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Lithography, lubrication and active components in organic electronic devices are 

diverse applications of polymer thin films.  Confinement and interfacial interactions have 

a profound effect on the properties of thin films and are responsible for behavior that is 

often counterintuitive and difficult to predict.  Phenomena ranging from interfacial 

instabilities to thickness-dependent properties such as the glass transition (Tg) and 

viscosity are challenges associated with the design, processing, fabrication and 

performance of polymer thin films. In this dissertation, we examined three basic 

problems: the first concerns the morphology of interfacial instabilities, the second is the 

film thickness dependence of the viscosity, and the third is the thickness dependence of 

the Tg of thin film polymer-polymer mixtures. 

Thin liquid films in the nanometer thickness range often succumb to interfacial 

instabilities leading to break-up and droplet formation.  While the destabilization process 

is well understood, the mechanisms by which the instability proceeds are not.  One 
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mechanism by which the dewetting process begins is with the formation and subsequent 

growth of circular holes.  We show that fingering instabilities can develop at the 

periphery of these holes and that the morphology of the instability depends on chain 

length and the nature of the substrate-polymer interactions.  The details of this secondary 

instability are examined and compared to fingering instabilities observed in macroscopic 

liquid fronts.   

A related issue in these systems is that the dynamics can be film thickness 

dependent.  Since the viscosity and capillary forces determine the dynamics of interfacial 

instabilities, the time dependence of the hole size provides a method to measure the 

viscosity of the film.  We used this approach to examine the influence of carbon 

nanotubes on the dewetting dynamics and determine the thickness dependence of the 

viscosity, which was found to depend on the thickness dependent Tg of the system.  

For the third problem, we examined the thickness dependence of the Tg of 

miscible thin film polymer-polymer mixtures.  Using incoherent neutron scattering, and 

ellipsometry, we showed that effects associated with chain connectivity and dynamics of 

the individual blend components, together with interfacial interactions, determine the 

effective Tg of miscible polymer-polymer thin film mixtures.   
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Chapter 1:  Introduction 

1.1 MOTIVATION 

Polymers play an important role in everyday life with commercial applications 

ranging from textiles and automobile parts to food packaging and adhesives.  In recent 

years, polymer thin films have been developed for new applications such as sensors and 

active components (e.g. transistors and light emitting diodes) in organic electronic 

devices [1-4].  Polymer thin films are also widely used in the microelectronics industry as 

photoresists in photolithography for patterning applications [4, 5], as lubrication layers 

between the disks of a hard drive [4], and as low dielectric constant interlayers [4].  Other 

applications include the thin, active layers used in gas separation membranes [6] and anti-

reflective coatings for display panels and windows [7, 8].   

The film thickness requirements for these applications are continually decreasing.  

When the thickness of the film is on the order of the radius of gyration (Rg) of the 

polymer chains, changes in the material properties of the film can occur.  Device 

fabrication and performance depend on the wetting, structural stability, viscosity, glass 

transition temperature (Tg) and chain packing properties of the film [4].  For instance, if a 

thin, chemically amplified photoresist film possessed enhanced mobility relative to the 

bulk of the material, excessive photoacid diffusion through the resist film could lead to 

blurring of the latent lithographic image [5].  A large increase in friction or viscosity in a 

lubricating layer could lead to the failure of a hard drive [4].  In a gas separation 

membrane, changes in chain structure and packing densities could change the permeation 

properties of the gases through the film [6]. 

Unfortunately, many properties of polymer thin films are poorly understood.  

Studies of polymer thin films have shown that as the film thickness is decreased to 



 2

distances on the order of tens of nanometers, the properties of the film can differ from 

their bulk analogues.  The glass transition temperature [9-11], viscosity [12, 13], 

diffusion coefficients [14-16], phase transition temperatures in polymer-polymer 

mixtures and ordering temperatures in block copolymers [17-19] have all been shown to 

depend on the film thickness, h, and these properties are poorly understood.  In addition 

to the thickness-dependent physical properties of thin polymer films, a common problem 

that occurs during processing is the rupture and dewetting of the film from the underlying 

substrate [13, 20-23].  For example, a smooth polymer film can be achieved on a non-

wettable substrate by spin coating as shown in Figure 1-1a.  When the polymer is heated 

above its glass transition temperature, holes can nucleate throughout the film as shown in 

Figure 1-1b.  The holes subsequently grow until they impinge on each other leading to a 

final morphology consisting of droplets on the underlying substrate as shown in Figure 1-

1c.   

As the examples in the previous paragraph illustrate, gaining a better 

understanding of interfacial instabilities (rupture and dewetting) and the thickness-

dependent physical properties commonly observed in polymer thin films is important for 

their design and use in industrial applications.  In light of these issues, the research in this 

dissertation examines interfacial instabilities and the thickness dependence of the 

physical properties of polymer thin films, specifically the viscosity and glass transition.   

The following sections of this Chapter are intended to provide a brief background 

and context for the remainder of the dissertation.  The structural stability of thin films and 

dynamics of instabilities as well as the effects of confinement and interfacial interactions 

on the thickness dependence of properties are discussed.  This information provides a 

context for the research objectives and research approach.   
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(a) 

 

  (b) 

 

  (c) 

 
Figure 1-1: Atomic Force Microscopy (AFM) images showing the rupture and 

subsequent dewetting of (a) a stable film by (b) the nucleation and growth of 
holes.  The final morphology is (c) droplets on the surface. 
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1.2 STRUCTURAL STABILITY AND DEWETTING DYNAMICS OF POLYMER THIN FILMS 

Thin polymer films on a non-wettable substrate can become unstable and rupture 

ultimately dewetting the substrate and forming droplets.  The stability of a polymer film 

of thickness h is determined by long-ranged van der Waals forces acting across the liquid 

film [23-25].  When the van der Waals forces between the substrate/liquid and 

liquid/vacuum interfaces are attractive, the film dewets spinodally as shown in Figure 1-

2a, in analogy to spinodal decomposition in polymer blends.  Another dewetting pathway 

can arise, typically in thicker films, where the film destabilizes via the nucleation of holes 

shown in Figure 1-2b.  The holes impinge on the substrate and subsequently grow leading 

to dewetting of the substrate.   

When the hole impinges on the substrate, its growth is driven by capillary forces 

(negative spreading coefficient, S) and opposed by viscous forces [26].  As the hole 

grows, chains are excavated from the center of the hole, and a rim forms at the periphery 

of the hole as shown in Figure 1-3.   If viscous dissipation of the energy is primarily 

dissipated as friction at the substrate-liquid interface, then the liquid slips (has a non-zero 

velocity) at the substrate-liquid interface.  The viscous forces depend on the size of the 

rim, w, as shown in Figure 1-3, which increases with time.  When the rim size is small, 

the capillary driving forces balance the viscous forces and the velocity is initially 

constant [27].   

 

  
2/1








≈
h
bSV

η
       (1.1) 

 

where η is the viscosity, b is the slip extrapolation length (b = η/k) and k is the friction 

coefficient.   
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(a) 

 

 

(b) 

 
 

Figure 1-2:   Representative AFM images for the various dewetting morphologies are 
shown: (a) The spinodal pattern for unstable films (courtesy of Ratchana 
Limary) and (b) holes that arise via a nucleation and growth process. 
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Figure 1-3: A cross-section of a hole illustrating the rim width, w(t), and hole radius, 
R(t), is shown.  The hole grows due to capillary forces (S) and for entangled 
polymer films, the flow is primarily opposed by viscous dissipation due to 
friction (k) at the substrate/polymer interface.     
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The vast majority of experimental studies of dewetting films have concentrated on 

polystyrene (PS) thin films supported by SiOx/Si substrates [13, 20, 28].  Generally, for 

films that become unstable via the nucleation and growth of holes, these studies show 

that a hole remains circular during growth and that the shape of the rim surrounding the 

hole (Figure 1-3) remains stable throughout its growth.  However, fluctuations of the 

shape of the rim of a growing hole may occur and the rim can subsequently become 

unstable and form fingers as illustrated in Figure 1-4 [29].  Masson et al. showed that for 

entangled thin PS films on SiOx/Si substrates, fingering instabilities occur when the 

thickness of the film was below a threshold thickness that increased with increasing 

molecular weight [29].   

 In addition to examining rim instabilities in thin polystyrene films, Masson and 

Green investigated the film thickness dependence of the hole growth velocity.  When the 

film thickness was less than 50 nm, the velocity of hole growth increased much more 

rapidly with decreasing thickness than predicted by equation 1.1.  The excess thickness 

dependence was rationalized by a decrease in the viscosity of the material with 

decreasing h consistent with a depression in the Tg of the material with decreasing h.   

 

1.3 THICKNESS DEPENDENT PROPERTIES OF POLYMER THIN FILMS 

The results of Masson and Green on the viscosity of thin PS films show that the 

physical properties of polymer thin films can be substantially different from their bulk 

analogues.  The properties of the material change due to the effects of interfacial 

interactions, which refers to energetic effects associated with molecules in contact, and 

confinement, or entropic effects associated with the packing of the chains near the  
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Figure 1-4:  Fingering instabilities with a well-defined wavelength are shown in a 10 nm 
65 kg/mol PS film.   
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interfaces [30-32].  Confinement and interfacial interactions place entropic and enthalpic 

constraints on the chain structure and can change the configurational freedom of the 

chains [31, 32].  Near the substrate, chains are thought to have reduced configurational 

freedom while at the free surface, chains have enhanced configurational freedom [11].  

As the thickness of the film decreases, these effects become more exaggerated and exert 

an increasing influence on the properties of the film.   

The glass transition temperature of thin polymer films provides an illustrative 

example of the combined effects of interfacial interactions and confinement.  When the 

substrate-monomer interactions are weak, Tg decreases with decreasing thickness.  

Examples include freely-standing PS films [11] and PS films supported by SiOx/Si 

substrates [9, 10].  When the substrate-monomer interactions are strong, such as the 

hydrogen bonding interactions between tetramethyl bisphenol-A polycarbonate (TMPC) 

[33, 34] or  poly (methyl methacrylate) (PMMA) [35, 36] and SiOx/Si substrates, Tg 

increases with decreasing h.  Illustrative examples of a depression (PS) and an 

enhancement (TMPC) of Tg with decreasing thickness are shown in Figure 1-5 and show 

that the property is no longer associated with the material only, but rather is a property of 

the entire surface-polymer-substrate system [36, 37].   

 Entropic effects associated with packing of the chain segments at the interfaces 

are also known to play a role in the determination of the Tg of the film.  Grohens and 

coworkers measured the Tg of thin films of stereoregular PMMA and found that for 

isotactic PMMA on SiOx/Si, the Tg increased with decreasing h while the Tg decreased 

with decreasing h for syndiotactic PMMA on SiOx/Si [38]. Differences in chain 

architecture, it was argued, led to differences in the packing of the chains at the interfaces 

and thus the different behavior of Tg(h) [38].  Furthermore, experiments examining the Tg 

of polymer nanocomposites show that the addition of particles to a PS film on SiOx/Si  
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Figure 1-5: The Tg depression for PS (filled symbols, solid line) and the Tg enhancement 
for TMPC (open symbols, dashed line) on silicon oxide substrates are 
plotted as a function of film thickness.  In this figure, Tg is plotted relative to 
the respective bulk value for each polymer.  Data are from Joseph Pham 
[39]. 
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substrates caused the Tg to increase with decreasing h [40].  An increase in the packing 

densities of the chain segments near the nanoparticles resulting in a lower configurational 

entropy was suggested to change the Tg behavior [40].  This shows that both interfacial 

interactions and entropic effects associated with chain packing (configurational entropy) 

modify the Tg of thin polymer films. 

  

1.4 RESEARCH OBJECTIVES 

As the foregoing discussion has demonstrated, tailoring a polymer thin film for a 

specific application requires an understanding of the morphological stability and 

thickness-dependent properties of the film.  There is currently an incomplete 

understanding of both of these phenomena.  The objectives of this research are therefore 

to better understand the effects of confinement and interfacial interactions on interfacial 

instabilities and physical properties of thin films in three areas: (1) the morphology of 

interfacial instabilities that arise during dewetting, (2) the thickness dependence of the 

viscosity, and (3) the glass transition of polymer-polymer mixtures.   

When a film becomes unstable and dewets, it typically does so via the nucleation 

and growth of holes.  These holes increase in time and eventually impinge on each other 

forming droplets.  Invariably, these holes have been shown to be circular, and the rim 

surrounding the hole remains stable throughout the growth stage.  Masson et al. found 

that for films below a molecular weight dependent threshold thickness, the rim 

surrounding the hole may become unstable and form fingers.  This process is analogous 

to fingering instabilities in simple liquids that occur during the flow of liquid down an 

inclined plane.  With regards to rim instabilities, the objectives of this research are to 
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examine the role of slippage on the dewetting process and the effect of film thickness and 

molecular weight on the wavelength of the rim instabilities in thin films.   

In addition to morphological instabilities, the dynamics and properties of thin 

polymer films often depend on film thickness.  Masson and Green showed that the 

velocity of hole growth in thin PS films increased with decreasing thickness (V~h-3).  

This thickness dependence was much larger than the theoretical prediction of equation 

1.1 (V~h-1/2).  The discrepancy was rationalized by a decrease in the viscosity with 

decreasing film thickness, which was attributed to a Tg depression in this system.  

Although the dewetting behavior of PS films supported by SiOx/Si substrates is 

reasonably well understood, little experimental or theoretical effort has been made to 

examine the effect of nanoparticles on the dynamics of dewetting.  As the Tg discussion 

illustrates, confinement and interfacial effects are expected to be altered in 

nanocomposite thin films due to the large surface area to volume ratio resulting from the 

addition of inorganic nanoparticles.  Interactions between the matrix and the particles are 

expected to alter the packing of the chains (configurational entropy) and result in changes 

in the material properties of the film.  Our objective is to understand the effects of carbon 

nanotubes on the dynamics of dewetting and by extension the viscosity and its film 

thickness dependence.   

 Another property critical to processing of polymer films is the glass transition 

since it effectively determines dynamic properties such as the viscosity.  While the Tg of 

thin homopolymer films is well characterized experimentally and reasonably well 

understood theoretically, the Tg of miscible polymer-polymer thin film mixtures are 

poorly understood.  Polymer mixtures are useful in tailoring the properties of a polymer 

film to suit a specific application.  In thin films, for instance, TMPC stabilizes PS films 

against dewetting.  With regards to this last problem, our objective is to examine the 
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consequences of chain connectivity (the self-concentration) on the Tg of miscible 

polymer-polymer mixtures.   

 

1.5 RESEARCH APPROACH AND ORGANIZATION 

This dissertation discusses the morphology and dynamics of interfacial 

instabilities as well as the glass transition of polymer-polymer thin film mixtures.  We 

investigated a number of systems (homopolymer, polymer-nanocomposite, and polymer-

polymer) supported by silicon oxide substrates.  Film thicknesses between 5 and 150 nm 

of various molecular weights were fabricated by spin coating polymer solutions onto 

silicon substrates.   

For the dewetting experiments, we used atomic force microscopy (AFM) to make 

three-dimensional topographical images of the films as a function of film thickness and 

molecular weight.  From these images, measurements of the characteristic features that 

arose during the dewetting process, such as the hole radius, rim width and distance 

between fingers, were made.  The films were repeatedly annealed, quenched, and scanned 

with the AFM to measure the temporal dependence of these features.   

For our studies on the glass transition behavior of a miscible PS-TMPC thin film 

mixture, we used spectroscopic ellipsometry and incoherent elastic neutron scattering.  

The ellipsometry measurements yielded an average Tg of the mixture while the neutron 

scattering measurements probe only the dynamics of the TMPC component.  The theory 

of Lodge and McLeish, which maintains that chain connectivity effects can accurately 

describe the component dynamics within a mixture, is used to describe the data.   

The first part of this dissertation focuses on the morphology and dynamics of 

interfacial instabilities.  Chapter 2 describes the molecular weight and film thickness 

dependence of rim instabilities that form spontaneously in thin polystyrene films.  
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Chapter 3 examines the effect of nanotubes on the velocity of hole growth and the 

thickness dependence of the viscosity.  In Chapter 4, the effect of TMPC on the 

dewetting dynamics, primarily with respect to altering the polymer-substrate interactions, 

is investigated.  We also examine the thickness dependence of the viscosity in these 

mixtures. 

The second part of this dissertation examines the glass transition of miscible thin 

film mixtures.  In Chapter 5, we show that incoherent neutron scattering and 

spectroscopic ellipsometry can be used to study the heterogeneous component dynamics 

in a miscible polymer-polymer mixture.  We examine our results in light of the Lodge-

McLeish model and recent theoretical developments on perturbations to chain structure in 

thin films.  The effects of C60 “buckyballs” on the Tg of the PS-TMPC system are 

considered in Chapter 6.   

Finally, the major conclusions from this dissertation research and 

recommendations for future work are presented in Chapter 7. 
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Chapter 2:  Moving Fronts in Entangled Polymeric Films  

 

Thin liquid films can become structurally unstable and dewet, forming holes 

which subsequently grow on the substrate.  Considerable research has been conducted on 

the structural evolution and growth of the growth of holes, which invariably are shown to 

be circular.  We show that morphologies characterized by circular holes comprise one of 

three possible morphological regimes.  In polystyrene films, supported by silicon oxide 

substrates, two other regimes are observed with decreasing film thickness.  In the second 

regime, the moving boundary of the growing hole may become unstable and form 

fingers.  The spacing between the fingers is characterized by a well-defined wavelength 
2/16/7 −∝ Mhλ , where h is the film thickness and M is the molecular weight.  A dense 

branching morphology characterizes the peripheral regions of the holes in the third 

regime and is found only in the thinnest films. 

 

 

 

 

 

 

 
 

 

Reprinted with permission from Besancon, B. M.; Green, P. F. Physical Review E 2004, 

70, 051808/1-051808/8.  Copyright © 2004 by American Physical Society. 
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2.1 INTRODUCTION 

A problematic issue associated with the processing of thin, nonpolar, polymeric 

liquid films is rupturing and subsequent dewetting of the film from an underlying 

substrate.  It is well known that this phenomenon is particularly active in films with 

thicknesses, h0, on the order of nanometers or tens of nanometers and its origins are, for 

the most part, reasonably well understood [1-10].  The excess interfacial free energy of 

interaction per unit area, ∆G(h), or equivalently the effective interface potential, between 

the liquid-substrate interface and the liquid-vapor interface, is determined through the 

competition between long-ranged van der Waals forces and short-ranged intermolecular 

forces whereby ( ) 2
132 12/)( hAhhG πδ −=∆  [9, 10].  The first term describes the short-

range interactions that are associated with molecules in contact (distances less than 1 nm) 

and is frequently represented by a power law [10] or decaying exponential [9, 11].  The 

second term describes the long-ranged van der Waals interactions [9-11].  The effective 

Hamaker constant, A132, is defined in terms of the individual Hamaker constants for the 

three media, vapor (1), polymer (3) and substrate (2) and can be positive or negative.  A 

net attraction exists between these interfaces when A132 is positive [12].  Specifically, a 

disjoining pressure, 3
132 6// hAhG π−=∂∆−∂=Π , is created in the film where thinner 

regions of the film experience greater pressure than thicker regions.  Hence a net flow of 

mass from thinner regions of the film to the thicker regions occurs.  The Laplace pressure 

(ratio of the surface tension to the local radius of curvature) opposes these thickness 

modulations.  The competition between the Laplace pressure and the disjoining pressure 

dictates a critical wavelength beyond which the fluctuations will grow, characterized by a 

dominant wave vector ( ) 2/122 / hGq ∂∆∂−∝  [9, 10].  This is the process of spinodal 

dewetting and has been shown to occur in polystyrene (PS) films thinner than 3 nm on 

silicon substrates with a native oxide layer (hereafter referred to as Si/SiOx) [10].   
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For sufficiently thick films beyond the length-scale over which the interface 

potential possesses negative curvature, dewetting occurs via nucleation and subsequent 

growth of holes [10].  During the nucleation stage, a circular crest forms at the periphery 

of a depression spontaneously created in the film and the depression penetrates into the 

film [13, 14].  When it impinges on the substrate, capillary driving forces become 

responsible for growth (negative spreading coefficient) of the hole.  A rim subsequently 

develops around the hole due to the accumulation of chains excavated from the substrate 

as the hole radius increases.   

The vast majority of studies of dewetting films have concentrated on PS thin films 

supported by Si/SiOx substrates [3, 4, 14-18].  Generally, these studies show that a typical 

hole remains circular during growth [Figure 2-1a] and that the shape of its rim remains 

stable.  However, fluctuations of the shape of the rim of a growing hole may occur [19] 

and the rim may subsequently become unstable and form fingers [4, 20].  The image in 

Figure 2-1b shows the early stage of finger formation in a thin PS film.  Masson et al 

showed that for entangled thin PS films on Si/SiOx substrates, fingering instabilities 

occur provided the films are sufficiently thin [20].  The range of film thicknesses over 

which fingering was observed increased with increasing molecular weight [20].  Reiter 

and Sharma [21] also showed that fingers developed in the receding edge of 

polydimethylsiloxane (PDMS) films dewetting from a high density grafted layer of 

PDMS.   

It is generally understood that fingering instabilities occur at the line of contact of 

a liquid that is forced to spread on a substrate due to external driving forces, such as 

gravitational forces [22-25], centrifugal forces [26] or Marangoni forces [27]  (gradients  

 

 



 20

(a) (b) 

 
 

(c)        (d)  

         

Figure 2-1: (a) The circular holes of regime 1 resulting from a nucleation and growth 
process in a 32 nm 65 kg/mol PS film, (b) the simple fingering instabilities 
of regime 2 in an 11 nm 65 kg/mol PS film, (c) the dense radial structure of 
regime 3 in a 10 nm 290 kg/mol PS film, and (d) a magnification of the 
boxed region in (c) showing the random branching are shown. 
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in surface tension).  Fingering instabilities occur when fluctuations at the liquid front are 

amplified due largely to effects associated with the surface tension, γ.  For example, when 

the liquid flows down an incline due to gravity, at a rate faster than it would normally 

spread due only to capillarity, a rim (sometimes called a “bump”) develops at the line of 

contact [22-25].  The shape of this rim fluctuates so the height of the rim varies from one 

location to another. Consequently, a Laplace pressure develops, producing surface 

curvature flows that contribute to local pressure gradients along the rim in order to 

suppress the fluctuations.  Thicker regions of the rim provide less resistance to flow down 

the incline than the thinner regions.  If the driving force (in this case the slope) is 

sufficiently large, fingers develop.  There exists a length scale over which the driving 

forces (gravitational forces, Marangoni forces etc.) are balanced by the capillary forces, 

and this length scale is assumed to be proportional to the wavelength between fingers, 

λ [22-27].  It has been shown that λ is related to a capillary number, Ca, and the film 

thickness, h0 [22-27], 

 

0
3/1)( hCa −∝λ       (2.1) 

 

where Ca=ηV/γ, η is the viscosity, γ is the surface tension, and V is the flow velocity of 

the liquid. 

In this paper, we show that depending on the film thickness, growing holes in the 

PS/SiOx/Si system may exhibit three distinct morphologies.  For sufficiently thick films, 

the moving front of the hole remains circular (rim remains stable toward shape 

fluctuations) [Figure 2-1a]; this is identified as the first regime and is well understood.  

For thinner films, fingers with a well-defined wavelength develop at the edge of holes 

after the holes become sufficiently large, as shown in Figure 2-1b (regime 2).  We show 
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that the wavelength of these fingers can be described by Equation 2.1, with appropriate 

modifications of V for the velocity of the growing hole.  For the thinnest films (regime 3), 

random branching instabilities occur within the fingers (Figures 2-1c and 2-1d).  The 

existence of this third regime is associated with the nature of the interactions between the 

chains and the substrate. 
 

2.2 EXPERIMENTAL SECTION 

We examined the dewetting of polystyrene (PS) films of varying thicknesses with 

molecular weights ranging from 65 kg/mol to 290 kg/mol. The polystyrene standards 

were purchased from Pressure Chemical, Inc. and had polydispersities less than 1.06.  

The films were spun cast from toluene solution onto Si/SiOx substrates purchased from 

Wafer World, Inc. that had a native oxide layer of 1.5 nm.  After spin coating, the PS film 

thicknesses were measured using ellipsometry.  The films were subsequently annealed 

above the glass transition temperature, Tg, at 1700C under vacuum.  Periodically, the 

samples were quenched to room temperature and imaged using an Autoprobe CP atomic 

force microscope (AFM) in contact mode.  

As discussed in an earlier publication, fingering is preceded by a fluctuation in the 

shape of the rim and this occurs with a characteristic wavelength [20].  The wavelength 

was determined by measuring the average distance between the tips of the fingers using 

the linescan feature in the PSI Proscan Image Processing Software.  Due to nonlinearities 

during the imaging process, the AFM images were flattened with second or third order 

whole image fits using the image processing before measurements were made.  The 

average hole radius was determined by averaging the distance from the center of the hole 

to the fingers and the primary portion of the rim. 
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2.3 RESULTS AND DISCUSSION 

The competition between short- and long-range intermolecular forces in the 

PS/SiOx/Si system produces an effective interface potential that has a minimum at h = L 

and exhibits a maximum at h > L before decaying to zero [9-11]. The minimum at h = L 

identifies a stable film thickness, the existence of which is due to the short-range 

interactions between the polymer and the substrate.  Films thinner than L should, in 

principle, be stable whereas films just thicker than L should be unstable and dewet 

spinodally [9, 10].  For sufficiently large thicknesses beyond the region of the interface 

potential with negative curvature, the films are metastable [10].  Films in this metastable 

regime become unstable via the nucleation, and subsequent growth, of holes when the 

energy barrier denoted by the maximum in the interface potential is overcome.  In such a 

situation, holes would grow on the underlying layer of thickness L [11].  Eventually 

droplets would reside on this layer.  

Experimentally, this underlying layer is found to be unstable and breaks up into 

secondary droplets.  Consequently, a distribution of macroscopic droplets and 

microscopic, secondary, droplets comprise the final morphology.  This is illustrated in 

Figure 2-2.  Based on self-consistent field (SCF) calculations, Müller et al. suggested  

that the thickness of this layer should be of order 2 nm, which they found to be in 

agreement with in situ x-ray reflectivity measurements of PS films of molecular weight 

8700 g/mol [11].  They measured a mean secondary droplet height of 3 nm for the film in 

the unstable state.  We investigated PS thin films, with molecular weights ranging from 

M = 90 kg/mol to 1600 kg/mol, on SiOx/Si substrates and found that the mean height of 

the secondary droplets increased as a function of the molecular weight.  The droplet 

surface density was found to decrease with increasing molecular weight.  These data are 

plotted in Figure 2-3.  These observations suggest that modifications of the theoretical  
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Figure 2-2:   Secondary droplets adsorbed to the substrate from a 290 kg/mol film are 
shown here in the vicinity of a larger droplet.   
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Figure 2-3:   The molecular weight dependence of the average secondary droplet height 
and secondary droplet density is shown.   
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effective interface potential, or alternative interface potentials, which account for effects 

associated with entropy (chain length, chain packing, and chain connectivity) and 

temperature would be required to fully describe these observations.  

The existence of this secondary droplet layer appears to have an important effect 

on the morphology of sufficiently thin dewetting films. The satellite branching 

morphology which develops in the fingers is observed in films with thicknesses 

comparable to the height of the secondary droplets.  For example, the films in Figure 2-

1b and Figure 2-1c are, within experimental error, of the same thickness, except that the 

molecular weight of the film in Figure 2-1c is M = 290 kg/mol and that of the film in 

Figure 2-1b is M = 65 kg/mol.  The secondary droplets are smaller for the lower 

molecular weight sample (Figure 2-3).  These results indicate that the ratio of the film 

thickness to the droplet size is of particular relevance and not the actual film thickness.  

The morphology shown in Figure 2-1c appears similar to the dense branching 

morphology (DBM) [28, 29] or dense radial structure [30] commonly observed in radial 

Hele-Shaw cells.  In the Hele-Shaw cell, a viscous fluid is placed between two circular 

parallel plates separated by a small distance [31, 32].  An immiscible fluid with lower 

viscosity is then injected into the center of the top plate with an inlet pressure, pinlet, 

displacing the high viscosity fluid [28-32].  At intermediate inlet pressures, regular 

viscous fingering is observed whereas at high inlet pressures, random branching occurs 

[30].  In the latter, the DBM is characterized by a circular envelope and random 

branching from the main fingers.  The DBM occurs as a result of the competition 

between the macroscopic diffusion field (the inlet pressure), which acts to destabilize the 

interface, and the effects of surface tension, which act to smooth the interface [29].  

Although the mechanism of random dense branching is different in Hele-Shaw 

cells, analogies to our system are worthwhile exploring.  The presence of the secondary 



 27

droplets adsorbed to the substrate creates a low-mobility, high-viscosity layer (the chains 

are physisorbed to the substrate).  This layer is unstable and forms droplets which are 

heterogeneously located on the SiOx/Si surface.  The remainder of the film possesses a 

lower effective viscosity and associated higher mobility.  Experimentally we find that for 

the thinnest films as a typical hole increases in size, fingers develop and the satellite 

instabilities develop in these fingers leading to the dense branching morphology.  The 

pressure, p, at the line of contact is approximately 0hSp =  [33, 34], indicating that the 

pressure is greatest for the thinnest films in which the dense branching morphology is 

observed.  These analogies to experiments performed in the Hele-Shaw cell indicate that 

there exists a competition between the pressure at the line of contact due to capillary 

driving forces and the combined effects of surface tension and viscous dissipation at the 

substrate that act to stabilize the interface [29].  As the film thickness approaches the size 

of the secondary droplets, the pressure at the contact line due to the capillary driving 

forces dominates, and the dense branching morphology is observed.   

In summary, it would therefore appear that three morphological regimes of 

instabilities are possible for films that dewet via nucleation and growth of holes. The first 

is characterized as the formation of circular holes, the second characterized by fingers 

along the perimeter of the hole, and the third is a dense branchlike morphology along the 

perimeter of the hole, described heretofore. The dense branchlike morphology is difficult 

to quantify and we therefore turn our attention to the first two regimes. In the next section 

the dynamics of circular holes is discussed.  While a great deal has been said about this, 

two essential points that have an important bearing on the behavior of holes in regime 2 

are addressed, namely, the temporal dependencies of the hole radius, R, and the rim 

width, wR. The issue specifically concerns the role of slip on the dynamics of holes. 
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2.3.1 Dynamics of Circular Holes: Regime 1 

The growth of circular holes (regime 1) along the substrate is driven by capillary 

forces (negative spreading coefficient) and opposed by viscous forces. As a hole grows, 

chains are excavated from the interior of the hole to form a rim, which increases in size 

with time.  There exist two limiting cases that describe the growth of holes.  In the first 

case, all of the energy is assumed to be dissipated in a wedge near the contact line, and 

the hole grows linearly in time with a velocity specified by [1, 35, 36] 

 
3
Ek

dt
dRV θ

η
γ==       (2.2) 

 

where γ is the surface tension, η is the viscosity, and θ is the contact angle. The hole 

grows at a constant rate in this situation because the capillary driving forces are balanced 

by the viscous resistive forces.  Equation 2.2 indicates that the dewetting velocity is 

independent of the film thickness.  

Alternatively, if the energy is dissipated primarily at the substrate over the width 

of the rim, the film slips along the substrate (i.e. a nonzero velocity at the substrate) and 

the viscous forces become dependent on the size of the growing rim [13, 36-38]. In this 

scenario, when the rim is small and not fully developed, the velocity of the slipping film 

is constant [13] 

 

 
2/1

0
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      (2.3) 

 

where S is the spreading coefficient, h0 is the initial film thickness, and b is the slip 

extrapolation parameter. The slip length, b, is determined by the viscosity, η, and the 
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monomer friction coefficient, k (k=η/b) [37].  During this interval, the rim width, wR, 

increases as t1/2 as expected from volume conservation [1, 37].  

Brochard et al. point out that after the initial linear growth stage tR ∝ , the hole 

radius then exhibits a power law dependence, 3/2tR ∝  [13].  The rim is not fully 

developed during the initial stages but becomes well developed during the latter stage 

where the increase in the size of its width transitions from t1/2 to t1/3 [13].  Note that at 

sufficiently long times when the rim is particularly large, the growth rate eventually 

becomes constant again because the viscous resistance dominates.  In short, at early times 

the slip process is characterized by two power law regimes, initially tR ∝  followed by 
3/2tR ∝ .  Eventually, at long times, tR ∝  again. 

We can examine the time dependence of the growth of the radius, R(t), and of the 

rim width of a hole w(t) in a PS film on the substrate. Figure 2-4a shows a plot of the 

radius as a function of time, which is consistent with a transition from linear growth 

tR ∝  at early times to power law ( 3/2tR ∝ ) growth at later times.  This transition 

occurs at a radius of roughly 3 µm as indicated by the solid line.  In addition, the 

temporal growth of the rim width exhibits a distinct transition from t1/2 to t1/3 growth, as 

shown in Figure 2-4b at the same radius.  Together these data clearly support the notion 

that a slip mechanism is operational during the early stage. 

There is another prediction regarding the growth of holes on a substrate.  Jacobs 

et al. have suggested that the two limiting mechanisms of slip and non-slip can occur 

simultaneously [39, 40].  They indicate that at early times the slip process should be 

dominant and 3/2tR ∝ , whereas at later times the non-slip mechanism should become 

dominant and tR ∝ .  By assuming that the velocities due to the individual cases of slip 

and non-slip were additive, they suggest the following relation between the time and the 

hole radius: 
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In this equation, S is the spreading coefficient, t0 is a rupture time associated with the 

nucleation stage, and Kv is the viscous dissipation constant.  Kv depends on the contact 

angle and describes the total viscous dissipation within the rim for the non-slip case.  It is 

defined by ( ) vv vSK /=θ  where vv is the dewetting velocity in the absence of slip [39].  

The parameter γ is defined by sv KK /=γ  where Ks is the slippage constant, which is 

directly proportional to the friction coefficient [40].  The slippage constant is defined by 

RvSK ss /=  where vs is the hole growth velocity for the slip process [39].  The 

parameter γ provides an indication of the relative modes of dissipation during the 

dewetting process.  The full slippage case is recovered when γ = ∞ and the no-slip case 

corresponds to γ = 0.  Equation 2.4 indicates that at short times, the dominant mechanism 

of dissipation of dissipation is slippage while at later times and large hole sizes, viscous 

effects within the film dominate the dissipation process [39].   

The role of slip in the dewetting process can be determined by fitting equation 2.4 

to the hole growth data of Figure 2-4a.  For PS on SiOx/Si the equilibrium contact angle 

is 35˚, which sets S  = 5.75 mJ/m2 [18].  A fit to the data, shown by the dotted line in 

Figure 2-4a, yielded the values of 71039.7 ⋅=vK  Pa·s·m-½, 101053.4 ⋅=sK  Pa·s 

( 31063.1 −⋅=γ m½) and t0 = -23 min.  Adequate fits to the data were not obtainable with t0 

≥ 0 unless γ was arbitrarily increased.  The margin of uncertainty of the fits of this 

equation to our data would be expected to be large since our data are limited in range (we 

are specifically interested in the early stages).  Jacobs et al. appeared to get better fits to 

their data (Refs. [39, 40]) because they tracked the time dependence of their holes to 
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Figure 2-4a: The radius of a 34 nm 152 kg/mol film is plotted as a function of time 
showing the turnover to power law growth.   
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Figure 2-4b: The corresponding transition of the rim width from t1/2 to t1/3 growth 
indicative of slippage is shown. 
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larger times where the velocities became constant (i.e. they note a transition from 
3/2tR ∝  to tR ∝  at long times).  Nevertheless, although the fit of equation 2.4 to our 

data was not very good, the values of γ extracted from the fits increased rapidly with 

molecular weight, consistent with the viscosity, as one would expect [42]. The basic 

conclusion from this analysis, using equation 2.4, is consistent with the assessment using 

the Brochard analysis [13, 41].  Our assessment based on the latter predictions indicates 

that the slip length in this system was is considerably smaller than a theoretical value 

based on complete slip (i.e. partial slip).  This reduction of the slippage length, or 

equivalently partial slip, is likely due to the adsorption of chains to the substrate.  

 

2.3.2 Growth of Fingers: Regime 2 

In regime 2, the fingers that initially develop along the perimeter of the hole are 

separated by a well defined wavelength. Mechanistically, as the hole grows, fluctuations 

in the rim height spontaneously develop. As a result of these fluctuations, a Laplace 

pressure gradient is established in the rim due to the local variations in curvature, which 

drives material from thicker to thinner regions in order to stabilize the fluctuations. 

However, the thinner regions of the rim between the fingers move at a faster rate than the 

thicker regions because the thinner regions provide less resistance to the capillary driving 

forces [20, 38].  The result is the formation of fingers.   

The process of finger formation is illustrated in Figures 2-5a through 2-5c. As the 

hole grows, the spacing between the fingers at the rim increases.  When this spacing is 

sufficiently large, secondary instabilities begin to develop between the fingers of the 

initial instability as shown in Figure 2-5c.  As the hole continues to grow, the primary 

fingers increase in length and eventually detach from the rim [20, 21], and the fingers  
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(a)       (b) 

 

(c)       (d) 

 

Figure 2-5: The temporal development of the fingering instability in a film of initial 
thickness h0 = 10 nm (M = 90 kg/mol) is shown here for times of (a) 8, (b) 
13, (c) 18, and (d) 23 minutes.  
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destabilize to form droplets as shown in Figure 2-5d [19].  Of particular interest in our 

subsequent analysis is the formation of the fingers as a result of the primary instability. 

The remainder of this section concerns the instability associated with the 

formation of the primary fingers.  The wavelength between primary fingers increases 

with increasing hole size.  These wavelengths are plotted in Figure 2-6 as a function of 

the average hole radius R  for all film thicknesses and molecular weights studied. These 

data collapse onto one curve and indicate that 7.0R∝λ .  The wavelength in the radial 

geometry is essentially an arc length on a circle.  This arc length is inversely proportional 

to the number of fingers, Nf, in the hole. If the number of fingers remained constant for 

all films, one would expect the wavelength to be proportional to R , which is not 

observed here. 

The data in Figure 2-7 indicate that in fact the number of fingers from the primary 

instability depends on the initial film thickness and on molecular weight. The AFM 

images in Figures 2-1b and 2-5b show a distinct difference between morphologies for 

two different molecular weight samples of the same initial thickness; the number of 

fingers and the distance between fingers differ. The value of the wavelength varies for 

different molecular weights at a constant h0 because the rims in higher molecular weight 

films become unstable at smaller critical radii.  The fingers develop when the holes grow 

beyond a critical size.  This is shown in Figure 2-8 where critical radii are shown to 

increase with h0 and to decrease with increasing M.   

A characteristic length scale over which the capillary forces are balanced by the 

viscous resistive forces was defined in the same manner as the situation involving small 

molecule liquids (“driven flows”) [22-27]. This length scale was assumed to be 

proportional to the wavelength of the instability and an equation identical in form to 

equation 2.1 was derived [20].  As demonstrated in Figure 2-4, the velocity of hole  
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Figure 2-6: The wavelength of the instability, λ, is shown here to be dependent on <R> 
for all initial film thicknesses and molecular weights. 
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Figure 2-7: The number of fingers in the primary instability is shown as a function of 
film thicknesses and molecular weight.  For clarity, only the M = 90 and 290 
kg/mol samples are shown.   
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Figure 2-8:  The “critical” radius for finger formation is plotted as a function of film 
thickness.  The “critical” radius is determined when the amplitude of the 
fingers, or the distance from which the fingers protrude from the main 
portion of the rim, is comparable to the rim width as shown in Figure 2-1b.  
This distance varies with film thickness and is typically between 0.5 and 2 
µm. 
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growth is well described by equation 2.3.  Inserting equation 2.3 (and using the 

theoretical expression for the slip extrapolation parameter, 2

3

eM
Mb ∝ [36]) into the 

capillary number in equation 2.1 yields 

 

 2/1

6/7
0

3/1
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h
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M e














∝

γλ       (2.5) 

 

where Me is the molecular weight between entanglements [20]. This equation suggests a 

connection between λ, the initial film thickness, h0, and the molecular weight, M.  A plot 

of λM½ versus 6/7
0h  is shown in Figure 2-9.  All the data collapse onto one curve in a 

manner consistent with equation 2.5.  Note that if slip was assumed to be absent, then the 

velocity would be predicted by equation 2.2 and the wavelength would be predicted to be 

 

 
e

h
θ

λ 0∝        (2.6) 

 

This equation indicates that the wavelength is not a function of molecular weight, 

whereas the data in Figure 2-9 indicate that 2/1−∝ Mλ . Therefore, equation 2.6 is 

inconsistent with our findings.  It is clear, thus far, and indeed from the work of Masson 

et al. that there exists a threshold thickness beyond which the holes remain circular and 

fingers are not observed [20].  This threshold film thickness increases with increasing 

molecular weight.  In light of this observation, it is tempting to suggest that the 

phenomenon is suppressed in thicker films.  On the contrary, the instability is, in fact, not 

suppressed, in thicker films.  We see fingering instabilities develop at the edges of films 

(scratched prior to annealing) which are thicker than the threshold thickness observed for  
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Figure 2-9:  The parameter λM1/2 is shown here to be proportional to h0
7/6. 
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fingering in holes.  One should then, in principle, expect fingering instabilities to occur if 

an isolated hole were allowed to grow unimpeded.  However, the density of holes has 

been shown to scale as 2
0
−h  [1, 4].  This suggests that in thicker films the density of holes 

is much smaller and so each hole, in principle, should have sufficient opportunity to 

experience the instability.  On the other hand, as shown by our data (Figure 2-8), the 

“critical” radius for finger formation scales roughly as αMhRc /2
0∝  (where α ~ 0.8).  

The apparent chain length dependence of the threshold film thickness is associated with 

the fact that the “critical” hole radius exhibits a molecular weight dependence, M−0.8.  In 

light of the critical hole size dependence on h0 and the dependence of the density on h0, 

and the fact that fingers are observed at the edge of the thick films, the situation involving 

the suppression of the phenomenon in circular holes is not entirely clear-cut.  

Experimentally we find that the rims of holes in the threshold regime fluctuate but the 

holes impinge before the formation of fingers. 

 

2.4 CONCLUSIONS 

Thin (~nanometers) supported liquid films can become unstable via two different 

mechanisms, nucleation and growth or a spinodal process.  We showed that with regard 

to the nucleation and growth mechanism, the growing holes in the PS/SiOx/Si systems 

exhibit three distinct morphologies, depending on film thickness.  During the hole growth 

process, a rim, into which chains accumulate, develops at the periphery of the growing 

hole.  In sufficiently thick films, the holes remain circular during growth.  Eventually the 

holes impinge, leading to a series of droplets which reside on a thin layer of secondary 

droplets (regime 1).  In thinner films, the fluctuations in the rims become unstable and 

forms fingers (regime 2).  The wavelength of the fingers along the perimeter of the holes 
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depends on molecular weight and initial film thickness, 2/1

6/7
0

M
h

∝λ .  There exists an 

apparent threshold film thickness, beyond which the fingers are not observed, which 

increases with M.  This is due to the fact that the holes grow to a “critical” size before the 

fluctuations are sufficiently large and this critical size depends on the molecular weight 

of the polymer.  For sufficiently thin films, with thicknesses comparable to the size of the 

secondary droplets, the holes exhibit a branch-like morphology.  In this latter regime, 

regime 3, the hole growth velocity is largest; it increases strongly with decreasing film 

thickness. 

A comprehensive theoretical picture of the instabilities described here is yet to 

emerge and it is hoped that these experiments will serve as a basis for the further theory 

on this topic.  An important additional issue evolves around the role of interfacial 

interactions on the morphological development in such systems. 
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Chapter 3:  Polystyrene Based Single-Walled Carbon Nanotube 
Nanocomposite Thin Films: Dynamics of Structural Instabilities 

 

Thin polystyrene (PS) liquid films supported by oxidized silicon (SiOx/Si) 

substrates may be unstable or metastable, depending on the film thickness, h.  In the 

metastable thickness regime, holes nucleate throughout the surface of the films and 

subsequently grow under the action of capillary forces.  Recent studies show that the hole 

growth rate in thin PS films is suppressed with the addition of small concentrations of C60 

fullerenes, due to pinning at the line of contact.  We examined the hole growth dynamics 

in thin film polystyrenes with functionalized single walled carbon nanotubes (PS-SWNT) 

supported by SiOx/Si substrates.  The hole growth velocities in PS films containing 0.75 

wt.% functionalized single-walled nanotubes, VPS-SWNT, were appreciably slower than, 

VPS, the hole-growth velocities of holes in polystyrene films of the same thickness.  

Moreover, VPS-SWNT, and VPS decreased with decreasing film thickness, for h < 50 nm, 

with thickness dependencies which exceed theoretical predictions.  In addition, 

VPS(h)/VPS-SWNT(h) increased with decreasing h, for h < 50 nm, and approach a constant 

value for larger h.  We show that the suppression of the hole-growth rates in the PS-

SWNT films are associated with larger viscosities of the PS-SWNT films and that the 

film thickness dependent velocities are associated with film thickness dependent 

viscosities. 

 
 

Reprinted with permission from Besancon, B. M.; Green, P. F. Macromolecules 2005, 38, 

110-115.  Copyright © 2005 by American Chemical Society. 
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3.1 INTRODUCTION 

Applications involving single walled carbon nanotubes (SWNT’s), which include 

sensors, catalytic films and microelectronic devices, take advantage of the unique 

physical properties of these materials [1-6].  Polymers containing small weight fractions 

(~1 wt.%) of SWNT’s have been shown to exhibit substantial improvements of their 

mechanical properties [7-10].  Uniform dispersion of the nanotubes is necessary to 

achieve significant property improvements.  However, the dispersion cannot be achieved 

without chemical functionalization of the nanotubes, needed to increase their 

compatibility with the polymer host [11-16].  The nanotubes otherwise exhibit a 

propensity to aggregate and form ropes or bundles [11, 12].  

Mitchell et al [11] showed that ~1 wt.% functionalized SWNT’s formed a 

percolated network throughout polystyrene (PS) hosts and that the viscoelastic response 

of this material, PS-SWNT, was fundamentally different from that of pure PS.  Whereas 

the low frequency elastic modulus, G’, of the pure PS exhibited linear viscoelastic 

behavior (i.e. G’~ω2), the nanocomposite exhibited pseudo-solid-like behavior, G’~ω0.  

The viscosity of the new nanocomposite also increased appreciably.  For example, the 

zero shear viscosity of PS nanocomposites containing 0.75 wt.% functionalized SWNT 

was found to be approximately a factor of three larger than that of pure PS [11].  

Like bulk polymer based nanocomposites, polymer thin film nanocomposites are 

of current scientific and technological interest.  Film thickness dependent phase 

transitions are exhibited by thin film polymer-polymer mixtures and by block copolymer 

films [17-22].  Changes of the glass transition temperatures [23-31] and viscosities [32, 

33] with decreasing film thickness also occur in thin polymer films.  Interactions between 
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the polymer segments and the external interfaces and entropic effects, associated with the 

packing of chains, are generally implicated for these thickness-dependent properties.   

Apart from the finite size property-dependent effects manifested by polymer 

films, thin, supported, polymer films may be structurally destabilized due to long-range 

intermolecular interactions [34-44].  Stable, unstable or metastable behavior is largely 

associated with the curvature of the free energy of interaction per unit area, 22 / h∂Φ∂ , 

between the polymer/substrate and polymer/free surface interfaces, separated by a 

distance h.  Φ is often referred to as an effective interface potential.  Holes nucleate 

throughout the surface of films in the metastable thickness regime and these holes grow 

under the influence of capillary forces.   It has been shown that C60 fullerenes [45], silica 

[46], and carbon black [46] suppressed the hole growth velocity in polystyrene films 

supported by oxidized silicon wafers.  The suppression is due to the segregation of these 

particles to the line of contact, resulting in pinning [45, 46].  Cole et al. [47] showed that 

alkanethiol-coated spherical gold particles dispersed throughout poly(tert-butyl acrylate) 

films had the effect of reducing the hole growth velocities due largely to an increase of 

the viscosity of the films.  The proposed mechanism for the increase of the viscosity is 

believed to be associated with the formation of gold-polymer aggregates, wherein the 

polymer chains create bridges between the gold particles [47].  Computer simulations of 

polymer-filler systems indicate that dewetting rates should be affected by the mobility of 

the filler particles, by the interactions between the filler particles and the polymer and by 

the size of the filler particles [48].  

In this paper we examine the effect of functionalized single walled carbon 

nanotubes on the hole growth velocities in thin polystyrene (PS) films in the thickness 

range 25 nm < h < 65 nm, supported by oxidized silicon wafers.  The hole growth 

velocities, SWNTPSV − , in the PS-SWNT nanocomposite films containing 0.75 wt. % 
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SWNTs were reduced by a factor of five compared to VPS, the growth velocities in pure 

PS films.  We show that this reduction is associated with the larger viscosities of the PS-

SWNT films.  Secondly, both SWNTPSV −  and VPS increased with decreasing h for h < 50 

nm, at a rate far in excess of predictions based on theory; the velocities became 

independent of h for larger values of h.  The film thickness dependence of the growth 

velocities are associated with film thickness dependent viscosities.  Finally, SWNTPSPS VV −/  

increased with decreasing h for h < 50 nm. 

 

3.2 EXPERIMENTAL SECTION 

Nanocomposite materials of polystyrene (PS) of molecular weight 152 kg/mole, 

functionally attached to 4-(10-hydroxydecyl) benzoate modified single-walled carbon 

nanotubes (SWNT) were used in this study.  There is one functional group per every 66 

carbon units.  Details of the SWNT functionalization procedures as well as further 

information regarding the characterization of the nanocomposites may be found in 

references 11-15.  The diameter of the SWNT’s was roughly 0.7 nm with an average tube 

length of ~1 µm [16].  Three series of samples were prepared.  Films of PS containing 

0.75 wt.% functionalized SWNT (PS-SWNT) in the thickness range 25 nm to 65 nm 

were prepared by spin coating solutions of PS-SWNT in toluene onto silicon wafers.  The 

wafers were purchased from Wafer World, Inc.  The wafers had a native oxide layer 

thickness of 1.5 nm, as measured by ellipsometry.  A second series of nanocomposite thin 

films containing 3 wt.% unfunctionalized SWNT’s mixed with PS of the same molecular 

weight were also prepared.  The third series of films consisted of pure PS of the same 

molecular weight used for to make the nanocomposites were prepared.  The polystyrenes 

were purchased from Polymer Source.  
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After spin casting, the average film thicknesses were measured using 

ellipsometry.  Analyses of the topographies of the films were performed using scanning 

force microscopy (Autoprobe CP atomic force microscope from TM Microscopes).  Ex-

situ SFM scans were made employing the contact mode.  Each film was scored after 

deposition to expose the underlying substrate so that the local film thickness could be 

determined from the SFM scans of the edges.  The films were subsequently annealed at 

170 oC under vacuum and periodically quenched and analyzed using SFM.   

Figure 3-1 shows the morphology of a typical hole that develops in films in this 

thickness range; each hole is surrounded by a circular, stable, outer rim which increases 

in size as the hole grows.  As discussed in an earlier publication, the rims surrounding 

holes in thinner PS films (h < 24 nm) of this molecular weight are unstable and form 

fingers [49, 50].  The holes in these films increase in size and eventually impinge and 

subsequently approach a final stage characterized by large macroscopic droplets, and 

small regions of tiny nanoscale droplets ~1 nm in height.  The equilibrium contact angles 

of the macroscopic droplets were θPS = 32 ± 2° in all samples examined.  The time 

dependencies of the hole radii in different films are shown in Figure 3-2. 

 

3.3 RESULTS AND DISCUSSION 

The structural destabilization of thin films is reasonably well understood.  The 

free energy of interaction per unit area between the liquid/substrate and liquid/free 

surface interfaces separated by a distance h is determined by a combination of short and 

long-ranged intermolecular interactions.  These are often represented by an effective 

interface potential, which has two contributions Φ = -Asvl/12πh2+δ(h), where the first 

term describes the long-range contribution to the interaction; Asvl is the Hamaker constant 

[34].  The second term, δ(h), describes the short range interactions [34-38].  A net  
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Figure 3-1: A typical AFM image of a hole is shown, accompanied by a line scan of the 
rim profile in which the radius of the hole is identified. 
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Figure 3-2:  Hole radius as a function of time is shown for different film thicknesses of 
0.75 wt.% functionalized SWNT composites. 
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attraction exists between the solid-liquid and liquid-vacuum interfaces when the Hamaker 

constant is positive.  For the Si/SiOx/PS/vacuum system, the effective Hamaker constant 

is positive and thin PS liquid films are typically unstable or metastable, depending on the 

value of h [32, 33, 36, 37, 39-43, 50].  

The nucleation of holes in the substrate occurs with the formation of a local 

depression in the film.  This local depression penetrates into the film and impinges the 

substrate [42].  When a hole forms on the substrate, capillary forces are responsible for 

growth (negative spreading coefficient, S) [44, 51].  As a hole grows, a rim develops at 

the perimeter due to the accumulation of chains [33, 44].  The driving force for hole 

growth is opposed by two processes: the dissipation of energy within the film due to 

viscous resistance and by the frictional resistance at the substrate/liquid interface.  If 

friction at the substrate/liquid interface is the dominant mode of dissipation then for small 

rim widths, the velocity of growth is given by [43, 44] 

 

2/1

0








≈

h
bS

V
η

       (3.1) 

 

In equation 3.1, η is the viscosity and b is the extrapolation length; b is determined by the 

viscosity and the monomer friction coefficient between the polymer and the substrate, k 

(k=η/b).  That the velocity is constant is associated with the fact that the driving force is 

constant. Experimentally this may be confirmed by measuring the dynamic contact angle 

between the moving front and the substrate (we will return to this issue later).  While the 

radius of the hole increases linearly with time, the width of the rim increases as the 

square root of time, due to a conservation of volume constraint [44].  Eventually as time 

progresses, the velocity of growth eventually decreases and 3/2tR ∝  [43, 44].  The 
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decrease of the growth rate at long times follows from the fact that the frictional 

resistance increases with the size of the rim while the driving force remains constant [44].  

In the second extreme scenario, the resistance to growth is determined entirely by the 

dissipation of energy within the film.  Under these conditions, the growth velocity is also 

constant, but the velocity does not depend on the film thickness; accordingly, η/SV ∝  

[51, 52].   

Of interest to us in this paper are films of PS and PS-SWNT in the thickness 

regime where they are metastable.  Holes nucleate throughout the films and grow; 

eventually they form droplets.  The droplets that develop on the substrate from the 

destabilized PS and PS-SWNT films are characterized by the same spatial distributions 

and they possess the same equilibrium contact angles (θE = 32 ± 2º).  The time-

dependencies of the radii of holes in the Si/SiOx/PS-functionalized-SWNT systems are 

plotted in Figure 3-2.  In each case R exhibits a linear dependence on time.   

The velocity of hole growth increases with decreasing film thickness, as 

illustrated in Figure 3-3 for each system.  For thicknesses h < 50 nm, 1−
− ∝ hV SWNTPS  and 

3−∝ hVPs .  These data also indicate that SWNTPSPS VV −≈ 5 for h > 50 nm.  Moreover, 

SWNTPSPS VV −/  increases with decreasing with thickness.  This plot, in addition, includes 

two data points for the nanocomposite film of PS mixed with 3 wt.% non-functionalized 

SWNT’s.  Comparatively, the velocities of hole growth in the samples containing the 3 

wt.% non-functionalized SWNT’s exhibit modest changes compared to the effect of the 

functionalized SWNTs.  The data in this figure clearly illustrate the significant effect that 

functionalized nanotubes have on the dewetting dynamics in polystyrene films. 

The differences between the hole-growth velocities, SWNTPSPS VV − and , are not 

associated with differences between the driving forces.  In fact, the magnitudes of the 

driving forces for hole growth in the PS and the PS-SWNT films are similar.  Masson and  
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Figure 3-3:  Velocity as a function of film thickness is shown for the 0.75 wt.% 
functionalized SWNT composites, the 3 wt.% pristine SWNT nano-
composites and the pure PS. 
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Green [33] reported that the dynamic contact angle, θPS, for PS was a constant, 5.5°, in 

the linear growth regime for films in the thickness range h > 25 nm.  In the 

nanocomposite thin films, the dynamic contact angle was also PSSWNTPS θθ =±=−
015.5  

and remained constant throughout the linear region of hole growth.  The equilibrium 

contact angles are also comparable in these systems, θE = 32 ± 2º for the nanocomposite 

droplets; Masson and Green found θΕ = 35º for PS [33]).  Since the driving force for hole 

growth is [51, 52] 

 

)cos(cos DEDF θθγ −=      (3.2) 

 

suggesting that these forces are similar in both systems, then there should be another 

reason for the dramatic decrease of the hole growth velocity in the PS-SWNT films.   

Since there appears to be no evidence of pinning at the line of contact, it is 

probable that a change in the effective viscosity of the film could account for these 

differences in hole-growth velocities on these systems.  In the thicker film regime where 

SWNTPSPS VV −≈ 5 , the viscosities of the thicker films (h > 50 nm) should be comparable to 

the bulk viscosities.  Mitchell et al. showed that by adding 0.75 wt.% functionalized 

SWNT’s to bulk PS the zero shear viscosity increased by a factor of ~3 [11].  It follows 

from equation 3.1 that the velocities and the viscosities should be related such that 

 

 
PS

SWNTPS

SWNTPS

PS

V
V

η
η −

−

=       (3.3) 

 

This equation suggests that the larger viscosity of the nanocomposite qualitatively 

accounts for the slower hole-growth rates in these films compared to PS; equation 3.3 

predicts a factor of 3 whereas experimentally a factor of 5 is observed.   
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The increase of the hole-growth velocity with decreasing h is now addressed in 

further detail.  Theory predicts that the velocity of hole growth should increase with 

decreasing film thickness as 2/1−∝ hV , whereas the data indicates that the increase with 

decreasing h is α−∝ hV , where α ~ 3 for the PS system α ~ 1 for the PS-SWNT system.  

The prediction that 2/1−∝ hV , as mentioned earlier, is based on the notion that the 

resistance to hole growth is largely associated with the dissipation of energy at the 

polymer/substrate interface.  Also implicit here is that the viscosity of the film, η, 

remains constant, independent of h.  The obvious question, therefore, is what would 

account for the excess velocity with decreasing h.  We begin by reiterating that the 

driving force is constant.  Therefore, one source of the increase of the velocity with 

decreasing h could be a decrease of the viscosity with decreasing film thickness, η=η(h) 

(a change of extrapolation length with film thickness, b=b(h) could be considered, but b 

is determined by the viscosity).   

Two factors would suggest that the viscosity should increase with decreasing film 

thickness, which would be at odds with our suggestion that η decreases with decreasing 

h.  First, studies indicate that when the film is confined between two plates, the viscosity 

increases with decreasing film thickness [53, 54].  While these observations would 

ordinarily support a conclusion that in our system the viscosity may in fact increase with 

decreasing h, the following point should be considered.  At a free surface, the chain 

segments possess more configurational freedom than in the bulk and in fact, the 

segmental dynamics are faster than the bulk [55].  The interactions in our system are 

asymmetric; chains interact with a free surface and with a hard, confining, substrate.  

These relative interactions at the interfaces would strongly influence the viscosity of the 

system.  In this regard the behavior of our system is, in principle, different from the case 

where the film is confined between two hard substrates.  The second factor that would 
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appear to oppose the notion that the viscosity decreases with decreasing h is that the 

translational diffusion coefficient of chains in the vicinity of a hard substrate are shown to 

decrease in relation to the bulk [56-58].   

The flows in our system are the result of instabilities, and the moving fronts are 

driven by capillarity.  In light of this, two possibilities for the decrease of the viscosity 

with decreasing h should be considered.  One possibility is shear thinning.  The reduction 

of the viscosity with h due to shear thinning would be less important in the PS-SWNTs 

films than in PS films because the moving fronts are driven across the substrate at a much 

slower rate.  This would suggest a weaker thickness dependence of the viscosity in the 

PS-SWNT films, which is consistent with our data. 

A second possibility for the viscosity film thickness dependence is a Tg effect.  In 

thin films, the glass transition temperature is known to decrease, or to increase, with 

decreasing film thickness, depending on the nature of the interactions between the chain 

segments and the interfaces  [23-31].  In cases where the chains interact strongly with the 

substrate, e.g., hydrogen bonding, the Tg increases with decreasing film thickness, 

whereas it decreases when the interactions are weak  [23-31].  The latter describes the 

situation for polystyrene on silicon oxide where Tg decreases with decreasing h, at least 

for the thicknesses examined in this study [23, 26].  Different models have been proposed 

to explain this phenomenon.  Some models consider the effect of segmental mobilities 

near interfaces; others consider the existence of multiple Tgs within the film.  One model 

by Long and coworkers is based on the notion that the density of local regions (domains) 

of the sample fluctuate at a rapid rates whereas other regions fluctuate slowly [27, 59, 

60].  They introduced a critical density, ρc, above which the relaxation of the domains, 

each occupying a volume υ0, would correspond to the relaxation rate near the glass 

transition (~100 sec).  The glass transition occurs when the slowly relaxing domains of 
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volume υ0 and density larger than ρc percolate.  Because the percolation threshold is 

larger in 2D than in 3D, the glass transition should occur at a lower temperature in thin 

freely standing films relative to the bulk.  In the case where one surface is constrained by 

a substrate, the interactions between the polymer segments and the substrate become 

important.  If the substrate-polymer interactions are sufficiently strong, then the effective 

fraction of slow domains in the system increases and this would lead to the situation 

wherein the Tg of the film is higher than the bulk.  If the interactions are weak, then one 

encounters a situation wherein the Tg decreases with decreasing h.  They predict that the 

change of the Tg is [27, 60] 

 

 
ν

β
/1
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∆

h
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T
T

g

g       (3.4) 

 

where a is a segmental length and ν is a critical exponent. The magnitude of the 

parameter β is of order unity; β < 0 for systems in which the interactions with the 

substrate are weak and β > 0 when they are strong.  These predictions are in agreement 

with experiment.  Long and coworkers also show that the viscosity is connected to these 

shifts in the glass transition and the viscosity of the film could be approximated as [60] 

 

 )(),( gbulkfilm TThT ∆−=ηη      (3.5) 

 

where ∆Tg is the magnitude of the depression in Tg at h.  If this equation, which provides 

a link between the film thickness dependence of the glass transition temperature, shown 

in Figure 3-4, and the viscosity, is true, then it suggests that the viscosity decreases with 

decreasing film thickness in our system.  This decrease of the viscosity with film  
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Figure 3-4: Fitted values of the glass transition temperature for the 0.75 wt.% 
functionalized SWNT composite and the pure PS are shown for various 
thicknesses.  The Tg values were calculated from fits to the data in ref. 31.   
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thickness would qualitatively account for the increase of the hole growth velocity with 

decreasing film thickness observed in pure PS and in the PS-SWNT system.  With regard 

to the thinner films, the ratio of the velocity of hole growth in PS to that in PS-SWNT, 

SWNTPSPS VV −/ , increases with decreasing h as shown in Figure 3-5.  The data in Figure 3-

4 indicate that the Tg of PS decreases at a faster rate with decreasing h than the Tg of the 

PS-SWNT system.  Equation 3.5 would predict that the viscosity of PS should decrease at 

a faster rate than that of PS-SWNT.   

With this information regarding η(h) and possible connections to the hole growth 

velocities, it is tempting to use the WLF equation [61] to make a quantitative prediction 

of the magnitude of the shifts in the growth velocities between both systems.  However, 

accuracy may be in question because the WLF constants, C1 and C2, are expected to be 

film thickness dependent [62, 63].  One should in principle be able to perform a 

temperature dependent study of the film thickness dependence of the hole growth 

velocity in order to determine such constants.  This would have to be the subject of a 

separate study.   

Finally, there remain a number of open issues.  The effect of shear thinning on the 

viscosity in these thin film systems is not fully understood (however, this is unlikely to 

provide an alternate explanation).  On the other hand, independent and reliable 

measurements show that the glass transition temperature decreases with h, which would 

support the notion of a decreasing viscosity with decreasing film thickness.  These 

observations would lead one to draw different conclusions regarding the film thickness 

dependence of the hole growth velocity and by extension the viscosity.  The issue 

becomes more complex since reliable studies show that translational diffusion decreases 

as the film thickness decreases in supported PS films [56-58].  This would argue that the 

viscosity should increase with decreasing film thickness, as indeed some studies have 
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Figure 3-5:  Ratio of the hole growth velocity of the pure PS films to the 0.75 wt.% 
functionalized SWNT films is plotted here.  

 

 

 

 

 



 62

shown.  On the other hand, it might be argued that since the flows in our samples are 

“driven,” then the translational diffusion measurements may not be relevant.  Dewetting 

rates exceed translational diffusion rates.  Nevertheless, while the connection between the 

viscosity and the translational diffusion is well understood in bulk systems, a 

comprehensive picture is yet to emerge in thin supported films.  Additional features that 

complicate the issue further is that in PS films thinner than 25 nm, the holes no longer 

remain circular, indicating the influence of inhomogeneous interactions between the 

substrate and the polymer.  Clearly, any comprehensive theory of dynamics would have 

to include the effect of chain segment interactions with the substrate.  In addition, while it 

may be possible to rationalized some experimental observations of dynamics in terms of 

an ensemble average Tg, as measured by many techniques, considerations of the influence 

of a depth dependent Tg(z) on dynamics needs to be considered in future studies [64]. 

 

3.4 CONCLUSIONS 

We have shown that the velocities of hole growth in PS thin films are appreciably 

larger than hole-growth velocities in PS-SWNT films, VPS > VPS-SWNT.  In fact, VPS/VPS-

SWNT increases from approximately 5 for h > 50 nm to 15 at h = 25 nm.  Theoretically, the 

increase of V with decreasing h should be 2/1−∝ hV .  Instead we measured a much 

stronger dependence, α−∝ hV , where α ~ 3 for PS films and α ~ 1 for the PS-SWNT 

films.  The lower hole growth rates in the PS-SWNT films is consistent with the notion 

that the effective viscosities of the nanocomposite films are larger than the viscosities of 

the pure PS films.  The excess film-thickness dependent growth velocities are related to 

film thickness dependent viscosities of the films.  We also showed that functionalized 

nanotubes were more effective at reducing the velocities than non-functionalized tubes.  

This result implicates the role of polymer-filler interactions on the dewetting rates of 
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polymer thin films.  Finally, our results underscore the need for a comprehensive theory 

that describes structure and dynamical processes in polymer systems near interfaces.  
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Chapter 4:  Dewetting Dynamics of Miscible Polymer-Polymer Thin 
Film Mixtures 

 

Thin polystyrene films supported by oxidized silicon (SiOx/Si) substrates may be 

unstable or metastable and depending on the film thickness, h, and can ultimately dewet 

the substrate when heated above their glass transition.   In the metastable regime, holes 

nucleate throughout the film and subsequently grow due capillary driving forces.  Recent 

studies have shown that the addition of a second component, such as a copolymer or 

miscible polymer, can suppress the dewetting process and stabilize the film.  We 

examined the hole growth dynamics and the hole morphology in thin film mixtures 

composed of polystyrene (PS) and tetramethyl bisphenol-A polycarbonate (TMPC) 

supported by SiOx/Si substrates.  The hole growth velocity decreased with increasing 

TMPC content beyond that expected from changes in the bulk viscosity.  We show that 

the suppression of the dewetting velocity is primarily due to reductions in the capillary 

driving force for dewetting and to increased friction at the substrate-polymer interface.  

The viscosity, as determined from the hole growth measurements, decreases with 

decreasing thickness and is consistent with depressions in the glass transition 

temperatures of these films. 
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4.1 INTRODUCTION 

The properties of thin polymer films are known to differ from their bulk 

analogues.  Properties such as the glass transition temperature [1-18], viscosity [19-25], 

and vibrational dynamics [26-31] all have been known to exhibit film thickness 

dependences.  Changes in the properties of these films arise as the result of interfacial 

interactions and confinement effects which place enthalpic and entropic constraints on 

the chain structure [32-34].   

An additional issue that arises during the processing of polymer thin films is the 

rupture and dewetting of the film from the substrate [35, 36].  The stability of these films 

is primarily controlled by long range van der Waals forces acting across the film [37-39].  

One method for changing these interactions to promote stability is to modify the chemical 

composition of the substrate.  An alternative to modifying the substrate chemistry is to 

add a second component, such as a miscible homopolymer [40], copolymer [41], 

dendrimer [42], or nanoparticles [43], to form a mixture and thus alter the film properties 

rather than the substrate.  This approach has been successful in stabilizing polymer thin 

films on non-wettable substrates [40-43]. 

In the case of mixtures where the second component is a copolymer or 

homopolymer that adsorbs to the substrate, the dewetting dynamics are modified due to 

the interactions of the second component with the substrate and with the host polymer.  In 

entangled polymer systems, where slip at a polymer/substrate interface is an important 

factor in the dynamics, changes in the friction between the polymer and substrate play a 

significant role in the dynamics [44-46].  Oslanec et al. showed that the addition of PS-b-

PMMA copolymers to PS resulted in a retardation of the dewetting process due to 

entanglements between the adsorbed chains and the dewetting PS chains and a reduction 



 69

in the capillary driving force for dewetting [41].    Kropka and Green recently examined 

the effect of adding a second miscible component, TMPC, on the structural stability of PS 

thin films [40].  In analogy to the PS-b-PMMA copolymer mixtures, TMPC chains also 

preferentially enrich the substrate and adsorb to the silicon oxide substrate.  Kropka and 

Green observed that very small TMPC concentrations stabilized the PS films against the 

nucleation and growth of holes.  The increased stability occurs primarily due to changes 

in the polar component of the spreading coefficient.  For TMPC weight fractions, wTMPC 

> 0.05, holes did not form in the films.   

In this Chapter, we are interested in the effects of TMPC on the kinetics of hole 

growth and the hole morphology in thin PS-TMPC films with wTMPC ≤ 0.03.  We show 

that the interactions of the TMPC with both the substrate and PS result in a large 

reduction in the hole growth velocity in excess of the increase in the bulk viscosity.  This 

decrease in dewetting velocity stems from both a reduction in the driving force for 

dewetting and an increase in the frictional resistance at the polymer-substrate interface 

due to the presence of TMPC chains, which preferentially enrich the region near the 

substrate.  We also examine the shape of the rim surrounding the hole and find that the 

TMPC-substrate interactions strongly affect the hole morphology.  The thickness 

dependence of the dewetting velocity was found to be in excess of that predicted by 

theory.  This observation is rationalized by a thickness dependent viscosity caused by 

thickness-dependent changes in the material Tg. 

 

4.2 EXPERIMENTAL SECTION 

Thin film mixtures of tetramethyl bisphenol-A polycarbonate, (TMPC; 

Mw=37,900 g/mol; Mw/Mn=2.75) obtained from Bayer, Corp., and fully deuterated 
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polystyrene (d8-PS, Mw=139,900 g/mol; Mw/Mn=1.06) purchased from Polymer Source, 

Inc. were dissolved in toluene.  The mixtures contained 0 wt.%, 1 wt.%, 2 wt.%, and 3 

wt.% TMPC; compositions greater than 3 wt.% TMPC did not readily dewet and were 

not examined [40].  These solutions were then spin cast onto acid-cleaned (100) silicon 

wafers, which had a native oxide layer of 1.5 nm as determined by ellipsometry.  The 

films were then annealed 30 K above their Tg‘s for at least four hours.  Film thicknesses 

between 20 and 70 nm, as measured by ellipsometry, were prepared by adjusting the 

solution concentration and spin rate.   

Analyses of the topographies of the films were performed using scanning force 

microscopy (Autoprobe CP atomic force microscope from TM Microscopes).  Ex-situ 

SFM scans were made employing the contact mode.  Each film was scored after 

deposition to expose the underlying substrate so that the same hole could be easily found 

and the local film thickness could be determined from the SFM scans of the edges.  These 

values agreed well with those from ellipsometry.  The films were subsequently annealed 

at 180oC under vacuum and periodically quenched and analyzed using SFM.   

 

4.3 RESULTS AND DISCUSSION 

4.3.1. Effect of TMPC on the Hole Growth Velocity of Thin PS Films 

The structural stability of a polymer thin film on a substrate is reasonably well 

understood [38, 39].  The excess free energy of interaction per unit area between the 

liquid/substrate and liquid/free surface interfaces separated by a distance, h, is determined 

by a combination of short and long-ranged intermolecular interactions.  These are often 

represented by an effective interface potential, Φ(h) = -Asvl/(12πh2) + δ(h).  The first term 

in the potential describes the long-ranged van der Waals contribution to the interaction; 
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Asvl is the Hamaker constant, which describes the strength of the interaction between the 

substrate/polymer and polymer/free surface interfaces.  The second term, δ(h) describes 

short-range forces associated with molecules in contact.  A net attraction exists between 

the solid-liquid and liquid-vacuum interfaces when the Hamaker constant is positive and 

the film is inherently unstable [38, 39, 47].  For the Si/SiOx/PS system, the effective 

Hamaker constant is positive, and thin PS films are typically unstable or metastable, 

depending on their initial film thickness.  For larger thicknesses (>10 nm) thin PS films 

on Si/SiOx substrates are known to be metastable [39, 48].  In this metastable regime, the 

PS films dewet via the nucleation and subsequent growth of holes.  In this case there 

exists a global minimum in the effective interface potential that implies a stable layer on 

the order of a nanometer on top of which the melt will dewet [39, 49].  At high 

temperatures, the thin adsorbed layer is thought to remain stable while it destabilizes as 

the temperature is decreased leading to the formation of nanodroplets adsorbed to the 

substrate [24, 40, 49, 50].   

The nucleation of holes occurs with the formation of a local depression in the film 

at the free surface.  This local depression penetrates into the film and impinges on the 

substrate.  When a hole forms on the substrate, capillary forces (negative spreading 

coefficient, sllvsvS γγγ −−= , where γsv, γlv, and γsl are the solid-vapor, liquid-vapor, and 

solid-liquid interfacial energies, respectively) are responsible for its growth.  As the hole 

grows, a rim develops at the perimeter of the hole due to the accumulation of chains.  The 

capillary forces driving hole growth are opposed by two processes: the dissipation of 

energy within the film due to viscous resistance and the resistance due to friction at the 

substrate/liquid interface.  If friction at the substrate/liquid interface is the dominant 

mode of dissipation, then for small rim widths, the hole radius, r, grows linearly in time 

[51]. 
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In equation 4.1, η is the viscosity and b is the slip extrapolation length, which is 

determined by the ratio of the viscosity and the monomer friction coefficient between the 

polymer and the substrate, k (k = η/b) [52].  The velocity is constant initially because the 

driving force is constant and the resistance due to friction, which depends on the rim size, 

is small.  While the radius of the hole increases linearly with time, the width of the rim 

increases as the square root of time due to volume conservation.  Eventually, as time 

progresses, the hole growth velocity decreases because the frictional resistance increases 

with the size of the growing rim while the driving force remains constant.  In this long 

time regime, the hole size increases as [51] 
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where γlv is the liquid-vapor surface tension, θE is the equilibrium contact angle of 

droplets formed on the substrate after dewetting.  This description of the hole growth [51] 

is consistent with previous data for PS films dewetting off an SiOx/Si substrate [19, 20, 

41, 50, 53]. 

As this model of hole growth demonstrates, the friction at the substrate-polymer 

interface is an important factor in determining the growth rate of holes that arise via a 

nucleation and growth process in entangled polymer films.  In order to examine how the 

friction at the substrate affects the dewetting velocity, we investigated the hole growth 

dynamics of miscible thin film mixtures of PS and TMPC in the metastable thickness 
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regime.  Due to its strong, hydrogen bonding interactions with the oxide layer of the 

silicon substrate, the TMPC chains preferentially enrich the region near substrate.   

The time dependencies of the radii of holes for various thicknesses shown for the 

pure PS thin films in Figure 4-1a are consistent with an initial linear growth stage 

followed by power law growth  [19, 20, 41, 50, 51, 53].  Similar qualitative hole growth 

behavior is also observed for the 1 wt.% and 2 wt.% TMPC-PS mixtures.  In thin PS 

films, the time dependence of the rim width also transitions from t1/2 to t1/3 at roughly the 

same hole size as the transition from linear to power law growth of the hole radii [50, 51].  

These data indicate that holes grow by a slip process, and the hole growth dynamics are 

qualitatively consistent with equations 4.1 and 4.2.  With larger TMPC concentrations, 

the hole growth behavior changes.  As Figure 4-1b shows, the time dependence of the 

hole radii for the thicker 3 wt.% TMPC/PS thin films exhibits an initial linear growth 

stage followed by slower growth at later times in which the hole radius essentially 

reaches a plateau value.  However, for all mixture compositions studied, the holes grow 

at a faster rate with decreasing film thickness consistent with results for hole growth on 

supported substrates [20, 48, 54] and in freely standing films  [22, 23].  Furthermore, the 

time dependence of the hole radii decreases strongly with increasing TMPC 

concentration as is shown in Figure 4-2 for h = 30 nm thick films.  In the next section the 

reasons for the observed reduction in dewetting velocity with TMPC composition are 

investigated. 

Using equation 4.1, we calculated the velocity of hole growth as a function of 

composition and thickness for the linear regime.  These initial hole growth velocities are 

plotted in Figure 4-3 as a function of film thickness for all four compositions.  Figure 4-3 

also shows that the addition of small amounts of TMPC results in large decreases in the  
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Figure 4-1: The hole radius as a function of time and film thickness is shown for the (a) 
152 kg/mol PS films and (b) the 3 wt.% TMPC / 152 kg/mol PS film 
mixtures. 
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Figure 4-2:   The hole radius as a function of time and mixture composition is shown for 
films with thickness h ≈ 30 nm. 
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Figure 4-3:   The initial linear velocity is plotted as a function of film thickness and 
shown to decrease with increasing TMPC concentration. 
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 PS 1% TMPC 2% TMPC 3% TMPC 
VPS/VPS-TMPC (exp) 1 1.96 4.02 8.03 
VPS/VPS-TMPC (calc) 1 1.64 2.52 6.11 

ηPS-TMPC/ηPS 1 1.03 1.07 1.10 
SPS/SPS-TMPC 1 1.30 1.62 2.94 

(bPS/bPS-TMPC)1/2 1 1.22 1.46 1.89 
 
 

Table 4-1:   The values of the experimentally measured and calculated ratio of the 
dewetting velocities are compared.  The ratios of the relevant parameters 
affecting the dewetting velocity according to equation 4.3 are shown. 
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hole growth velocity, which are beyond that expected simply by increases in the mixture 

viscosity.  The ratio of the hole growth velocities are shown in Table 4-1 for films of h = 

50 nm.  The relative hole growth velocity, VPS/VPS-TMPC, is roughly independent of h 

within the errors of our measurements.  Figure 4-3 also shows that, for all compositions, 

the hole growth velocity increases with decreasing thickness in excess of that predicted 

by equation 4.1.  The thickness dependence scales as roughly h-2 and is consistent with 

previous data on pure PS [19, 20].  The excess thickness dependence, relative to the h-½ 

prediction of equation 4.1, has been previously rationalized in terms of a thickness 

dependent viscosity [19, 20], and we will return to this point in section 4.3.3.   

As shown in equations 4.1 and 4.2, the primary factors influencing the hole 

growth rate are the viscosity, η, the spreading coefficient (S = γlv·[1-cosθE]), and the slip 

extrapolation length, b, which is determined by the ratio of the viscosity to the friction at 

the substrate.  The contributions of these three factors to the dewetting velocity can be 

examined using equation 4.1.  The hole growth velocity of the pure PS relative to a PS-

TMPC mixture is given by 
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The viscosity of bulk PS-TMPC blends has been measured independently by Wisniewski 

et al. as a function of composition [55].  Interpolation of their data shows that addition of 

3 wt.% TMPC only increases the viscosity by a factor of ~10%, which is small compared 

to the observed changes in the hole growth velocity.  Kropka and Green measured the 

equilibrium contact angle, θE, as a function of TMPC composition in thin film mixtures 

of 4 kg/mol PS and TMPC [40].  The equilibrium contact angle was found to decrease 
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with increasing TMPC composition [40].  Since the spreading coefficient is determined 

by the value of the contact angle via ( )ElvS θγ cos1−= , the magnitude of the spreading 

coefficient decreases significantly upon addition of 3 wt.% TMPC, decreasing by a factor 

of roughly three.  We do not expect significant differences in the droplet contact angles 

due to the differences in molecular weight between the two systems.  Furthermore, 

extrapolation of the contact angle data of Kropka and Green suggests that a wetting 

transition occurs near a value of 5 wt.% TMPC.  Accordingly, we did not observe 

consistent, significant hole formation and growth in films beyond the 3 wt.% TMPC data 

presented in this paper. 

The third factor affecting the hole growth velocity, the slip extrapolation length, 

can be calculated from the equation [45, 54, 56] 

 

 ( ) ( ) ( ) ( )( )ilviii ttwtVtb θγη 5.0/3=     (4.4) 

 

where w(ti) is the rim width, V(ti) is the velocity, and θ(ti) is the dynamic contact angle, 

which is directly measured by AFM, at time, ti.  The value of the viscosity, η, used was 

ηPS=2.1·104 Pa·s [57], and the viscosity increased with TMPC concentration [55] by the 

factor listed in Table 4-1. The slip extrapolation length did not show an appreciable 

dependence on time for the pure PS, 1 wt.% TMPC films, or 2 wt.% TMPC films.  

Furthermore, there was no appreciable dependence of b on the film thickness.  In the 3 

wt.% TMPC films, however, b was initially constant and then decreased with further 

anneal time.  The average value of the slip extrapolation length obtained from the time-

independent regime is plotted as a function of TMPC composition in Figure 4-4.  The slip 

length decreases linearly with TMPC composition for the four compositions shown.  The  
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Figure 4-4:  The slip extrapolation length calculated from equation 4.4 is plotted as a 
function of TMPC concentration. 
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slip lengths are considerably less than their calculated values (~20 µm) [19, 52] since the 

substrate is not smooth and passive [52] as evidenced by the adsorption of PS chains at 

the substrate and the presence of secondary droplets adhered to the substrate [40, 49, 50].   

The ratios of the three parameters (η, S, and b) primarily affecting the hole growth 

velocity as defined in equation 4.3 are shown in Table 4-1.  While the agreement between 

the calculated and measured hole growth velocity ratios is not exact, the data in Table 4-1 

indicate that the largest factors contributing to the reduction in dewetting velocity arise 

from changes in the substrate-liquid interactions.  TMPC adheres to the substrate due to 

preferential interactions with the oxide substrate, with which it hydrogen bonds [13, 15, 

17, 58].  The spreading coefficient (primarily the polar component of S [40]) thus 

changes because TMPC alters the liquid-substrate interfacial energy; the bare surface 

energy remains invariant and only minor changes are expected for the surface tension 

since the surface tension of polymers is similar [59] and the concentrations studied here 

are small.  Additional factors contributing to the reduction in the dewetting velocity could 

be due to the energy cost associated with stretching and pulling out adsorbed chains [41].   

We now explore the reasons for the decrease in the slip extrapolation length with 

increasing TMPC composition (Figure 4-4).  The slip length is the ratio of the viscosity to 

the friction coefficient (b = η/k) indicating that addition of TMPC chains to PS films 

results in an increase in the friction at the polymer/substrate interface.  In addition to a 

reduction in the calculated value of the slip extrapolation length (Figure 4-4), an increase 

in friction is also manifested in the reduction of b with time as mentioned earlier for the 3 

wt.% TMPC films.  Reiter and Khanna examined the slip length as a function of time for 

PDMS films dewetting off a densely grafted poly (dimethyl siloxane) (PDMS) brush 

layer and a weakly adsorbed PDMS layer [54].  For dewetting off of the densely grafted 

layer, the slip length calculated by equation 4.4 was independent of time while for 
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dewetting off of the weakly adsorbed layer, b decreased with annealing time.  The 

decrease of b was attributed to increased interpenetration of the adsorbed layer with the 

dewetting melt.  This result is similar to our results for the 3 wt.% TMPC mixtures where 

TMPC adsorbs to the substrate and interacts with the melt.  Both the decrease of the slip 

length with increasing time for larger TMPC concentrations and the decrease in the 

average slip length with increasing TMPC concentration indicate increased friction at the 

polymer/substrate interface.   

Bruinsma proposed a two-fluid model to describe the case in which polymer 

chains near the substrate have reduced mobility relative to chains in the remainder of the 

film [44].  Due to the TMPC surface excess near the substrate, this appears to be the case 

in the PS-TMPC system.  Bruinsma postulated that as the film thickness becomes 

comparable to Rg, an increasing fraction of the polymers in the film will have contacts 

with the substrate (termed “attached” chains) resulting in a reduction in their mobility.  

The remaining fraction of the chains will have no contacts with the substrate 

(“unattached” chains).  Transport of the chains in contact with the substrate occurs 

through a slip mechanism.  These chains form a porous medium through which the 

“unattached” chains diffuse.  The resistance to diffusion of these chains through the 

porous medium is described by the monomeric friction factor, which is distinct from the 

friction coefficient, k, at the solid/liquid interface due to slip.  The dewetting velocity of 

the melt is then determined by the sum of the friction coefficient due to slip and the 

friction factor of the chains Reptating through the network.  To account for the reduced 

mobility of the polymers near the substrate, a new friction coefficient was defined, 

fkk =' , where f is the ratio of the monomer mobility in the bulk to that near the 

substrate.  Diffusion studies in thin films have suggested that f could be on the order of 

100 [60, 61].  Alternatively, one could redefine the slip extrapolation length as bfb 1' −= .  
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In the case of the PS-TMPC system, b′ would be the value of b for the mixture.  With 

increasing TMPC concentration, we might expect the mobility of the layer near the 

substrate to decrease relative to the bulk of the film because of the TMPC surface excess 

at the substrate and because the dynamics of TMPC are slow compared to PS.  The value 

of 1/f would thus continually decrease with increasing TMPC concentration.  The data in 

Figure 4-4 show that the compositional dependence of b is consistent with this 

hypothesis.   

 

4.3.2. Effect of TMPC on the Rim Morphology 

The effect of TMPC on the dewetting of PS thin films is also manifested in 

changes in the morphology of the rim surrounding the hole.  The morphology of the rim 

has been shown to depend on the friction at the substrate-polymer interface [62-65] as 

well as the viscoelastic properties of the material [66-68].  Figure 4-5a shows the rim 

profiles of a 50 nm PS film as a function of annealing time.  As has been shown before 

for the dewetting of PS from Si/SiOx substrates, the height and width of the rim increase 

with time while the contact angle remains constant [66].  The shape of the rim for the 152 

kg/mol PS films exhibits a damped oscillatory structure towards the undisturbed film.  

Oscillations in the rim structure have previously been observed for low molecular weight 

(2 kg/mol) films on SiOx/Si [66, 67].  However, the amplitude of the oscillation for the 

oligomeric PS films is considerably larger than observed here; this is due to the 

differences in molecular weight of the PS component [67].  As the TMPC concentration 

increases, the time dependent shape of the rim changes.  The 1 wt.% TMPC films are 

similar to the pure PS films although the height of the rim does not increase as quickly as 

the PS (Figure 4-5b).  The maximum height of the rim for the 2 wt.% TMPC samples 

shown in Figure 4-5c remains nearly time independent, and for the 3 wt.% samples, the 



 84

rim height decreases with anneal time as shown in Figure 4-5d.  The second observation 

regarding the shape of the rim is that the amplitude of the oscillation decreases with 

TMPC concentration and eventually changes to a monotonic decay into the undisturbed 

film for the 3 wt.% TMPC samples. 

The transition of the rim width from a damped oscillatory structure to a 

monotonic decay is similar to the observations of Herminghaus and coworkers [67].  In 

their experiments, an increase in molecular weight from 2 kg/mol to 600 kg/mol resulted 

in a transition of the rim shape from oscillatory to monotonic decay.  It was argued that 

since the only difference in the materials was their molecular weight, the changes in the 

rim shape were due to the viscoelasticity of the film materials.  In fact, by incorporating 

viscoelastic effects into a lubrication model derived from the Navier-Stokes equations, 

they were able to extract the modulus of their PS films.  In our experiments, the addition 

of TMPC changes the shape of the rim.  The modulus of TMPC is an order of magnitude 

larger than that of PS and for 3 wt.% mixtures, the modulus is 20% larger than PS [55].  

We fit the data for all compositions in Figure 4-5 to the model of Herminghaus and 

coworkers.  For thicker films, the model provided excellent fits to the data.  However, 

when we attempted to extract the modulus from the film, we found that it did not differ 

with composition (when plotted against the size of the hole) and decreased with time, 

which is an unrealistic result.  Furthermore, Blossey et al. recently examined the effects 

of slippage and viscoelasticity on the morphology of spinodal instabilities that developed 

in thin polymer films and found that in both the weak and strong slippage regimes, 

viscoelastic relaxation had no distinguishable effect on the unstable modes [65]. 

Kargupta et al. recently used simulation to examine the effect of slippage on the 

morphology of spinodal decomposition at the free surface [62].  When the instabilities 

impinged on the substrate, rims formed at the edge of the holes.  They found that 
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Figure 4-5a: The rim profile of a 52 nm, 152 kg/mol PS film is shown as a function of 
distance from the contact line, xN.   
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Figure 4-5b: The rim profile of a 47 nm, 1wt.% TMPC/152 kg/mol PS film is shown as a 
function of distance from the contact line, xN.   
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Figure 4-5c: The rim profile of a 60 nm, 2wt.% TMPC/152 kg/mol PS film is shown as a 
function of distance from the contact line, xN.  
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Figure 4-5d: The rim profile of a 48 nm, 3wt.% TMPC/152 kg/mol PS film is shown as a 
function of distance from the contact line, xN. 
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strong slippage resulted in rim formations that were not as pronounced as in the weakly 

slipping case.  Jacobs and coworkers investigated differences in solid/liquid friction on 

the shape of the rim [63].  They used 2 kg/mol PS on silicon wafers coated both 

octadecyltrichlorosilance (OTS) and dodecyltrichlorosilane (DTS).  The substrate/PS 

friction was argued to be different in both cases while all other properties of the system 

remained the same.  They found that strong slippage led to monotonic decay and that 

weaker slippage led to an oscillatory structure.  These theories are inconsistent with our 

results which show the opposite behavior.   

The change in the rim shape in our system with increasing TMPC composition 

could be due to depth dependent dynamics within the film.  Dynamics have been 

suggested to be faster at the free surface relative to the interior of the film with a 

additional decrease in relaxation rate occurring near the substrate [16, 69].  In these 

miscible mixtures, the relaxation of the free surface (due to a Laplace pressure) may 

occur at a faster rate than the growth of the hole at the contact line.  By increasing the 

friction between the melt and the substrate and reducing the spreading coefficient, TMPC 

decreases the velocity of the three phase contact line.  Since the TMPC chains 

preferentially enrich the area near the substrate, the region near the free surface remains 

roughly the same composition as pure PS.  With increasing TMPC concentration, the 

mobility of the free surface will be increasingly larger relative to the dewetting rate of the 

contact line due to this TMPC surface excess.  Thus the rim height will decay into the 

film faster than material from the center of the hole can be added to the rim, and the rim 

height will thus decrease in time.   
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4.3.3. Thickness Dependence of the Hole Growth Velocity 

As we showed earlier, the thickness dependence of the hole growth velocity is 

considerably larger than predicted by theory, which suggests V~h-1/2 [51].  The viscosity 

of the films can be calculated from equation 4.1 (similar qualitative results are obtained if 

the late time, power-law regime given by equation 4.2 is used).  The reduced viscosities 

normalized to their values at h = 50 nm are presented in Figure 4-6.  The viscosity 

decreases with decreasing film thickness as suggested by Masson and Green [19, 20].  

The thickness dependence of the viscosity [19, 20] is thought to arise from a decrease in 

the glass transition temperature of the films with decreasing thickness [1, 9].  Whereas 

this hypothesis was formed by rationalizing the thickness dependence of the hole growth 

velocity, Herminghaus and coworkers examined the dewetting dynamics of very thin (2 - 

5 nm), low molecular weight (2 kg/mol) PS films that underwent spinodal dewetting [21].  

They calculated the viscosity from the characteristic growth time of the amplitude of the 

spinodal wavelength, ητ ∝ [70], and obtained values of η that were many orders of 

magnitude lower than expected.  The Tg of the material calculated from the difference in 

viscosity via the Vogel-Fulcher equation [71] agreed well with changes in the Tg of the 

material measured by ellipsometry that were extrapolated to these very small thicknesses 

[21]. 

To calculate the Tg of these thin film mixtures from the dewetting data, we used 

the Williams-Landel-Ferry (WLF) (equivalent to the Vogel-Fulcher equation) equation to 

calculate the Tg depression at each thickness relative to the value of thick films.  

Subtracting the logarithm of the shift factor for a film of thickness, h, from a film of 

thickness h = 50 nm, yields an expression that accounts for the depression in the viscosity 

as a function of the Tg of the system at a given thickness: 
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In this expression, ηh(T) is the viscosity and Tg(h) is the glass transition temperature of a 

film of thickness, h, at the anneal temperature T = 180ºC.  The WLF constants, C1 and C2, 

are material constants assumed to be 13.7 and 50 K [71], respectively, for all materials in 

this study.  Here we have also assumed that the viscosity at Tg is by definition the same 

for any thickness and concentration. 

From equation 4.5 and the data presented in Figure 4-6, we have calculated values 

of Tg that account for the depression in the viscosity. These values are shown in Figure 4-

7.  The solid line in Figure 4-7 was calculated from the equation of Keddie et al. [1]: 
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In this equation, Tg(∞) is the glass transition temperature at large thicknesses, δ indicates 

the extent to which Tg decreases with film thickness, h, and A is a length scale.  There is 

good agreement between the values of Tg from our dewetting measurements and those 

from ellipsometry measurements.  Deviations could arise be due to differences in the 

WLF constants that may depend on film thickness and/or as a function of depth within 

the sample.  As we’ve shown in the previous section, the dynamics appear to be depth-

dependent and this could influence the analysis.   

Although the thickness dependence of the viscosity appears to be well accounted 

for by changes in Tg(h), shear thinning has also been suggested as a mechanism to 

rationalize the reduction in viscosity observed in dewetting experiments on thin, 
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Figure 4-6: The viscosity is shown to decrease relative to its thick film values for each 
composition.  The viscosity at h ≈ 50nm was chosen as the normalizing 
value since 3wt.% TMPC films did not readily dewet above this thickness. 
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Figure 4-7: The values of Tg obtained from the reduction in viscosity via the WLF 
equation are shown to agree adequately with the values of Tg from 
spectroscopic ellipsometry measurements.  The solid line is a fit of equation 
4.8 to 590 kg/mol PS Tg data from Pham [72].  The constants used were 
Tg(∞) = 112ºC, A = 3.9 nm, and δ = 1.112. 
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freely-standing PS films [22, 23].  In our supported films, the shear rate at the edge of the 

hole can be calculated the shear stress at the edge of the hole using the spreading 

coefficient, viscosity and film thickness.  In the model of Brochard-Wyart and coworkers, 

the shear stress at the edge of the hole is S/h, and the resulting shear rate is S/ηh [51].  We 

calculated shear rates in this manner to be at most on the order of 10-1 s-1 [19].  

Incidentally, this is in agreement with values obtained from the Herminghaus model 

describing the shape of the rim profiles. 

Graessley proposed that the extent to which shear thinning effects are important is 

determined by the dimensionless parameter, β  [73], given by the expression 

 

 
RT

M w

ρ
γηβ
⋅

= 0        (4.7) 

 

Here, η0 is the zero shear viscosity, Mw is the weight average molecular weight, 
.
γ is the 

shear rate, ρ is the density, R is the gas constant, and T is the temperature.  Shear thinning 

effects become important for β > 10 [73].  With shear rates on the order of 10-1 s-1 and 

viscosities of 2.1·104 Pa·s [55, 57], the values of β for even the thinnest films are on the 

order of 10-2, which is well below the threshold value of β ≈ 10.  In hole growth 

experiments on freely standing films, Dutcher and coworkers obtained much larger 

values of β (ranging from 103 to 1011) because their experiments were carried out at 

temperatures close to, and in some cases below, the bulk Tg resulting in extremely large 

viscosities and thus large values of β [22, 23].  In our system, we can safely assume that 

the dewetting measurements yield values of the zero-shear viscosity and that shear 

thinning effects are not important.   
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4.4 CONCLUSIONS 

In this Chapter, we have shown that the hole growth velocity of PS-TMPC thin 

film mixtures is suppressed beyond that expected by changes in the viscosity of the film.  

The decrease in viscosity is due to changes in the substrate-polymer interactions that 

lower the substrate-polymer interfacial energy (decrease the magnitude of S) and increase 

the friction at the substrate-polymer interface.  The surface excess of TMPC chains near 

the substrate and the resultant reduction in the slippage length is consistent with 

Bruinsma’s two-fluid model. The effect of TMPC on the dewetting behavior was also 

manifested in changes in the morphology of the rim surrounding the hole.  The changes 

in the rim shape appear to be a result of increased substrate-polymer friction. 

Our hole growth data exhibited a film thickness dependence of the velocity that 

was in excess of that predicted by theory.  The excess thickness dependence of the hole 

growth velocity was shown to arise from thickness dependent changes in the viscosity as 

a result of a Tg depression in this system.  The glass transition temperatures deduced from 

the dewetting experiments correspond well to those measured by spectroscopic 

ellipsometry. Shear thinning effects are likely unimportant in our system contrary to the 

case of freely standing films.   
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Chapter 5:  The Glass Transition of Miscible Binary Polymer-Polymer 
Mixtures 

 

Incoherent elastic neutron scattering (INS) was used to examine the influence of 

film thickness and composition on the mean square displacements of thermal motions 

while simultaneously extracting the glass transition temperature of thin film mixtures 

composed of tetramethyl bisphenol-A polycarbonate (TMPC) and deuterated polystyrene 

(dPS) supported by SiOx/Si substrates.  For all mixture compositions, the mean square 

atomic displacements, <u2>, decreased with decreasing film thickness.  Correspondingly, 

the force constant increased with decreasing film thickness.  These data indicates 

molecules are more strongly caged in thinner films.  With regards to the glass transition, 

the average glass transition temperatures, Tg, of thin homopolymer films exhibit a 

thickness dependence, Tg(h), determined by a confinement effect and by the polymer 

segment/interface interactions. The Tg’s of completely miscible thin film blends of 

tetramethyl bisphenol-A polycarbonate (TMPC) and deuterated polystyrene (dPS), 

supported by SiOx/Si, decrease with decreasing h for PS weight fractions φ > 0.1. This 

dependence is similar to that of pure PS and opposite to that of pure TMPC thin films.  

Based on an assessment of Tg(h,φ), we suggest that the Tg(h,φ) of miscible blends should 

be rationalized, additionally, in terms of the notion of a self-concentration and associated 

heterogeneous component dynamics. 

 

 
Large portions of this chapter have been previously published as  Besancon, B. M.; Soles, 

C. L.; Green, P. F.  Phys. Rev. Lett. 2006, 97, 057801.  Copyright © 2006 by American 

Physical Society. 
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5.1 INTRODUCTION 

The physical properties of materials, small molecule, atomic or long chain 

polymers, confined to sufficiently small dimensions by external “walls” are generally 

difficult to predict because they manifest the influence of a confinement as well as the 

influence of interfacial interactions between the material (chemical) constituents and the 

external “walls” [1-3].  Effects associated solely with confinement alone are often 

reasonably well understood; a well documented example is the melting point, Tm, 

depression of small crystals, which is understood in terms of the Gibbs-Thompson effect.  

For condensed systems confined within pores, confinement coupled with the interactions 

between the walls of the pores and the constituents of the condensed phase, Tm is known 

to increase with decreasing pore size or alternatively decrease, depending on the nature of 

the interactions [3, 4]. With regard to long chain polymers, different phenomena are well 

documented.  Critical temperatures for blends [5-8], ordering temperatures for diblock 

copolymers [8-11], chain dynamics and the glass transition [12-34] are also influenced by 

confinement and by interactions at interfaces in ways that are not well understood [3]. 

It is well understood that the glass transition temperature, Tg, of thin, supported, 

polymer films is influenced by the relative monomer-monomer and monomer-interface 

(substrate or free surface) interactions.  Tg is known to decrease with decreasing film 

thickness, h, if the film is freely standing or if the film resides on a substrate wherein the 

chain segments interact weakly (e.g.: non-wetting) with the substrate [13-16, 18].  The 

case of polystyrene (PS) supported by a silicon oxide substrate, PS/SiOx/Si, is the most 

well documented example [13-15].  In cases where the interactions between the chain 

segments and the substrate are particularly strong, the glass transition increases with 

decreasing h [17, 23-25].  Specific examples include tetramethyl bisphenol-A 
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polycarbonate (TMPC) on SiOx/Si [23, 24], poly (methyl methacrylate) (PMMA) on 

SiOx/Si [17], and polyvinyl pyridine (PVP) on SiOx/Si [25]. 

Several theories have been proposed to explain the film thickness dependence of 

Tg in homopolymers.  To explain the decrease of Tg with decreasing h, ∆Tg(-), Keddie et 

al. proposed a phenomenological model based on the notion of a liquid-like layer at the 

free surface of the film [13].  As the film thickness decreases, this high mobility free 

surface layer is thought to exert an increasing influence on the Tg of the film.  Kim et al. 

developed a model based on the presupposition that the film is composed of many layers 

each with a different Tg [26, 27].  The model includes a parameter that accounts for the 

extent to which the Tg varies from the interface (free surface or substrate).  In this regard 

it is capable of capturing the increase or the decrease of Tg with decreasing film 

thickness.  Long and Lequeux proposed a percolation model based on dynamic 

heterogeneity to estimate the Tg of polymer thin films, which also describes a mechanism 

for the onset of the glass transition in the bulk and thin films [35].  The dynamics within 

the sample are characterized by the existence of fast and slow domains.  With decreasing 

temperature, the fraction of slow domains increases, and the onset of Tg coincides with 

the percolation of the slow domains.  Because the percolation threshold is higher in 3-D 

than in 2-D, the glass transition occurs at a lower temperature in 2D.  The model also 

accounts for the increase of Tg with decreasing h since the effect of a substrate is to 

increase the fraction of slow domains (normal to the substrate).   

Other theories examine the effect of chain packing on the glass transition 

temperature of the film.  McCoy and Curro argued that if the density of the thin film is 

lower than that of the bulk, then the Tg of the film is lower than the bulk, ∆Tg < 0 [36].  

An important implication of the Curro and McCoy model is that packing at the interfaces 

compared to the interior of the film determines the sign of ∆Tg.  Mittal et al. used an 
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energy landscape approach [37] to show the connection between the changes in the 

configurational entropy of the system depending on the nature of its interactions with the 

“walls” and thus obtain an ideal glass transition [38].  This approach is more rigorous and 

more general than that of Curro and McCoy though similar.  They readily recover the 

connection between the Tg shifts of an ideal glass transition, the film thickness, and the 

heat capacity. 

The structure of chains near surfaces has been examined by simulations [1, 2, 39].  

The simulations show that at a hard, impenetrable surface, the density of the monomer-

monomer packing is highest in the sample and decreases toward the interior of the sample 

[1, 2].  The strength of the monomer-wall versus the monomer-monomer interactions 

determines the density at the wall and the length-scale over which the decay occurs.  Near 

a free surface, the packing density is lower than the interior.  With regard to dynamics 

near neutral, repulsive, or sufficiently weakly (attractive) interacting surfaces, the 

monomer segments at the wall have faster dynamics than the interior, as suggested by 

simulations [1, 2].  The dynamics decrease smoothly toward the interior of the sample.  

Under these conditions, it is surmised that the Tg of a film confined between such ‘walls” 

would decrease with decreasing thickness, h.  For freely standing films, monomers at a 

free surface have more configurational freedom than do chains in the interior of the 

sample or near a hard, impenetrable surface.  Necessarily, the dynamics are fast at a free 

surface compared to the interior of the film, and it is well accepted that Tg decreases with 

decreasing h [16].  If the monomer-wall interactions are sufficiently strong compared to 

the monomer-monomer interactions, then the dynamics are slow compared to the interior 

of the film or the bulk; the relative strength of the interactions determine the length scale 

of the decay [1, 2].  Hence the Tg of a film confined between “walls” with which its 

segments strongly interact will increase with decreasing h. 
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Changes in the mobility of polymer thin films are typically determined by 

measuring changes in Tg as a function of film thickness and then inferring changes in 

mobility from changes in Tg.  Using incoherent neutron scattering, the vibrational 

dynamics as a function of thickness are measured while simultaneously extracting the 

glass transition temperature of the film as a function of thickness and composition.  With 

few exceptions [23, 24, 40], the vast majority of studies of the Tg of polymer thin films 

have been performed on homopolymers.  Another important unanswered question is what 

factors determine the Tg of miscible thin polymer-polymer mixtures?  We show that 

while relative monomer-substrate, monomer-monomer and monomer-free surface 

interactions determine the average Tg of a homopolymer film, the self-concentration, 

which is intrinsic to long-chain polymers, and the associated heterogeneous dynamics are 

additional factors that determine the Tg of miscible polymer-polymer systems.   

In our study we performed incoherent elastic neutron scattering (INS) 

measurements of completely miscible [41-43] binary polymer-polymer blends of bulk 

and thin film samples of deuterated polystyrene (dPS) and tetramethyl bisphenol-A 

polycarbonate (TMPC), supported by SiOx/Si substrates (oxidized silicon wafers).  The 

properties of this system are of particular interest with regard to understanding the Tg of 

thin films.  First, the Tg of PS is 100°C whereas that of TMPC is 220°C [23, 44, 45]; the 

segmental dynamics of PS are fast compared to TMPC at any given temperature. 

Secondly, PS enriches the free surface (lower surface energy) whereas TMPC 

preferentially enriches the oxide layer of the substrate [46].  Third, in the PS/SiOx/Si 

system, Tg decreases with decreasing film thickness, h, (∆Tg<0) [13, 15], whereas in the 

TMPC/SiOx/Si system Tg increases with decreasing h, ∆Tg>0 [23].  Earlier spectroscopic 

ellipsometry measurements of the TMPC/PS system by Pham and Green revealed that the 

average Tg of mixtures containing more than 90 wt.% TMPC increased with decreasing h, 
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whereas for smaller TMPC weight fractions Tg decreased with decreasing h [23, 24].  

Ellipsometric measurements yield the average Tg of the system.  We use INS [47-53] to 

examine the mean square displacements of thermal motions in dPS/TMPC thin films 

while simultaneously extracting the glass transition temperature.  Since TMPC is the only 

hydrogenated species, we learn about its behavior in the blend (TMPC effectively 

determines the incoherent scattering).  In these miscible systems, we see evidence of a 

separate glass transition, distinct from the average Tg of the film measured by 

spectroscopic ellipsometry.  The implications of these observations on the Tg of thin films 

mixtures is examined. 

 

5.2 EXPERIMENTAL SECTION 

Thin film mixtures of tetramethyl bisphenol-A polycarbonate, (TMPC; 

Mw=37,900 g/mol; Mw/Mn=2.75) obtained from Bayer, Corp., and fully deuterated 

polystyrene (d8-PS, Mw=139,900 g/mol; Mw/Mn=1.06) purchased from Polymer Source, 

Inc. were dissolved in toluene.  The mixtures contained 30 wt.%, 50 wt.%, 70 wt.%, and 

95 wt.% TMPC.  These solutions were then spin cast onto cleaned (100) silicon wafers 

(Wafer World, Inc.; 75mm diameter; ≈350µm thick), which had a native oxide layer of 

1.5 nm as determined by ellipsometry.  Film thicknesses of 20 nm, 30 nm, 50 nm and 120 

nm, as measured by ellipsometry, were prepared by adjusting the solution concentration 

and spin rate.  The films were then annealed 30 K above their Tg‘s for at least four hours. 

Approximately 13 wafers for each film thickness were broken into strips and 

placed in a cylindrical, thin-walled aluminum cell.  The amount of polymer used in a 

given cell was 2 to 7 mg, depending on film thickness, compared with roughly 50 g of Si.  

The cell was mounted on the high flux backscattering spectrometer (HFBS) [54] on the 

NG2 beam line at the NIST Center for Neutron Research and cooled to 50 K under 



 106

vacuum.  The spectrometer operated in the fixed window mode (stationary Doppler 

drive) with the elastic intensities recorded over a Q range of 0.25 to 1.75 Å-1.  The sample 

temperature (T) was increased to T = 525 K at a rate of 0.6 K/min (120nm films) to 0.3 

K/min (30 nm films).  The elastic intensities were summed over intervals of 1.5 to 3 K.  

The HFBS energy resolution was 0.8 µeV (FWHM), so dynamics on a time scale of 200 

MHz (approximately a nanosecond) or slower contributed to elastic scattering, whereas 

faster processes contributed to inelastic scattering and a subsequent reduction of the 

elastic intensity.  At each temperature, the elastic scattered intensity of an empty 

aluminum sample can containing a similar amount of Si wafers was subtracted from the 

scattered intensity of the thin films. 

The scattering of neutrons by polymers is dominated by the incoherent scattering 

cross section of hydrogen, which is approximately 20 times greater than that of C, O, or 
2H (deuterium).  In the TMPC/d8-PS system, the scattering is dominated by the hydrogen 

atoms on the TMPC (C20H22O2) chains.  Motions due to the TMPC component in the 

polymer-polymer mixture thus determine the elastic scattered intensity.  Furthermore, 

since the first Bragg peak of Si occurs at Q ≈ 2.67 Å-1, which lies outside of the 

accessible Q range of the HFBS spectrometer, only the TMPC dynamics are detected; 

dynamics due to the silicon are transparent. 

 

5.3 RESULTS AND DISCUSSION 

The incoherent elastic scattered intensity, I(Q), summed over 0.36Å-1 ≤ Q ≤ 

1.75Å-1, is plotted in Figure 5-1 as a function of temperature for three samples containing 

50 wt.% TMPC.  At temperatures T < 200 K, the scattered intensity is well approximated 

by the Gaussian approximation 
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In this equation, Q is the scattering vector, and <u2> is the mean square atomic 

displacement.  Dissipative motions result in an increase in the inelastic scattering and a 

resultant decrease in the elastic scattering.  The onset of a particular dissipative motion is 

manifested as a “kink” in the curve of elastic intensity as a function of temperature.  The 

deviation from linearity of the data near T = 200 K for each curve is a sub-Tg relaxation 

that was attributed to a carbon-carbon torsional motion [55].  Since methyl rotation is 

typically observed below 100 K [56], the relaxation near 200 K could be induced by 

phenyl ring motions that would enable larger amplitude motions of the methyl groups.   

The intensity in Figure 5-1 drops less rapidly with temperature in the thinner 

films reflecting a smaller contribution of inelastic scattering to the spectrum in the thin 

films as compared to the bulk.  Figure 5-1 indicates that the amplitudes of the thermal 

motions are reduced.  Based on equation 5.1, the mean square atomic displacements, 

<u2>, of the thermal motions are readily determined from the slope of log [I(Q)] vs. Q2.  

For our samples, the linear range encompassed 0.36Å-1 ≤ Q ≤ 1.51Å-1, and this range was 

used to calculate <u2>.  At each value of Q, the elastic intensities are normalized to their 

value at T = 50 K.  The value of <u2> at 50 K is thus normalized to zero.   

The mean square displacements for the mixtures containing 50 wt.% TMPC and 

95 wt.% TMPC are shown in Figures 5-2a and 5-2b.  The mean square displacements 

decrease with decreasing film thickness, which is also in agreement with the data of 

Figure 5-1.  For all compositions, <u2> decreased with decreasing film thickness 

regardless of the behavior of the glass transition temperature measured by ellipsometry as 

reported by others [48-52].  In the temperature range 50 K < T < 200K, the atoms are  
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Figure 5-1: The elastic scattered intensity is shown as a function of temperature for the 
50 wt.% TMPC/dPS samples.   
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Figure 5-2: The mean square displacements are shown as a function of film thickness 
for the (a) 50 wt.% TMPC/dPS and (b) 95 wt.% TMPC/dPS samples.     
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confined to local minima and their vibrational motions can be modeled as a three-

dimensional harmonic oscillator [47, 48].  In this case, <u2> increases linearly with T as 
κ/2 Tku B= , where κ is a spring constant [48].  Figure 5-3 shows these force 

constants as a function of film thickness (values are determined before background 

subtraction).  The force constants increase with decreasing thickness indicating that the 

atoms are more strongly confined in thin films.  This trend also suggests that the potential 

energy landscape and packing of the chains are altered in thinner films. 

There are two plausible explanations for the reduction in <u2> in thin polymer 

films.  The generalized representation of the mean square displacements is [47]  
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where ω is the frequency and g(ω) is the density of states.  As equation 5.2 indicates, the 

reduction in <u2> could be due to a reduction in the density of states [52].  In principle, 

inelastic neutron scattering spectra would provide detailed information on the time scale 

and geometry of the atomic motions.  However, due to the limited sample mass in our 

thin, supported polymer films, the inelastic scattering is comparable to the experimental 

background.  However, Inoue et al have recently reported inelastic neutron scattering 

results on thin, freestanding PS films in which they also found a reduction in <u2> [52].  

The inelastic spectra showed a reduction in the density of states, but the peak in the 

density of states did not shift with decreasing film thickness supporting the first 

possibility. 

A second possibility is that the motions in thin polymer films become faster and 

more localized, which has been discussed in detail by Soles et al [48, 51].  In the high  
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Figure 5-3: The force constants are shown as a function of film thickness for various 
TMPC/dPS compositions.     
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temperature limit, the quantity inside the integral of equation 5.2 is proportional to 

g(ω)/ω2 indicating that low frequency, long range motions dominate the mean square 

displacement.  A shift to higher frequencies suggests that confinement suppresses lower 

frequency modes and causes a shift to higher frequency, smaller amplitude motions 

consistent with a reduction in <u2>.  This is consistent with the increase in force constant 

with decreasing thickness at low temperatures.  Experiments on the small molecule glass 

former, salol, confined to porous silica glass showed both a reduction in the density of 

states and a shift to higher frequency with increasing confinement [57]. 

The glass transition of the mixtures is now discussed.  As shown in Figure 5-1, 

the glass transition temperature at T = 445 K is identified by the midpoint in the kink in 

the curve of Ielastic versus T.  The glass transition temperature can also be determined from 

changes in the slope of the mean square displacement, <u2>(T) versus T (using equation 

5.1) [48-50], and we find that these values of Tg agree with those determined from I 

versus T.  Values of Tg were obtained from INS at various film thicknesses and TMPC 

concentrations and are plotted in Figures 5-4a and 5-4b.  Figure 5-4a shows that for 50 

wt.%, the Tg from INS decreased slightly with decreasing film thickness, but the 

magnitude of the depression was smaller than for the spectroscopic ellipsometry results.  

In Figure 5-4b, the Tg from INS of the sample containing 95% TMPC increased slightly 

with decreasing temperature, thereby following the thickness trend of the pure TMPC as 

measured by spectroscopic ellipsometry [23, 24].   

The Tgs using INS and ellipsometry (or DSC for the bulk samples) are plotted in 

Figures 5-5a – 5-5c as a function of composition for the 30nm, 120nm and bulk samples.  

The Tg’s measured by neutron scattering are both larger than those from ellipsometry and 

have a different compositional dependence.  Furthermore, for the thinner films, the 

separation between the INS and ellipsometry Tg’s is larger than for the thicker films.  The  
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values of Tg determined using these techniques are different, as SE and DSC measure 

average values of Tg, whereas INS intensities reflect the dynamics of the TMPC 

component.   

The implications of these distinct Tgs measured by the INS technique in 

completely miscible TMPC-PS mixtures are rationalized below.  It is well documented 

that dynamics in binary, miscible, polymer-polymer mixtures are heterogeneous and this 

has a profound influence on the properties [44, 58-78]. Studies of binary miscible 

polymer-polymer mixtures show evidence of distinct dynamical signatures associated 

with each component in the blend.  Specifically, the diffusion coefficients, and hence the 

friction coefficients of the A and B-chain segments, are distinct [44]. Moreover, each 

component exhibits its own glass transition temperature [44, 73]. The distributions of 

relaxation times, as measured by dielectric spectroscopy [62] or two-dimensional 

deuteron exchange NMR [63], are broad and temperature dependent compared to 

homopolymers. The different temperature dependencies of the components, i.e. 

heterogeneity of the dynamics, are in fact responsible for a breakdown of time-

temperature superposition [58], a fact now well established in binary miscible polymer-

polymer systems. 

The underlying reasons for the heterogeneity in the dynamics have been examined 

by a number of authors [62, 63, 68, 73].  Chain connectivity [63, 73] necessarily implies 

that a monomer on the A-chain (B-chain) will have an intrinsically higher concentration 

of A-monomers (B-monomers), locally, than the average concentration.  This is often 

referred to as a self-concentration, φs. The effective local concentration, φeff, based on the 

Lodge McLeish model [73], is determined by φs such that 

 

( )φφφφ sseff −+= 1       (5.3) 
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The model assumes that the length scale of the local region of enriched 

concentration around a given monomer is the Kuhn length and is independent of 

temperature, in relation to our data [73].  Concentration fluctuations are believed to play 

an additional role and suggest a diverging length scale (beyond the Kuhn length) or a 

cooperative volume (Adam and Gibbs) to define the relevant local region near Tg [62, 68, 

75].  However, there appears to be some consensus that the natural length-scale over 

which the dynamics are affected is a dimension on the order of the Kuhn segment length. 

According to the Lodge-McLeish model, component A of the mixture actually 

senses a different effective Tg determined by 
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The TMPC component Tg values are used in conjunction with average Tg values 

determined by ellipsometry to calculate the self concentration using equations 6.3 and 

6.4.  The ellipsometry (average) Tg values in the figures were fit to the virial equation of 

Brekner, Schneider and Cantow [79, 80], 
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In this equation, Tg is the value of the mixture, Tgi are the Tg‘s of the individual 

components, K1 and K2 are constants, ( )2122 / KwwKww c += , K=Tg1/Tg2, and wi is the 

fraction of component i.  The self concentration was determined through a least squares 

fit to the data using equation 6.4 evaluated at φeff; φs was the only adjustable parameter.  
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We also estimated the bulk self concentration from our INS measurements and the DSC 

Tg values reported by Wisniewsky et al. [45]  to be φs,bulk = 0.24.  A similar analysis of 

the DSC Tg data of Kim et al. [44] yielded a value of φs,bulk = 0.44.  However, an analysis 

of the temperature-dependent friction factor data of Kim et al. [44], by He et al. [74], 

using the Lodge-McLeish model determined a single, temperature-independent value of 

φs,bulk = 0.25.  The calculated values of the self-concentration are plotted in Figure 5-6 as 

a function of film thickness.  The self-concentration increases slightly as the thickness 

decreases suggesting that TMPC monomers experience an environment slightly richer in 

TMPC than they do in the bulk. 

To this end, we comment on recent findings that provide new insight into the 

manner in which interactions between monomers on a chain influence chain 

conformations and the implications on surface interactions [81-83].  It has been shown 

that interactions between monomers on a chain are not screened on length scales beyond 

the excluded volume screening length, ξ, in contrast to the classical theory of Flory.  The 

interactions are in fact long-ranged, and a natural consequence of this long-range 

interaction is that the end-to-end vector is only Gaussian to first order [82].  In ultrathin 

films, there is a logarithmic correction proportional to log N, and in the bulk the 

correction is proportional to N-½ [81, 83].  In the absence of the long-ranged interactions, 

the classical theory would indicate a composition gradient at a “wall” that would fall off 

on the order of ξ (~1 nm).  However, with the long-ranged interactions, the gradient 

should be larger and on the order of ξlog(Ν/ξ2) [83].  Nevertheless, the effect is still small 

and should not be an issue with regard to our conclusions.  We measured the profiles 

using neutron reflectivity as shown in Figure 5-7.  Near the substrate, the gradient falls 

off at approximately 6 nm; near the free surface, it is smaller, 4 nm. 

 



 118

 

 

 

 

 

0.15

0.2

0.25

0.3

0.35

0 50 100 150 200

φ se
lf

h (nm)
 

Figure 5-6: The calculated values of the TMPC self-concentration are shown. 
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Figure 5-7: The concentration profile determined by neutron reflectivity for a 60 nm 
50wt.% TMPC / dPS film is shown. 
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Figure 5-8:  This schematic illustration demonstrates how chains are excluded from the 
volume of a neighboring chain in thin films when the thickness is less than 
the excluded volume blob size.   
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The foregoing point returns us to Figure 5-6, which indicates that the self-

concentration of the thinnest film is the largest.  Changes in chain conformations near the 

surfaces might account for the observed increase in φs.  Chains with a center of mass 

close to an interface (comparable to the screening length) will increase in dimensions 

parallel to the interface and due to the long-ranged interactions, will exclude unlike 

chains on length scales larger than ξ; the chain will fold back on itself and squeeze out 

neighboring chains [83] as shown by the cartoon in Figure 5-8.  This would increase the 

local concentration surrounding a given TMPC segment as neighboring PS and TMPC 

chains are both squeezed from the volume of a given TMPC chain.  This is consistent 

with the larger TMPC excess over length scales greater than the classical theory would 

predict. 

 

5.4 CONCLUSIONS 

In conclusion, we have investigated the vibrational dynamics and glass transition 

of the TMPC component in miscible dPS-TMPC thin film mixtures using incoherent 

elastic neutron scattering.  The mean square displacements of the TMPC component were 

found to decrease with decreasing film thickness for all compositions studied despite a 

change in the behavior of the average mixture Tg with thickness.  These results indicate 

vibrational stiffening in the films with decreasing thickness and stronger caging of the 

molecules due to a reduction in the density of states. 

In the case of a thin homopolymer film, the relative monomer-substrate, 

monomer-monomer and monomer-free surface interactions determine the average Tg of 

the film.  In the case of miscible polymer-polymer mixtures the consequences of a self-

concentration and the connected heterogeneous dynamics are responsible for the 

observations of an average Tg of the film and the Tg associated with the TMPC phase.  
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From the Lodge-McLeish model we calculated the TMPC self concentration in the 

mixture as a function of thickness and found that φs increased with decreasing thickness.  

This result implies that TMPC experiences a local environment that is richer in TMPC 

than do chains in the bulk.  The increased value of φs was rationalized by changes in the 

structure of the chains at the interfaces leading to a surface excess of TMPC near the 

substrate and causing an increase in the local effective TMPC concentration. 
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Chapter 6: The Effect of C60 Nanoparticles on the Glass Transition of 
Miscible Polymer Thin Film Mixtures 

Spectroscopic ellipsometry (SE) measurements of completely miscible thin film 

blends of tetramethyl bisphenol-A polycarbonate (TMPC) and polystyrene (PS), 

supported by SiOx/Si substrates, show that for TMPC weight fractions ∆Tg<0.1, the glass 

transition temperature, Tg, decreased with decreasing film thickness, h.  The addition of 

C60 nanoparticles to equal weight mixtures of PS and TMPC reduces the magnitude of the 

Tg depression.  This result implies that the monomer-particle interactions increase the 

density of the system thus reducing the configurational entropy of chain segments.  The 

reduction in configurational entropy causes the Tg of thinner films to increase relative to 

the corresponding “neat” films.  We used incoherent elastic neutron scattering to examine 

the mean square atomic displacements, <u2>, of both the “neat” mixture and the 

nanocomposite thin films.  We find a reduction in <u2> above Tg with increasing 

nanoparticle concentration for the thinnest films implying a reduction in configurational 

entropy with increasing nanoparticle concentration.  Our INS measurements thus suggest 

that the addition of nanoparticles increases the overall density of the system and thus 

causes an increase in Tg at a given thickness. 

 

 

 

 

 

 

 



 128

6.1 INTRODUCTION 

Polymer thin films play an important role in many technological applications such 

as lubricating films, coatings, and membranes to more recent uses as active components 

in organic electronic devices.  As these applications require films with thicknesses on the 

order of the radius of gyration of the chains, the polymer properties depend on the film 

thickness.  In polymer thin films, the interactions of chain segments with the interfaces 

impose enthalpic and entropic penalties on the chain that result in a change in the 

structure and packing of the chains near the interfaces [1-4], and are responsible for the 

film thickness dependence of physical properties.  In polymer thin films, properties such 

as the glass transition temperature [5-15], viscosity [16, 17], and phase separation 

temperatures and critical points [1, 18-20] have been known to exhibit film thickness 

dependences up to length scales beyond the size of the chain.  

In particular, the glass transition of polymer thin films has been shown to be 

sensitive to the nature of the monomer-substrate and monomer-free surface interactions.  

If the polymer strongly interacts with the substrate, as in the case of hydrogen bonding, 

then the effective Tg of the system increases with decreasing film thickness (∆Tg > 0).  

Specific examples include poly (methyl methacrylate) (PMMA) [6], poly (vinyl pyridine) 

(PVP) [21] and poly (tetramethyl bisphenol-A carbonate) [12, 13] on silicon substrates 

with a native oxide layer (SiOx/Si).  On the other hand, Tg decreases with decreasing film 

thickness in the absence of any strong interactions between the polymer and the substrate.  

The most prominent example is polystyrene (PS) on SiOx/Si [5, 9]. 

To describe the thickness dependence of the glass transition temperature, a 

number of models have been developed.  Theories based on the notion of a liquid-like, 

high mobility free surface layer [5] or that imagine the film to be composed of many 

layers, each with a different Tg, [22, 23] have successfully described the experimental 
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data.  The depression in Tg is typically rationalized by the presence of a highly mobile 

surface layer or dead layer in the case of a Tg enhancement.  Other theories based on the 

potential energy landscape [24, 25] (configurational entropy) or packing densities [26] 

are also consistent with the experimental data.  In these models, the packing (or the 

configurational entropy) of the chains at the interfaces relative to the bulk is the most 

important factor in determining the Tg of the system.   

Entropic, chain packing effects have also been considered to explain recent Tg 

experiments.  Using ellipsometry, Grohens and coworkers investigated the Tg behavior of 

thin, supported PMMA films, where both syndiotactic and isotactic PMMA was used 

[27].  They found a decrease in Tg for the syndiotactic PMMA but an increase in Tg for 

the isotactic PMMA films. The packing of chains was cited as the reason for the 

difference in Tg behavior despite the same interfacial interactions.  Pham et al. examined 

PS-single wall carbon nanotube (PS-SWNT) composite thin films using ellipsometry and 

found a decrease in Tg with decreasing thickness [28].  However, the depression was 

smaller than that of pure PS, |∆Tg,PS| > |∆Tg,PS-SWNT|.  Similar trends for ∆Tg were observed 

in ellipsometry measurements on PS-C60 and PS-layered silicate clay composite thin 

films [29].  The magnitude of ∆Tg became smaller with increasing particle concentration 

and at high nanoparticle concentrations, Tg increased with decreasing thickness. An 

increased segmental density in the region near the particles was suggested to cause the 

change in the Tg behavior [28].  These results highlight the importance of both interfacial 

(polymer-“wall”) interactions and confinement effects associated with the packing of 

chains at the interfaces (configurational entropy effects) in determining the Tg of 

supported polymer thin films.   

Recently, incoherent elastic neutron scattering has emerged as a powerful tool to 

study the dynamics and glass transition of thin polymer films [30-35].  Although this 
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technique has been primarily limited to elastic fixed window scans (temperature scan at a 

constant frequency), the results have provided valuable information about dynamics in 

thin films.  INS probes the short-time vibrational dynamics of the system and yields the 

mean square atomic amplitudes, <u2>, of the thermal motions [30].  At the glass 

transition, configurational volume changes result in a sharp increase in the curve of <u2> 

versus temperature [36].  The INS technique thus provides information on the low 

temperature vibrational dynamics and the configurational freedom of the chains near Tg. 

In this Chapter we use both spectroscopic ellipsometry and elastic incoherent 

neutron scattering to examine the effect of C60 fullerenes on the glass transition of 

completely miscible thin film mixtures composed of 50 wt.% PS and TMPC.  We find 

that the addition of C60 nanoparticles to the films causes the thickness dependence of Tg 

measured by ellipsometry to change from a depression (∆Tg <0) to an enhancement (∆Tg 

> 0).  The incoherent neutron scattering measurements show a reduction in the mean 

square atomic displacements, <u2>, of the C60 nanocomposites with increasing C60 

concentration in the thinner (h < 50nm) films above Tg.  This observation suggests that 

the nanoparticles cause an increase in the packing of chain segments reducing their 

configurational entropy and causing the Tg of the film to increase.   

 

6.2 EXPERIMENTAL SECTION 

Thin film, equal weight mixtures of tetramethyl bisphenol-A polycarbonate, 

(TMPC; Mw=37,900 g/mol; Mw/Mn=2.75) obtained from Bayer, Corp., and deuterated 

polystyrene (d8-PS, Mw=139,900 g/mol; Mw/Mn=1.06) purchased from Polymer Source, 

Inc. were dissolved in a toluene solution containing C60 fullerenes (below the solubility 

limit) obtained from Alfa Aesar.  These solutions were then spin cast onto cleaned (100) 

silicon wafers (Wafer World, Inc.; 75mm diameter; ≈350µm thick), which had a native 
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oxide layer of 1.5 nm as determined by ellipsometry.  Film thicknesses of 30, 50 and 120 

nm, as measured by ellipsometry, were prepared by adjusting the solution concentration 

and spin rate.  The films were then annealed 30 K above their Tg‘s for at least four hours. 

 

6.2.1 Spectroscopic Ellipsometry 

After the samples were annealed, thermal measurements were performed using 

the variable angle multi-wavelength ellipsometer (J. A. Woollam Co.) equipped with a 

homemade heating stage.  Ellipsometric angles, ψ and ∆, were measured at different 

temperatures.  The sample was held at a given temperature for approximately 2 minutes 

for each measurement.  Three measurements were taken at each temperature.  During our 

experiments, we increased the temperature at a constant heating rate of 1 ºC/min.  The 

temperatures were controlled with an accuracy of ±0.5 ºC.  Film thicknesses were 

determined by fitting the ellipsometric angles with a Cauchy model (using software 

provided by the manufacturer).  Figures 6-1a and 6-1b show typical thermal scans of two 

samples of different film thickness for the 5 wt.% C60 nanocomposites showing the 

distinct glassy and rubbery regions for each sample.  The glass transition temperature, Tg, 

was determined by fitting straight lines through the data obtained from the glassy and 

rubbery regions, and the intersection of these two lines is identified as the Tg of the film.  

Based on our film thickness versus temperature measurements, all of the samples 

exhibited a single transition temperature that resided between that of the PS and TMPC 

pure component Tg’s.   
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Figure 6-1: The film thickness as a function of temperature for the (a) 151 nm and (b) 

24 nm 50/50 wt.% TMPC/PS thin film mixtures containing 5 wt.% C60.  The 
glass transition temperature is identified as the temperature at which the 
lines drawn through the data intersect. 
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6.2.2 Incoherent Elastic Neutron Scattering 

Approximately 13 wafers for each film thickness were broken into strips and 

placed in a cylindrical, thin-walled aluminum cell.  The amount of polymer used in a 

given cell was 2 to 7 mg, depending on film thickness, compared with roughly 50 g of Si.  

The cell was mounted on the high flux backscattering spectrometer (HFBS) [37] on the 

NG2 beam line at the NIST Center for Neutron Research and cooled to 50 K under 

vacuum.  The spectrometer operated in the fixed window mode (stationary Doppler 

drive) with the elastic intensities recorded over a Q range of 0.25 to 1.75 Å-1.  The sample 

temperature (T) was increased at a rate of 0.6 K/min (120nm films) to 0.3 K/min (30 nm 

films) to T = 525 K.  The elastic intensities were summed over intervals of 1.5 to 3 K.  

The HFBS energy resolution was 0.8 µeV (FWHM), so dynamics on a time scale of 200 

MHz (approximately a nanosecond) or slower contributed to elastic scattering, whereas 

faster processes contributed to inelastic scattering and a subsequent reduction of the 

elastic intensity.   

The scattering of neutrons by polymers is dominated by the incoherent scattering 

cross section of hydrogen, which is approximately 20 times greater than that of C, O, or 
2H (deuterium) [38].  In the TMPC/d8-PS system, the scattering is dominated by the 

hydrogen atoms on the TMPC (C20H22O2) chains.  Motions due to the TMPC component 

in the polymer-polymer mixture thus primarily determine the elastic scattered intensity.  

Furthermore, since the first Bragg peak of Si occurs at Q ≈ 2.67 Å-1, which lies outside of 

the accessible Q range of the HFBS spectrometer, only the TMPC dynamics are detected; 

dynamics due to the silicon are transparent [30]. 
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6.3 RESULTS AND DISCUSSION 

In this Chapter, we are interested in the effect of C60 nanoparticles on the glass 

transition temperature of miscible binary polymer-polymer mixtures composed of PS and 

TMPC and supported by silicon substrates with a native oxide layer (SiOx/Si).  The 

properties of the PS-TMPC/SiOx/Si system are of particular interest with regard to 

understanding the Tg of thin films.  First, the Tg of PS is 100°C whereas that of TMPC is 

220°C; the segmental dynamics of PS are fast compared to TMPC at any given 

temperature [12, 39]. Secondly, PS enriches the free surface (lower surface energy) 

whereas TMPC preferentially enriches the oxide layer of the substrate[40]. Third, in the 

PS/SiOx/Si system, Tg decreases with decreasing film thickness, h, (∆Tg<0) [5, 9], 

whereas in the TMPC/SiOx/Si system Tg increases with decreasing h, ∆Tg>0 [12].  Pham 

and Green have previously investigated the compositional and thickness dependence of 

this mixture using spectroscopic ellipsometry [12, 13].  They found that for weight 

fractions, wTMPC ≤ 0.7, the effective Tg of the mixture decreased with decreasing film 

thickness (∆Tg < 0).  For wTMPC ≥ 0.9, Tg increased with decreasing film thickness (∆Tg > 

0).  Furthermore, they found that the magnitude of the Tg depression for wTMPC ≤ 0.5 was 

comparable to that of pure PS on the same substrate.   

Pham and Green have also previously examined the effect of nanoparticles on the 

glass transition of thin PS homopolymer films [28, 29].  They found that addition of 0.75 

wt.% functionalized single wall carbon nanotubes (PS-SWNT) reduced the magnitude of 

the Tg depression in PS films (∆Tg,PS-SWNT < ∆Tg,PS) [28].  Similar results were obtained 

for PS nanocomposites containing C60 and layered silicate clay particles [29].  In the case 

of the C60 and clay nanocomposites, addition of 1 wt.% nanoparticles caused a reduction 

in the magnitude of ∆Tg.  Addition of 5 wt.% nanoparticles resulted in a shift from a Tg 

depression (∆Tg < 0) to a ∆Tg enhancement (∆Tg > 0) [29].  Pham et al. speculated that 
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the average segmental density in the region near the nanoparticles increased relative to 

the pure PS films [28].  This increase in chain segmental density would cause a decrease 

in the configurational entropy of the chains resulting in a higher Tg. 

Using spectroscopic ellipsometry, we examined the effect of C60 nanoparticles on 

the glass transition temperature of miscible, equal weight thin film mixtures of PS and 

TMPC.  In Figure 6-2, the values of Tg from ellipsometry are plotted as a function of film 

thickness, h, for the 0, 1, and 5 wt.% C60-PS-TMPC nanocomposites.  For the 1 wt.% C60 

nanocomposite films, there is little change in the thickness dependence of Tg with respect 

to the neat blend.  However, for the 5wt.% C60-PS-TMPC nanocomposite films, Tg is 

roughly independent of film thickness.  These ellipsometry results follow the same trends 

with nanoparticles concentrations as do the prior experiments by Pham et al. on 

homopolymer thin film nanocomposites [28, 29].   

A number of models have been proposed to describe the thickness dependence of 

the glass transition temperature in thin films.  Keddie et al. first proposed an empirical 

equation to describe the depression in Tg for PS films on silicon substrates with a native 

oxide layer [5]: 

 

   ( ) ( )
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δ

h
AThT gg 1      (6.1) 

 

In this equation, Tg(∞) is the bulk Tg, A is a length scale, and δ characterizes the rate of 

the depression.  This model is based on the notion of a liquid-like layer at the free surface 

that exerts an increasing influence on the Tg of the film with decreasing h.  It is known 

that chains at a free surface have higher configurational entropy than do chains in the 

bulk lending support to this model.  However, equal weight mixtures of PS and TMPC  
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Figure 6-2: The glass transition temperature is shown here as a function of the film 
thickness 50/50 wt.% TMPC/PS thin film mixtures containing 0, 1 and 5 
wt.% C60 as indicated.  The lines are theoretical fit to the pure mixture 
ellipsometry Tg data using equation 6.1 (solid line) are shown. 
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exhibit nearly the same ∆Tg as pure PS [13].  Since there is a larger gradient in mobility 

(Tg) across the thickness of the thin film mixture than there is in pure PS (the Tg’s of the 

components are separated by 100oC and TMPC preferentially enriches the region near the 

substrate), one would expect much larger depressions based on this model than are 

observed.   

Kim et al. proposed a similar model based on the notion that film is composed of 

many layers, each with a different Tg [22, 23].  The layer with the lowest Tg is at the free 

surface while the layer at the substrate has the highest Tg.  Ellison and Torkelson [14] 

have shown that the Tg of the surface layer is less than that of the bulk and that there 

exists a smooth transition from a depressed surface Tg to a bulk-like interior supporting 

the idea of Kim et al.  Kim et al. predicted that the effective Tg of the film would be 

 

  ( ) ( )
h

hThT gg +
∞=

σ
      (6.2) 

 

where σ measures the extent to which Tg decreases with h.   

Long and Lequeux proposed a free volume-based, percolation model where they 

imagine the film to be composed of both slowly and rapidly relaxing domains [41].  As 

the temperature of the sample decreases, the number of slow domains increases and Tg 

occurs when the slow domains percolate.  The Tg occurs at lower temperatures in thinner 

films because the percolation threshold in two dimensions is lower than in three 

dimensions.  The effect of a strongly interacting substrate is to increase the number of 

slow domains causing percolation (Tg) to occur at higher temperatures.  To describe the 

Tg depression in thin films, Long and Lequeux derived the following equation: 
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In this equation, β depends on the size of the slow domains and is of order unity, a is the 

monomer size, and ν3 is the critical exponent for percolation in three dimensions.  

Each of these three models provide good fits to the experimental Tg data of both 

homopolymer thin films and polymer-polymer thin film mixtures.  In the case of the 

nanocomposite thin films, one would expect that chain segments in the vicinity of the 

particles may be slowed due to a higher segmental packing density [28].  For the model 

of Long and Lequeux, the presence of nanoparticles would increase the number of slow 

domains within the film causing them to percolate at a higher temperature [29].  In 

thinner films where the effects of added particle interface become more pronounced, the 

disparity between the Tg of the nanocomposite thin film and that of the neat thin film is 

larger as demonstrated in Figure 6-2.  The physical picture in the models of Keddie et al. 

and Kim et al. is a less clear.  In fact, unless the nanoparticles enrich the free surface, an 

even larger depression than the neat film might be expected from these models. 

 An alternative means to explain the thickness dependence of Tg in thin polymer 

films is to consider the packing of the chains in the film relative to the bulk.  McCoy and 

Curro proposed a model in which they consider the packing of segments at the interfaces 

[26]. An important implication of the McCoy and Curro model is that the packing of 

chains at the interfaces compared to the interior of the film determines the sign of ∆Tg.  If 

the density of the film is less than that of the bulk, ∆Tg < 0; otherwise, ∆Tg > 0.  Mittal 

and Truskett [25] more rigorously extended the model of McCoy and Curro using an 

energy landscape approach to show the connection between the changes in the 

configurational entropy of the system, which depends on the nature of the monomer-
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monomer and monomer-“wall” interactions, and the ideal Tg(h).  They predict an ideal 

glass transition temperature connected to the film thickness and the heat capacity.  If the 

configurational entropy is smaller than that of the bulk (higher packing density), then ∆Tg 

> 0.  With regards to the data in Figure 6-2, it would appear that the models of Mittal and 

Truskett and Curro and McCoy physically describe the change in ∆Tg with particle 

concentration.     

In order to further examine this hypothesis, we used incoherent neutron scattering 

(INS) in conjunction with the ellipsometry results in an attempt to develop a more 

coherent picture.  The INS measurements directly measure the amplitude of vibrational 

motions in polymer systems on the order of a nanosecond.   At absolute zero, where there 

is no atomic mobility, the incoherent scattering of polymers is purely elastic.  As the 

temperature increases, the amplitude of the atomic motions increases and this causes a 

decrease in the elastic scattered intensity.  The temperature dependence of the elastic 

scattering in a harmonic solid is approximated by the Debye-Waller factor [30, 38]: 
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where Q is the scattering vector and <u2> is the mean square atomic displacement. 

Figure 6-3 shows the incoherent elastic scattered intensity of 120 nm equal weight PS-

TMPC thin film mixtures containing 0, 1, and 5 wt.% C60.  As the amplitude of the 

thermal motions in the system increase with increasing temperature, the elastic intensity 

decreases according to equation 6.4.  The onset of molecular motions is manifested as a 

“kink” in the curve of intensity versus temperature.  In principle, the timescale and  
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Figure 6-3: The elastic scattered intensity normalized to its value at T = 50 K is shown 

for the 120 nm thick, 50/50 wt.% TMPC/dPS thin film mixtures containing 
0, 1 and 5 wt.% C60.  
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geometry of the molecular motions can be extracted from inelastic scattering spectra.  

Unfortunately, the signal from our thin films is too limited to complete a full analysis.   

At each temperature, the mean square atomic displacements can be calculated via 

the Debye-Waller factor from the slope of ln(I) versus Q2.  Figures 6-4a through 6-4c 

show the mean square atomic displacements as a function of temperature and C60 

composition for the 120 nm, 50 nm and 30 nm thick films.  The elastic intensities at each 

Q were normalized to their values at T = 50 K thereby setting <u2> equal to zero at T = 

50 K.  The curves were then shifted vertically so that the low temperature slope 

extrapolated to <u2> = 0 at T = 0 K.  For each composition, <u2> also decreased with 

decreasing film thickness as has been previously observed in homopolymer systems for 

both supported and free standing thin films [30-34].   

 We now consider the information provided by the mean square displacements.  

The curves deviate from linearity at roughly T = 200 K thereby invalidating the harmonic 

approximation implicit in the Debye-Waller analysis. In the harmonic regime between 50 

K and 200 K, the atoms are confined to local energy minima with the potential energy 

landscape.  Their motions can thus be modeled on a 3-D harmonic oscillator [38].  This 

results in a linear increase of <u2> with T [3kBT = κ<u2>] where κ is a vibrational force 

constant.  The force constant is thus related to the slope of <u2> with T.  As Figure 6-4 

shows, we find no statistically significant change in κ with C60 composition (the <u2> for 

all the samples all lie on top of each other in the low temperature regime).  Soles et al. 

and Inoue et al. have observed that κ increases with decreasing film thickness [30-34].  

Soles et al. interpreted this vibrational stiffening by suggesting that atoms are more 

strongly caged by their neighbors in thinner films [30].  By comparison, addition of C60 

to the mixture appears to have little effect on the vibrational wells of the potential energy 

landscape. 
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Figure 6-4a: Mean square atomic displacements, <u2>, are shown for the C60 
nanocomposite thin films with thickness, h = 120 nm. 
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Figure 6-4b: Mean square atomic displacements, <u2>, are shown for the C60 
nanocomposite thin films with thickness, h = 50 nm. 
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Figure 6-4c: Mean square atomic displacements, <u2>, are compared for the 1 wt.% C60 
nanocomposite thin films with thickness, h = 30 nm.   
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At T = 200K, the mean square displacement undergoes a large deviation from 

linearity.  This sub-Tg relaxation was attributed to a carbon-carbon torsional motion [42].  

Since methyl rotation is typically observed below T = 100 K [43], the relaxation near T = 

200 K could be induced by phenyl ring motions which would enable larger amplitude 

motions of the methyl groups.   

At Tg there is a second sharp change in the temperature dependence of <u2>.  It 

has been suggested that changes in configurational volume taking over from 

anharmonicity-driven changes are responsible for the change in the temperature 

dependence of <u2> at Tg [36].  At Tg there will be a large change in free volume or 

configurational entropy enabling larger amplitude motions to occur.  Examination of the 

INS data in Figure 6-4 suggests that as the C60 concentration increases, the 

configurational entropy of the nanocomposites is less than that of the neat mixtures.  In 

particular, the 30 nm (Figure 6-4c) and 50 nm (Figure 6-4b) data show that <u2> is 

smaller for the nanocomposites relative to the neat mixture above Tg.  The mean square 

displacements of the 1 wt.% C60 samples are comparable to the neat mixtures for h ≥ 

50nm.  Only for the thinnest film do the nanoparticles begin to influence the behavior of 

the film in the 1wt.% C60 samples while already at h = 50 nm, the 5 wt.% C60 sample 

shows the effects of the increased interface due to the nanoparticles.  The reduced 

configurational entropy is consistent with an increase in segmental packing densities with 

increasing nanoparticle concentration leading to a higher Tg of the nanocomposite thin 

film. 

Although the INS measurements reflect the motions of the TMPC chains (the 

polystyrene chains are deuterated and thus contribute only a small amount to the 

incoherent scattering), we can also examine Tg from the INS measurements.  Because of  
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Figure 6-5: The values of Tg for the INS measurements are plotted as a function of 
thickness for all concentrations of C60. 
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the large amount of scatter as shown in Figure 6-4 (in particular for the 50 nm films), we 

obtain Tg from the elastic intensity versus temperature curve before background 

subtraction.  Straight lines were fit to the elastic intensity above and below Tg, and the 

intersection of these lines was identified as the Tg of the film.  The values of Tg are shown 

in Figure 6-5 for the INS results.  They show an increase in Tg with increasing 

nanoparticle concentration that is qualitatively similar to that of the ellipsometry results. 

It would also appear that the decreased configurational volume and increased 

intermolecular caging in homopolymer thin films should also result in an enhancement in 

Tg for PS, PS-TMPC, and other systems where ∆Tg < 0.  However, INS only probes local, 

short-time dynamics.  INS experiments on PMMA have shown that <u2> is independent 

of the polymer-substrate interactions.  No difference in <u2> was observed when PMMA 

was supported by either SiOx/Si or HDMS substrates [30].  Ellipsometry measurements 

for these two systems show that ∆Tg > 0 for the PMMA/SiOx/Si system while ∆Tg < 0 for 

the PMMA/HDMS system [44].  Clearly interfacial interactions between the monomers 

and substrate play a large role in determining the effective Tg of the system.  As Grohens 

showed for PMMA, the interfacial interactions only partly influence the Tg; chain 

packing effects associated with confinement also play an important role [27].  It would 

appear however that INS measures only a confinement effect while other techniques are 

more sensitive to interfacial interactions.   

 

6.4 CONCLUSIONS 

We have examined the Tg of thin film miscible polymer-polymer mixtures 

containing C60 nanoparticles using ellipsometry and found that the nanocomposites 

exhibit a different thickness dependence relative to the neat mixture.  The effect of 1 

wt.% C60 was negligible, but 5 wt.% C60 caused a change in sign of ∆Tg from negative to 
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positive. We complemented the ellipsometry results with incoherent neutron scattering 

measurements that suggested a decrease in configurational freedom with increasing 

nanoparticle concentration, especially for the thinner films.  These results were 

rationalized in terms of theory for the glass transition in thin films.  It would appear that 

the relative monomer-substrate, monomer-“wall”, monomer-monomer and monomer-free 

surface interactions determine the average Tg of the film.  These data highlight the 

influence of particle-monomer interactions on the Tg of the film. 
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Chapter 7:  Conclusions and Recommendations for Future Work 

In this closing Chapter, the results of our research and the significance of our 

findings are summarized.  Recommendations for future work are also proposed.   

 

7.1 CONCLUSIONS 

There are a number of technical challenges facing the design and application of 

polymer thin films.  Among these are a thickness dependence of physical properties and a 

propensity for film rupture and dewetting that can adversely impact the performance, 

fabrication, and processing of these films.  These issues are poorly understood and the 

objectives of this research were to improve the understanding of interfacial instabilities 

associated with dewetting, the thickness dependence of the viscosity, and the factors 

determining the thickness dependence of the Tg of miscible polymer-polymer thin film 

mixtures.   

In the first part of this dissertation, we investigated the morphology of interfacial 

instabilities that arose in thin, entangled polystyrene films that became unstable via a 

nucleation and growth process.  The dewetting behavior of this system has been studied 

previously, and the holes were typically found to remain circular throughout the growth 

stage [1-3].  We showed that a slip process characterized the growth of these holes as 

determined by the time dependence of the hole radius and the rim width.  As the film 

thickness decreases below a threshold value, the edge of the hole becomes unstable to the 

formation of fingers [4].  Fingering instabilities are commonly observed in simple liquids 

subject to forced spreading.  The wavelength between fingers in these systems is 

described by the capillary number with appropriate modifications to the flow velocity due 
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to the relevant driving force.  We showed that these fingers were characterized by a well-

defined wavelength that depended on thickness and molecular weight, and that the 

wavelength could also be described by the capillary number with appropriate 

modifications to the velocity due to slip of the film at the substrate-polymer interface.  A 

dense branching morphology characterized the third regime and was only observed in the 

thinnest films.  These results highlight the importance of slip at the polymer/substrate 

interface as well as interactions of the chain segments with the substrate on the dynamics 

and morphology of holes that arise via a nucleation and growth process.   

In addition to the structural stability of thin films, the thickness dependence of 

properties such as the viscosity and glass transition are also of critical importance in the 

area of processing.  While numerous studies have documented the thickness dependence 

of depressions in the glass transition, fewer attempts have been made to determine the 

effect of changes in Tg on chain dynamics.  Diffusion studies [5-7] typically show that 

chain mobility decreases with decreasing thickness while other studies find partial [8] or 

complete relaxations [9] of the free surface below the bulk Tg.  Dewetting measurements 

by Masson showed that the PS viscosity decreases with decreasing thickness consistent 

with a reduction in Tg but not shear thinning [3].  In contrast, the dewetting of freely-

standing films suggested that shear thinning effects were responsible for an observed 

decrease in viscosity [10].  Recently, O’Connell and McKenna measured the compliance 

of PS and PVAc (poly (vinyl acetate)) films and their data was consistent with a Tg 

depression for PS in agreement with ellipsometry measurements; no change in the Tg of 

PVAc was observed by either technique [11, 12].  In the research presented here, we 

examined the effect of carbon nanotubes (SWNT) on the hole growth dynamics of thin 

PS films, and found that the viscosity for both PS and the PS-SWNT composites 

decreased with decreasing thickness.  However, the viscosity depression for the PS-
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SWNT system exhibited a smaller thickness dependence.  This smaller thickness 

dependence was attributed to a smaller depression in the glass transition temperature of 

the PS-SWNT films with decreasing thickness relative to PS films.  In the PS-TMPC 

system, we also showed that a thickness dependent viscosity was related to changes in the 

Tg of the system for three different concentrations.  In all systems, shear thinning effects 

were shown to be negligible.   

Finally, we investigated the component dynamics and glass transition of miscible 

PS-TMPC thin film mixtures.  It was previously found that small TMPC concentrations 

stabilized thin PS films against dewetting [13].  We showed in Chapter 4 that TMPC 

could also be used to retard the dynamics of dewetting instabilities in PS films by 

modifying the substrate/polymer friction and driving force for dewetting.  It is 

conceivable that other miscible polymer-polymer systems could be used to tailor the 

properties of polymers for specific applications.  Despite the potential uses for these 

materials, only a few papers have examined finite size effects on the Tg of miscible thin 

film polymer-polymer mixtures [14, 15].  Our data in Chapter 5 demonstrated that 

incoherent elastic neutron scattering (INS) could be used in conjunction with 

spectroscopic ellipsometry (SE) to study heterogeneous component dynamics and the Tg 

of thin film mixtures.  It was suggested that SE yields a system average Tg, in analogy to 

DSC, while INS measures the dynamics and Tg of the hydrogenated, TMPC component 

within the mixture.  The Tg measurements enabled the determination as a function of 

thickness of the self-concentration, a quantity intrinsic to long chain polymers due to 

chain connectivity that defines the effective local compositional environment [16].  We 

calculated the self-concentration and found that it increased with decreasing thickness.  

We suggested that the increase in self-concentration is a consequence of different chain 

conformations near the substrate relative to the bulk [17].  The chains fold back on each 
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other, and the TMPC chains thus experience an effectively larger local TMPC 

concentration with decreasing thickness.  This finding is important because very few 

studies have addressed the effect of perturbations to the chain structure on the properties 

of thin films. 

 

7.2 RECOMMENDATIONS 

7.2.1 Fingering Instabilities 

In Chapter 2, we showed that for films below a threshold thickness, the rim 

surrounding the hole may become unstable and form fingers [4], the wavelength between 

which depended on the molecular weight and film thickness.  For even thinner films on 

the order of the size of secondary droplets adhered to the substrate, a dense branching 

morphology developed that was influenced by the nature of the substrate-polymer 

interactions.  In Chapter 4, we showed that increased substrate-polymer interactions led 

to a decrease in the magnitude of the slip extrapolation parameter and changes in the 

morphology of the rim at the edge of a hole.  Since the substrate-polymer interactions and 

the slip extrapolation parameter can be tuned by varying the amount of TMPC in a PS-

TMPC mixture, the effect of these parameters on the morphology of the rim instability 

can be examined. 

 

7.2.2 Heterogeneous Mixture Dynamics 

In Chapter 5, we reported incoherent neutron scattering results that were the first 

measurements to investigate the effects of self-concentration and heterogeneous 

component dynamics on the glass transition temperature of a miscible polymer-polymer 

mixture.  The incoherent elastic neutron scattering technique directly measured the 
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dynamics and Tg of the TMPC component within the mixture while the mixture Tg was 

measured using spectroscopic ellipsometry.  A more conventional method would be to 

measure the segmental relaxation times of TMPC within the mixture using dielectric 

spectroscopy (DS) and then fit those relaxation times using the Vogel-Fulcher (VF) 

equation and the Lodge-McLeish model [16, 18].  Broadband dielectric spectroscopy has 

been used by Serghei, Kremer and coworkers to measure relaxation times over a broad 

range of temperature and frequency for thin film geometries [19, 20].  The presence of 

two solid interfaces, the two aluminum electrodes, should be considered when comparing 

measurements from the INS and DS techniques.   

Another implication of our research was that changes in chain conformations near 

surfaces affect the self-concentration and component dynamics.  One method to examine 

this hypothesis would be to use very large molecular weights in the mixtures since this 

would increase the length scale over which the chain conformation and thus the self-

concentration is perturbed [21].  However, increasing the molecular weight may induce 

phase separation and thus alter the local composition [22].  A better method would be to 

use simulations to compute the component relaxation times as a function of temperature, 

film thickness and chain length.  The local concentration surrounding a given monomer 

and both the dynamics and chain conformations could be computed to examine the effect 

of interfaces on the miscible mixture dynamics [23]. 

 

7.2.3 Glass Transition of Polymer-C60 Nanocomposites 

In Chapter 6, we presented preliminary results of the effect of C60 nanoparticles 

on the vibrational amplitudes and glass transition temperature of PS-TMPC mixtures.  

Although the initial results were promising and indicated that the C60 reduced the TMPC 
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vibrational amplitudes and increased the mixture average Tg as measured by ellipsometry, 

it would be interesting to obtain data on additional compositions and thicknesses to 

measure the effect of C60 on the TMPC self-concentration.  It would be useful to examine 

the effect of C60 on pure TMPC to characterize their interaction; these experiments have 

recently been conducted by Kropka, Soles and Green on bulk samples TMPC, PS, and 

PMMA.  These preliminary incoherent elastic neutron scattering results show that C60 

largely affects TMPC and PMMA but not PS.  Finally, TEM and neutron reflectivity 

could be used in an attempt to quantify the distribution of particles within the mixture and 

as a function of depth within the film, respectively.   
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Appendix: Incoherent Neutron Scattering 

   

Incoherent neutron scattering is a powerful tool for the investigation of dynamics 

in polymer systems.  In a neutron scattering experiment, neutrons with a defined 

momentum and energy impinge on a sample, are scattered by nuclei and leave the sample 

in a change state.  The experiment measures the momentum and energy.  The momentum 

transfer, 0kkq ��� −= , is the difference in the momentum of the neutron before (k0) and 

after (k) scattering; the scattering vector q is inversely proportional to the spatial distance.   

The energy change is given by ( )222 2/ kk0 −= nm��ω  where mn is the neutron mass 

and ω is the frequency.  The frequency and inversely proportional to time and provides 

information about the timescale of the motion during the scattering event.  A typical 

neutron scattering experiments measures the scattering function, S(q,ω), which is the 

probability that a neutron is scattered with momentum q and energy ω.  The scattering 

function is related to the incoherent and coherent scattering functions.  To illustrate this 

point, if one measures S(q), which is related to the differential cross section, Ωddσ , or 

probability that a neutron impinging on the sample is scattered into a unit solid angle, 

coherent and incoherent contributions can be separated:  

  

 ( )( ) ( )222 exp bbNib
d
d −+−⋅−=
Ω ∑ kj rrqσ   (A.1) 

 

where b is the scattering length, ri  is the position of the jth and kth nuclei, and N is the 

number of nuclei in the system.  The first term represents the coherent scattering and 

arises from interference effects.  It provides information on the structure of the polymer 

as the dependence on the position of different nuclei suggests. The second term is the 
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incoherent scattering, which arises from the variance in scattering lengths throughout the 

sample.  The incoherent scattering contains information about the motions of individual 

nuclei but nothing about their correlation with other nuclei (structure).  The incoherent 

scattering thus provides information on the dynamics of the sample.  The incoherent 

scattering cross section of hydrogen is considerably larger than the coherent or incoherent 

cross section of any other material.  Since polymer systems typically have a large number 

fraction of hydrogen atoms, the incoherent scattering typically dominates the measured 

scattering unless the hydrogen atoms are replace with deuterium.   

The motions of the atoms are described by the inelastic incoherent scattering 

function, ),( ωqincS , which measures the vibrational density of states, g(ω).  The 

incoherent scattering function is given by 

 

)(1)(
2
3),( 22 ω

ω
ωω gne

M
NS W

inc
+= − qq �    (A.2) 

 

where Sinc(q,ω) is proportional to the number of neutrons scattered at a wave vector q 

with a frequency ω, N is the number of nuclei in the scattering system, M is the atomic 

mass, and n(ω)+1 is the Bose population factor. The Debye-Waller factor, e-2W, accounts 

for the decreased scattered intensity due to atomic motions.  The Debye-Waller factor is 
given by, 22)6/1( uW q= , where <u2> is the mean square atomic displacement.  

The inelastic scattering spectrum contains detailed information about the 

timescale (ω) and geometry (q) of the atomic motions.  However, the inelastic scattering 

is typically orders of magnitude less than the elastic scattering.  In the polymer thin film 

systems studied in this dissertation, the inelastic scattering becomes comparable to the 

experimental noise due to the small sample mass.   
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Since the entire inelastic spectrum is difficult to obtain in polymer thin films, 

fixed elastic window scans are typically performed.  In these experiments, the frequency 

of the incoming neutrons is held constant, and only the elastic incoherent scattering is 

measured.  In these experiments, the elastic intensity is measured as a function of q and is 

given by the Debye-Waller factor: 

 








−∝ 22
, 3

1exp uI elasticinc q      (A.3) 

 

The Debye-Waller factor thus allows for calculation of <u2> relative to a reference 

temperature. In principle, this temperature should be 0K corresponding to zero atomic 

motion, but due to instrument limitations, it is typically taken to be around 50K.  

In this dissertation, we have examined miscible mixtures of polystyrene (PS) and 

tetramethyl bisphenol-A polycarbonate (TMPC) using fixed window scans.  In the case 

of TMPC-PS polymer mixtures, a contrast between species is created by deuterating the 

PS chains so that only the motions of the TMPC are observed.  The majority of the 

incoherent neutron scattering from our system arises from the scattering of neutrons from 
1H nuclei. The hydrogen nuclei on the TMPC have an incoherent scattering cross section 

that is 20 times larger than the coherent or incoherent cross section of any other element 

in the system.   

The high flux backscattering spectrometer at NIST utilizes neutrons with a 

wavelength of 6.271Å and has 16 detectors yielding a momentum transfer range of 0.2 < 

Q(Å-1) < 1.75. The energy resolution of the spectrometer is 0.8µeV (FWHM) dictates that 

motions 200MHz (~1 nanosecond) or faster contribute to the inelastic scattering; slower 

motions are considered static and contribute to the elastic scattering.  Typical 

experiments on the backscattering spectrometer use ~250mg of material; the amount of 
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polymer in an ultrathin film is considerably less. Therefore, a large number of wafers (12-

14) are coated with polymer and then cleaved into smaller sizes. These pieces are then 

placed in a cylindrical aluminum sample cell (25mm in radius, 50mm tall) to maximize 

the scattered intensity. This procedure typically results in a polymer mass of ~1mg versus 

50g of silicon. However, the scattering from the Si wafers and the Al sample cell is 

beyond the range of the spectrometer. The sample cell is then placed in the spectrometer 

under vacuum and cooled to 40K. The temperature is ramped to 540K at variable rates of 

0.5 K/min for thick films and 0.3 K/min for the thinnest films. The scattered intensities 

are then summed over a 1-3K range to improve the counting statistics.  
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