimensions were kept constant for all images. The FFTs were then radially 

averaged to determine the characteristic wavelength (λ) and calculate the characteristic 

wave vector (q = 2π/λ). The growth exponents (n) at various temperatures were 

determined from the slopes of log-log plots of q versus annealing time (t). 

3.4.3 Determination of Glass Transition and Loss of Double Layer Transition 

Temperatures  

The glass transition temperature (Tg) and the loss of double layer transition temperature 

(Tdl) for PtBA/TPP blend films were determined using a phase modulated ellipsometer 

(Beaglehole Instruments, λ = 632.8 nm) with a heating stage. Two kinetic scans were 

performed by heating the blend films of varying compositions from -10 °C to 

temperatures lower than their respective phase separation temperatures at a heating rate 

of 1 °C⋅min-1 under nitrogen. The 2, 10, and 20 wt% PtBA blend films were heated up to 

80 °C, 40 and 60 wt% PtBA blend films were heated up to 70 °C, and 80, 95, and 99 wt% 

PtBA blends films were heated up to 60 °C. Following the first heating scans, the 

samples were rapidly cooled to -10 °C using chilled nitrogen gas (N2 was passed through 

a coil immersed in dry ice/ethanol mixture, ~ -65 °C), for an effective cooling rate of ~10 

°C⋅min-1. The Tdl values of the blend films were determined from changes in ellipticity 

during the first heating scans at Brewster's angle. The surface Tg of the blend films were 

determined from changes in ellipticity during the first as well as the second heating scans 

at Brewster's angle. Furthermore, Tdl and Tg for pure PtBA LB-films were also 

determined. Two kinetic scans were performed by heating PtBA films from -10 to 90 °C 

at a heating rate of 1 °C⋅min-1 under nitrogen. Subsequent to the first heating scans, the 

films were rapidly cooled to -10 °C using chilled nitrogen gas (N2 was passed through a 
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coil immersed in dry ice/ethanol mixture, ~ -65 °C), for an effective cooling rate of ~10 

°C⋅min-1. The loss of the double layer transition temperature for the pure PtBA LB-films 

was determined from changes in ellipticity during the first heating scans at Brewster's 

angle. The surface Tg for the PtBA LB-films was determined from changes in ellipticity 

during the first as well as the second heating scans at Brewster's angle. 
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CHAPTER 4 

Pattern Formation in Dewetting Poly(tert-Butyl Acrylate) (PtBA) / 

Polyhedral Oligomeric Silsesquioxane (POSS) Bilayer Films 
The following chapter has been reproduced in part with permission from Paul, R.; Esker, 

A. R. "Pattern formation in dewetting poly(tert-butyl acrylate)/polyhedral oligomeric 

silsesquioxane (POSS) bilayer films," Langmuir 2006, 22, 6734-6738. Copyright 2006 

American Chemical Society. 

 

4.1 Abstract 

  The surface morphology of dewetting bilayers, poly(tert-butyl acrylate) (PtBA) and a 

polyhedral oligomeric silsesquioxane (POSS), trisilanolphenyl-POSS (TPP), has been 

studied as functions of annealing time and temperature. During temperature ramp studies 

by reflected light optical microscopy (OM), holes with weak optical contrast appear at 

~85 °C. The density and lateral dimensions of the holes increase with increasing 

annealing temperatures. For annealing temperatures ≥110 °C, isolated holes containing 

nanoparticle (TPP)-rich aggregates are observed and the overall optical contrast afforded 

by the morphological features is significantly enhanced. Upon annealing the PtBA/TPP 

bilayers at 95 °C, a two-step dewetting process is observed. For short annealing times 

(<15 min), only the upper nanoparticle (TPP) layer dewets from the underlying PtBA 

layer. The number and lateral dimensions of the holes in the upper TPP layer increase 

with increasing annealing times and the rims surrounding the holes merge to form 

interconnected rim structures. At later annealing times (>15 min), scattered holes that 

reach down into PtBA layer are observed among the interconnected rim structures. 

Fractal, TPP-rich aggregates with fractal dimensions of ~2.2 are found at the bottom of 

the scattered holes suggesting fractal domain formation via cluster-cluster aggregation. 
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4.2 Introduction 

 Polymer thin films on solid substrates are used for a number of technological 

applications that range from the fabrication of microelectronics and sensors1,2 to novel 

drug delivery systems,3 and biocompatible coatings.4 The performance of thin polymer 

films is dependent upon their stability after being spread on a substrate. Dewetting, the 

process of spontaneous hole formation in amorphous polymer thin films above their glass 

transition temperature (Tg) can pose a serious problem in the nanofabrication of 

polymeric coatings. Two mechanisms are commonly proposed for dewetting: nucleation 

and growth, and spinodal dewetting. In the nucleation and growth mechanism, hole 

formation is initiated by an impurity in the film and/or a substrate defect.5 In contrast, 

hole formation for spinodal dewetting is initiated by capillary waves on the surface that 

arise from density fluctuations in the polymer.6 The capillary waves vary in amplitude 

and can initiate holes upon contact with the substrate. In both mechanisms, the polymer 

begins to pull away from the nucleation sites upon heating above Tg, and collects in rims 

surrounding circular holes. While dewetting is a hindrance for many applications, 

research has shown that dewetting can be used advantageously in homopolymer and 

copolymer films7-16 and also in polymer/polymer bilayers to fabricate patterned surfaces 

with tunable morphologies.15,17 There have been a few attempts to understand dewetting 

in polymer/nanoparticle thin films. However, these studies essentially focused on the 

suppression of dewetting by the addition of small amounts of nanoparticles18-22 and 

relatively little is known about utilizing dewetting in polymer/nanoparticle films to create 

surfaces with specific morphologies.23,24 Unlike most previous studies of dewetting in 

polymer/nanoparticle systems, our work focuses on gaining fundamental insight into 

dewetting behavior in polymer/nanoparticle bilayer films and uses this knowledge for 

reproducibly controlling pattern formation in dewetting bilayers. The surfaces patterned 

via tunable dewetting may find potential uses in the field of chemical warfare agent 

(CWA) detection, sorption, and degradation.25,26  

 This study utilizes bilayer films of poly (tert-butyl acrylate) (PtBA) and a polyhedral 

oligomeric silsesquioxane (POSS), trisilanolphenyl-POSS (TPP), with Si//PtBA/TPP//Air 

configurations (Figure 4.1) as a model to explore the morphological evolution of 

dewetting in polymer/nanoparticle bilayers at elevated temperatures. Here, "//" signifies a 
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distinct interface, while "/" is used to depict a dynamic interface between mobile 

components. The PtBA/TPP bilayers were prepared by the following process: First, the 

PtBA films were spincoated onto hydrophobic silicon wafers from 1 wt% toluene 

solutions at 2000 rpm for ~45 s. Next, the residual toluene was removed from the 

spincoated PtBA films by annealing them under vacuum at 25 °C (bulk Tg = 25 °C for 

5.0 kg⋅mol-1 PtBA) for ~2 h. Finally, the TPP layer was deposited onto the PtBA coated 

silicon wafers via Y-type Langmuir-Blodgett (LB) film deposition.  

 The POSS component of the model bilayers is an organic/inorganic hybrid material 

consisting of a rigid inorganic (Si-O) core, and a flexible organic corona.27,28 POSS 

materials have gained considerable attention for their applications in high temperature 

and space-survivable coatings,29 shape memory materials,30 semiconducting polymers,31 

and synthetic templates for nanomaterials.32 Recent work with Langmuir-Blodgett (LB) 

films of TPP show that organophosphonate based CWA simulants adsorb to TPP and that 

chlorinated-organophosphate CWA simulants even decompose at elevated 

temperatures.25,26 Thus, dewet polymer/TPP bilayers may be useful in the fabrication of 

sensors and sorbent materials with faster response times for CWA detection and 

decomposition. 

 

Substrate (Si)

PtBA (~29 nm)

TPP (30 layers ≅ 25.2 nm)

Substrate (Si)

PtBA (~29 nm)

TPP (30 layers ≅ 25.2 nm)

 
Figure 4.1: Configuration of the PtBA/TPP bilayer films used in this study. 

 

4.3 Results and Discussion 

 The PtBA/TPP bilayers supported on hydrophobic silicon substrates were heated 

from 25 to 140 ºC at a heating rate of 1 °C⋅min-1 to determine the temperature range over 

which dewetting occurs. The morphological evolution of dewetting in PtBA/TPP bilayer 

films was monitored using optical microscopy (OM). A uniform film is observed at the 

initial temperature of 25 ºC (optical micrograph is not shown here). White, hole-like 
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domains with very weak optical contrast appear at ~85 °C (Figure 4.2a). The density and 

lateral dimensions of the white domains increase with increasing annealing temperatures 

(Figure 4.2b). The weak optical contrast of the hole-like domains observed in the bilayers 

for annealing temperatures <110 °C is most likely a result of dewetting of the upper TPP 

layer from the lower PtBA layer. Further proof for this conclusion will be presented 

below for temperature jump experiments at 95 °C. For annealing temperatures ≥110 °C, 

isolated hole-like domains containing aggregated structures are observed and the overall 

optical contrast afforded by the morphological features is significantly enhanced (Figure 

4.2c-d).  This observation may suggest dewetting of both the upper TPP and lower PtBA 

layers resulting in the formation of TPP-rich aggregates within the holes. Again, further 

proof for this conclusion will come from temperature jump experiments at 95 °C.  

 

(a) (c)

(d)(b)

(a)(a)(a) (c)(c)(c)

(d)(d)(d)(b)(b)(b)

 
Figure 4.2: Optical micrographs of the morphological evolution in a PtBA/TPP bilayer 

film as a function of annealing temperature at a heating rate of 1 °C⋅min-1: (a) 85, (b) 95, 

(c) 115, and (d) 140 °C. All images are 0.57 x 0.76 mm2. 
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On the basis of the morphological regimes observed in Figure 4.2, it was desirable to 

find a suitable annealing temperature for temperature jump experiments. A temperature 

of 95 °C was chosen as it allowed observations of both early and late stage morphological 

features. Figure 4.3 shows typical optical micrographs of PtBA/TPP bilayers annealed at 

95 °C as a function of time. It is observed that white hole-like domains with weak optical 

contrast form immediately upon annealing the uniform bilayers. The density of the white 

domains and their lateral dimensions increase with increasing annealing times (Figure 

4.3a). The weak optical contrast of the domains most likely arises from dewetting of only 

the upper TPP layer from the underlying PtBA layer without exposing the silicon 

substrate. Furthermore, scattered bright hole-like domains containing intricate aggregated 

structures [dark features inside the white holes in Figure 4.3b] are observed for bilayers 

that are annealed for >15 min. This phenomenon may be occurring because both the 

upper TPP and lower PtBA layers are dewetting. The formation of TPP-rich aggregates is 

consistent with strong interparticle interactions.18,19 Upon annealing the bilayers at 95 °C 

for substantially longer annealing times including overnight annealing, isolated holes 

containing the filler-rich aggregates can merge, resulting in the formation of extended 

networks of TPP-rich aggregates (Figure 4.3c).  

 The morphological evolution in bilayer systems should be dependent upon the 

transport properties of the system (viscosities, diffusion coefficients, etc.) and hence on 

temperature. To test this hypothesis, PtBA/TPP bilayers were annealed at temperatures 

lower and higher than 95 °C for variable periods of time, and the morphological 

evolution of dewetting was studied using optical microscopy. As a representative 

example, Figure 4.4 shows the optical micrographs for a PtBA/TPP bilayer film annealed 

at 85 °C as a function of annealing time. White hole-like domains with weak optical 

contrast are observed upon annealing the bilayers at 85 °C for ~15 min (optical 

micrograph is not shown here). The density and dimensions of the hole-like domains 

increase with increasing annealing times (Figure 4.4a). The weak optical contrast of the 

hole-like domains for short annealing times is presumably due to dewetting of the upper 

TPP layer from the underlying PtBA layer. Bright holes containing TPP-rich aggregates 

are observed in bilayers annealed for >90 min at 85 °C (Figure 4.4b). This observation 

most likely arises from dewetting of both the upper TPP and lower PtBA layers. It is 
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evident from Figure 4.4 that the morphological features observed for bilayers annealed at 

temperatures <95 °C are similar to those observed for bilayers annealed at 95 °C. As 

expected, slower rates of morphological evolution are observed at lower annealing 

temperatures because of a higher system viscosity. Similarly, for bilayers annealed at 

temperatures above 95 °C, the morphologies are similar to those observed for films 

annealed at 95 °C. The only difference is the expected faster rate of morphological 

evolution at higher annealing temperatures. 
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(a)

(b)

(c)

(a)(a)(a)

(b)(b)(b)

(c)(c)(c)

 
Figure 4.3: Optical micrographs (0.57 × 0.76 mm2) of PtBA/TPP bilayer films annealed 

at 95 °C for (a) 15, (b) 60, and (c) 840 min. The inset in part b represents a 0.07 × 0.09 

mm2 section of the original image that has been cut and enlarged using imaging software 

to enhance the clarity of the aggregated filler-rich structures in the hole. 
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(a)

(b)

(a)(a)(a)

(b)(b)(b)

 
Figure 4.4: Optical micrographs (0.57 × 0.76 mm2) of PtBA/TPP bilayer films annealed 

at 85 °C for (a) 60 and (b) 120 min. The inset in part b represents a 0.07 × 0.09 mm2 

section of the original image that has been cut and enlarged using imaging software to 

enhance the clarity of the aggregated filler-rich structures in the holes.  

 

 At this stage, it is important to state that spincoated PtBA films (~29 nm) supported 

on hydrophobic silicon substrates were annealed at 95 °C for variable times and the 

surface morphologies of the annealed samples were studied by OM and tapping mode 

atomic force microscopy (AFM) as control experiments. The optical micrograph and 

AFM images of a spincoated PtBA film annealed at 95 °C for ~840 min show a uniform 

film with root mean square (r.m.s) surface roughness of ~0.4 nm (Figures 4.5 and 4.6). 

This observation indicates that spincoated PtBA films on hydrophobic silicon substrates 

do not dewet in the absence of TPP nanoparticles even after overnight annealing at 95 °C. 

Similarly, the surface morphology of TPP films (~25.2 nm) supported on hydrophobic 
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silicon substrates upon annealing at 95 °C for variable times was studied by OM. TPP 

films annealed at 95 °C remain uniform for annealing times up to 4 h and small 

aggregates form for annealing times >4 h (Figure 4.7).  

 

 
Figure 4.5: Optical micrograph of a spincoated PtBA film (~29 nm) annealed at 95 °C 

for 840 min. Image size is 0.57 x 0.76 mm2. 

 

(a) (b)(a)(a) (b)(b)

 
Figure 4.6: Tapping mode AFM (a) height and (b) phase images of a spincoated PtBA 

film (~29 nm) annealed at 95 °C for 840 min. Scan sizes are 5 × 5 µm2; z ranges for the 

height and phase images are 20 nm and 20°, respectively. 
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(a) (b)(a)(a)(a) (b)(b)(b)

 
Figure 4.7: Optical micrographs (0.57 × 0.76 mm2) of a TPP LB-film (~25.2 nm) 

annealed at 95 °C for (a) 360 and (b) 840 min. The inset in part b represents a 0.06 × 0.08 

mm2 section of the original image that has been cut and enlarged using imaging software 

to enhance the clarity of the TPP aggregates. 

 

 X-ray photoelectron spectroscopy (XPS) was used to determine the time dependent 

evolution of surface composition for PtBA/TPP bilayer films annealed at 95 °C. The 

unannealed bilayers exhibit the expected initial composition of pure TPP (top layer). 

Upon annealing the bilayers at 95 °C, the surface atomic concentration ratio of silicon 

bound to oxygen relative to carbon (SiO/C) decreases with increasing annealing times up 

to 60 min. This observation is consistent with dewetting of the upper TPP layer and 

exposure of the lower PtBA layer. However, for bilayers annealed longer than 60 min, 

the values of SiO/C increase (Table 4.1). This feature may be attributed to higher 

fractional surface area coverage by TPP-rich aggregates that form extended structures at 

longer annealing times as observed by OM (Figure 4.3c). Limited dewetting of both the 

TPP and PtBA layers down to the silicon substrate at long annealing times is confirmed 

by the presence of elemental silicon [Si(ele.)] peaks at ~99 eV in the XPS scans 

(consequently non-zero values of Si(ele.)/C), for samples annealed up to 840 min (Table 

4.1). The dewetting of the bilayer down to the silicon substrate observed by XPS appears 

to be confined to the TPP-rich holes (Figures 4.3b-c). Nonetheless, the low Si(ele.)/C 

ratios mean that both PtBA and TPP are more prevalent than Si(ele.) at the bottom of the 

holes. This point is important for explaining the relatively slow merger of isolated holes 

versus the rapid formation of holes with TPP-rich nanoparticle aggregates. The localized 
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TPP-rich aggregates on the silicon substrate may act as pseudo crosslinking sites, leading 

to an increase in the local viscosity of the dewetting polymer layer present at the bottom 

of the hole.  The enhanced local viscosity results in the retardation of gross dewetting of 

the lower PtBA layer as evidenced by the similar size of isolated holes in films annealed 

for 60 versus 840 min (Figures 4.3b-c, respectively).18,19,33 

 

Table 4.1: Surface atomic concentration ratios of elemental silicon [Si(ele.)] and silicon 

bound to oxygen (SiO) relative to carbon (C) as a function of annealing time for 

PtBA/TPP bilayers annealed at 95 °C. 

Annealing 
time (min)

Si(ele.)/C SiO/C 

0 0.000 0.177
15 0.000 0.129 
30 0.000 0.076 
60 0.003 0.032 
120 0.004 0.066 
840 0.004 0.153 

 

 AFM results provide an in-depth understanding of the morphological evolution in the 

dewetting PtBA/TPP bilayers upon annealing at 95 °C. Upon annealing, the bilayer films 

immediately form isolated circular holes with weak phase contrast surrounded by rims. 

With increasing annealing times, the number and the lateral dimensions of the holes 

increase resulting in the coalescence of the rims and the formation of interconnected rim 

structures (Figure 4.8a-b). The weak phase contrast of the AFM images for samples that 

are annealed for short annealing times indicates that the holes are most likely formed by 

dewetting of only the upper TPP layer from the PtBA underlayer. The relative hole 

depths (~6-15 nm) of bilayers annealed for 15 min determined from line profile analyses 

are smaller than the initial thickness of the upper TPP (~25 nm) layer (Figure 4.8c). The 

reference lines for the line profile analyses are set at the initial uniform TPP//Air interface 

(0 nm). This observation suggests that the holes are in the upper TPP layer and the PtBA 

underlayer is most likely pulled into the holes and rims resulting in hole depths that are 

smaller than the initial TPP layer thickness.34-36 With increasing annealing times, the 

dewetting of the PtBA layer ensues, however, exposure of the silicon substrate is limited 

as observed by XPS. For bilayers annealed longer than 15 min, two key morphological 
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features are observed. One feature is scattered holes containing intricate, fractal-like 

aggregated structures with strong height and phase contrast that form at their centers 

(Figure 4.9). The other feature is interconnected rim structures outside the scattered holes 

(Figure 4.10). The strong phase contrast of the aggregated features (arising from the 

difference in hardness between PtBA and TPP) indicates that these structures are 

essentially composed of TPP and that PtBA remains at the bottoms of the holes 

(consistent with XPS results in Table 4.1). The holes with aggregated filler-rich structures 

may have been formed because both the upper TPP and lower PtBA layers dewet, 

thereby causing the fillers to trace out radial paths away from the dewetting centers as the 

growing holes expand. Weak polymer-nanoparticle interactions coupled with reasonably 

strong nanoparticle-substrate interactions most likely cause the TPP-rich aggregates to be 

left behind at the bottom of the holes as the polymer layer thins leading to TPP depletion 

in the rims.18,19,33 Moreover, as the size of the fractal domains increase, it is observed that 

impinging fractal domains tend to inhibit the local growth of the longer arms within the 

domains (Figure 4.11).  It is believed that the interactions between the fractal domains 

cause the arms within the domains to stop growing locally at different times. The growth 

of the most advanced arms stop first because of the local depletion of TPP, whereas the 

lagging arms continue to grow.37 Fractal dimensions (df) of the aggregated TPP-rich 

structures observed in dewet PtBA/TPP bilayers were determined using AFM images of 

the TPP-rich aggregates via the box-counting method. Fractal dimensions of the TPP-rich 

aggregates that form upon annealing PtBA/TPP bilayers at 95 °C for 60 min are 

estimated to be ~2.2. A value of df  ≈ 2.2 is consistent with fractal growth via cluster-

cluster aggregation (CCA) in three dimensions (df ≈ 1.6-2.2).38,39  
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Figure 4.8: Tapping mode AFM (a) height and (b) phase images of a PtBA/TPP bilayer 

film annealed at 95 °C for 15 min. Scan sizes are 5 × 5 µm2; z ranges for the height and 

phase images are 20 nm and 20°, respectively. (c) A representative line profile (along the 

black line in part a) used for determining hole depths in a PtBA/TPP bilayer film 

annealed at 95 °C for 15 min. The reference line for the line profile analysis is set to the 

uniform TPP//Air interface (0 nm). 
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(a) (b)(a)(a) (b)(b)

 
Figure 4.9: Tapping mode AFM (a) height and (b) phase images of intricate aggregates 

found at the bottom of isolated holes that form in a PtBA/TPP bilayer film, upon 

annealing at 95 °C for 60 min. Scan sizes are 20 × 20 µm2; z ranges for the height and 

phase images are 200 nm and 20°, respectively. 

 

(a) (b)(a)(a) (b)(b)

 
Figure 4.10: Tapping mode AFM (a) height and (b) phase images of interconnected rim 

structures that form in the grey regions outside the isolated holes highlighted in Figure 

4.3b for a PtBA/TPP bilayer film, upon annealing at 95 °C for 60 min. Scan sizes are 5 × 

5 µm2; z ranges for the height and phase images are 20 nm and 20°, respectively. 
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Figure 4.11: 40 × 40 µm2 tapping mode AFM height image (z range = 200 nm) of 

impinging TPP-rich fractal domains observed in a PtBA/TPP bilayer film annealed at 95 

°C for 60 min.  

 

 To confirm that the dendritic aggregates consist mainly of TPP, PtBA is selectively 

removed from the dewet PtBA/TPP bilayers (annealed at 95 °C for 1 h) by exposing the 

samples to the vapor of an aqueous 3 M HCl solution at 60 °C for ~8 hours.40 After 

hydrolyzing the PtBA to poly(acrylic acid) (PAA), Millipore water was used to wash 

away the PAA, the films were dried in a vacuum oven at 60 °C, and the morphology of 

these bilayers was studied by AFM. The aggregates are clearly observed as bright, 

elevated features in the AFM height image (Figure 4.12a) after the selective removal of 

PtBA indicating that they are indeed composed of TPP. Note that the heights of the 

fractal structures are similar to those in Figure 4.9a. However, compared to Figure 4.9b, 

the TPP aggregates shown in Figure 4.12b have very weak phase contrast. The decrease 

in phase contrast is attributed to the fact that TPP has a similar hardness to the silicon 

substrate that is exposed after the residual PtBA is removed from the fractal structures 

and the bottom of the holes. The fractal dimension for the aggregate in Figure 4.12a is 

determined to be ~2.15 using a box-counting analysis. As this df value is comparable to df 

values for TPP-rich nanoparticle aggregates in films that have only undergone thermal 

annealing, it would appear that the selective solvent etching process does not introduce 
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significant structural changes and that the fractal aggregates are primarily composed of 

TPP. 

 

(a) (b)(a)(a) (b)(b)

 
Figure 4.12: Tapping mode AFM (a) height and (b) phase images of TPP aggregates 

formed at the bottom of isolated holes in a PtBA/TPP bilayer annealed at 95 °C for 60 

min. For these images, the PtBA film was acid hydrolyzed (gas phase) to PAA and the 

PAA was removed with water. Scan sizes are 40 × 40 µm2; z ranges for the height and 

phase images are 200 nm and 20°, respectively. 

 

 To the best of our knowledge, this study provides the first experimental 

(morphological) observation of micron-scale, fractal, nanoparticle aggregates within 

holes in dewetting polymer/nanoparticle bilayers. The radial patterns formed by the TPP 

aggregates within the holes upon dewetting of both the PtBA and TPP layers are similar 

to Luo and Gersappe’s simulated traces of nanofiller movements on substrates during 

dewetting of a filled (8% by volume) polymer film with weak polymer-filler 

interactions.33 Barnes et al. have suggested the formation of fractal-like nanoparticle 

aggregates that suppress dewetting via contact line pinning in fullerene (C60) filled 

polymer films;18,19 however, the morphology of such aggregates has not been observed 

experimentally. The formation of localized "microtree" patterns has been reported for 

dewetting of metal/resist bilayers during resist stripping processes,41 but the mechanism 

of pattern formation in these systems is different from the formation of nanoparticle 

aggregates in the PtBA/TPP bilayers. In the metal/resist bilayers, the dendritic structures 
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arise from the simultaneous dewetting of both the metal and resist layers initiated by 

elevated temperatures at extremely localized areas with the absence of dewetting in the 

rest of the film. In contrast, the formation of fractal TPP aggregates in the PtBA/TPP 

bilayers results from a stepwise dewetting of the upper TPP and lower PtBA layers 

causing the nanoparticles to trace out radial paths within the holes in the PtBA layer.  

Furthermore, no uniform PtBA/TPP bilayer is observed for any area of the films after the 

TPP-rich, fractal aggregates have formed. 

 

4.4 Conclusions 

 In summary, a two-stage dewetting process is observed upon annealing PtBA/TPP 

bilayers at 95 °C. For short annealing times (<15 min), only the upper TPP layer dewets 

from the lower PtBA layer. With increasing annealing times, rims surrounding the holes 

in the upper TPP layer merge and form interconnected rim structures. The dewetting of 

both the TPP and PtBA layers with limited exposure of the silicon substrate ensues for 

longer annealing times (>15 min). The dewetting of both the layers results in the 

formation of fractal-like nanoparticle aggregates at a micrometer length-scale that are left 

behind at the bottom of the holes. These holes do not reach the silicon substrate to any 

large extent as PtBA is still present.  It is likely that the strong interparticle interactions 

coupled with weak nanoparticle-polymer interactions causes the formation of the TPP-

rich, fractal aggregates that are composed almost exclusively of TPP. The fractal 

dimension (df) of the aggregated TPP-rich structures observed in PtBA/TPP bilayers 

annealed for 60 min are determined to be ~2.2 suggesting the presence of interactions 

between the growing fractal domains and the growth of the arms within the domains stop 

locally at different times. Upon annealing bilayers at 95 °C for longer annealing times 

(>60 min), isolated holes containing the filler-rich aggregates can merge resulting in the 

formation of extended networks of TPP-rich aggregates. However, this process is much 

slower (on the order of several hours) than the rapid formation of holes and TPP-rich 

aggregates (~15 min).  These aggregate structures are believed to retard gross dewetting 

of the lower PtBA layers by the formation of pseudo crosslinking sites that increase the 

local viscosity of the polymer. 
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CHAPTER 5 

Morphological Evolution in Dewetting Polystyrene (PS) / 

Polyhedral Oligomeric Silsesquioxane (POSS) Thin Film Bilayers 
The following chapter has been submitted as an article to Langmuir: Paul, R.; Swift, M. 

C.; Karabiyik, U.; Hottle, J. R.; Esker, A. R. "Morphological evolution in dewetting 

polystyrene (PS)/polyhedral oligomeric silsesquioxane (POSS) thin film bilayers," 

Submitted to Langmuir.  

 

5.1 Abstract 

 Morphological evolution in dewetting thin film bilayers of polystyrene (PS) and a 

polyhedral oligomeric silsesquioxane (POSS), trisilanolphenyl-POSS (TPP), is studied as 

functions of annealing temperature and time. The results demonstrate unique dewetting 

morphologies in PS/TPP bilayers at elevated temperatures that are significantly different 

from those typically observed in dewetting polymer/polymer bilayers. During 

temperature ramp studies by optical microscopy (OM) in the reflection mode, PS/TPP 

bilayers form cracks with weak optical contrast at ~130 °C. The crack formation is 

attributed to tensile stresses within the upper TPP layer. The weak optical contrast of the 

cracks observed in the bilayers for annealing temperatures below ~160 °C is consistent 

with the cracking and dewetting of only the upper TPP layer from the underlying PS 

layer. The optical contrast of the morphological features is significantly enhanced at 

annealing temperatures >160 °C. This observation suggests dewetting of both the upper 

TPP and lower PS layers that results in the exposure of the silicon substrate.  Upon 

annealing the PS/TPP bilayers at 200 °C in a temperature jump experiment, the upper 

TPP layer undergoes instantaneous cracking as observed by OM. These cracks in the 

upper TPP layer serve as nucleation sites for rapid dewetting and aggregation of the TPP 

layer, as revealed by OM and atomic force microscopy (AFM).  X-ray photoelectron 

spectroscopy (XPS) results indicate that dewetting of the lower PS layer ensues for 

annealing times >5 min and progresses up to 90 min.  For annealing times >90 min, OM, 
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AFM, and XPS results reveal complete dewetting of both the layers with the formation of 

TPP encapsulated PS droplets. 

 

5.2 Introduction 

 Thin film bilayers consisting of different polymers as well as polymeric and non-

polymeric materials, such as nanoparticles on solid substrates, have immense potential 

for applications in thin film transistors,1 light emitting diodes,2 sensors,3 biocompatible 

coatings,4 and drug delivery systems.5 These future high end applications require the 

reduction of multilayer thicknesses to the nanoscale regime while maintaining stability 

and adhesion at the interfaces. Furthermore, the stability of multilayer films depends on 

the stability of each layer and the interaction between these layers.  

 Spontaneous hole formation or dewetting in amorphous polymer thin films above 

their glass transition temperature (Tg) is a major problem for the fabrication and stability 

of polymer/polymer (non-polymer) multilayers. Amorphous polymers, though not 

obvious liquids, can be regarded as liquids above their Tg, and hence may undergo 

dewetting at elevated temperatures. Dewetting may proceed either via nucleation and 

growth or spinodal dewetting mechanisms. Hole formation is initiated by an impurity in 

the film and/or a defect on the substrate, for the nucleation and growth mechanism.6 In 

contrast, hole formation during spinodal dewetting is initiated by capillary waves on the 

surface that arise from density fluctuations in the polymer.7 The capillary waves of 

varying amplitudes can initiate holes upon contact with the substrate. Upon heating the 

polymer films above Tg, holes are formed and the polymer collects in rims surrounding 

the holes, irrespective of the hole initiation mechanism.  

 Recently, dewetting behavior in polymer/polymer thin film bilayers have gained 

considerable attention that can be attributed to the wide use of polymers in thin film 

applications that require film stability, and the potential application of controlled 

dewetting in polymer films for the fabrication of patterned surfaces.  Theoretical8-17 and 

experimental18-44 studies on the stability of polymeric bilayers have demonstrated a 

variety of initial instability modes that evolve into different dewetting pathways and 

morphologies as dewetting proceeds. Some of the factors that affect dewetting behavior 
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for polymer/polymer bilayers include interfacial energies, viscosities, film thicknesses of 

the bilayer components, and the bounding media. 

 Spincoating is commonly used to prepare polymer films for dewetting studies and 

dewetting is probed shortly after film preparation by annealing the films near and above 

Tg. Spincoated, amorphous polymer films typically undergo structural relaxations when 

heated near Tg that result in the shrinkage of the films and the generation of residual 

stresses.45-48 Furthermore, spincoated films of glassy polymers may retain residual 

solvents for long periods of time and changes in film thickness associated with solvent 

loss may occur over several hours under ambient conditions.47,49 Recent studies have 

shown that structural relaxations and slow evaporation of residual solvents in spincoated, 

glassy films may complicate and alter the dewetting behavior of these films upon 

annealing near and above Tg.48-50 

 The dewetting behavior in polymer/nanoparticle thin film systems has gained 

attention recently but is far from being completely understood. Most of these studies have 

focused on the suppression of dewetting by the addition of small amounts of 

nanoparticles,51-57 and a few have shed light on utilizing dewetting in 

polymer/nanoparticle films to create patterned surfaces.58-63 A fundamental understanding 

of dewetting mechanisms and their morphological evolution in polymer/nanoparticle 

bilayer films is essential for controlling the final properties and surface morphologies of 

these systems.  

 This study explores the dewetting behavior in thin film bilayers of polystyrene (PS) 

and a polyhedral oligomeric silsesquioxane (POSS), trisilanolphenyl-POSS (TPP), with 

Si//PS/TPP//Air configurations (Figure 5.1). Here, "//" signifies a distinct interface, while 

"/" is used to depict a dynamic interface between mobile components. The PS/TPP 

bilayers were prepared by the following process: First, the PS films were spincoated onto 

hydrophobic silicon wafers from 1 wt% toluene solutions at 2000 rpm for ~45 s. Next, 

the residual toluene was removed from the spincoated PS films by annealing them under 

vacuum at 95 °C (bulk Tg = 100 °C for 20.0 kg⋅mol-1 PS) for ~2 h. Finally, the TPP layer 

was deposited onto the PS coated silicon wafers via Y-type Langmuir-Blodgett (LB) film 

deposition.  
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 The POSS component of the bilayers is an organic/inorganic hybrid material 

consisting of a rigid, highly symmetric, three-dimensional inorganic core (Si-O cage) and 

a flexible organic corona.64,65 The organic corona allows processability and compatibility 

with polymers and the rigid inorganic core provides mechanical strength and oxidative 

stability. Over the past decade, POSS has been used for a variety of applications that 

include templates for catalysts,66 low-k dielectric materials,67 flame retardants,68 high 

temperature lubricants,69 resist coatings for lithography,70 and space-survivable 

coatings.71 Furthermore, Langmuir-Blodgett (LB) films of TPP can adsorb 

organophosphonate based chemical warfare agent (CWA) simulants and even decompose 

chlorinated-organophosphate CWA simulants at elevated temperatures.72,73 

 

Substrate (Si)

TPP (30 layers ≅ 25.2 nm)
PS (~30 nm)

Substrate (Si)

TPP (30 layers ≅ 25.2 nm)
PS (~30 nm)

 
Figure 5.1: Configuration of the PS/TPP bilayer films used in this study. 

 

5.3 Results and Discussion 

 5.3.1 Removal of Residual Stresses from PS/TPP Bilayer Films. The PS/TPP 

bilayers supported on hydrophobic silicon substrates were heated from 30 to 210 ºC at a 

heating rate of 1 °C⋅min-1 to determine the temperature range over which dewetting 

occurs. A uniform film is observed by optical microscopy (OM) at the initial temperature 

of 30 ºC (Figure 5.2a). The upper TPP layer of the PS/TPP bilayers undergo cracking at 

~128 °C (optical micrograph is not shown here) and the crack formation is presumably 

due to tensile stresses within the TPP film. The weak optical contrast of the cracks that 

are observed in the PS/TPP bilayers for annealing temperatures up to 160 °C (Figure 

5.2b-c) is consistent with cracking and dewetting of only the upper TPP layer from the 

underlying PS layer without exposing the silicon substrate. Further proof for this 

conclusion will be presented below for temperature jump experiments at 200 °C. For 
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annealing temperatures >160 °C, the optical contrast afforded by the morphological 

features is significantly enhanced (Figure 5.2d-f). This observation may suggest 

dewetting of both the upper TPP and lower PS layers that leads to exposure of the silicon 

substrate. Again, further proof for this conclusion will come from temperature jump 

experiments at 200 °C.  

 At this point, it is important to note that spincoated PS films (~30 nm) on 

hydrophobic silicon substrates do not dewet in the absence of TPP nanoparticles upon 

annealing over the temperature range of Figure 5.2. This behavior may be attributed to 

the affinity of hydrophobic PS films to the hydrophobic silicon substrates. However, 30 

layers (~25.2 nm) of TPP on hydrophobic silicon substrates crack at ~112 °C (optical 

micrograph is not shown here). Dewetting and aggregation of the TPP film occurs along 

the cracks at elevated temperatures. The optical contrast of the morphological features 

improves with increasing annealing temperatures (Figure 5.3b-d). The crack formation in 

TPP films at elevated temperatures could arise from a mismatch of thermal expansion 

coefficients (α) between the TPP film and the hydrophobic silicon substrate. To confirm 

this hypothesis, thermal expansion of TPP films was determined using a phase modulated 

ellipsometer with a heating stage. Two heating scans were performed and the thermal 

expansion for the TPP films was tracked from changes in ellipticity [consequently film 

thickness (D)] during the second heating scans at Brewster's angle. The slopes of plots of 

natural log of film thickness [ln(D)] as a function of temperature (T) yield α for TPP 

films (Figure 5.4a). The α value of TPP [(4.33 ± 0.02) x 10-4 K-1] is estimated to be two 

orders of magnitude higher than the α value of the silicon substrate (2.60 x 10-6 K-1).74 

This result suggests that cracking of the TPP films can be attributed to tensile stresses 

within the TPP film that arise from mismatched thermal expansion coefficients of the 

TPP film and the hydrophobic silicon substrate. The likely cause of the enhanced optical 

contrast of the morphological features in a TPP film at higher annealing temperatures is 

the exposure of the silicon substrate during dewetting. It is evident from the behavior of 

TPP films on hydrophobic silicon substrates that the thermal coefficient mismatch 

between TPP and silicon governs the initial morphological evolution in the PS/TPP 

bilayers. However, the crack formation in the PS/TPP bilayers ensues at slightly higher 

temperatures (~128 °C) compared to that of a TPP film on a hydrophobic silicon 
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substrate. This phenomenon suggests that the lower PS layer with α = (4.84 ± 0.04) x 10-4 

K-1 at T<Tg, and α = (5.87 ± 0.06) x 10-4 K-1 at T>Tg (Figure 5.4b), helps to dissipate 

some stress but cannot completely screen the presence of the hydrophobic silicon 

substrate from the upper TPP layer. The thermal expansion coefficient of the PS films 

was determined via ellipsometry using a method similar to the one described above for 

the TPP films. The α values determined for the PS film via ellipsometry are consistent 

with reported bulk values: α (T<Tg) = 2.08 x 10-4 K-1, and α (T >Tg) = 5.65 x 10-4 K-1, if 

one considers the effect of film thickness.75,76 Better agreement between bulk and thin 

film α values for glassy PS (T<Tg) films can be obtained if one uses thicker films. The 

theoretical and experimental details for the determination of α values of TPP and PS 

films are provided in Chapter 3. 



Chapter 5 Morphological Evolution in Dewetting PS/POSS Thin Film Bilayers  

 109

(a)

(b)

(c)

(d)

(e)

(f)

(a)(a)(a)

(b)(b)(b)

(c)(c)(c)

(d)(d)(d)

(e)(e)(e)

(f)(f)(f)

 
Figure 5.2: Optical micrographs of the morphological evolution in a PS/TPP bilayer film 

as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 30, (b) 140, (c) 160, (d) 

180, (e) 200, and (f) 210 °C. All images are 0.57 x 0.76 mm2. 
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Figure 5.3: Optical micrographs of the morphological evolution in a TPP LB-film 

supported on a hydrophobic silicon substrate as a function of temperature at a heating rate 

of 1 °C⋅min-1: (a) 30, (b) 115, (c) 160, and (d) 210 °C. All images are 0.57 x 0.76 mm2. 
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Figure 5.4: Plots of natural log of film thickness [ln(D)] as a function of temperature (T) 

for (a) a TPP LB-film (30 layers ≅ 25.2 nm) and (b) a spincoated PS film (~30 nm) 

supported on hydrophobic silicon substrates. 

 

 In order to ascertain the role residual stresses play on the morphological features of 

Figure 5.2, special PS/TPP bilayers were prepared. After spincoating, the PS films were 

annealed at a temperature of 120 °C, i.e. higher than the bulk Tg of PS (bulk Tg = 100 °C 

for Mn = 20.0 kg⋅mol-1), for ~45 h under vacuum. Next, the TPP layer was added as a Y-

type LB-multilayer film. Finally, the PS/TPP bilayers were annealed at 60 °C for ~24 h 

under vacuum. A temperature of 60 °C was chosen because the temperature at which the 

loss of double layer structure (Tdl) occurs for TPP LB-films is ~40 °C. This process 

should allow for structural relaxations and complete removal of residual solvent from the 

bilayers. The morphological evolution of dewetting in these bilayers (Figure 5.5) is 

essentially identical to the behavior observed for PS/TPP bilayers where the PS films 

were annealed at 95 °C for ~2 h after spincoating, and were not annealed after LB-

deposition of the TPP layers. On the basis of Figure 5.5, we conclude that residual 

stresses arising from spincoating and Y-type LB-deposition do not play a significant role 

in the dewetting exhibited by the PS/TPP bilayer systems. This observation is consistent 

with previous studies that suggest film shrinkage and the generation of residual stresses 

associated with structural relaxations near and above Tg and slow residual solvent loss are 

not a significant problem for spincoated PS films.77-79  
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Figure 5.5: Optical micrographs of the morphological evolution in a PS/TPP bilayer film 

after the removal of residual stresses as a function of temperature at a heating rate of 1 

°C⋅min-1: (a) 30, (b) 140, (c) 160, (d) 180, (e) 200, and (f) 210 °C. All images are 0.57 x 

0.76 mm2. 



Chapter 5 Morphological Evolution in Dewetting PS/POSS Thin Film Bilayers  

 113

5.3.2 Morphological Evolution as a Function of Annealing Time at 200 °C. On 

the basis of the morphological regimes observed in Figure 5.2, it was desirable to find a 

suitable annealing temperature for temperature jump experiments. A temperature of 200 

°C was chosen as it afforded the ability to easily observe both the early and late stage 

annealed structures. Figure 5.6 shows optical micrographs of PS/TPP bilayers annealed at 

200 °C as a function of annealing time. The upper TPP layer undergoes instantaneous 

cracking (Figure 5.6a). The crack formation in the TPP layer is most likely caused by 

stresses generated in the TPP layer that arise from a two order of magnitude thermal 

expansion coefficient difference between the TPP layer and the hydrophobic silicon 

substrate. We propose that these cracks in the upper TPP layer act as nucleation sites for 

the dewetting and aggregation of the TPP layer and dewetting of the PS layer. The optical 

contrast of the morphological features is enhanced with increasing annealing times 

(Figure 5.6b-c). The strong optical contrast suggests that dewetting of both the TPP and 

PS layers (to be proven shortly) results in the exposure of the silicon substrate at longer 

annealing times. Furthermore, annealing the bilayers for >90 min results in complete 

dewetting of both TPP and PS layers (Figure 5.6d) with the formation of TPP 

encapsulated PS droplets (to be proven shortly). With the exception of the droplet 

morphology (Figure 5.6d), the morphological features observed for PS/TPP bilayers upon 

annealing at 200 °C are consistent with temperature ramp experiments (Figure 5.2). The 

droplet morphology can also be seen in temperature ramp experiments if the films are 

annealed for longer times at higher temperatures. 

 It is reasonable to assume that the morphologies and time scales for their evolution 

are dependent upon the transport properties of a bilayer system (viscosities, diffusion 

coefficients, etc.) and hence on temperature. To test this hypothesis, the morphological 

evolution of PS/TPP bilayers was also studied at temperatures <200 °C. As a 

representative example, Figure 5.7 shows the optical micrographs for a PS/TPP bilayer 

annealed at 180 °C as a function of annealing time. It is observed that the upper TPP 

layer undergoes instantaneous cracking upon annealing the PS/TPP bilayer at 180 °C 

(Figure 5.7a). The optical contrast of the morphological features improves with 

increasing annealing times (Figure 5.7b-e). Furthermore, annealing the bilayers at 180 °C 

for >420 min results in complete dewetting of both TPP and PS layers with the formation 



Chapter 5 Morphological Evolution in Dewetting PS/POSS Thin Film Bilayers  

 114

of essentially isolated droplets (Figure 5.7f). The crack formation in the upper TPP layer 

is most likely caused by the mismatch of thermal expansion coefficients between the TPP 

film and the hydrophobic silicon substrate. The enhanced optical contrast of the 

morphological features with increasing annealing times suggests dewetting of both the 

TPP and PS layers that results in the exposure of the silicon substrate. It is evident from 

Figure 5.7 that the morphological features observed for bilayers annealed at temperatures 

<200 °C are similar to those observed for bilayers annealed at 200 °C (Figure 5.6). As 

expected, slower rates of morphological evolution are observed at lower annealing 

temperatures because of a higher system viscosity.  
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Figure 5.6: Optical micrographs of the morphological evolution in a PS/TPP bilayer film 

annealed at 200 °C for (a) 1, (b) 15, (c) 60, (d) and 120 min. All images are 0.57 x 0.76 

mm2. 
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Figure 5.7: Optical micrographs of the morphological evolution in a PS/TPP bilayer film 

annealed at 180 °C for (a) 1, (b) 30, (c) 120, (d) 240, (e) 360, and (f) 540 min. All images 

are 0.57 x 0.76 mm2.  

 

 If the hypothesis that the upper TPP layer cracks and dewets first, thereby promoting 

dewetting of the underlying PS is true, XPS could provide fundamental insight into this 

mechanism because of the difference in binding energy between elemental silicon 

[Si(ele.)] and silicon bound to oxygen (SiO) as found in TPP. Figure 5.8 provides XPS 
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results for a PS/TPP bilayer annealed at 200 °C as a function of annealing time. The 

unannealed bilayers exhibit an expected initial composition that matches TPP. Figure 

5.8a illustrates that the surface volume fraction (SVF) of TPP decreases (and 

consequently PS increases) for bilayers annealed up to 30 min at 200 °C. The data in 

Figure 5.8a only represents soft matter (TPP and PS) as elemental silicon is ignored in the 

calculation of SVF. This observation indicates that the cracking and dewetting of the 

upper TPP layer results in the exposure of the lower PS layer. However, for the PS/TPP 

bilayers annealed for intermediate periods of time (~30-60 min), the SVF of TPP and PS 

remain constant as shown in Figure 5.8a. The reason for this behavior may be related to 

the fact that both the TPP and PS layers are dewetting. Proof that the lower PS layer 

dewets from the silicon substrate as a function of annealing time is provided in Figure 

5.8b. Figure 5.8b shows the ratio of the atomic concentration of elemental silicon to the 

atomic concentration of total carbon [Si(ele.)/C]. Figure 5.8b reveals that exposure of the 

silicon substrate occurs for annealing times >5 min as the Si(ele.)/C ratio increases. 

Returning to Figure 5.8a, annealing times >60 min show that the SVF of TPP increases 

(consequently PS decreases). This result is consistent with the formation of TPP 

encapsulated PS droplets. The lower surface energy of TPP in comparison to that of PS 

presumably results in the encapsulation of PS by TPP. Unfortunately, the surface energy 

of TPP could not be determined by contact angle measurements as TPP was soluble in all 

apolar liquids (diiodomethane, 1-bromonaphtahlene, etc.) that are typically used to 

determine the dispersive component of the surface energy. However, surface segregation 

of a different POSS derivative resulting from its lower surface energy has been observed 

in POSS filled PS films upon annealing.54 Furthermore, Slep et al. have reported the 

encapsulation of one bilayer component by another upon annealing polymer/polymer 

bilayers as a result of differences in the surface energy of the components.38 If the 

encapsulation of PS by TPP occurs through a continuous process, it would explain the 

plateaus observed at intermediate annealing times in PS and TPP SVF plots (Figure 5.8a) 

as both TPP and PS layers dewet and the ultimate rise in SVF of TPP at later times when 

the lower PS layer has completely dewet into droplets. 
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Figure 5.8: Plots of (a) surface volume fraction (SVF) of PS and TPP and (b) atomic 

concentration ratio of elemental silicon to carbon [Si(ele.)/C] for PS/TPP bilayers 

annealed at 200 °C, as a function of annealing time (t). The dotted lines are trend lines.  

  

 More detailed insight into the mechanism of the morphological evolution in 

dewetting PS/TPP bilayers as a function of annealing time can be gained from AFM 

studies. Figure 5.9 shows representative AFM results of PS/TPP bilayers annealed at 200 

°C for two different annealing times. Upon annealing the bilayers at 200 °C, multiple 

cracks rapidly form (first 5 min) and emanate from stress points within the upper TPP 

layer (Figure 5.9a). As seen in Figure 5.9a, the stress points are at the centers of classical 

hexagonal patterns. The observed crack patterns in the TPP layer are similar to simulated 

crack patterns that are observed for brittle materials in which plasticity can be 
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ignored.80,81 Moreover, crack patterns similar to those observed in the upper TPP layer 

have been reported for cured (i.e. three-dimensional) silsesquioxane films upon stress 

corrosion82 and monolayers of sulfonated PS microspheres confined between two planar 

glass plates during desiccation.83  Further analysis (line scan) was used to determine the 

depths of the cracks observed in PS/TPP bilayers annealed at 200 °C for 5 min. A 

representative line scan analysis of the cracks that are shown in Figure 5.9a is provided in 

Figure 5.9c. The reference lines for the line profile analyses are set at the initial uniform 

TPP//Air interfaces (0 nm). The crack depths (~24-28 nm) for bilayers annealed for 5 min 

determined from line profile analyses are essentially identical to the initial thickness of 

the upper TPP layer (~25.2 nm). This observation indicates that the cracks form in the 

upper TPP layer and reach down to the underlying PS layer. The crack formation in the 

TPP layer upon annealing may be attributed to stresses arising from the differences (~two 

orders of magnitude) in thermal expansion coefficients of the TPP film and the 

hydrophobic silicon substrate. The thin lower PS layer [α = (5.87 ± 0.06) x 10-4 K-1, 

T>Tg] cannot completely screen out the presence of the silicon substrate from the upper 

TPP layer. With increasing annealing times, it is observed that TPP aggregates rapidly 

along the cracks (Figure 5.9b). This observation most likely suggests that the cracks in 

the upper TPP layer act as nucleation sites for the dewetting and aggregation of the TPP 

layer and subsequent dewetting of the lower PS layer. The formation of TPP aggregates 

is consistent with strong interparticle interactions.51,52 Moreover, Figure 5.9a-b appear to 

support the conclusion that dewetting initiates and grows outward from the cracks.  

 Root mean square (r.m.s.) surface roughness values were calculated for the AFM 

images shown in Figure 5.9a-b and can provide further insight into the observed 

dewetting behavior in PS/TPP bilayers. The r.m.s. surface roughness of the uniform areas 

(representative black box in Figure 5.9a) for PS/TPP bilayers annealed <15 min is 

estimated to be ~1.3 nm. The low surface roughness values of the uniform areas indicate 

the presence of uniform PS/TPP bilayer in some areas of the film for bilayers annealed 

for <15 min. The overall r.m.s. surface roughness values of the samples increase from 

~17 nm for 5 min of annealing to ~59 nm for 30 min of annealing. The r.m.s. surface 

roughness of the bilayers annealed for 30 min is approximately equal to the total 

thickness of the PS/TPP bilayer. The increase in the overall surface roughness values 
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with increasing annealing times suggests the progression from dewetting of only the 

upper TPP layer to gross dewetting of both the upper TPP and lower PS layers.  

 Further evidence of the mechanism described above for dewetting in PS/TPP bilayers 

can be obtained by selectively removing TPP from the dewet PS/TPP bilayers (annealed 

at 200 °C for 5 min). Selective removal of TPP from dewet PS/TPP bilayers was 

accomplished by soaking the dewet samples in ethanol for ~24 h. Figure 5.10 shows the 

AFM images of dewet PS/TPP bilayers (annealed at 200 °C for 5 min ) from which TPP 

has been selectively removed. Intact PS layer and bright, narrow strips of dewet PS layer 

in place of the cracks that are seen before the selective removal of TPP (Figure 5.9a) are 

observed after the selective removal of TPP (Figure 5.10a). Hence, even though the 

original cracks in the TPP layer only reached down to the lower PS layer, they served as 

nucleation sites for the dewetting and aggregation of the TPP layer, and the dewetting of 

the PS layer. Dark holes within the dewet areas of PS/TPP bilayers are observed (Figure 

5.10b) upon selective removal of TPP. The presence of holes in the PS layer upon 

selective removal of TPP is supported by the depressions relative to the reference line in 

the line scan (Figure 5.10c). The reference line (0 nm) for the line profile analysis is set 

in the uniform area along the black line in Figure 5.10b. Furthermore, the r.m.s. surface 

roughness of dewet areas in the PS/TPP bilayers annealed at 200 °C for 5 min decreases 

from ~26 to ~21 nm after selective removal of TPP. In contrast, the r.m.s surface 

roughness of areas with intact PS layer (representative black boxes in Figure 5.10a-b) is 

on the order 1 to 2 nm. The presence of holes within the dewet areas and the decrease in 

surface roughness of dewet areas after selective solvent etching may be attributed to the 

removal of dewet TPP that had aggregated on top of the partially dewet PS layer. These 

observations suggest that the dewet upper TPP layer had indeed aggregated along the 

cracks, to serve as nucleation sites for dewetting of the lower PS layer.  
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Figure 5.9: 100 × 100 µm2 tapping mode AFM height images (z range = 100 nm) of 

PS/TPP bilayers annealed at 200 °C for (a) 5 and (b) 15 min. (c) A representative line 

profile (along the black diagonal line in part a) used for determining crack depths in a 

PS/TPP bilayer film annealed at 200 °C for 5 min. The reference line for the line profile 

analysis is set to the uniform TPP//Air interface (0 nm). The black box in part a 

represents a uniform area used to determine the r.m.s surface roughness of a portion of 

the film that has not dewet. 
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Figure 5.10: Tapping mode AFM height images (z range = 100 nm) of PS/TPP bilayers 

annealed at 200 °C for 5 min followed by selective removal of TPP using ethanol. Scan 

sizes are (a) 50 x 50 µm2 and (b) 12.5 x 12.5 µm2. (c) A representative line profile (along 

the black line in part b) used for determining relative hole depths in a dewet PS/TPP 

bilayer after selective removal of TPP. The reference line (0 nm) for the line profile 

analysis is set in the uniform area along the black line in part b. The black boxes in parts 

a and b represent areas with intact PS layer used to determine r.m.s surface roughness. 

 

5.4 Conclusions 

 The dewetting and morphological evolution in PS/TPP bilayers at elevated 

temperatures proceeds by a mechanism that is significantly different from nucleation and 

growth and spinodal dewetting mechanisms that are typically observed for 
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polymer/polymer bilayers.18-44 Upon annealing the PS/TPP bilayers at high temperatures, 

cracks are formed in the upper TPP layer that serve as nucleation sites for the dewetting 

and aggregation of the TPP layer and subsequent dewetting of the lower PS layer. To the 

best of our knowledge, cracking of the upper layer in polymer/polymer bilayers (even 

when the upper layer remains glassy in the experimental temperature range) and 

polymer/nanoparticle systems upon annealing have not been reported. The initial 

morphological evolution, i.e. the crack formation in the upper TPP layer in PS/TPP 

bilayers is similar to cracks observed in polymer/titanium nitride bilayer systems where 

cracks arise from tensile stresses caused by a mismatch of thermal expansion coefficients 

between the layers.74 Moreover, crack patterns similar to those observed in the TPP layer 

in PS/TPP bilayers have been reported for cured silsesquioxane films upon stress 

corrosion82 and monolayers of sulfonated PS microspheres confined between two planar 

glass plates during desiccation.83 However, morphological evolution in PS/TPP bilayers 

subsequent to crack formation in the upper TPP layer is significantly different from any 

of the aforementioned systems. Moreover, the morphologies are dramatically different 

from those observed in dewetting poly(tert-butyl acrylate) (PtBA)/TPP bilayers discussed 

in Chapter 4 and recently reported.60 Like the PS/TPP bilayers reported here, dewetting in 

the PtBA/TPP bilayers occurs through a two-step process; however, the lower Tg of PtBA 

(~25 °C) allows the dewetting morphology to evolve at much lower annealing 

temperatures. Upon thermal annealing to 95 °C, PtBA diffusion into the upper TPP layer 

of the PtBA/TPP bilayer leads to the evolution of inter-connected rim structures in the 

upper layer. Dewetting of the lower PtBA layer is restricted to a few isolated holes with 

fractal-like nanoparticle aggregates at their centers. The rich diversity of dewetting 

morphologies discussed here clearly show that further research is required to understand 

how surface chemistry, rheology, and temperature can be used to control morphology in 

polymer/polymer and polymer/nanoparticle bilayer systems. 
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CHAPTER 6 

Phase Separation in Poly(tert-Butyl Acrylate) (PtBA) / 

Polyhedral Oligomeric Silsesquioxane (POSS) Thin Film Blends 
The following chapter has been submitted as an article to Langmuir: Paul, R.; Karabiyik, 

U.; Swift, M. C.; Esker, A. R. "Phase separation in poly(tert-butyl acrylate) 

(PtBA)/polyhedral oligomeric silsesquioxane (POSS) thin film blends," Submitted to 

Langmuir.  

 

6.1 Abstract 

 Phase separation in thin film blends of poly(tert-butyl acrylate) (PtBA) and a 

polyhedral oligomeric silsesquioxane (POSS), trisilanolphenyl-POSS (TPP), is studied as 

functions of annealing temperature and time, using reflected light optical microscopy. 

The results demonstrate that the PtBA/TPP blend system confined to thin films exhibits 

lower critical solution temperature (LCST) behavior with a critical temperature of ~70 °C 

and a critical composition of 60 wt% PtBA. Off-critical spinodal behavior is observed for 

58 and 62 wt% PtBA blend films. Phase separation by nucleation and growth is observed 

for all compositions outside the window between 58 and 62 wt% PtBA. The temporal 

evolution of spinodal decomposition in 60 wt% PtBA blend films is explored at 

annealing temperatures of 75, 85, 95, and 105 °C. The morphological evolution in 60 

wt% PtBA blend films is similar for all experimental temperatures (75, 85, 95, and 105 

°C) with the expected shorter time scales for phase evolution at higher annealing 

temperatures. Fast Fourier transforms of optical micrographs reveal that these blend films 

undergo spinodal decomposition immediately during the temperature jump experiments. 

Power law scaling for the characteristic wavevector with time (q ~tn with n ≈ -1/4 to -1/3) 

for domain growth during the early stages of phase separation yields to domain pinning at 

the later stages for 60 wt% PtBA blend films annealed at 75, 85, and 95 °C. In contrast, 

domain growth is pinned over the entire experimental timescale for 60 wt% PtBA blend 

films annealed at 105 °C. 
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6.2 Introduction 

 Thin film polymer blends are increasingly important for a host of technological 

applications that include lithography,1 dielectric layers,2 gas separation membranes,3 

fabrication of microlectronics,4 biocompatible coatings,5 and drug delivery systems.6 

Polymer blend films utilized for technological applications are generally composed of 

multiple components to achieve improved processability, and key properties such as 

mechanical strength, adhesion, and thermal stability.7,8  For most applications, polymer 

thin film blends are required to maintain their stability after being spread onto substrates. 

However, incompatibility between various components in polymer blends may lead to 

phase separation.  

Phase separation in polymer blends can be induced by temperature and/or pressure 

variations. Phase separation can occur either by spinodal decomposition (SD) or 

nucleation and growth (NG) mechanisms depending on the blend composition.9,10 

Spinodal decomposition occurs when a polymer mixture is locally unstable without a 

thermodynamic barrier to phase separation that results in spontaneous segregation of 

phases. In contrast, phase separation via the NG mechanism occurs when a polymer 

blend is locally stable and phase separation can only proceed by overcoming a 

thermodynamic barrier to phase separation through a large compositional fluctuation. 

Polymer blends that undergo phase separation via NG are characterized by essentially 

circular, phase separated domains whereas SD typically results in the formation of 

bicontinuous, two-phase structures that are highly interconnected.  

Spinodal decomposition for bulk polymer blends has been extensively studied and 

distinguishable time regimes are established for its evolution.11-20 The early stage 

evolution of bulk SD is well described by the linear theory of Cahn, Hillard, and 

Cook.21,22 In the intermediate and late stages, the time evolution of phase separating 

domains is usually characterized by a power law, q ~ tn, where q is the characteristic 

wavevector and n is the scaling exponent. For intermediate and late stages of bulk SD, n 

is predicted to be -1/3 and -1, respectively.23-26 

 Phase separation of polymer blends confined to thin film geometries has gained 

attention recently but phase evolution in these systems is far from being completely 

understood. Phase separation in thin film polymer blends is complicated by polymer-
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surface interactions that may change the thermodynamics and kinetics of phase evolution 

in these systems.27-33 Moreover, polymer blends confined to thin films may surface 

segregate and form wetting layers as a consequence of the preferential attraction of one of 

the components to the surface. Previous studies have reported a logarithmic or power law 

growth of the wetting layer thickness (d) with time, d ~ tn, with n ranging from 0.1 to 

~1.3.34-48 The preferential wetting or surface segregation may give rise to oscillatory 

compositional profiles perpendicular to the surface leading to surface-directed SD.34-

36,39,40,45-50 Furthermore, the kinetics and morphology of phase separation are a function of 

film thickness.48 The morphological features for surface induced phase separation is a 

topic recently reviewed by Geoghegan and Krausch.51 Ultimately, the final properties and 

morphologies of polymer blend films are governed by the interplay between phase 

separation and surface segregation.  

 Thin film multicomponent polymer blends that are used for industrial applications 

generally contain solid fillers for cost reduction and enhancement of properties relative to 

purely polymeric blends. The incorporation of low concentrations (2-5 wt%) of 

nanoscopic fillers and nanoparticles into polymers can improve tensile strength, thermal 

stability, and barrier properties of these polymeric systems.52-54  Recently, there have been 

several attempts to explore the effect of solid fillers on the phase behavior and 

morphological evolution in bulk and thin film binary polymer/polymer blends; however, 

a complete understanding of phase behavior in "filled" polymer systems is lacking. Most 

of the previous studies have focused on the changes in thermodynamics (phase boundary) 

and kinetics (temporal evolution of phases) of phase separation and morphological 

evolution upon the addition of micron- and nano-sized filler particles to binary polymer 

blends.55-67 In contrast, relatively little is known about phase behavior and morphological 

evolution in binary blends of a polymer and a filler.68,69 It is crucial to gain fundamental 

insight into phase evolution in binary polymer/nanoparticle blend systems for controlling 

the stability, properties, and morphologies of these systems.  

 Polyhedral oligomeric silsesquioxanes (POSS) are organic/inorganic hybrid materials 

consisting of three-dimensional, rigid inorganic cores (Si-O cage), and flexible organic 

coronae, and can be considered to be the smallest particles of silica (~1-3 nm).70,71 

Previous studies have shown that the incorporation of POSS nanoparticles into bulk 
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polymers leads to improvements in thermal and mechanical properties.72-77 The structure-

property relationships of polymer/POSS binary blends in bulk have been extensively 

studied. However, the phase behavior in these systems has not been explored 

systematically.78-84 Moreover, the effect of POSS incorporation into polymer thin films 

has received less attention. This work studies phase separation and determines the phase 

boundary for a binary mixture of poly(tert-butyl acrylate) (PtBA) and a POSS, 

trisilanolphenyl-POSS (TPP), confined to thin films with Si//PtBA+TPP//Air 

configurations (Figure 6.1). Furthermore, the temporal evolution of SD in 60 wt% PtBA 

blend films is studied. PtBA/TPP blend films (100 layers, ~84-90 nm) were deposited 

onto hydrophobic silicon wafers via Y-type Langmuir-Blodgett (LB) deposition. 

 

PtBA/TPP Blend Film

Substrate (Si)

PtBA/TPP Blend Film

Substrate (Si)Substrate (Si)
 

Figure 6.1: Configuration of the PtBA/TPP blend films used in this study. TPP is 

depicted as the round structures in the PtBA film. 

 

6.3 Results and Discussion 

 6.3.1 Phase Evolution as a Function of Temperature. The uniform PtBA/TPP 

blend films of varying compositions supported on hydrophobic silicon substrates were 

annealed from 25 to 140 °C at a heating rate of 1 °C⋅min-1 to determine the temperature 

range in which phase separation occurs in these samples. The phase evolution in the 

blend films was monitored by an optical microscope operating in the reflection mode and 

the phase separation mechanisms were deduced from the morphologies of the phases. As 

representative examples, optical micrographs of phase separation in 20 and 60 wt% PtBA 

blend films as a function of temperature are shown in Figures 6.2 and 6.3. Uniform films 

are observed at the initial temperature of 25 °C for the PtBA/TPP blends of both 



Chapter 6 Phase Separation in PtBA/POSS Thin Film Blends  

 130

compositions (Figures 6.2a and 6.3a). Upon annealing the 20 wt% PtBA blend films, 

small, white, circular phase separated domains start to appear at ~85 °C (optical 

micrograph is not shown here). The density and dimensions of the domains increase with 

increasing annealing temperatures (Figure 6.2b-c). The merger of circular phase 

separated domains is observed for annealing temperatures ≥95 °C (Figure 6.2d). Upon 

annealing the 20 wt% blend films >100 °C, only coalesced domains are observed as seen 

in Figure 6.2e. At 140 °C, the merger of phase separated domains is complete and the 

entire surface is covered by coalesced domains (Figure 6.2f). The morphological 

evolution with the formation of isolated, circular phase separated domains and the 

absence of interconnected structures in 20 wt% PtBA blend films is consistent with phase 

separation via the NG mechanism. In contrast to 20 wt% PtBA blends, uniform 60 wt% 

PtBA blend films (Figure 6.3) form bicontinuous structures at ~70 °C (optical 

micrograph is not shown here), during the temperature ramp experiments. The 

bicontinuous features coarsen noticeably with increasing annealing temperatures (Figure 

6.3b-d) and domain growth is pinned at ~105 °C (Figure 6.3e). The break-up of 

interconnected features and the formation of circular domains ensues at ~115 °C. At 

temperatures >130 °C, only circular domains that are formed by the break-up of the 

bicontinuous structures are observed (Figure 6.3f). The fast Fourier transform (FFT) 

patterns shown in the insets of Figure 6.3 are circular suggesting a laterally isotropic 

morphology with a dominant wavelength.46,48-50 The decrease in the dimensions of the 

FFT patterns with increasing annealing temperatures (insets of Figure 6.3b-e) indicates 

coarsening of the spinodal features. It is clear from the morphologies and their 

corresponding FFT patterns that phase separation in 60 wt % PtBA blend films proceeds 

via SD. 

 The morphological evolution in 60 wt% PtBA blend films could suggest that the 

PtBA/TPP blend system confined to thin films exhibits spinodal behavior at a 

composition of 60 wt% PtBA. To test this hypothesis, phase evolution as a function of 

temperature (25-140 °C at a heating rate of 1 °C⋅min-1) in blend films with compositions 

close to 60 wt% PtBA (55, 58, 62, and 65 wt% PtBA) were studied. During the 

temperature ramp experiments, 58 and 62 wt% PtBA blend films form isolated, small, 

circular phase separated domains at ~71 and ~67 °C, respectively (optical micrographs 
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are not shown here). Bicontinuous phase separated domains start to appear at ~85 and 

~87 °C for 58 and 62 wt% PtBA blend films, respectively. The density and dimensions of 

the nucleated domains increase (Figures 6.4b-d and 6.5b-d) and the spinodal structures 

coarsen (Figures 6.4c-d and 6.5c-d) with increasing annealing temperatures. The 

coalescence of the nucleated domains and the break-up of the spinodal features ensues for 

annealing temperatures >93 °C (Figures 6.4e and 6.5e) and spinodal structures are not 

observed at temperatures ≥100 °C, for 58 and 62 wt% blend films. At temperatures >110 

°C, only coalesced domains with dark aggregates are observed for both 58 and 62 wt% 

PtBA blend films as shown in Figures 6.4f and 6.5f. The morphologies observed in 58 

and 62 wt% PtBA blend films during temperature ramp experiments suggest that these 

blend films initially undergo phase separation via the NG mechanism followed by off-

critical SD.  

 The uniform 55 and 65 wt% PtBA blend films only undergo phase separation via the 

NG mechanism during temperature ramp experiments with the formation of small, 

circular domains starting at ~73 and ~65 °C, respectively (optical micrographs are not 

shown here). The density and dimensions of the domains increase with increasing 

annealing temperatures (Figures 6.6b-c and 6.7b-c). For 55 and 65 wt% PtBA blend 

films, the coalescence of domains is observed for annealing temperatures ≥95 °C (Figures 

6.6d and 6.7d). The formation of dark aggregates within the coalesced domains are 

observed at temperatures >95 °C for 55 wt% PtBA (Figure 6.6e) and >110 °C for 65 wt% 

PtBA (Figure 6.7e) blend films. At 140 °C, only coalesced domains with dark aggregates 

are observed for both 55 and 65 wt% PtBA blend films as shown in Figures 6.6f and 6.7f, 

respectively.  

 It is important to note at this point that all other PtBA/TPP blend films with 

compositions of 2, 10, 40, 80, 95, and 99 wt% PtBA only undergo phase separation via 

the NG mechanism. The optical micrographs of the morphological evolution of phase 

separation for 2, 10, 40, 80, 95, and 99 wt% PtBA blend films are shown in Figures 6.8-

6.13, respectively. On the basis of the morphological evolution of the blend films of 

varying compositions, it is most likely that the PtBA/TPP blend system exhibits lower 

critical solution temperature (LCST) behavior with an effective critical composition of 60 

wt% PtBA where SD is observed. 
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Figure 6.2: Optical micrographs of the morphological evolution in a 20 wt% PtBA blend 

film as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 25, (b) 88, (c) 95, (d) 

100, (e) 102, and (f) 140 °C. The inset in part b represents a 0.07 × 0.09 mm2 section of 

the original image that have been cut using imaging software to enhance the clarity of the 

circular, phase separated domains that are still small at 88 °C. 
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Figure 6.3: Optical micrographs of the morphological evolution in a 60 wt% PtBA blend 

film as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 25, (b) 75, (c) 85, (d) 

95, (e) 105, and (f) 140 °C. The insets show the FFT patterns of the corresponding optical 

micrographs. 
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Figure 6.4: Optical micrographs of the morphological evolution in a 58 wt% PtBA blend 

film as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 25, (b) 80, (c) 87, (d) 

90, (e) 97, and (f) 140 °C. The insets in parts c and d represent 0.14 × 0.19 mm2 sections 

of the original images that have been cut using imaging software to enhance the clarity of 

the bicontinuous domains. 
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Figure 6.5: Optical micrographs of the morphological evolution in a 62 wt% PtBA blend 

film as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 25, (b) 80, (c) 90, (d) 

92, (e) 97, and (f) 140 °C. The insets in parts c and d represent 0.14 × 0.19 mm2 sections 

of the original images that have been cut using imaging software to enhance the clarity of 

the bicontinuous domains.  
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Figure 6.6: Optical micrographs of the morphological evolution in a 55 wt% PtBA blend 

film as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 25, (b) 85, (c) 90, (d) 

95, (e) 110, and (f) 140 °C. 
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Figure 6.7: Optical micrographs of the morphological evolution in a 65 wt% PtBA blend 

film as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 25, (b) 80, (c) 90, (d) 

105, (e) 115, and (f) 140 °C.  
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Figure 6.8: Optical micrographs of the morphological evolution in a 2 wt% PtBA blend 

film as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 26, (b) 94, (c) 96, (d) 

100, (e) 110, and (f) 140 °C. The inset in part b represents a 0.07 x 0.09 mm2 section of 

the original image that has been cut using imaging software to enhance the clarity of 

circular, phase separated domains that are still small at 94 °C. 
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Figure 6.9: Optical micrographs of the morphological evolution in a 10 wt% PtBA blend 

film as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 25, (b) 90, (c) 100, 

(d) 105, (e) 110, and (f) 140 °C. The inset in part b represents a 0.07 x 0.09 mm2 section 

of the original image that has been cut using imaging software to enhance the clarity of 

circular, phase separated domains that are still small at 90 °C. 
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Figure 6.10: Optical micrographs of the morphological evolution in a 40 wt% PtBA 

blend film as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 30, (b) 78, (c) 

85, (d) 100, (e) 105, and (f) 140 °C. The inset in part b represents a 0.07 x 0.09 mm2 

section of the original image that has been cut using imaging software and enlarged to 

enhance the clarity of circular, phase separated domains that are still small at 78 °C. 
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Figure 6.11: Optical micrographs of the morphological evolution in an 80 wt% PtBA 

blend film as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 28, (b) 64, (c) 

85, (d) 100, (e) 110, and (f) 140 °C. The inset in part b represents a 0.14 x 0.19 mm2 

section of the original image that has been cut using imaging software to enhance the 

clarity of circular, phase separated domains that are still small at 64 °C. 
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Figure 6.12: Optical micrographs of the morphological evolution in a 95 wt% PtBA 

blend film as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 25, (b) 61, (c) 

85, (d) 100, (e) 125, and (f) 140 °C. The inset in part b represents a 0.14 x 0.19 mm2 

section of the original image that has been cut using imaging software to enhance the 

clarity of circular, phase separated domains that are still small at 61 °C. 

 



Chapter 6 Phase Separation in PtBA/POSS Thin Film Blends  

 143

100 µm

(a)

(b)

100 µm

(c)

100 µm

100 µm

(d)

(e)

100 µm

(f)

100 µm

100 µm

(a)

100 µm

(a)(a)

(b)

100 µm

(b)(b)

100 µm

(c)

100 µm

(c)(c)

100 µm

100 µm

(d)

100 µm

(d)(d)

(e)

100 µm

(e)(e)

100 µm

(f)

100 µm

(f)(f)

100 µm

 
Figure 6.13: Optical micrographs of the morphological evolution in a 99 wt% PtBA 

blend film as a function of temperature at a heating rate of 1 °C⋅min-1: (a) 30, (b) 56, (c) 

85, (d) 100, (e) 130, and (f) 140 °C. The inset in part b represents a 0.14 x 0.19 mm2 

section of the original image that has been cut using imaging software to enhance the 

clarity of circular, phase separated domains that are still small at 56 °C. 
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 6.3.2 Phase Diagram. The phase diagram of PtBA/TPP blends confined to thin films 

is obtained by analyzing the morphological evolution (hence phase separation 

mechanisms) in the blend films during temperature ramp experiments. Figure 6.14 shows 

the experimentally determined binodal (open circles) and spinodal (filled diamonds with 

dotted line) curves, surface Tg (filled triangles), and thermal transitions associated with 

the loss of double layer structures (Tdl) (filled squares) for the PtBA/TPP thin film blend 

system. The double layer structure is a characteristic of multilayer films prepared by Y-

type LB-deposition. It is observed from the binodal (Figure 6.14, open circles) and 

spinodal (Figure 6.14, filled diamonds with dotted line) curves that the PtBA/TPP blend 

system confined to thin films appears to exhibit LCST behavior with a critical 

temperature of ~70 °C corresponding to a critical composition of ~60 wt% PtBA blend. 

Off-critical spinodal behavior is observed for 58 and 62 wt% PtBA blend films. Two key 

features are observed for the binodal curve (Figure 6.14, open circles). One feature is that 

the binodal curve is skewed towards the PtBA side. The other feature is the flattening of 

the binodal curve for compositions >60 wt% PtBA. Furthermore, it is observed from 

Figure 6.14 that the phase separation temperatures for PtBA/TPP blend films of all 

compositions are higher than both Tg (Figure 6.14, filled triangles) and Tdl (Figure 6.14, 

filled squares). However, the values of Tdl are relatively close to the phase separation 

temperatures, especially for blend compositions >60 wt% PtBA. Previous studies have 

shown that binodal curves of bulk polymer blends consisting of components with 

different molar masses are typically skewed on the side of the blend component with the 

lower molar mass.85-88 Hence, based on molar mass difference between PtBA (Mn = 5.0 

kg⋅mol-1) and TPP (molar mass = 0.931 kg⋅mol-1), the shift of the binodal curve towards 

the PtBA side for the PtBA/TPP thin film blend system is contrary to expectations. 

However, unlike bulk polymer blends, surface interactions and surface segregation 

effects play a significant role in phase separating thin film blends supported on solid 

substrates. Previous researchers have shown that critical compositions (and phase 

diagrams) in thin films blends can shift asymmetrically towards one of the components 

because of surface segregation.89-92 Although at present we cannot provide a specific 

explanation for the skewness of the binodal for the PtBA/TPP thin film blend system, it is 

most likely that the asymmetry in the binodal for this system arises from preferential 
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wetting of the surfaces by PtBA. The flattening of the binodal curve for PtBA/TPP blend 

films beyond the critical point (60 wt% PtBA) could result from the presence of double 

layer structures in PtBA/TPP blend LB-films that interfere with phase separation in these 

films as suggested by the proximity of Tdl to the temperatures for phase separation. 
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Figure 6.14: Experimentally determined binodal (open circles) and spinodal (filled 

diamonds with dotted line) curves, surface Tg (filled trainagles), and thermal transitions 

associated with the loss of double layer structure (Tdl) (filled squares) for the PtBA/TPP 

thin film blend system. 

 

The surface glass transition temperature (Tg) and the loss of double layer transition 

temperature (Tdl) for PtBA/TPP blend LB-films were determined using a phase 

modulated ellipsometer with a heating stage. Two heating scans were performed on the 

blend films and Tg and Tdl were tracked from changes in ellipticity during the heating 

scans at Brewster's angle. The experimental details for the determination of Tg and Tdl for 

PtBA/TPP blend films are provided in Chapter 3. As a representative example, plots of 

ellipticity (ρ) as a function of annealing temperature (T) for a 60 wt% PtBA blend film 
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for the first and second heating scans are shown in Figure 6.15. The surface Tg is 

determined to be ~21 °C from the intersection of lines corresponding to the glassy and 

rubbery states. Furthermore, a second thermal transition (~49 °C) above Tg associated 

with the loss of double layer structure of the 60 wt% PtBA blend LB-film is observed in 

the first heating scan.  
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Figure 6.15: A plot of ellipticity (ρ) as a function of annealing temperature (T) for a 60 

wt% PtBA blend LB-film for the first heating scan. The inset shows the plot of ρ versus 

T for the second heating scan. All ellipticity measurements were performed at Brewster's 

angle. 

 

 6.3.3 Morphology and Kinetics of Spinodal Decomposition at Different 

Temperatures. On the basis of the morphological evolution associated with spinodal 

decomposition (SD) in Figure 6.3 for 60 wt% PtBA blend (critical composition) films, it 

was desirable to study the temporal evolution of SD in these films at several suitable 

temperatures (75, 85, 95, and 105 °C). Figures 6.16 and 6.17 show optical micrographs 
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for 60 wt% PtBA blend films during annealing at 85 and 95 °C as a function of time. It is 

observed that the blend films undergo instantaneous SD upon annealing at 85 and 95 °C. 

The spinodal features coarsen with increasing annealing times (Figures 6.16a-e and 

6.17a-d) until domain growth is arrested. Finally, the spinodal structures break-up to form 

circular domains during the late stages of phase separation for annealing times longer 

than ~45 and ~20 min for blend films annealed at 85 and 95 °C, respectively (Figures 

6.16f and 6.17e-f). The FFT patterns shown in the insets of Figures 6.16 and 6.17 are 

circular suggesting the evolution of a laterally isotropic morphology with a dominant 

wavevector during annealing.46,48-50 Moreover, the dimensions of the FFT patterns 

decrease with increasing annealing times. This observation is consistent with coarsening 

of the spinodal features as a function of annealing time. The morphological evolution in 

the 60 wt% PtBA blend films annealed at 75 °C (Figure 6.18) is similar to that observed 

for films annealed at 85 and 95 °C. The only exception is the absence of isolated domains 

that are formed by the break-up of spinodal features in 60 wt% PtBA blend films 

annealed at 75 °C; however, the formation of isolated domains after the break-up of 

spinodal features can be seen in these films if they are annealed for longer annealing 

times. Hence, as expected slower rates of phase evolution are observed at lower 

annealing temperatures. Spinodal decomposition and pinning of domain growth ensues 

immediately upon annealing the blend films at 105 °C followed by the formation of 

circular domains for annealing times longer than 5 min. 

 The variation of the characteristic wavevector (q) with annealing time (t) for 60 wt% 

PtBA blend films annealed at 75, 85, and 95 °C is illustrated in Figure 6.19 on a log-log 

scale. The plots of q as a function of t exhibit two distinct regimes for 75, 85, and 95 °C. 

Initially, q decreases as t-0.242±0.008 (75 °C), t-0.265±0.006 (85 °C), and t-0.33±0.02 (95 °C) 

followed by an approximately zero-order dependence of q on t for all temperatures shown 

on the plot (error bars represent one standard deviation). The values of the power law 

exponents, q ~ tn, are close to n ≈ -1/3 in agreement with the Lifschitz-Slyozov law.24 The 

observation of a n ≈ -1/3 exponent is consistent with the diffusion controlled intermediate 

stages of SD.93 As seen from Figure 6.19, films annealed at both 75 and 85 °C exhibit 

power law exponents that are closer to n ≈ -1/4. This value is smaller than both the 

diffusion controlled growth exponent, n ≈ -1/3 and the growth exponent of n ≈ -0.44 
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reported for two-dimensional systems.50 However, a growth exponent of n ≈ -1/4 has 

been reported by Wang and Composto for dPMMA/SAN blend films with thicknesses 

less than the radius of gyration, Rg.48 The double layer structure of the Y-type LB-films 

and proximity of Tdl (~49 °C for 60 wt% PtBA blend LB-films) to the annealing 

temperatures of 75 and 85 °C could mean that these annealing experiments are performed 

under conditions of non-equilibrium chain conformations (a condition similar to a film of 

thickness <Rg). Hence, the smaller n values for the 60 wt% PtBA blend films at 75 and 

85 °C may be attributed to limited material transport arising from necking or pinning. 

The zero-order dependence of q on t, q ~ t0, for 75, 85, and 95 °C (second regime in the 

plots) is consistent with the late stages of SD and pinning of spinodal features.50 

Furthermore, the time required for the crossover between the intermediate and late stages 

of SD decreases with increasing annealing temperatures. This result is most likely related 

to the faster dynamics of the system at higher temperatures. The 60 wt% PtBA blend 

films annealed at 105 °C exhibit only a zero-order dependence of q on t, q ~ t0, at the start 

of the experiment (up to ~5 min), a likely indication that the blend films are already in the 

late stages of SD at higher temperatures. Subsequently, the pinned spinodal features 

break-up to form circular domains. In this study, the early stages of SD could not be 

detected for the experimental temperatures because the timescale is very short (<1 min) 

and the length scale of the features is smaller than can be resolved by optical 

microscopy.94 
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Figure 6.16: Optical micrographs of the morphological evolution in a 60 wt% PtBA 

blend film annealed at 85 °C for (a) 2, (b) 5, (c) 10, (d) 20, (e) 45, and (f) 120 min. The 

insets show the FFT images of the corresponding optical micrographs. 
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Figure 6.17: Optical micrographs of the morphological evolution in a 60 wt% PtBA 

blend film annealed at 95 °C for (a) 1, (b) 5, (c) 10, (d) 20, (e) 60, and (f) 120 min. The 

insets show the FFT images of the corresponding optical micrographs. 
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Figure 6.18: Optical micrographs of the morphological evolution in a 60 wt% PtBA 

blend film annealed at 75 °C for (a) 5, (b) 15, (c) 30, (d) 60, (e) 90, and (f) 120 min. The 

insets show the FFT images of the corresponding optical micrographs. 
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Figure 6.19: Log-log plots of characteristic wavevectors (q) as functions of annealing 

time (t) at 75 (open circles), 85 (open triangles), and 95 °C (open squares) for 60 wt% 

PtBA blend films. 

 

6.4 Conclusions 

 The PtBA/TPP thin film blend system exhibits LCST behavior with an effective 

critical composition of 60 wt% PtBA and undergoes SD at ~70 °C during temperature 

ramp studies at this composition. Off-critical spinodal behavior is observed for 58 and 62 

wt% PtBA films. Although, at present we are unable to provide a specific explanation for 

the asymmetry observed in the binodal curve for the PtBA/TPP blend film system, it is 

most likely that the skewness of the binodal results from surface segregation of the blend 

components. Further experiments are necessary to understand the effects of surface 

segregation and residual stresses that arise from the double layer structure of Y-type LB-

films on phase behavior in the PtBA/TPP system. Furthermore, the temporal evolution of 

SD in 60 wt% PtBA blend films was explored by performing temperature jump 

experiments. The 60 wt% PtBA blend films phase separate immediately via the spinodal 

mechanism between 75 and 105 °C. For 60 wt% PtBA blend films annealed at 75, 85 and 
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95 °C, power law growth kinetics are consistent with the intermediate stages of SD. In 

contrast, the films are already in the late stages of SD at the start of temperature jump 

experiments at 105 °C. To the best of our knowledge, this is the first study of a phase 

diagram for a polymer/POSS blend system confined to thin films. As such, this study 

provides an important first step for exploring nanofiller effects on polymeric thin films 

within model systems. 
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CHAPTER 7 

Conclusions and Suggested Future Work 

 

7.1 Overall Conclusions 

7.1.1 Conclusions: Polymer/Nanoparticle Bilayer Films 

 Morphological evolution in dewetting thin film bilayers of poly(tert-butyl acrylate) 

(PtBA) or polystyrene (PS) and a polyhedral oligomeric silsesquioxane (POSS), 

trisilanolphenyl-POSS (TPP), with Si//PtBA (or PS)/TPP//Air configurations was studied 

as functions of annealing temperature and time. Reflected light optical microscopy (OM) 

and atomic force microscopy (AFM) were used to monitor the surface morphologies and 

x-ray photoelectron spectroscopy (XPS) was used to determine the surface composition 

of the dewetting bilayers. The results demonstrate unique dewetting morphologies in both 

PtBA/TPP and PS/TPP bilayers at elevated temperatures that are significantly different 

from those typically observed in dewetting polymer/polymer bilayers. 

 Upon thermal annealing the PtBA/TPP bilayers at 95 °C, a two-step dewetting 

process is observed. The upper TPP layer dewets from the underlying PtBA layer with 

the formation of holes via the nucleation and growth mechanism (NG) for short annealing 

times. With increasing annealing times, the number and lateral dimensions of the holes in 

the upper TPP layer increase and the rims surrounding the holes merge to form 

interconnected rim structures. At longer annealing times, dewetting of both the upper 

TPP and lower PtBA layers with limited exposure of the silicon substrate results in the 

formation of scattered holes among the interconnected rim structures. TPP-rich, fractal 

aggregates with fractal dimensions of ~2.2 are observed at the bottom of these scattered 

holes indicating fractal pattern formation via cluster-cluster aggregation. The isolated 

holes containing the TPP-rich, fractal aggregates merge slowly upon prolonged annealing 

to form extended networks of TPP-rich aggregates. It is believed that the TPP-rich 

aggregates act as pseudo crosslinking sites and retard gross dewetting of the lower PtBA 

layer by increasing the local viscosity of the polymer. Our study of dewetting PtBA/TPP 

bilayers provides the first experimental (morphological) observation of micron-scale, 
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fractal, nanoparticle-rich aggregate formation within holes in dewetting 

polymer/nanoparticle bilayers. Only a metal/resist bilayer system has been reported to 

form localized dendritic structures via dewetting during stripping processes.1 However, 

the mechanism of pattern formation in the metal/resist bilayer system is significantly 

different from the two-step dewetting process observed in PtBA/TPP bilayers that results 

in the formation of TPP-rich, fractal aggregates. In the metal/resist bilayers, the dendritic 

structures arise from simultaneous dewetting of both the metal and resist layers initiated 

by elevated temperatures at extremely localized areas with the absence of dewetting in 

the rest of the film. 

 Like the PtBA/TPP bilayers dewetting in PS/TPP bilayers also occurs via a two-step 

dewetting process; nonetheless, the dewetting morphology evolves at much higher 

annealing temperatures in this system due to the higher glass transition temperature (Tg ≈ 

100 °C) of PS. Cracks form immediately in the upper TPP layer upon annealing the 

PS/TPP bilayers at 200 °C. The crack formation in the TPP layer is most likely caused by 

stresses generated in the TPP layer that arise from a two order of magnitude thermal 

expansion coefficient difference between the TPP layer and the hydrophobic silicon 

substrate. With increasing annealing times, these cracks in the upper TPP layer serve as 

nucleation sites for dewetting and aggregation of the TPP layer and the subsequent 

dewetting of the lower PS layer. At later annealing times, complete dewetting of both the 

upper TPP and lower PS layers results in the formation of TPP encapsulated PS droplets. 

To the best of our knowledge, crack formation in polymer/polymer (even with a glassy 

upper layer) and polymer/nanoparticle bilayers during annealing has not been previously 

reported. The crack patterns observed in the TPP layer are similar to those observed in 

polymer/titanium nitride bilayer during annealing,2 cured silsesquioxane films upon stress 

corrosion,3 and monolayers of sulfonated PS microspheres confined between two planar 

glass plates during desiccation.4 However, the morphological evolution in the PS/TPP 

bilayers subsequent to crack formation is very different from all of the aforementioned 

systems. Furthermore, the mechanism of dewetting and morphological evolution in 

PS/TPP bilayers is significantly different from nucleation and growth and spinodal 

dewetting mechanisms that are typically observed for polymer/polymer bilayers5-31 and 

PtBA/TPP bilayers discussed in Chapter 4 and recently reported by us.32  
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 Our studies on PtBA/TPP and PS/TPP bilayers provide insight into unique dewetting 

behavior of polymer/POSS bilayer systems and can serve as the first step towards 

exploring the stability (or instability) of polymer/nanoparticle bilayer systems in general. 

The rich diversity of dewetting morphologies that are discussed in this dissertation for 

both PtBA/TPP and PS/TPP bilayers clearly suggest that reproducible dewetting can be 

used advantageously to fabricate surfaces with specific morphologies and drive 

nanoparticle assembly. Further research is required to understand the effects of surface 

chemistry, rheology, temperature, bilayer configuration, and layer thicknesses of bilayer 

components to effectively control surface morphologies in polymer/nanoparticle bilayers.  

7.1.2 Conclusions: Polymer/Nanoparticle Blend Films 

 One of the main objectives of this dissertation was to study the phase behavior of 

polymer/nanoparticle binary blends in confined geometries. This goal was accomplished 

by investigating phase separation and determining the phase boundary for a binary 

mixture of PtBA and TPP confined to thin films with Si//PtBA+TPP//Air configurations. 

Phase separation in PtBA/TPP Langmuir-Blodgett (LB) films was explored by an optical 

microscope operating in the reflection mode. The PtBA/TPP blend system confined to 

thin films exhibits lower critical solution temperature (LCST) behavior with a critical 

temperature and composition of ~70 °C and 60 wt% PtBA, respectively. It is observed 

that 58 and 62 wt% PtBA blend films show off-critical spinodal behavior. In contrast, 

blend films for all compositions that lie outside the range of 58-62 wt% PtBA only 

undergo phase separation by a nucleation and growth (NG) mechanism. The binodal 

curve for the PtBA/TPP blend film system is found to be skewed towards the PtBA side 

and is flattened beyond the critical composition of 60 wt% PtBA. Although at present we 

are unable to provide a specific explanation for the asymmetry observed in the binodal 

curve for the PtBA/TPP blend film system, the skewness in the binodal most likely arises 

from preferential wetting of the surfaces by PtBA. The flattening of the binodal could 

result from the presence of double layer structures in PtBA/TPP blend LB-films that 

interfere with phase separation in these systems. Nonetheless, further experiments are 

necessary to understand the effects of preferential wetting and residual stresses that are 

associated with the double layer structure of Y-type LB-films on phase separation in the 
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PtBA/TPP thin film blend system. The temporal evolution of spinodal decomposition 

(SD) in 60 wt% PtBA blend films was explored by performing temperature jump 

experiments at 75, 85, 95, and 105 °C. The 60 wt% PtBA blend films undergo SD 

immediately during the temperature jump experiments. For 60 wt% PtBA blend films 

annealed at 75, 85, and 95 °C, power law scaling of the critical wavevector (q ~ tn with n 

≈ -1/4 to -1/3), consistent with intermediate stages of SD, characterizes the domain 

growth kinetics during the early stages of phase separation followed by domain pinning 

at the later stages. In contrast, 60 wt% PtBA blend films are in the late stages of SD over 

the entire experimental timescale upon annealing at 105 °C. 

 To the best of our knowledge, our study of PtBA/TPP thin film blend system is the 

first to report a phase diagram for a polymer/POSS binary mixture confined to thin film 

geometries. Unlike our work, most previous studies have focused on investigating the 

changes in thermodynamics and kinetics of phase separation and evolution of novel 

morphologies upon the addition of micron- and nano-sized solid fillers to binary polymer 

blends.33-45 Furthermore, the phase behavior of POSS/polymer blends in the bulk and in 

confined geometries have not been explored systematically although the structure-

property relationships of bulk polymer/POSS binary blends have been reported 

extensively.46-52 Hence, this study provides a first step towards understanding phase 

evolution in binary polymer/nanoparticle blend systems confined to thin films for 

controlling the stability, properties, and morphologies of these systems.  

 

7.2 Suggested Future Work 

 Our studies on film stability and morphological evolution in model PtBA (or PS)/TPP 

bilayers and PtBA/TPP blends confined to thin films have provided us with some 

fundamental understanding of dewetting and phase separation in polymer/nanoparticle 

thin film systems. However, gaining a complete understanding of stability (or instability) 

in polymer/nanoparticle thin film systems still exists as a challenge. This dissertation 

only serves as a starting point for the future explorations of nanofiller effects on 

polymeric films. In this section, I will provide some suggestions for future work based on 
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existing knowledge and experience and knowledge acquired during the course of this 

work. 

7.2.1 Suggested Future Work: Polymer/Nanoparticle Blend Films  

 There are several variables that can be manipulated to study the stability and 

morphological evolution in PtBA/POSS blend films. One of the most important variables 

is the molar mass of PtBA. It would be interesting to study the phase behavior in 

PtBA/TPP blend films using PtBA with higher molar masses and compare the phase 

behavior in these systems to the observed phase behavior in the lower molar mass system 

reported in this dissertation. The thermodynamics (including phase boundary, critical 

temperature, and composition), kinetics, and consequently final surface morphologies 

associated with phase separation are expected to be altered in the PtBA/TPP thin film 

blend systems with changes in PtBA molar mass. In general, this study will provide 

insight into polymer molar mass effects on the phase separation behavior of 

polymer/nanoparticle blend films.  

 PtBA/TPP blends have been found to form well-defined LB-films by Y-type 

deposition. Thus, the LB-technique can be used to prepare films of controlled 

thicknesses. The LB-films should be ≥90 nm thick to eliminate dewetting during 

annealing. Phase separation can be studied in situ using an optical microscope operating 

in the reflection mode with a temperature controlled stage, and phase separation as a 

function of temperature can be viewed with the aid of an imaging software. An atomic 

force microscope with a heating stage will be a very useful tool for studying in situ phase 

separation in various PtBA/TPP blend films systems. AFM has an advantage over optical 

microscopy in its ability to distinguish between phase separation and dewetting in blend 

films; elevated features such as phase-separated domains appear as bright features 

whereas the holes appear as dark features in topographical AFM images. AFM has been 

used to study phase separation and the interplay between phase separation and dewetting 

in polymer/polymer blends.53-57 The analyses of line profiles of the topographical AFM 

images can be used to determine the heights of the phase separated domains. Moreover, 

line profile analysis can be used to determine depths of the holes and heights of the rims 

surrounding the holes, provided dewetting occurs in the system. Mueller-Buschbaum et 
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al. have successfully used root-mean-square surface roughness values obtained from 

statistical analysis of AFM data to distinguish between dewetting and phase separation in 

polymer blend films of deuterated polystyrene (d-PS) and poly(p-methylstyrene) 

(PpMS).55  

 Thin film PtBA/TPP blends with low molar mass PtBA [number average molar mass 

(Mn) = 5.0 kg⋅mol-1] show LCST behavior with a critical temperature (Tc) of ~ 70 °C. 

The results for the low molar mass PtBA/TPP thin film blend system are provided in 

Chapter 6. Thus, one can expect PtBA/TPP blend film systems with PtBA of high molar 

masses to exhibit LCST type phase diagrams. Moreover, the binodal curves will most 

likely be skewed towards the PtBA side due to preferential wetting of the surfaces by 

PtBA. However, the shapes of the binodal curves may also be affected by the significant 

molar mass differences between the blend components (high molar mass PtBA and TPP) 

causing the binodals to shift towards the low molar mass TPP side.58-61 Ultimately, in 

these systems the skewness of the binodal curves will be decided by the interplay 

between surface segregation and high molar mass differences between PtBA and TPP. 

Previous studies on polymer blends have reported that the mutual solubility of two 

components decreases as the molar mass of one of the component increases. The 

decreased mutual solubility results in the lowering of the phase separation temperatures 

including Tc in LCST systems.58,60,62 On the basis of these results, it is most likely that the 

Tc for the PtBA/TPP blend films systems with high molar mass PtBA will be lower than 

the Tc (~70 °C) observed for the low molar mass PtBA blend system. The rates of 

morphological evolution in PtBA/TPP blend films with PtBA of high molar masses are 

expected to be slower (because of higher system viscosities) compared to the low molar 

mass system. 

 Following the determination of phase boundaries for thin film PtBA/TPP blend 

systems with various PtBA molar masses, it is desirable to study the temporal evolution 

of phase separation in blend films of specific compositions. The kinetics and 

morphological evolution of phase separation in blends film of varying compositions can 

be monitored in situ by a reflected light OM and AFM with a heating stage. The blend 

films can be annealed on the heating stage at temperatures above their respective phase 

separation temperatures in case of LCST systems and then phase separation as a function 
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of time can be viewed with the aid of an imaging software. On the basis of phase 

separation morphologies observed in PtBA (Mn = 5.0 kg⋅mol-1)/TPP blend films during 

temperature ramp experiments (Chapter 6) one can expect the temporal evolution of 

phase separation in blend films of different compositions to be significantly different 

from each other.  

 The temporal evolution of SD in 60 wt% PtBA (Mn = 5.0 kg⋅mol-1) blend films has 

been presented in Chapter 6 and preliminary results of temporal evolution of phase 

separation in a 20 wt% PtBA (Mn = 5.0 kg⋅mol-1) blend with TPP at 85 °C are provided 

here. Phase separation in 20 wt% PtBA blend LB-films is explored by an optical 

microscope operating in the reflection mode. Upon annealing the 20 wt% PtBA blend 

films at 85 °C, the films undergo almost immediate phase separation via a NG 

mechanism giving rise to essentially circular, isolated phase separated domains as 

observed by OM (Figure 7.1a). The number of phase separated features and lateral size of 

the phase separated domains increase with increasing annealing time (Figure 7.1b) and 

domains start to coalesce for annealing times >10 min (Figure 7.1c-d). No isolated, 

circular phase separated domains remain for annealing times longer than 1 h. It is 

important to note that phase separation in 20 wt% PtBA blend films was also explored at 

temperatures higher and lower than 85 °C. It is observed that the phase separation 

morphologies observed in 20 wt% PtBA blend films annealed at temperatures higher and 

lower than 85 °C are similar to those observed for films annealed at 85 °C. As expected, 

the only difference is in the rates of phase evolution at different annealing temperatures; 

faster and slower rates are observed for annealing temperatures higher and lower than 85 

°C, respectively.  

 The variation of the domain diameter (D) with annealing time (t) for 20 wt% PtBA 

blend film annealed at 85 °C is illustrated in Figure 7.2 on a log-log scale. It is observed 

from the plot that D increases as t0.77±0.02 at 85 °C (error bar represents one standard 

deviation). Typically, kinetics of domain growth for NG processes is based on the 

Ostwald ripening theory (i.e. diffusion limited growth) and D scales as t1/3 for bulk 

polymer blends.63-65 The value of growth exponent, n ≈ 0.77 observed in the 20 wt% 

PtBA blend films annealed at 85 °C is greater than the reported values of n ≈1/3. At 

present, we are unable to explain the discrepancy between the observed and expected n 



Chapter 7  Conclusions and Suggested Future Work 

 164

values. It is likely that the 20 wt% PtBA blend films annealed at 85 °C may already be in 

the late stages of NG, where the growth kinetics are affected by coalescence of domains. 

Furthermore, the growth kinetics in these blend films may be altered by polymer-surface 

interactions and presence of double layer structures associated with Y-type LB-films. 

Nonetheless, further experiments at various annealing temperatures are necessary to gain 

insight into the universality of the kinetics of domain growth via the NG mechanism in 

PtBA/TPP thin film blends.  

 It is evident from the preliminary results of the morphological evolution and growth 

kinetics obtained for 20 wt% PtBA (Mn = 5.0 kg⋅mol-1) blend films that undergo phase 

separation via the NG mechanism are significantly different from the results (presented in 

Chapter 6) for 60 wt% PtBA blend films that undergo SD. Hence, studies on the temporal 

evolution of phase separation in PtBA/TPP blend films of varying compositions will 

provide wealth of information that would be useful in reproducibly controlling final 

properties and morphologies in these systems. 
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Figure 7.1: Optical micrographs of the morphological evolution in a 20 wt% PtBA blend 

film annealed at 85 °C for (a) 5, (b) 15, (c) 30, and (d) 60 min. All images are 0.57 x 0.76 

mm2. 
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Figure 7.2: Log-log plots of domain diameter (D) as a function of annealing time (t) at 

75 °C for a 20 wt% PtBA blend film. 

 

 For PtBA/TPP blend films of fixed compositions, film thicknesses can be varied to 

study changes in surface morphologies as well as the interplay between phase separation 

and dewetting as a function of film thickness. Previous studies on thin film polymer 

blends have shown that thickness plays a significant role in determining phase behavior 

in these systems.66-69 Walheim et al. have studied the phase separation in blend films of 

PS and poly(methyl meythacrylate) (PMMA) as a function of film thickness.69 It is 

observed that PMMA domains are embedded in a PS phase for films of all thicknesses 

but the average domain size decreases with decreasing film thickness. A crossover from 

three- to two- dimensional SD kinetics has been reported with decreasing film 

thicknesses in thin film blends of PS and polybutadiene (PB).67 Chung et al. have 

reported that the growth of bicontinuous domains in PMMA/poly(styrene-co-

acrylonitrile) (SAN) blend films of different thicknesses do not follow any universal 

scaling laws; the growth exponent decreases from a value of n ≈ 0.62 to 0.28 as film 

thickness decreases from ~ 900 to 90 nm.66 
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 To test the interplay between phase separation and dewetting in PtBA/TPP blend 

films, 100 (~90 nm) and 30 (~30 nm) layer LB-films of an 80 wt% PtBA (Mn = 5.0 

kg⋅mol-1) blend with TPP were annealed at 115 °C for specific time periods. The 

morphological evolution in these films at 115 °C was investigated by reflected light OM 

and AFM. AFM results also help in distinguishing between phase separation and 

dewetting in the blend films. Furthermore, XPS was used to determine the surface 

composition of the annealed films and to differentiate between phase separation and 

dewetting. If the filled polymer films dewet from the silicon substrate, then elemental 

silicon [Si(ele.)] peaks at ~ 99 eV are expected in the XPS spectra of these films. 

However, if phase separation dominates in the blend films, the underlying silicon 

substrates will not be exposed and no Si(ele.) peaks will be observed in the XPS spectra. 

The surface composition (atomic concentrations) of the annealed films can be analyzed to 

obtain information about the extent of dewetting in these systems. 

 The optical micrographs of the morphological evolution in 100 and 30 layer 20 wt% 

TPP filled PtBA films annealed at 115 °C are shown in Figures 7.3-7.5. It is observed 

that white, circular domains are formed in blend films of both thicknesses (optical 

micrographs are not shown here). The number and lateral size of the circular domains 

increase with increasing annealing times (Figures 7.3a-b and 7.4a-b). The domains start 

to coalesce in the 100 layer filled films for annealing times ≥15 min (Figure 7.3a), 

whereas domain coalescence is observed for annealing times ≥30 min for 30 layer filled 

films (Figure 7.4b). The formation of dark aggregates within the coalesced domains is 

observed in both 100 and 30 layer filled films annealed ≥30 min. Upon annealing the 

films for 60 min, mostly coalesced domains with dark aggregates are observed (Figure 

7.5a-b). Domain formation in these films proceeds via the NG mechanism, as evident 

from the optical micrographs. However, it is not possible to distinguish between phase 

separation and dewetting in these systems only on the basis of optical micrographs. 
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Figure 7.3: Optical micrographs of the morphological evolution in (a) 100 layer (~90 

nm) and (b) 30 layer (~30 nm) LB-films of an 80 wt% PtBA blend with TPP annealed at 

115 °C for 15 min. All images are 0.57 x 0.76 mm2. 

 

 
Figure 7.4: Optical micrographs of the morphological evolution in (a) 100 layer (~90 

nm) and (b) 30 layer (~30 nm) LB-films of an 80 wt% PtBA blend with TPP annealed at 

115 °C for 30 min. All images are 0.57 x 0.76 mm2. 
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Figure 7.5: Optical micrographs of the morphological evolution in (a) 100 layer (~90 

nm) and (b) 30 layer (~30 nm) LB-films of an 80 wt% PtBA blend with TPP annealed at 

115 °C for 60 min. All images are 0.57 x 0.76 mm2. 

 

 XPS was used to differentiate between dewetting and phase separation in 80 wt% 

PtBA blend films with TPP annealed at 115 °C. Figure 7.6 shows a plots for the ratios of 

atomic concentration of Si(ele.) to that of carbon [Si(ele.)/C] as a function of annealing 

time for 100 and 30 layers of TPP (20 wt%) filled PtBA. For 100 layer films, the 

Si(ele.)/C ratio is zero up to 15 min of annealing suggesting the absence of dewetting and 

dominance of phase separation in these systems for short annealing times. The 

concentration of Si(ele.) increases beyond 15 minutes of annealing and there is a co-

existence of phase separation and dewetting in the 100 layer films for longer annealing 

times. This observation most likely suggests domain formation in these systems via 

nucleated dewetting. For 30 layer TPP filled PtBA films (20 wt% TPP), Si(ele.) is 

observed within 1 min of annealing and the Si(ele.)/C ratio increases significantly with 

increasing annealing times indicating that dewetting plays a dominant role in these 

systems. 
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Figure 7.6: Elemental silicon to carbon ratios [Si(ele.)/C] for 30 layer (~30 nm, filled 

triangles) and 100 layer (~90 nm, open circles) LB-films of an 80 wt% PtBA blend with 

TPP annealed at 115 °C as a function of annealing time (t). 

 

 AFM results provide an in-depth understanding of the morphological evolution in 80 

wt% PtBA blend films with TPP of varying thickness. Three-dimensional (3D) AFM 

height images for 100 and 30 layer LB-films of 80 wt% PtBA blend with TPP annealed at 

115 °C are shown in Figures 7.7 and 7.8, respectively. The AFM results show that 

circular domains in 100 layer blend films are formed as a result of phase separation via 

the NG mechanism (Figure 7.7a-b) It is observed that the number and dimensions of 

phase separated domains increase with increasing annealing time. The analyses of the 

line profiles of the height images indicate that specific height distributions of phase 

separated domains are associated with specific annealing times; 2-7 nm for 1 min versus 

8-34 nm for 15 min of annealing. Moreover, the overall root mean square (r.m.s) surface 

roughness of the films increases from ~0.7 nm for 1 min of annealing to ~2.6 nm for 15 

min of annealing, consistent with phase separation. 

 The 3D topographical AFM images (Figure 7.8) for a 30 layer LB-film of 80 wt% 

PtBA blend with TPP shows that dewetting via the NG mechanism plays a dominant role 
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in the morphological evolution in these films. Holes surrounded by asymmetric rims 

emerge immediately upon annealing at 115 °C. AFM results demonstrate that the number 

and depth of the holes in these films increase with increasing annealing time (Figure 

7.8a-b). Upon analyzing the line profiles of the topographical images, it is observed that 

there are distributions of hole depths and rim heights associated with specific annealing 

times. The depths of the holes and the rim heights for the films upon 1 min of annealing 

are in the range of 2-8 nm and 2-5 nm, respectively. Upon annealing the films for 15 min, 

the hole depths and rim heights are in the range of 2-20 nm and 4-48 nm, respectively. 

The overall r.m.s surface roughness of the films increases from ~3 nm for 1 min of 

annealing to ~8 nm for 15 min of annealing, suggesting progression of dewetting with 

time. 

 

 
Figure 7.7: 5 x 5 µm2 tapping mode AFM three-dimensional height images (z range = 50 

nm) for 100 layer (~90 nm) LB-films of an 80 wt% PtBA blend with TPP annealed at 

115 °C for (a) 1 and (b) 15 min. 
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Figure 7.8: 15 x 15 µm2 tapping mode AFM three-dimensional height images (z range = 

50 nm) for 30 layer (~30 nm) LB-films of an 80 wt% PtBA blend with TPP annealed at 

115 ° C for (a) 1 and (b) 15 min. 

 

 From the results of Figures 7.3-7.8, it is clear that for blend films of PtBA and TPP of 

specific composition, film thickness will have a considerable effect on the stability of the 

filled films at elevated temperatures. The annealing temperature can also be varied to 

study its effect on the stability of TPP filled PtBA films, keeping the composition and 

thickness constant. Upon increasing the annealing temperature, an increase in the lateral 

dimensions of the phase separated domains is expected for thicker films and increased 

dewetting is expected for thinner films. An increase in annealing temperature should not 

have any effect on the heights of the phase separated domains as the domain heights are 

constrained by film thickness. 

 Previous studies have shown that mechanical and lateral confinement of 

homopolymer and polymer blend films suppresses dewetting and changes the nature of 

phase separation in these films upon annealing.70-73 On the basis of these results, it is 

expected that dewetting and lateral phase separation can be suppressed by adding organic 

capping layers to the PtBA/TPP blends films. Our preliminary OM results (Figures 7.9-

7.10) though far from being conclusive suggest that the addition of as little as two LB-

layers of isopentylcellulose (IPC) as capping layers onto 100 layer LB-films of 80 wt% 

PtBA blend with TPP frustrates the lateral phase separation in these films during 

annealing at 115 and 140 °C. The systematic investigation of capping layer effects on the 

stability of the filled films is suggested.  
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Figure 7.9: Optical micrographs of the morphological evolution in 100 layer (~90 nm) 

LB-films of an 80 wt% PtBA blend with TPP (a) without and (b) with two IPC capping 

layers, upon annealing at 115 °C for 60 min. All images are 0.57 x 0.76 mm2. 

 

 
Figure 7.10: Optical micrographs of the morphological evolution in 100 layer (~90 nm) 

LB-films of an 80 wt% PtBA blend with TPP (a) without and (b) with two IPC capping 

layers, upon annealing at 140 °C for 60 min. All images are 0.57 x 0.76 mm2. 

 

 Up to this point in this dissertation, only binary blends of PtBA and TPP have been 

considered, however, it would be interesting to study the phase behavior in ternary 

systems comprised a binary polymer blend containing TPP. It is now well established that 

the incorporation of solid fillers into binary polymer blends alters the thermodynamics 

and kinetics of phase separation and morphological evolution in these systems.33-45 Karim 

et al. have reported a shift of LCST type cloud point curves of PS/PB blends to higher 

and lower temperatures upon the addition of untreated and treated (grafted with PS 
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chains) fumed silica fillers, respectively.40 The incorporation of mobile nanoparticles into 

thin film PMMA/SAN blends changes the dynamics of phase separation and the 

nanoparticles preferentially partition to the PMMA-rich phase.36 Given these interesting 

results and the fact that POSS nanoparticles have not been used in any of the above 

studies, it would be desirable to explore the phase separation behavior in a thin film 

binary polymer blend system containing varying amounts of TPP. For these studies, a 

polymer blend system such as PtBA (Mn = 5.0 kg⋅mol-1, Tg = ~25 °C)/PS (Mn = 1.4 

kg⋅mol-1, Tg = ~45 °C) could be selected. A higher molar mass PS may not be a good 

choice because of its high Tg (~100 °C). Several other polymer blends including 

PMMA/SAN (LCST phase diagram), PS/poly(vinyl methyl ether) (PVME) (LCST phase 

diagram), PtBA/SAN could be considered for this study. Blend films can be prepared 

onto hydrophobic silicon substrates via spincoating. It is important to prepare thick films 

to eliminate dewetting from these systems. The phase boundary for the various blends 

confined to thin films can be determined by annealing the samples on a heating stage in 

the appropriate temperature range and monitoring phase separation using OM and AFM. 

Following this, films of ternary systems composed of a binary polymer blend (PtBA/PS, 

PMMA/SAN, PS/PVME, and PtBA/SAN) and TPP can be prepared and phase separation 

in these systems can be investigated and compared to the phase behavior of the respective 

thin film binary blends.  

7.2.2 Suggested Future Work: Polymer/Nanoparticle Bilayer Films   

 The most important variables that can be manipulated when examining the stability of 

PtBA (PS)/TPP bilayers are polymer molar mass, thicknesses of the polymer and TPP 

layers, configuration of the bilayer films. 

 Previous research on dewetting at polymer/polymer interfaces have illustrated the 

considerable effect polymer molar mass has on the dewetting process, especially on the 

hole growth dynamics and dewetting morphologies.13,14,21,25,26 Systematic studies of 

dewetting in PS(top layer)/PMMA (bottom layer) bilayer films, as a function of PMMA 

molar mass have been reported.13,26 It is observed that depending on the molar mass of 

the PMMA, the lower layer behaves as a solid or a liquid substrate; high molar mass 

PMMA is found to be undeformed (solid), whereas low molar mass PMMA is deformed 
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(liquid) during the dewetting process. The PS layer dewets the PMMA layer with 

different velocities and the time dependence of hole diameter varies with the molar mass 

of the PMMA layer. On the basis of these results, it would be interesting to study the 

morphological evolution in PtBA/TPP and PS/TPP bilayers as a function of polymer 

molar mass, keeping the individual layer and total bilayer thicknesses, and bilayer 

configuration constant. This study will provide fundamental understanding into polymer 

molar mass effects on dewetting behavior in bilayer systems and may be helpful in 

designing surfaces with specific morphologies.   

 The morphological evolution in dewetting PtBA (Mn = 5.0 kg⋅mol-1)/TPP and PS (Mn 

= 20.0 kg⋅mol-1)/TPP bilayers has been discussed in Chapters 4 and 5. Here, we present 

the preliminary OM results of dewetting in PtBA/TPP bilayers with a high molar mass 

PtBA (Mn = 23.0 kg⋅mol-1) as a function of annealing temperature (Figure 7.11). 

Furthermore, the preliminary OM results of dewetting for PS/TPP bilayers with a low 

molar mass PS (Mn = 1.4 kg⋅mol-1) during temperature ramp experiments are also 

provided (Figure 7.12). The PtBA/TPP bilayers were heated from 25 to 140 ºC at a 

heating rate of 1 °C⋅min-1 to determine the temperature range over which dewetting 

occurs. The morphological evolution of dewetting in PtBA/TPP bilayer films was 

monitored using optical OM. A uniform film is observed at the initial temperature of 25 

ºC (optical micrograph is not shown here). Holes start to appear in the films at ~95 °C 

(Figure 7.11a). The density and lateral dimensions of the holes increase with increasing 

annealing temperatures (Figure 7.11b) and the holes start coalescing at annealing 

temperatures >100 °C (Figure 7.11c). The weak optical contrast of the hole-like domains 

observed in the bilayers for annealing temperatures <100 °C is most likely a result of 

dewetting of the upper TPP layer from the lower PtBA layer. The overall optical contrast 

afforded by the morphological features is significantly enhanced >100 °C. This 

observation may suggest dewetting of both the upper TPP and lower PtBA layers. For 

annealing temperatures ≥130 °C, a few isolated holes containing aggregated TPP-rich 

structures are observed (Figures 7.11d). The morphological evolution in this system is 

essentially similar to that observed for PtBA/TPP bilayers with lower molar mass PtBA 

reported in Chapter 4 with the exception of a slower rate. This behavior is expected 
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because of the higher Tg (~37 °C) and viscosity of the higher molar mass PtBA relative to 

the lower molar mass PtBA.  

 The PS (Mn = 1.4 kg⋅mol-1)/TPP bilayers were heated from 25 to 200 ºC at a heating 

rate of 1 °C⋅min-1 to determine the temperature range over which dewetting occurs and 

morphological evolution of dewetting was monitored using OM. Holes start to appear in 

the bilayers at ~85 °C (optical micrograph is not shown here). The density and lateral 

dimensions of the holes increase with increasing annealing temperatures (Figure 7.12a-b). 

The holes start to merge and form interconnected rim structures for annealing 

temperatures≥100 °C (Figure 7.12c-e). For annealing temperatures >180 °C, complete 

dewetting of both the layers seem to have occurred (Figure 7.12f). It is obvious from the 

OM results that the surface morphologies observed in this system are dramatically 

different from those observed in the PS/TPP bilayers with high molar mass PS reported in 

Chapter 5. The lower Tg (~45 °C) of 1.4 kg⋅mol-1 PS allows the dewetting morphology to 

evolve at much lower annealing temperatures. Furthermore, unlike the PS (Mn = 20.0 

kg⋅mol-1)/TPP bilayer system, crack formation is not observed during the early stages of 

dewetting. As a suggestion for future work, further experiments including in situ AFM 

and XPS measurements could be used to elucidate the dewetting mechanism in PS/TPP 

bilayer systems with lower molar mass PS. Moreover, it would be interesting to also 

study the morphological evolution in PS/TPP bilayer systems with a PS of intermediate 

molar mass, i.e. a Mn value between 1.4 and 20.0 kg⋅mol-1. 
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Figure 7.11: Optical micrographs of the morphological evolution in a PtBA (Mn = 23.0 

kg⋅mol-1)/TPP bilayer film as a function of annealing temperature at a heating rate of 1 

°C⋅min-1: (a) 95, (b) 100, (c) 105, and (d) 140 °C. All images are 0.57 x 0.76 mm2. 
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Figure 7.12: Optical micrographs of the morphological evolution in a PS (Mn = 1.4 

kg⋅mol-1)/TPP bilayer film as a function of annealing temperature at a heating rate of 1 

°C⋅min-1: (a) 95, (b) 100, (c) 105, (d) 150, (e) 180, and (f) 200 °C. All images are 0.57 x 

0.76 mm2. 
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 The thickness of the component layers in a bilayer is also an important variable that 

can be expected to have a significant effect on the dewetting of polymer/POSS bilayer 

films. Several attempts have been made to study the film thickness dependence of 

dewetting in polymeric bilayers.10,19,20,25,26 Dewetting behavior for PC/SAN bilayers as a 

function of thickness of the lower SAN layer has been reoprted.20 It is observed that for 

SAN films in the thickness regime of 125-1850 nm, the hole diameters scale linearly with 

time for all films but the hole velocity changes with SAN film thickness. Also, for very 

thin films of SAN (~50 nm), both the upper PC and lower SAN layers dewet the silicon 

substrate. A systematic study of dewetting at a PS/PMMA interface as a function of PS 

(upper) layer thickness has been reported by Wang et al.26 This work illustrates that for a 

solid lower PMMA layer, the dewetting speed of PS is constant and hole growth scales 

linearly with annealing time, independent of PS film thickness. However, for a liquid 

lower PMMA layer, hole growth in PS layer scales as t2/3 (where t is the annealing time) 

and is dependent on the PS layer thickness. In addition, for very thin PMMA films, both 

the PS and PMMA layers undergo dewetting. Higgins and Jones have reported that the 

characteristic wavelength (λ) of the bicontinuous features formed by spinodal dewetting 

of PS/PMMA bilayers can be altered by varying the PS layer thickness; values of λ 

increase with increasing PS layer thickness.10 As seen from the above results, one can 

expect that the thicknesses of both the lower and upper layers in the PtBA/TPP and 

PS/TPP bilayers to affect dewetting behavior in these systems. For lower layers below a 

certain critical thickness, both the top and the bottom layers may dewet. On the other 

hand, for thicker lower layers, only the top layer will most likely undergo dewetting. 

Also, the upper layer thickness may affect the dewetting process in these systems. The 

investigation of dewetting behavior in PtBA/TPP and PS/TPP bilayer systems as 

functions of both polymer and TPP layer thicknesses using in situ OM and AFM is 

suggested. 

 A few other suggestions for future work include exploring the dewetting behavior in 

PtBA/TPP and PS/TPP bilayer systems by changing the bilayer configuration, and 

addition of capping layers to the PtBA (or PS)/TPP bilayer systems. The preliminary 

results obtained for PtBA/TPP blend films upon the addition of IPC capping layers 

(discussed in Section 7.1.1) indicate that lateral phase separation is suppressed in those 
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systems due to mechanical confinement. On the basis of those results, one could observe 

suppression of dewetting in PtBA (PS)/TPP bilayer films upon the addition of capping 

layers.  
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