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Abstract 

The slow dynamics of glass forming systems in the deep glassy state as well as the 

glass transition and dynamic behavior at the nanoscale are the two major current challenges 

in the field of glass transition. The dynamics of glass forming materials have generally 

been described by super-Arrhenius behaviors, often expressed in terms of the Vogel-

Fulcher-Tammann (VFT) equation. The VFT equation well describes dynamic behavior of 

experimental and theoretical results of glass forming systems in temperatures above the Tg. 

However, there is a lack of understanding of the deep glassy regime because it requires 

geological time scales to obtain dynamic data at equilibrium condition. In the case of the 

glass transition at the nanoscale, it has been reported from several studies that the Tg and 

related physical properties can change with decreasing size of the materials. Considerable 

efforts have been made to understand Tg changes at the nanoscale, but the exact mechanism 

is still unclear.  

 The goal of the current dissertation is to investigate these two major challenges by 

applying various experimental techniques. First, to investigate the substrate and free 

surface effects on glass transition and dynamic behavior of the nanometric thin films, I 

performed particle embedment experiments on multi-layer films where 13 and 20 nm PS 

films were supported on PS, PMMA, and P2VP films with different thickness ranging from 

13 to 350 nm. I found that the dynamics of top layer PS films were faster than the 

macroscopic below Tg, but slower above Tg. In addition, the glass transition and dynamics 

of top layer PS films were less sensitive to under-layer substrates than that of pseudo-

thermodynamic measurements. Next, I investigated the glass transition and dynamic 

behavior of freestanding nanometric selenium films by applying the TTU bubble inflation 
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method.  The dynamics of thin selenium films followed Arrhenius behavior, which was 

different from the macroscopic VFT behavior reported in several studies. Furthermore, the 

Tg was decreased by less than 3 K when the film thickness decreased to 60 nm.  

 In order to study the slow dynamics of glass forming systems in the deep glassy 

regime, I developed a new ultra-stable polymeric glass. Amorphous Teflon was used to 

create ultra-stable polymeric glasses by using physical vapor deposition technique. The 

ultra-stable polymeric glass produced in the current study showed a Tf reduction of 57 K, 

a reduction higher than the stable glasses produced from low-molecular-weight glass 

formers as well as 20 million years aged amber. I then used this material to test the super-

Arrhenius behavior in the deep glassy state by performing TTU bubble inflation method. 

The creep experiments were performed by following Struik’s protocol in the upper bound 

regime where the temperature is higher than Tf but lower than Tg. In the upper bound 

regime, we see the de-aging behavior in which the relaxation time decreases with 

increasing aging time. I found that the dynamic behavior in the deep glassy state strongly 

deviate from the macroscopic VFT behavior.  
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Chapter 1  

Introduction and Background 

1.1 Introduction  

 When a glass-forming material is rapidly cooled, the molecules do not have enough 

time to rearrange to an equilibrium condition. When this happens, the volume or enthalpy 

deviate from their equilibrim trajectory, and a so-called glassy state is formed.1-9 Over the 

past century, there has been considerable effort to better understand the nature of the glass 

transition, but it remains unclear why and how the glass transition occurs.1-9 Two current 

challenging problems in the area of the glass transition are:  

i) Dynamic behavior in the deep glassy state1-5 

ii) The glass transition and related behavior at the nanoscale.10, 11  

 Firstly, it has been widely accepted from experimental and theoretical points of 

view that the dynamics of the glass transition follow super Arrhenius behavior for 

temperatures above glass transition temperature (Tg).
1-5 However, there are some 

theoretical arguments against whether the equilibrium dynamic behavior follows the super 

Arrhenius behavior in deep glass state.1-5 There is a lack of understanding in this area since 

it is challenging to obtain experimental data at the time scales required to reach equilibrium 

conditions.1-5, 12 In the case of the subject for the glass transition and related behavior at the 

nanoscale, since Jackson and McKenna13 first discovered the reduced glass transition 

temperature of ortho-terphenyl (o-TP) confined in nanometer size pores, there has been 

significant interest to measure a material’s physical properties at the nanoscale. 10-18 It has 
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been shown over the past two and half decades that Tg can increase, decrease, or remain 

the same at the nanoscale.10-18 The exact mechanism is unclear, but the most frequently 

discussed ideas are intrinsic size, free surface and interface effects.10-17 One difficulty 

encountered when probing Tg at the nanoscale is that different types of measurement 

methods and experimental conditions show different Tg changes.10-17 

 The goal of the current thesis is to address and investigate these two major 

challenges by using various experimental techniques. First, to study the glass transition and 

dynamic behavior at the nanoscale, particle embedment experiments were performed on 

multilayer films to study the free surface and interface effects on the top layer nanometric 

thin films.20 The glass transition and dynamics of top-layer thin polystyrene (PS) films 

were found to be less sensitive to under layer substrates than pseudo-thermodynamic 

measurements.20 Next, I investigated the glass transition and dynamic behavior of ultrathin 

freely standing selenium films by using the TTU bubble inflation method.21 I found that 

the dynamics for thin nanometric Se films followed Arrhenius behaviors and the Tg was 

decreased by less than 3 K when the film thickness was taken down to 60 nm.21 Finally, I 

also performed TTU bubble inflation on nanometric thin polyisobutylene (PIB) films to 

investigate the thickness dependence of rubbery stiffening and rupture behaviors.22 I found 

that the rubbery stiffening follows a power law behavior similar to prior observations from 

bubble inflation studies.22 The results were also consistent to Ngai’s proposition that the 

rubbery stiffening seen in bubble inflation measurements were related to the separation of 

α relaxation and sub-Rouse or Rouse modes.22 In addition to the rubbery stiffening 

behavior, I also found on unusual thickness dependence of rupture behavior where rupture 

stress increases with decreasing film thickness whereas rupture strain decreases.22 
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 To explore dynamic behavior in the deep glassy state, I developed a new ultra-

stable polymeric glass by using vapor pyrolysis deposition (VPD).19 Amorphous Teflon 

was used to create the ultra-stable polymeric glasses. The ultra-stable glass produced by 

the VPD technique shows a 57 K Tf reduction, a reduction higher than the prior stable 

glasses produced by low molecular weight inorganic glass formers as well as 20 million 

years aged amber.19 In addition, this 57 K of Tf reduction corresponds to the Vogel-Fulcher-

Tammann (VFT) temperature of the rejuvenated material. I then used this material to test 

the super Arrhenius behavior in the deep glassy regime. Since the VPD method only allows 

small sample size to be produced (hundreds of ng to µg), here I used the TTU bubble 

inflation technique to investigate the dynamic behavior in the upper bound regime where 

the temperature is higher than Tf but lower than Tg. I found there is a strong dynamic 

deviation from VFT behavior in the deep glassy regime.   

 The present dissertation consists of eight chapters. The first chapter describes the 

motivation for the current projects and related backgrounds. Chapter 2 provides 

experimental techniques and analyses used in the current studies. In chapter 3, I show 

results from embedment experiments on multilayer films, and discuss the substrate and free 

surface effects on the glass transition and dynamic behaviors for the top layer PS films. In 

chapter 4, I investigate viscoelastic and glass transition behaviors of nanometric freely 

standing inorganic selenium films by using the TTU bubble inflation method. Chapter 5 

deals with unusual thickness dependence of rubbery stiffening and rupture behaviors for 

PIB films. In chapter 6, I show how to produce an ultra-stable polymeric glass and 

characterize this material by using various experimental techniques. In chapter 7, by using 

this ultra-stable polymeric glass, I test the dynamic behaviors in the deep glassy state where 
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the temperature is higher than Tf but lower than Tg (upper bound regime). Chapter 8 

provides a summary of the current projects and discusses future works. 

 Part of the information in chapter 3 to chapter 6 are from the journal manuscripts. 

I received permission from the journals to use in the current dissertation. The journals used 

in the current thesis are: Chapter 3, entitled “Substrate Effects on Glass Transition and Free 

Surface Viscoelasticity of Ultrathin Polystyrene Films” published in Macromolecules, 

2014, 47, 8808-8818. Chapter 4, entitled “Dynamic and Temperature Dependent Response 

of Physical Vapor Deposited Se in Freely Standing Nanometric Thin Films” published in 

Journal of Chemical Physics, 2016, 144, 184501. Chapter 5, entitled ““Rubbery 

Stiffening” and Rupture Behavior of Freely Standing Nanometric Thin PIB Films” 

published in Macromolecules, 2017, 50, 9821-9830. Chapter 6, entitled “An ultra-stable 

polymeric glass: Amorphous fluoropolymer with extreme fictive temperature reduction by 

vacuum pyrolysis” published in Macromolecules, 2017, 50, 4562-4574. 

1.2 Background 

1.2.1 Glass Transition and Their Relaxation Behavior 

  Glass is a non-equilibrium material which the material in the equilibrium state 

rapidly cooled, so that the volume or enthalpy deviate from the equilibrium condition.1-4 

Figure 1.1 shows the schematic diagram for changes of 𝑇𝑔, 𝑇𝑓
′, 𝑎𝑛𝑑 𝑇𝑓 due to isothermal 

annealing at 𝑇𝑎.1-4 The fictive temperature (Tf ) is determined at the intersection of the 

extrapolated equilibrium liquid and glass lines in enthalpy or volume plots. In the 

calorimetric measurement, the Tf is generally determined from the heat flow curve of 

heating scan after cooling.1-4 When the heating and cooling rates are the same, and the 

http://pubs.acs.org/doi/abs/10.1021/acs.macromol.7b00623
http://pubs.acs.org/doi/abs/10.1021/acs.macromol.7b00623
http://pubs.acs.org/doi/abs/10.1021/acs.macromol.7b00623
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heating scan is performed immediately after the cooling scan, one obtains the limiting 

fictive temperature 𝑇𝑓
′. 1-4 The Tf decreases with increasing aging time, and when the 

material in the non equilibrium state reaches the equilibrium condition, the value of Tf is 

equivalent to the aging temperature itself.1-4  

Upon cooling the liquid, the relaxation time or viscosity exponentially increases 

(Figure 1.2), and this behavior has been generally described in terms of Vogel-Fulcher-

Tammann (VFT (eq 1))23-25 or Williams, Landel, Ferry (WLF (eq 2))26 equations. For the 

VFT equation: 

     𝜏 =  𝜏0 exp[
𝐵

𝑇−𝑇∞
]             (1)  

where τ is relaxation time, τ0 and B are parameters, and T∞ is VFT temperature.  In the 

case of the WLF equation: 

                  log aT =  log (
𝜏

𝜏𝑟𝑒𝑓
) =

−𝐶1(𝑇−𝑇𝑔)

𝐶2+𝑇−𝑇𝑔
                                                  (2) 

where C1 and C2 are parameters. 

 Both the VFT and WLF equations predict diverging dynamic behavior at a finite 

temperature (T∞) above absolute zero Kelvin. This temperature is called the VFT 

temperature, and is often related to Kauzmann temperature (TK).1-9 While the VFT/WLF 

equations accurately describe the experimental findings and theoretical predictions above 

the glass transition temperature, there are some theoretical arguments against whether the 

dynamics of the equilibrium condition of materials diverge at a finite temperature in the 

deep glassy state.1-9 There is some lack of understanding in the deep glassy regime because 

it requires geological time scales to reach to equilibrium conditions for experiments.1-9 
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However, several efforts to estimate the equilibrium relaxation behavior in this regime 

were able to reach to Tg- 15 K or less than that. These studies generally have reported 

behavior transitioning from super-Arrhenius to Arrhenius behavior as temperature 

decreases from above to below Tg (Figure 1.2) though results remain controversial.1, 27 

Recently, Zhao et al.12 used prehistoric aged Dominican amber to test super-Arrhenius 

behavior in the deep glassy state. The amber was found to have a Tf reduction of 43.6 K. 

By performing additional rheological measurements on this amber, they found that 

equilibrium dynamics in the deep glassy state did not follow the super-Arrhenius 

behavior.12 

1.2.2 Ultrastable Glass 

 As we discussed earlier, studying the deep glassy state requires extremely aged 

materials. One way to bypass this long aging time is using ultra-stable glass 29. Over the 

past decade, PVD technique has been shown to march down the energy landscape to 

produce ultra-stable glass with optimum substrate temperature of 0.80~0.85 Tg.
5, 28-36 This 

ultra-stable glass has similar properties with extremely aged glasses such as high density, 

low enthalpy, and low Tf. 
5, 28-36 The mechanism of forming the stable glass was interpreted 

to be due to enhanced mobility of the free surface. This enhanced surface mobility allowed 

the best configuration for the molecules to the form ultra-dense glass.5 For instance, when 

the substrate temperature is close to 85 % of Tg, the molecules on the substrate can 

rearrange to form a high packing configuration before being buried by subsequent layers. 

However, if the substrate temperature is out of this optimam range, the mobility of 

molecules at the free surface decreases so that the stability decreases. It also has been 
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shown that this kinetic stability for PVD glasses is also affected by deposition speed and 

chemical structure.5 

 One advantage of using this method is that it can easily synthesize the extremely 

aged condition of materials with relatively shorter time scales.5, 28-36 For instance, it takes 

only 30 to 60 minutes to produce glasses similar to several thousands to million years of 

aged condition.5, 28-36 Most prior stable glasses were inorganic materials since high 

molecular weight polymers easily degrade during the deposition process. 5, 28-36 However, 

it has been reported that certain types of fluoro-polymers can be used to produce 

amorphous thin films by PVD technique.37-39 For instance, Nason and coworkers37, 38 used 

amorphous Teflon to produce PVD thin films. In that work, the mechanism was described 

being due to pyrolysis of polymeric chains into shorter fragments and repolymerization 

onto the substrate during the deposition process37, 38. Here, I report the results19 of 

amorphous Teflon used to produce an ultra-stable polymeric glass. This material shows a 

Tf reduction of 57 K, the lowest relative to Tg reported from prior stable glasse 

investigations.19 

1.2.3 Glass Transition of Thin Film at the Nanoscale 

 Although the glass transition for the macroscopic state is not fully understood, there 

has been great interest to measure the glass transition and related behavior at the 

nanoscale.10-18 The Tg reduction at the nanoscale was first discovered by Jackson and 

McKenna13 in 1991 where they observed the Tg reduction of ortho-terphenyl (o-TP) 

confined in nanometer size pores. Subsequently in 1994, Keddie et al.14 observed the Tg 

reduction of PS in nanometric thin films. After the pioneering discoveries of these two 

works, substantial efforts have been made to understand the Tg and related behavior at the 
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nanoscale.10-18 It is now generally accepted that the Tg can decrease, increase, or remain the 

same with decreasing size of the dimension of the material at the nanoscale.10-18 However, 

the exact mechanism for changing Tg at the nanoscale is still not fully understood. 10-18 One 

major problem is that different types of measurements and experimental conditions show 

different Tg changes. 10-18 For example, freestanding polymeric thin films have been 

generally reported to show Tg reduction with decreasing film thickness, whereas supported 

films have been reported to increase, decrease or remained the same depending on chemical 

structure, free surface, and interface effects. 10-18   In addition, it has reported that dynamic 

measurements are less sensitive to Tg reduction than pseudo dynamic measurements.20 

Several ideas have been suggested to explain a possible mechanism for this Tg change at 

the nanoscale. 10-18 The most frequently discussed idea is free surface and interface effects. 

The enhanced mobility of the free surface and interaction of the film and substrate can 

affect the film interior so that the glass transition of the entire film is altered.10, 11, 15, 16 This 

mechanism is often described in terms of competition between free surface and interface 

effects, though this has been subject to intensive investigation over the past two decades. 

10-18 For instance, Torkelson and coworkers15, 16 used fluorescence intensity measurements 

in multilayers films and showed that free surface and interface effects can extend several 

tens of nanometers into the film. On the other hand, in our work, spontaneous particle 

embedment experiments were performed in the same type of multilayer films and only 

minor substrate effects were observed.20 Qi et al.40 performed hole recovery experiments 

on i-PMMA films supported on Si and Al substrates and found that the substrate interaction 

can affect anywhere from the surface layer (2 to 3 nm) up to 200 nm. 
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There has also been a great deal of interest to investigate the glass transition of 

freestanding films to avoid the substrate-film interaction. For instance, Forrest and 

coworkers observed a 70 K Tg reduction for a 29 nm, high molecular weight, freestanding 

PS film using Brillouin light scattering and ellipsometry measurements.41, 42 In addition, 

they were the first to report molecular weight dependence of Tg reduction in freestanding 

films. O’Connell and McKenna18 used bubble inflation technique to measure the 

viscoelastic Tg of several freestanding polymeric thin films. In that work, thin polymeric 

films were loaded onto the template with 1.2 to 20 micron through-channels, then this 

template is attached to purpose built-pressure.46 These films were inflated by applying 

pressure, then the surface profile of the bubbles were scanned using an atomic force 

microscope as function of time.46 The creep response was obtained by determining the 

stress and strain by measuring radius of curvature of the bubbles. McKenna and coworkers 

found that Tg can be decreased by 51 K for an 11.3 nm PS film, 122 K for a 3 nm PC film, 

16 K for a 21 nm PEMA film, and less than 3 K for PVAc films as thin as 27.5 nm.18, 43-51  

1.2.4 Rubbery Stiffening Behavior 

 In 2005, O’Connell and McKenna18 first discovered the rubbery stiffening behavior 

in freestanding PVAc films in their bubble inflation measurements. They found that the 

creep compliance decreased with decreasing film thickness at temperatures above the Tg, 

suggesting that the films become stiffer with decreasing film thickness.18 Later, McKenna 

and coworkers18, 43-53 extended their works to several polymeric materials and inorganic 

selenium and found that this rubbery stiffening followed power low behavior (rubbery 

stiffening index, see Figure 1.3). The possible origin of rubbery stiffening behavior is still 

unclear, but several ideas have emerged.54-57 For instance, Ngai et al.54, 55 suggested that 
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the rubbery stiffening seen in bubble inflation measurements is related with separation of 

α relaxation and Rouse or sub-Rouse modes. They used the Ngai coupling parameter to 

describe the extent of this separation process and proposed that the coupling parameter and 

stiffening index should be linearly correlated (Figure 1.4).54, 55 On the other hand, Page et 

al.56 adopted a molecular composite concept to suggest that the rubbery stiffening is related 

to the chain stiffness of the polymers. However, later Li and McKenna51 argued that the 

full set of rubbery stiffening results cannot explain the molecular composite concept. 

Recently, Li and McKenna suggested that the rubbery stiffening is related to dynamic 

fragility. They used the full set of rubbery stiffening data and found that the rubbery 

stiffening index and dynamic fragility are linearly correlated. 51 
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Figure 1.1 Schematic diagram of the specific volume or enthalpy as a function of 

temperature showing definitions of 𝑇𝑔, 𝑇𝑓
′, 𝑎𝑛𝑑 𝑇𝑓 as it changes due to aging or annealing 

isothermally at 𝑇𝑎 for times ta,1 and ta,2 from McKenna and Zhao. Reprinted with 

permission from Journal of Non-Crystalline Solids, 407, 3-13 (2015). Copyright (2015) 

Elsevier. 
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Figure 1.2 Relaxation time as function of reciprocal temperature (a) and temperature (b). 

From McKenna and Simon, reprinted with permission from McKenna, G. B.; Simon, S. 

L. Macromolecules 2017, 50, (17), 6333-6361.   
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Figure 1.3 Logarithm of rubber-like compliances as function of the film thickness for 

several organic and inorganic materials from bubble inflation measurements (adapted 

from reference 53).  
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Figure 1.4 Rubbery stiffening index and the corresponding coupling parameter for 

several materials. (adapted from reference 53) 
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Chapter 2  

Experimental Methodology 

2.1 Particle Embedment 

2.1.1 Experimental Method 

 It has been reported that the enhanced mobility of free surface layer at the 

nanometric thin film can possibly alter the glass transition and related behavior of the 

entire films.8,9 Thus, there has been considerable effort to measure the dynamic of surface 

layer of polymeric thin films.1-9 One way to look at the surface dynamic of the thin film 

was developed by Teichroeb and Forrest1, which they used particle embedment method 

to measured the surface relaxation process. The basic concept (Figure 2.1) is that the 

particles with several tens to hundreds nm size are dropped onto the polymeric films 

surface at the desired temperature. Then the particles embed in the polymeric film, and 

this embedment process is monitored through AFM. The driving force for the embedment 

process is generally described as being due to the work of adhesion. However, there are 

some arguments against10, 11 whether the driving force for embedment process is caused 

by the work of adhesion or surface tension.  

 In the particle embedment experiments1-7, the polymer nanometiric thin films are 

prepared by spin coating. The films were deposited onto the silicon wafer, and the 

thickness was controlled by concentration of polymer solution. After the films were 

prepared, the silica particle solutions were dispersed by ultrasonication for 15 minutes. 

Then a droplet of the silica particle solution was placed onto the film surface, and it was 

allowed to dry (3 hours waiting time) at 23 °C. An AFM (Agilent Technologies 5500 
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SPM) under tapping mode was used to measure particle height. The embedment 

experiments were generally performed at temperatures ranging from Tg,macro -20 K to 

Tg,macro+ 20 K with a preheated AFM heating stage. The 5×5 µm of surface area was 

scanned to measure heights of 3 to 5 particles at desired temperatures.(Figure 2.2) Then 

those same particles were continuously scanned during the 2 to 3 hours of the particle 

embedment experiment. The embedment depth was determined by subtracting the initial 

height from the height at the experimental temperatures.1-7  

2.1.2 Hutcheson and McKenna (HM) Model 

 Lee and Radok12 and Ting14 models have been widely used in the viscoelastic 

contact mechanic problems. Hutcheson and McKenna10 adopted Lee and Radok12 model 

to provide a viscoelastic solution for particle embedment experiments. The HM model10, 

11 takes work of adhesion as a driving force for the particle embedment process. The 

embedment depth (∆h(t)) can be expressed as function of viscoelastic response of the 

material and the applied load by the following equation: 

 

                                                   ∆ℎ(𝑡)3/2 =
3

8√𝑅
∫ ф(𝑡 − 𝑡′)(

𝑑𝑃(𝑡′)

𝑑𝑡′
)𝑑𝑡′

𝑡

0
                          (1) 

 

where R is the radius of the initial particles, and φ (t) is a viscoelastic function which is 

defined by eq 2.  

                                                   ф(𝑡) = ∫ [1 − [𝑣(𝑡 − 𝑡′)]] (
𝑑𝐽(𝑡′)

𝑑𝑡′
) 𝑑𝑡′ 

𝑡

0
                         (2) 
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 here ν(t) is time dependent behavior of  Poisson’s ratio ν(t), and J(t) is the shear 

compliance. P(t) is adhesion force acting on the contact area: 

 

                                                𝑃(𝑡) = 2𝜋𝑊𝐴√𝑅2 − [𝑅 − 𝛥ℎ(𝑡) − ℎ𝑚]2                        (3) 

where WA is work of adhesion, Δh is embedment depth, and hm is meniscus height. 

In the current particle embedment experiment, work of adhesion (WA) is the 

driving force for embedding process.2, 3, 6, 7The work of adhesion can be calculated by 

measuring a surface energy of materials. 2, 3, 6, 7 The equation of work of adhesion is 

defined by 

                                                

                                                            WA=𝛾𝑆𝑉+𝛾𝐿𝑉-𝛾𝑆𝐿                         (4) 

 

where  𝛾𝑆𝑉,𝛾𝐿𝑉, and 𝛾𝑆𝐿 are the surface energies, and SV, LV, and SL represent a nano 

particle, a film, and the surface interaction between  particle and film. 

Interfacial surface energy 𝛾𝑆𝐿  can be calculated by 

                                      γSL = γSV + γLV − 2√(𝛾𝑆
𝑑𝛾𝐿

𝑑) − 2√(𝛾𝑆
𝑝𝛾𝐿

𝑝)                 (5) 

                        

Then, WA is redefined  

                                           WA= 2√(𝛾𝑠
𝑑𝛾𝐿

𝑑) + 2√(𝛾𝑠
𝑝𝛾𝐿

𝑝 )                          (6) 

The γLV is defined by                                    

 γLV = 𝛾𝑠
𝑑

+𝛾𝑠
𝑝

                                     (7) 
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A 𝛾𝑠
𝑑is a surface energy caused by dispersion, and 𝛾𝑠

𝑝
 is an energy caused by a polar 

surface interaction. The two liquids contact angle experiment provide the values of  𝛾𝑠
𝑑

 

𝑎𝑛𝑑 𝛾𝑠
𝑝

  

                                        
𝛾1(1+𝑐𝑜𝑠𝜃1)

2
= √(𝛾𝑠

𝑑𝛾1
𝑑) + 2√(𝛾𝑠

𝑝
𝛾1

𝑝
                                         (8) 

𝛾2(1 + 𝑐𝑜𝑠𝜃2)

2
= √(𝛾𝑠

𝑑𝛾2
𝑑) + 2√(𝛾𝑠

𝑝𝛾2
𝑝  

 

The values of 𝛾1and  𝛾2 are the surface tensions of two liquids. 

When the rigid particle contacts the film surface, it creates a meniscus of height 

hm due to the work of adhesion (WA). Hutcheson and McKenna10, 11 considered this 

meniscus effect in the force function (eq 9). hm can determined by following equation: 

 

                                                                 ℎ𝑚 = [
𝑅(

𝑊𝐴
2

2
)

𝐸2 ]1/3                                                   (9) 

where R = radius of particles, 𝑊𝐴 = work of adhesion, and E is taken as the Young’s 

modulus of glassy at room temperature.  

Macroscopic shear compliance data were fit to stretched exponential function 

(KWW) (eq 10).  

 

𝐽(𝑡) = 𝐽𝐺 + 𝐽𝑁(1 − exp ((
−𝑡

𝜏
)𝛽  ) +  

𝑡

𝜂
                                (10) 

here JG and are glassy and rubbery compliance respectively, τ is the retardation time, and 

β is the shape parameter. If the experimental temperature is far from the viscous flow 
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regime,  
𝑡

𝜂
  is set to zero. The Poisson’s ratio (ν) also has known as a viscoelastic 

function, it was represented by following equation (eq 11)  

                                            𝑣(𝑡) = 0.3 + 0.2[1 − exp [(
−𝑡

𝜏
)

𝛽

]                             (11) 

here t is the time, τ is the retardation time, and β is the shape parameter. 

The values of and are assumed to have the same values in using eq 10 and eq 11. 

By using macroscopic data and substituting eq 2 through 9 into eq 1, the HM Model can 

be solved. The HM Model curves were fitted with experimental data, and the best fit of 

the HM model curve was determined by visually adjusting τ of the KWW function (eq 

10).  

2.2 Nano Bubble Inflation 

2.2.1 Experimental Method 

 In 2005, O’Connell and McKenna15 developed the Nano Bubble Inflation 

technique to measure the viscoelastic responses of nanometric freestanding film. This 

method (Figure 2.3)19 is the first work to measure the viscoelastic responses of freely 

standing films at the nanoscale. The method is based on classic membrane inflation 

technique. In particular, nano metric thin films were loaded onto the filter templates 

having 1.2 to 20 µm through channels, and then these templates are attached onto the 

purpose built-pressure cell.19 The loaded films were inflated by the controlled pressure, 

and the inflated bubbles were monitor through Atomic Force Microscope (AFM). By 

measuring the radius of curvature with known pressure, the stress and strain were 

calculated. Later, McKenna and coworkers used this technique to measure viscoelastic 
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and mechanical properties for several polymeric materials and inorganic selenium from 

nano to micro scale.15-26 

Two types of measurements15-26 were applied to obtain viscoelastic and 

mechanical properties. One is the creep experiment (Figure 2.4a), which deformation of 

bubbles were measured under constant pressure as function of time. The other 

measurement (Figure 2.4b) is the strain-stress method, which the stress (pressure) is 

increased stepwise fashion, so that defomation of bubbles (strain) are mornited. In this 

case, stress is plotted as function of strain, and the modulus and surface energy can 

determine from the slope and intercept respectively.  

2.2.2 Analysis 

In the bubble inflation tests, the analysis is based on the response of a thin 

membrane to a uniform pressure.15-26 When the bubble deflection under pressure is less 

than three times the film thickness, the inflation is dominated by the bending energy. 

However, when the deflection is above three times the film thickness, stretching 

dominates, the bending energy becomes negligible and one has reached the membrane 

limit.15-26 In the current experiments, the deflection of the bubbles was greater than three 

time the films thickness, and I used the membrane analysis. The radius of curvature (R) 

of the inflated bubble was estimated by fitting the bubble profile to Eq 1 where x, z are 

the position and height of the bubble, and a and b are the offset constants15-26. 

                                                      𝑅2 =  (𝑥 − 𝑎)2 + (𝑧 − 𝑏)2                                         (1) 

The stress acting on the membrane is defined by Eq 2 where P is the applied pressure, R 

is the radius of curvature of the bubble profile, and t0 is the film thickness15-26. 



Texas Tech University, Heedong Yoon, May 2018 

 

25 
 

 

  𝜎11 = 𝜎22 =  
𝑃𝑅

2𝑡0
                                                  (2) 

The strain is defined by Eq 3 where R0 is the radius of the bubble (corresponding to the 

through-channel or hole radius) at zero pressure, and S is the segment length of the 

bubble which is defined by Eq 4. 

𝜀11 = 𝜀22 =
𝑆

2𝑅0
− 1                                               (3) 

𝑆 = 2𝑅𝑆𝑖𝑛−1 (
𝑅0

𝑅
)                                                 (4) 

Then the apparent creep compliance (DApp (t)) can be calculated by 

     𝐷𝐴𝑝𝑝(𝑡) =
ɛ (𝑡)

𝜎 (𝑡)
                                   (5) 

The creep compliance is calculated based on measuring strain under constant stress. 

However, since the stress is the function of radius of curvature (eq 2), the stress also 

changes with increasing time during the creep experiment.15 Therefore, O’Connell and 

McKenna applied Boltzman superposition to extract true compliance from stress and 

strain data.15 The true creep compliance (DTrue (t)) can extract by following equation15: 

    ɛ (𝑡) =  ∫ 𝐷(𝑡 − 𝜉)𝑑 (
𝜎

𝜉
) 𝑑𝜉

𝑡

0
                                  (6) 

Later, McKenna and coworkers3, 22 found that DTrue (t)≈ DApp (t), so in the current work, I 

used DApp (t) to analysis the results. 
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 The mechanical properties for thin films can also measure by stress-strain 

experiments.18, 21, 23-26 If the films were elastic, and no time dependence was observed in 

the experiments, then in this case, the stress (σ) 18, 21, 23-26 in the membrane is  

                 𝜎 = 𝐸𝜀 + 𝜎0                                   (7) 

where, E is the modulus, ɛ is the strain, and σ0 is internal stress which is consist of 

contributing from surface stress (σγ) and residual stress (σR).  

                                                                𝜎0 = 𝜎𝛾 + 𝜎𝑅                                                     (8) 

The surface stress (σγ) is defined by 

      𝜎𝛾 =
2𝛾

𝑡0
                        (9) 

where t0 is the film thickness and γ is the surface tension, and if there is no residual stress, 

eq 5 becomes 

                    𝜎 = 𝐸ɛ +  
2𝛾

𝑡0
                     (10) 

We see that modulus (E) and surface tension (γ) can be obtained from the slope and 

intercept of the stress-strain plot in the absence of residual stress. 18, 21, 23-26 

2.3 Physical Vapor Deposition  

 The physical vapor deposition (PVD) technique has been widely used to produce 

organic and inorganic thin films.27-46 The basic concept is that the solid form of the 

materials are thermally evaporated in the vacuum chamber, so that the vapor form of 

molecules is deposited onto the substrate. Figure 2.5 shows the schematic diagram of 

Varian high vacuum evaporator. The material is placed into the tungsten crucible, then 
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high vacuum (<10-7 torr) in the chamber is produced by using the mechanical and 

diffusion pumps. The mechanical pump was initially used to produce a low vacuum 

condition (pressure less than 10-5), then once it reaches low vacuum, the diffusion pump 

is operated at the same time with the mechanical pump to create high vacuum. Once the 

high vacuum is reached, the materials were thermally evaporated by increasing the 

temperature of tungsten crucible. The temperature of tungsten crucible and the deposition 

speed were controlled by manually adjusting the electric voltage. The deposition speed 

was monitored through quartz crystal micro balance. Generally, 0.05 to 0.2 nm/s of 

deposition speed was used to produce thin films. In order to produce the ultrastable glass, 

the substrate temperature and deposition speed was controlled during the physical vapor 

deposition process. The substrate temperature used to produce ultrastabl polymerc glass 

was ranges from 0.75 to 0.90 Tg, and the deposition speed was maintained approximately 

at 0.1 to 0.15 nm/second during the PVD process.  

2.4 Rapid Chip Scanning Calorimetry (Flash DSC) 

2.4.1 Experimental Method 

 DSC has been widely used for characterizing thermal properties of the materials.53 

However, it is challenging for traditional DSC to measure extremely small sample size 

such as nano to micro gram. The recent development of Flash DSC46-50 has made it 

possible to measure sample size ranges from ng to µg with wide range of cooling rates. 

For the Flash DSC measurements, the samples were loaded onto front or back side of the 

flash DSC chip. 46-50  The Figure 2.6 shows the front and back side of Flash DSC chip. 

The small circular area in top position is the area which the sample should place, and the 

bottom area is the reference part. There are several ways to deposit the film onto the 
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Flash DSC chip. First, the solution can directly spin cast onto the back side of the Flash 

DSC chip. However, in this case, the outside of the core sensor and the reference areas 

should clean with solvent. The sensor of the Flash DSC chip is extremely small and 

fragile, so it is difficult to perform cleaning process. Next, the films are produced in the 

freestanding condition through water transfer method, then this film is loaded onto the 

front side of the chip (top sensor area).48 A small mesh or O-ring is used to load the films 

from water to maintain a freestanding condition. The films are dried in the ambient 

condition, then those films are cut into a small size piece and placed onto the front side of 

the Flash DSC chip using an animal hair. Third way is to directly vapor deposited the 

materials onto the back side of Flash DSC chips.46 In this case, a mask with 0.5 mm hole 

was cover to the Flash DSC chip to directly deposit onto the sensor area. This method is 

relatively easier than other two methods; however this method only allows for certain 

types of materials such as low molecular weight glass formers or fluoro polymers.46 The 

Tg for Flash DSC can determined by cooling scan followed by heating scan. The heating 

scan in the current work generally used 600 K/s of heating rates, and for the cooling scan, 

the rates were ranged from 1000 K/s to 0.167 K/s. The calibration and chip corrections 

for the Flash DSC were performed following the manufacturer's recommended 

procedures.47 

2.4.2 Analysis 

The fictive temperature (Tf )
52 is determined by using Moynihan’s equation51 (eq 

1).:  

                                          ∫ (𝐶𝑝𝑙 − 𝐶𝑝𝑔)𝑑𝑇 = ∫ (𝐶𝑃 − 𝐶𝑝𝑔)𝑑𝑇
𝑇≫𝑇𝑔

𝑇≪𝑇𝑔

𝑇≫𝑇𝑔

𝑇𝑓
                        (1) 
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here Cpl and Cpg are the heat capacity of the liquid and glass, respectively, and Cp is the 

apparent heat capacity of the sample at each temperature. If the same material has 

different thermal history, the difference for Tf can be estimated from that of the enthalpy 

difference by integrating eq 1: 

                              ∆ 𝑇𝑓 = 𝑇𝑓,𝑢𝑛𝑎𝑔𝑒𝑑 − 𝑇𝑓,𝑎𝑔𝑒𝑑 =  
−[𝐻𝑢𝑛𝑎𝑔𝑒𝑑−𝐻𝑎𝑔𝑒𝑑]

∆𝐶𝑝
                         (2) 

This equation can also apply to the VPD and rejuvenated glasses: 

∆ 𝑇𝑓 = 𝑇𝑓,𝑢𝑛𝑎𝑔𝑒𝑑 − 𝑇𝑓,𝑉𝑃𝐷 =  
−[𝐻𝑢𝑛𝑎𝑔𝑒𝑑−𝐻𝑉𝑃𝐷]

∆𝐶𝑝
                             (3) 

where Tf, unaged and Tf, VPD are Tf for rejuvenated and aged condition respectively, and 

Hunaged and HVPD are enthalpy of rejuvenated and freshly deposited (VPD) conditions, and 

∆Cp is the macroscopic step in heat capacity at Tg.   

           The cooling rate dependence of Tf   can be described by the VFT54-56 (Vogel- 

Fulcher- Tammann) equation46 :   

                                            𝑞 = 𝐴 𝑒𝑥𝑝[
−𝐵

(𝑇𝑔−𝑇0)
]                                                    (4) 

here q is the cooling rate, A is the prefactor, B is the constant, and T∞ is the VFT 

temperature. The fragility (m) and activation energy (Eg) can be determined from the 

VFT parameters by following equation48:             

                                                             𝑚 =  
𝐵/𝑇𝑔

2.303(1−
𝑇0
𝑇𝑔

)2
                                                  (5) 

                                                                𝐸𝑔 =
𝑅𝐵

(1−
𝑇0
𝑇𝑔

)2
                                                       (6) 
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where R is the gas constant. 

The sample mass was calculated from the following equation53: 

                          𝑚𝑎𝑠𝑠 =
∆ 𝐻𝑒𝑎𝑡 𝐹𝑙𝑜𝑤

∆𝐶𝑝×𝑞
                                                (7) 

where ∆Heat Flow is the heat flow difference inbetween average liquid and glass lines 

for the rejuvenated condition of heating curve at Tg, ∆Cp is the step change of the 

macroscopic heat capacity at Tg,  and q is the heating rate (600 K/s). 
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Figure 2.1 Schematic diagram of particle embedment. (adapted from the reference 2) 
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Figure 2.2  AFM images of 20 nm Silica particles on a 20 nm PS film supported by a 35 

nm PS under-layer at 373 K (at a time of 720 sec). (a) 2D image with 4 m×4 m scan 

size, (b) 3D image of (a). (adapted from reference 7) 
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Figure 2.3 Schematic of Bubble Inflation19 Reproduced from Reference19 with 

permission from Review of Scintific Instruments. Copyright AIP (2007). 
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Figure 2.4 Schematic diagram for creep and strain-stress measurements 
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Figure 2.5 Schematic diagram of PVD equipment. 
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 Figure 2.6 Front (left) and back (Right) side of the Flash DSC chip 
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Chapter 3  

Substrate Effects on Glass Transition and Free Surface Viscoelasticity of 

Ultrathin Polystyrene Films 
 

3.1 Introduction 

The glass transition is the phenomenon in which a liquid in the equilibrium state 

is rapidly cooled and falls into a non-equilibrium state for kinetic reasons3-6. There is a 

great deal of ongoing research in this area, as a substance’s viscoelastic and mechanical 

properties are closely related to its glass transition temperature (Tg)
3, 4, 6-18. Although the 

glass transition behavior of a bulk material is still not fully understood, there has 

developed much interest in nano-confinement effects on the glass transition temperature 

and associated behaviors1-3, 7-66. Consider, for example, how the Tg of an ultrathin film of 

polystyrene compares with the Tg of the bulk material. The Tg of supported ultrathin films 

of polystyrene has been found to either remain unchanged or reflect a reduced value 

when compared to the bulk Tg
2, 3, 8-10, 19, 21, 22, 28-30, 33, 34, 43, 45, 47. However, in the case of 

free-standing ultrathin films of polystyrene (PS), a reduction in Tg has been commonly 

observed3, 7, 14, 15, 39, 41, 44, 48. Similarly, different materials and different methods give 

different Tg changes at the nanometer scale3, 7, 8, 19, 20, 27, 29, 37, 42, 43, 46, 49. 

The reasons for the changes in Tg for ultra-thin films are still unclear, but there are 

some commonly proposed ideas for them: the role of free surface and substrate, size 

effects, and molecular weight effects3, 7, 20, 35, 36, 39, 43, 48-66. Among these ideas, free surface 

effects1, 3, 7, 28, 29, 33, 35, 38, 39, 41-43, 50, 66 are, perhaps, the most prevalent. The free surface 

view considers that the segmental mobility at the free surface is what causes a change in 

Tg in the remainder of the film3, 7, 28-30, 33, 43, 66. One consequence of this is a gradient of 
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mobility64 in the films. For example, the work from Torkelson’s group using fluorescence 

intensity measurements on multilayer films suggests that free surfaces and substrate or 

under-layers can affect the Tg to distances of several tens of nanometers. 9-11, 28-30, 32-34. In 

that work, the Tg was determined by measuring a change in the slope of fluorescence 

intensity as a function of temperature9-11, 28-30, i.e., in a pseudo-thermodynamic mode3.  

They found, for instance, that the Tg of a 15 nm top layer of a polystyrene (PS) film 

deposited on PS under-layers changed with the PS under-layer thickness11, 34. They also 

observed no Tg reduction in the PS top layer with a poly(2-vinyl pyridine) (P2VP) under-

layer and interpreted this to imply that strong interactions could affect the segmental 

mobility of a film surface to fairly large length-scales and, consequently, prevent the Tg 

reduction11, 34 seen with, e.g.,  PS on a PS under-layer.   

 One of the direct measurements of free surface dynamics and their interpretation 

with respect to effects on Tg was in the work by Teichroeb and Forrest42, 53. They used a 

spontaneous particle embedment method and the time dependence of the embedment into 

the surface to argue for the existence of a 2-4 nm liquid layer at the free surface. They 

claimed this was related to reductions in Tg
42. On the other hand, Hutcheson and 

McKenna argued that, for  the specific case of gold nano-particle embedment, the 

mobility of the surface was not changed enough to explain the large reductions in the Tg 

observed in ultrathin polystyrene films1. By applying a viscoelastic model to Forrest’s 

embedment data, they showed that the embedding process occurs over timescales that 

remain within the segmental relaxation regime1 and that the results of the particle 

embedment were consistent with no more than a few degrees of reduction in the Tg. 

Subsequently, Fakhraai and Forrest examined enhanced surface mobility in a way that 
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removed the strongly interacting gold particles by performing a surface recovery 

experiment53. Gold nano-particles were embedded into PS film surfaces, then holes or 

pits were created by dissolving the particles with mercury. By observing the recovery of 

the holes below the bulk Tg, Fakhraai and Forrest were able to show that the dynamics of 

the surface were much more rapid than the dynamics of the bulk material at the same 

temperatures53. The issues regarding free surface and substrate effects on Tg in ultra-thin 

films are still being debated, and many techniques have been developed in the search for 

a better understanding of the observed Tg behaviors1, 3, 7, 20, 28, 29, 43, 49, 54, 55.  

In the current studies, I have used direct dynamic measurements on multilayer 

films to investigate substrate effects on free surface viscoelasticity and Tg behavior. I 

perform spontaneous silica particle embedment1, 2, 12, 42 experiments into the surface of 13 

nm and 20 nm PS films, which in turn were supported on 13 nm to 350 nm thickness PS, 

P2VP, and poly(methyl methacrylate) (PMMA) substrates maintained at temperatures 

from Tg-10 K to Tg +10 K, where here Tg is the macroscopic Tg of PS. By applying 

Hutcheson and McKenna’s viscoelastic contact mechanics analysis1, 2 to our experimental 

results, I am able to obtain rheological properties for the surface of 13 nm and 20 nm PS 

films supported on various under-layer substrates. In the following sections, I explain 

how I apply the viscoelastic contact mechanics approach to the current experiments, and I 

illustrate dynamic and Tg behaviors for 13 nm and 20 nm PS films. Tg gradient effects are 

also considered through the changing dynamics of the top layer PS films with changing 

under-layer thickness and chemical structure. The results are compared with those of 

Torkelson and co-workers for similar multilayer structures34.   
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3.2 Experimental Methods 

3.2.1 Material 

The polystyrene (PS) used here had a weight average molecular weight (Mw) of 

500,000 g/mol, and a PDI of 1.04 (Sigma-Aldrich, Co). The poly(methyl methacrylate 

(PMMA) used had Mw = 355,000 g/mol and a PDI of 1.15 (Polysciences, Inc). The 

Poly(2-vinyl pyridine) (P2VP) (Scientific Polymer Product, Inc) used had Mw= 200,000 

g/mol and PDI= 1.7. Toluene (Sigma-Aldrich, Co) was used to make solutions of PS and 

PMMA, and Methyl Ethyl Ketone (MEK, Sigma Aldrich, Co) was used to prepare the 

P2VP solution. Prior to preparing the P2VP solutions, the P2VP were dried in a vacuum 

oven at 383 K for 12 hours. Silicon wafers (Si) (surface is native oxide) were used as the 

rigid bottom substrate layer. The roughness of the wafer surface was measured through 

atomic force microscopy (AFM), and it was 1.6 Å. The Si wafers used in the present 

experiments were cleaned by using toluene. The ratios of PS/toluene, PMMA/toluene, 

and P2VP/MEK solutions ranged from 0.3 % to 4.0 wt % polymer. The diameter of the 

silica particles (Corpuscular, Inc.) specified by the manufacturer was 19.2 ± 1.9 nm. The 

silica particle dispersions were diluted using ultra-purified water (Barnstead/Thermolyne 

model D8961) to create a 0.05 wt % solution.  

3.2.2 Film preparation 

The multilayer films were prepared following Torkelson et al.’s experimental 

procedures11, 34. The ultrathin films were prepared by spin casting the solutions onto 1 ×1 

cm2 Si wafer substrates and thicknesses ranging from 13 nm to 350 nm were used. After 

the films were prepared, they were annealed under vacuum at 373 K for 12 hours to 
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remove any residual solvent. The films on the Si substrates were gently scratched by a 

razor blade to measure film thickness through use of Atomic Force Microscopy (AFM)86. 

In the case of bilayer films, a water transfer method11, 34 was used for preparing 

PS-PS-Si and PS-PMMA-Si films. 0.3 % and 0.5 % PS solutions were spin coated onto 

1.5 × 1.5 cm2 mica sheets to obtain the 13 nm and 20 nm thick upper layer films, 

respectively. The edges of the mica sheets containing the polymeric film were then 

scratched to facilitate the transferring of the thin film onto a water bath. After floating the 

film on the water, a small ring like shaped mesh was used to load the film onto PS-Si and 

PMMA-Si layers. Since the toluene cannot dissolve the P2VP solution, the 0.5 % PS 

solution was directly spin coated on to the P2VP-Si.  

3.2.3 Particle embedment 

Before the start of the embedment experiments, the silica particle solutions were 

dispersed by ultrasonication for 15 minutes (Haier untrasonic cleaner, 35 W power from 

Haier America Trading, LLC). The embedment experiments were performed at 

temperatures ranging from Tg -10 K to Tg+ 10 K. Temperature control was maintained 

using a temperature controller (Lakeshore 375). The AFM (Agilent Technologies 5500 

SPM) used in the current experiments was calibrated by using a Mikro Mesh calibration 

sample. A 5×5 µm surface area was scanned to measure the heights of 3 to 5 particles at 

the desired temperatures. The exact same particles and their heights were continuously 

tracked during the 2 hours of the relevant particle embedment experiments. However, 

because the measurement of the particle heights at the temperatures of interest required 

significant time at temperature to get the first data points (around 200 s), I also performed 

experiments with embedment times of 6 seconds in order to broaden the time range of the 
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experiments. These 6 second experiments were carried out by preheating the AFM stage 

to the temperature of interest. The samples were placed on the stage for 6 seconds and the 

power to the heating stage was then turned off. The particle heights were measured at 

room temperature (296 K). All other height vs. time data were from direct measurement 

at temperature. The values of the “6 second” particle heights were corrected for the fact 

that the cooling to ambient temperature took some time, hence the actual “viscoelastic” 

time of the measurement was longer than 6 seconds. The time-correction methodology is 

given subsequently. Figure 3.1 shows AFM images of the 20 nm silica particles on the 20 

nm PS film with a PS under-layer of 35 nm at 373 K (at time720 s). 

3.3 Analysis 

3.3.1 The HM Model 

The Lee and Radok71 and Ting models73 have both been extensively used in 

viscoelastic contact mechanics problems1, 42, 67-73, 84, 85. For instance, Sharp et al.41 adopted 

the Lee and Radok71 model to analyze their spontaneous particle embedment 

experiments. In that work, the driving force for the particle embedding process was taken 

as a function of the equilibrium contact angle between the particles and the films2, 41. On 

the other hand, it has been described by several studies1, 54, 67-70, 72, 84that the particle 

embedding process should be attributed to the work of adhesion (WA). Hutcheson and 

McKenna1 also adopted the Lee and Radok71 model to provide a viscoelastic solution for 

spontaneous particle embedment experiments, and in that work, they employed WA as a 

driving force for the particle embedding process. In the current study, I followed the 

Hutcheson and McKenna analysis to obtain the viscoelastic response from the 

spontaneous particle embedment experiments1,2. The embedment depth (∆h(t)) is related 
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to the viscoelastic response of the material and the applied load history, which varies as 

the particle embeds, by the following equation: 

 

                                               ∆ℎ(𝑡)3/2 =
3

8√𝑅
∫ ф(𝑡 − 𝑡′)(

𝑑𝑃(𝑡′)

𝑑𝑡′
)𝑑𝑡′

𝑡

0
                              (1) 

 

where R is the radius of the initial particles, and φ (t) is a viscoelastic function which is 

defined by eq 2.  

                                                  ф(𝑡) = ∫ [1 − [𝑣(𝑡 − 𝑡′)]] (
𝑑𝐽(𝑡′)

𝑑𝑡′
) 𝑑𝑡′ 

𝑡

0
                          (2) 

 

 The φ (t) can be calculated by the integral of the function of Poisson’s ratio (ν(t)) times 

the derivative of the shear compliance (J(t)).  

 

                                             𝑃(𝑡) = 2𝜋𝑊𝐴√𝑅2 − [𝑅 − 𝛥ℎ(𝑡) − ℎ𝑚]2                           (3) 

 

P(t) is adhesion force (given by eq 3) acting on the contact area between a particle 

and a surface where WA = work of adhesion, Δh = embedment depth, and hm is meniscus 

height. In the spontaneous particle embedment experiment, work of adhesion (WA) is the 

force which embeds the particles into the film surface. The WA value (0.174N/m) used in 

the current work was taken from Karim and McKenna 54. The WA values can be different 

from measured values of surface tensions16, 54. However, even large errors in magnitude 

of the force have relatively small effects on embedment rate2. This is due to the h3/2 term 

in eq 1 which significantly reduces the force effect2. For example, even a 10-fold increase 

in force leads to only a 4 to 6-fold increase in the embedment rate, which is less than 1 
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logarithmic decade in rate, and would correspond to a change in Tg that would be less 

than 2 K2. 

When the rigid particle contacts the film surface, it creates a meniscus of height 

hm due to the work of adhesion (WA). Hutcheson and McKenna considered the meniscus 

effect1 on contact area, and hm is given by eq 41, 70: 

 

                                                        ℎ𝑚 = [
𝑅(

𝑊𝐴
2

2
)

𝐸2 ]1/3                                                         (4) 

 

where R = radius of particles, 𝑊𝐴 = work of adhesion, and E is taken as the Young’s 

modulus of glassy PS (2.8×109 Pa) at room temperature1, 90. The meniscus height 

calculated for the 20 nm diameter silica particles on a PS film surface from eq 4 was 

found to be 0.26 nm. 

Plazek’s74 shear compliance data for a 600,000 g/mol PS were fit with a modified 

stretched exponential function (eq 5) where JG is glassy compliance, JN is rubbery plateau 

compliance, τ is the retardation time, and β is the shape parameter. The parameters of JG, 

JN, β and τ obtained from the stretched exponential function were JG =9.33×10-11, JN 

=5.50× 10-7, τ =2.39 × 106 s, and β = 0.7 at the reference temperature of 373 K, taken 

here as the macroscopic Tg.  

 

                             𝐽(𝑡) = 𝐽𝐺 + 𝐽𝑁(1 − exp (−(
𝑡

𝜏
)𝛽  ) +  

t

η
                                    (5) 
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The retardation time (τ =2.39 × 106 s) of Plazek’s shear compliance data74 was longer 

than the known values of 100 s or 1000 s at the Tg (373 K). Hutcheson and McKenna1 

also observed the longer retardation time of PS at 373 K when they fit Plazek’s shear 

compliance data to the modified KWW function of eq 577. According to that work, the 

long retardation time (τ =2.39 × 106 s) at 373 K indicates the time to reach rubbery 

plateau rather than the segmental relaxation time itself. It is a consequence of eq 5 being 

a modified KWW function77. In eq 5, I set 
𝑡

𝜂
   to zero because our experimental 

temperature range is far from the viscous flow regime. Since the Poisson’s ratio (ν) also 

is a viscoelastic function76, it was represented by the stretched exponential functional 

form (eq 6) where t is the time, τ is the retardation time, and β is the shape parameter. 

Hence it runs from a glass-like value of 0.3 to the incompressible rubbery value of 0.5 as 

the material goes through the glass transition.          

                      

                                        𝑣(𝑡) = 0.3 + 0.2[1 − exp [− (
𝑡

𝜏
)

𝛽

]                                  (6) 

 

It is assumed that the values of and have the same values in using eq 5 and eq 6. 

By using Plazek’s macroscopic data74 and substituting eq 2 through 6 into eq 1, the HM 

Model can be solved. The HM Model curves were fitted with experimental data, and the 

best fit of the HM model curve was determined by visually adjusting τ of the KWW 

function (eq 5). 
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3.3.2 Initial Time Correction 

As noted above, the particle heights for the “6 second” experiments were 

measured at room temperature (296 K). Since it takes around 150 sec to cool to room 

temperature (296 K), I applied a time correction methodology based on conventional 

time-temperature superposition principles for a non-isothermal process87. For the particle 

embedding process, the material response times get longer as temperature decreases. The 

response times at different temperatures can be estimated by using shift factors (aT). The 

reduced time is defined by eq 7.  

 

                                                           𝑡𝑅𝑒𝑑𝑢𝑐𝑒𝑑 = ∫
1

𝑎𝑇
𝑑𝑡

𝑡

0
                                                 (7) 

                             

 The aT can be obtained by using the VFT (Vogel- Fulcher- Tammann) equation (eq 8) 

where aT is the shift factor , log A and B are constants, T∞ is VFT divergence temperature, 

τ is the retardation time obtained from the HM Model curve, and τref  (2.39 × 106 s ) is 

retardation time at the reference temperature (373 K).  

 

                                              log aT =  log (
𝜏

𝜏𝑟𝑒𝑓
) = log 𝐴 +

𝐵

2.303(𝑇−𝑇∞)
                          (8)       

 

The parameters of log A, B, and T∞ were determined by fitting VFT equation to known 

shift factors from the current experiments. Since the cooling rate was 0.5 °C/s, and it was 

a linear function of time, the temperature profile can be represented by eq 9.  

  

                                                   𝑇(𝑡) = 373 − (0.5°C/𝑠)𝑡                                              (9) 
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 Hence, by substituting eq 8 and eq 9 into eq 7, the reduced time can be obtained. All the 

initial particle height data were corrected to reduced time. I remark that the reduced times 

for these “6 second” experiments are such that the actual corrected time is longer than 6 

seconds. 

3.4 Results 

3.4.1 Temperature Dependence of the Embedding Process 

Figure 3.2a shows the particle heights for the 20 nm PS top layer films on the 350 

nm PS under-layers at different temperatures. The solid lines represent the HM Model fits 

to the data. The results clearly show the temperature dependence of the particle 

embedment process. At 363 K, the particles embedded approximately 2 nm after 2 hours. 

On the other hand, above the Tg, the silica particles embedded approximately 5 nm after 2 

hours at 373 K and 9 nm at 378 K. Because of the initial particle height variability of 

approximately ±1.9 nm, in order to more clearly compare results for different conditions 

of temperature and under-layer thickness, I define a reduced particle height (Figure 3.2b). 

The reduced particle height is defined as the measured height divided by the initial 

particle height (at 6 second). The subsequent data presentation and analysis are based on 

the reduced particle heights. 

3.4.2 Particle Embedment Behavior for a 250 nm PS Single Layer and for 20 

nm PS Over-layer Films on Different Thickness PS Under-layers 

Figure 3.3 shows the reduced particle heights as a function of log time for the 

particle embedment into a 250 nm PS single layer film and for the cases of the 20 nm 

over-layers supported  on 17 nm, 35 nm, and 350 nm PS under-layers over a temperature 
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range of Tg,macro-10 K to Tg,macro +5 K. The solid lines represent the HM Model fits to eq 

1. In the “glassy” regime below the macroscopic Tg, (Figure 3.3a, T=363 K), the particle 

heights were essentially independent of the under-layer thickness. The HM model curves 

for the different under-layer thicknesses can be seen in Figure 3.3a to nearly collapse 

onto a single curve. Figure 3.3b shows the reduced particle heights at the experimental 

temperature of 373 K. The particles embedded to approximately 5 to 6 nm after 2 hours. 

When the experimental temperature was 5 K above the Tg (Figure 3.3c, T=378 K), the 

embedment depth at 2 hours was approximately 8 nm for the 350 nm under-layer, and 7 

nm for the 17 nm under-layer, 35 nm under-layer films, and for the 250 nm single layer. 

For the data at 373 K and 378 K there is little difference in response for the different 

under-layer thicknesses, but the data do not collapse as they do for the 363 K 

experiments.  

3.4.3 Particle Embedment Behavior for 20 nm PS Over-layer Films on 35 nm 

Thickness PS, P2VP, and PMMA Under-layers 

Figure 3.4 shows the reduced particle heights for the embedment into the 20 nm 

over-layers supported  on the 35 nm PS, P2VP, and PMMA under-layers over a 

temperature range of Tg,macro-10 K to Tg,macro +5 K. The solid lines represent the HM 

Model fits to eq 1. In the “glassy” regime below the macroscopic Tg, (Figure 3.4a, T=363 

K), the particles embedded around 2 nm  on 20 nm PS film surfaces with the PS and 

P2VP under-layers after 2 hours. The HM model collapsed onto a single curve, indicating 

that the P2VP and PS under-layer effects on the top layer PS film dynamics were similar. 

However, for the 20 nm PS top layers on the 35 nm PMMA under-layers, the behavior 

was different. The particles embedded less than 1 nm after 2 hours and the HM Model 



Texas Tech University, Heedong Yoon, May 2018 

 

53 
 

curve for the PMMA under-layer differs from the curves for the PS and P2VP under-

layers. In the experiments at 373 K (Figure 3.4b), the particles for the 35 nm PS under-

layer embedded approximately 6 nm after 2 hours while for the P2VP and the PMMA, 

the embedments after 2 hours were only 4 and 2 nm, respectively. At 378 K, the particles 

embedded approximately 6 nm for the 35 nm PS under-layers, and in the case of the 

P2VP and PMMA under-layers, the embedment depths were around 5 nm and 3 nm, 

respectively. 

3.5 Discussion 

3.5.1 Temperature Dependence of the Dynamic Behavior of the 250 nm Single 

layer film and the 20 nm Top Layer PS Films on Different Thickness PS 

Under-layers 

To quantitatively analyze our results, shift factor behaviors and rheological 

temperatures (TRh)
2 were determined. Since retardation times were obtained from the HM 

model curves, the shift factors were calculated from the retardation time at the 

experimental temperatures of interest divided by the macroscopic retardation time (eq 8). 

These shift factors were compared with Plazek’s bulk VFT shifts for a similar molecular 

weight PS74, 75. The results are shown in Figure 3.5 where the shift factors are plotted as a 

function of temperature in 5a and the rheological temperature (TRh) vs. the experimental 

temperature in 5b. In Figure 3.5a one can see that the values for the shift factors below Tg 

are below the bulk value which implies that the dynamics of the 250 nm single layer PS 

films and top layer 20 nm PS films are faster than the macroscopic polymer dynamics. 

Interestingly, above the macroscopic Tg, the dynamics become slower than the 

macroscopic dynamics. Furthermore, the shift factor behavior does not follow the bulk 
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VFT behavior, showing weaker temperature dependence than the bulk. The very weak 

temperature dependence of the surface ( 250 nm single layer and 20 nm top layer films) 

suggests that the behavior is becoming less cooperative, or “stronger” than observed for 

the macroscopic material near to the glass transition temperature81, 88, 89. This would be 

consistent with other observations of surface dynamics and with observations of apparent 

changes in the temperature dependence of the dynamics from “fragile” to strong upon 

nano-scale confinement19, 43,
 
53, 56, 58,,59, 61, 78-83. Such behavior is consistent with the 

surface having a dynamics that is less cooperative than those of the bulk material88, 89. 

Turning now to the rheological temperature TRh (Table 3.1 and Figure 3.5b), 

which is the temperature at which the retardation time in the KWW function (eq 5) is the 

same as that of the bulk material. The TRh of the 250 nm single layer and the 20 nm PS 

top layer films on the different under-layers show a linear behavior, but the slope of TRh 

versus TExp is less than unity. For the PS under-layer systems and from Tg -10 K to Tg +5 

K, the response was essentially independent of thickness (Table 3.1 and Figure 3.5b). In 

addition, the surface responses of the 250 nm single layer film and the 20 nm top layer PS 

films were also similar at the same experimental temperatures. If we compare the TRh 

with the TExp, we then can estimate the apparent change in the glass transition temperature 

for each condition. For T=363 K, TRh was 372 K, hence, this would suggest that Tg was 

reduced by approximately 9 K. However, at TExp=373 K, TRh was about 375 K, which 

would suggest a decrease in Tg of only 2 K. At TExp=378 K, the corresponding result 

would suggest an increase in Tg of approximately 1-3 K. A comment here is also that the 

temperature dependence of the surface dynamics seems to be such that the surface, while 

having slowing dynamics as temperature is reduced, does not show the strong WLF or 
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VFT dynamics that is typical of polymeric glass-formers. This behavior suggests that, 

perhaps, the surface, while being able to “freeze” at sufficiently low temperature may not 

undergo a glass transition in the classical sense.  

 

A single exponential process46, 53 has been used to describe surface relaxation. For 

instance, Fakhraai and Forrest used a single exponential to describe the surface relaxation 

in their surface recovery experiments53. In the single exponential function, the parameter 

β in the modified KWW function (eq 5) or in a simplified KWW function (eq. 10 below) 

is set to 1. Then eq 10 becomes eq 11 and eq 5 becomes eq 12. I considered the 

possibility that the surface dynamics can be described by eq 10, 11 or 12, and in each 

case, I replaced those equations for the original equation (eq 5) and followed the HM 

model procedures. Then the model curves were fitted to the experimental data. 

 

                                                         𝐽(𝑡) = 𝐽𝐺(exp ((
𝑡

𝜏
)𝛽  )                                           (10) 

                                                         𝐽(𝑡) = 𝐽𝐺(exp (
𝑡

𝜏
  ))                                               (11) 

                                                 𝐽(𝑡) = 𝐽𝐺 + 𝐽𝑁(1 − exp(− (
𝑡

𝜏
  )))                                  (12) 

 

I found that neither eq 10 nor eq 11 were able to fit the HM model to the experimental 

data. For eq 12, the model fit only the earlier stages of the embedment (to 2~3 nm), but 

beyond this regime, the model prediction deviated from the experimental data.  
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3.5.2 Temperature Dependence of the Dynamics of the 20 nm Top-layer PS 

Films with Different Types of Under-layers 

Figure 3.6a shows the shift factor behaviors for the 20 nm PS films supported on 

35 nm thick PS, P2VP, and PMMA under-layers. Below the macroscopic Tg, all the shift 

factor values are lower than the bulk value which suggests that the dynamics of the top-

layer 20 nm PS films are faster than the macroscopic dynamics. Above the macroscopic 

Tg, on the other hand, the dynamics of the 20 nm PS films with different types of under-

layers become slower than the macroscopic dynamics. The shift factor values for the 20 

nm PS films supported on the PMMA under-layer substrates were slightly lower than the 

values for the 20 nm PS films supported on PS and P2VP substrates which indicates that 

the dynamics of the 20 nm PS films supported on PMMA substrates are slightly slower 

than the those supported on PS and P2VP under-layers. In addition, the shift factor 

behaviors for the 20 nm PS films with 35 nm PS, P2VP, and PMMA under-layers also 

show weaker temperature dependence than the macroscopic behavior. This suggests that 

the behavior is becoming less cooperative or stronger than observed for the macroscopic 

material near to the Tg.  

Figure 3.6b and Table 3.2 represent the TRh for the 20 nm PS films supported on 

35 nm thickness PS, P2VP, and PMMA under-layer substrates. At TExp = 363 K, the TRh 

of 20 nm PS films with 35 nm of PS, P2VP, and PMMA were found to be 372 K, 372 K, 

and 370 K, respectively. This would suggest that Tg is reduced by 7 ~ 9 K. However, at 

TExp = 373 K, the TRh of the 20 nm PS films with PS, P2VP, and PMMA under-layers 

were 374 K, 373 K, and 372 K, respectively. These values are close to the macroscopic 

Tg. Above the Tg,macrosocpic at TExp = 378 K, the TRh of the PS films on the PS, P2VP, and 
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PMMA under-layers were 375 K, 374 K, and 374 K, respectively. This would suggest 

that the Tg was enhanced by 3~4 K.  Of interest here is that replacing the PS under-layer 

substrates with P2VP and PMMA substrates, the TRh change of the top-layer 20 nm PS 

films is less than 2 K over the range of TExp from 363 K to 378 K.  

3.5.3 Comparison of Present Results with Literature Results  

Several prior studies have used pseudo-thermodynamic measurement methods3 to 

estimate Tg of ultra-thin films at the nano-scale. In the pseudo thermodynamic 

measurement, the Tg is determined by measuring physical properties such as film 

thickness, fluorescence intensity and Brillouin frequency as a function of temperature and 

taking the break in the curve as the estimate of Tg 
3. The Torkelson group also adapted the 

fluorescence intensity pseudo-thermodynamic mode to investigate Tg or mobility 

gradients in ultra-thin PS films9, 11, 28-34. Hence, here, I am qualitatively comparing the Tg 

defined from dynamic measurements with Roth et al.’s pseudo-thermodynamic 

measurements34. In the present work, Tg is the TRh at which the retardation time in the 

KWW function (eq 5) matches that of the fit to the Plazek macroscopic data. The VFT 

equation (eq 8) was fitted with known shift factors (Figure 3.5a, 6a), and the Tg was 

determined at the temperature in which the retardation time in the VFT fit corresponds to 

the macroscopic retardation time (2.39 × 106 s). 

Figure 3.7 shows the ΔTg=Tg-Tg,bulk values for PS films supported on different 

under-layers from the current particle embedment experiments along with the results 

from Roth et al.34. Figure 3.8 presents the ΔTg values as a function of film thickness from 

the current work and from the work of Roth et al.34. The current measurements show 

relatively minor substrate effects on the dynamics of the top-layer PS films. In the current 
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dynamic measurements, the results show reductions in the Tg for the 13 and 20 nm thick 

top-layer PS films on PS under-layers that were less than 7 K and independent of film 

thickness. These are significantly different than the results from Roth et al.34 where 

reductions of Tg as great as 32 oC are observed and these depend on the under-layer 

thickness.  For the 20 nm PS over-layers on the PMMA and PV2P substrates the Tg 

changes are at most modestly different from the results of Roth et al.34 where there seems 

little effect of substrate or substrate thickness.  Overall, the results from the present study 

suggest little effect of substrate or substrate thickness on the upper-layer viscoelastic 

response, a different interpretation from the Roth et al,34 work. I suggest that the present 

results imply that the pseudo-thermodynamic measurements are sensitive to different 

aspects of the material behavior than are the direct dynamic measurements.                      

The current work has shown that under-layer effects on surface dynamics are 

similar for all systems investigated. Furthermore, the dynamics of the surfaces exhibit 

different WLF/ VFT behaviors from what is expected for macroscopic glass-forming 

materials. Table 3.3 shows the values of the activation energy (Eg) at the Tg and the 

dynamic fragility (m) from current experiments and those determined from the 

macroscopic data of Plazek’s74, 75. The Eg and m were determined from eq 13 and eq 14 

where B and T∞ are VFT parameters determined from the current experimental shift 

factors, and R is the gas constant91.  

 

                                                                   𝑚 =  
𝐵/𝑇𝑔

ln 10 (1−
𝑇∞
𝑇𝑔

)2
                                                  (13) 
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                                                               𝐸𝑔 =
𝑅𝐵

(1−
𝑇∞
𝑇𝑔

)2
                                                     (14) 

 

Table 3.3 clearly shows that the values of m and Eg from the current results are lower 

than the bulk value which consistent with a strong behavior of the surface dynamics. The 

fragility value for the bulk PS was 95, and the values from the current experiments were 

12 to 22. The results are consistent with other observations that the temperature 

dependence of the dynamics changes from “fragile” to strong upon nano-scale 

confinement19, 43,
 
53, 56, 58, 59, 61, 77. These results imply that cooperativity of the surface 

dynamics either may be different from macroscopic dynamics or the surface itself does 

not undergo a glass transition.  

3.6 Conclusions 

The dynamics and glass transition behaviors of polystyrene surfaces were 

investigated by spontaneous particle embedment over the experimental temperature range 

from below Tg to above the Tg. The polystyrene examined was an ultrathin film of 13 nm 

and 20 nm thicknesses that were deposited onto different thickness and different polymer 

material under-layers. The results show that the dynamics of the top-layer 13 nm and 20 

nm PS films with various under-layers are faster than the macroscopic polymer dynamics 

below the Tg, macroscopic, while above the Tg, macroscopic, the dynamics were slower than the 

macroscopic dynamics. In addition, the dynamic behavior was found to show a weaker 

VFT/WLF temperature dependence , suggesting that the cooperativity of the surface 

dynamics may be weaker than are the macroscopic dynamics or, alternatively, the surface 

itself does not undergo a glass transition. The current results do not show clear a Tg or 

significant distribution of the dynamics as might be reflected in strong changes in the 13 
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nm and 20 nm PS top-layer films as under-layer properties change.  This result is 

different from findings using pseudo-thermodynamic measurements from Roth et al.34. 

These results imply that pseudo-thermodynamic measurements are sensitive to different 

aspects of the material behavior than are direct dynamic measurements.  Further work is 

required to determine how the two types of measurements, which are consistent at the 

macroscopic scales are related in nano-confined systems. 
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Table 3.1 Rheological temperatures for the 250 nm PS single layer films and 20 nm PS 

over-layer for the different experimental temperatures and for the different thickness PS 

under-layer systems. 

Experimental  

Temperature 

[K] 

Rheological Temperature [K] 

PS(20nm)-PS (17 

nm) 

PS(20nm)-PS (17 

nm) 

PS(20nm)-PS (350 

nm) 
PS(250 nm)-Si 

363 372 ± 2.5 372 ± 1.7 372 ± 1.3 372 ± 1.7 

368     

373 375 ± 1.0 374 ± 0.9 375 ± 0.8 374 ± 1.9 

378 375 ± 0.8 375 ± 0.8 377 ± 0.6 375 ± 1.2 
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Table 3.2 Rheological temperatures for the 20 nm PS over-layer for the different 

experimental temperatures and for the different under-layer materials. 

 

Experimental 

Temperature 

[K] 

Rheological Temperature [K] 

PS(20nm)-PS (35 nm) 

PS(20nm)-P2VP (35 

nm) 

PS(20nm)-PMMA (35 

nm) 

363 372 ± 1.7 372 ± 1.1 370 ± 2.0 

368    

373 374 ± 0.9 373 ± 1.1 372 ± 1.4 

378 375 ± 0.8 374 ± 0.8 374 ± 0.4 

380.5     375 ± 1.1 
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Table 3.3 Activation energy and fragility for PS top-layers on different under-layers and 

under-layer thicknesses. 

 

  log A B [K] T∞  [K] m 
Eg 

[KJ/mol] 

Plazek's Bulk Data 74, 75 -12.7 1457 323 96 684 

PS (250 nm) -4.9 ± 0.2 
937 ± 

132 

284 ± 

12 

22 ± 

3.3 
155 ± 23 

PS (20 nm)- PS (17 nm) 
-4.91 ± 

0.6 
932 ± 9 

284 ± 

1.3 
22 ± 5 155 ± 35 

PS (20 nm)- PS (35 nm) 
-4.91 ± 

0.2 
932 ± 9 

285 ± 

0.4 

22 ± 

0.8 
155 ± 5.6 

PS (20 nm)-PS (350 nm) 
-6.71 ± 

0.2 

1275 ± 

38 

284 ± 

2.5 

30 ± 

0.9 
209 ± 0.4 

PS (13 nm)-PS (13 nm) -3.3 ± 0.2 416  ± 5 
312  ± 

10 
22  ± 8 155  ± 58 

PS (13 nm)-PS (40 nm) -3.3 ± 0.3 
351  ± 

44 
321  ± 8 26  ± 6 184  ± 42 

PS (13 nm)-PS (350 nm) -3.5 ± 0.4 
757  ± 

153 

275  ± 

19 
13  ± 3 97  ± 20 

PS (20 nm)- P2VP (17 nm) 
-6.01 ± 

1.03 

1902 ± 

326 
235 ± 27 16 ± 3.8 116 ± 27 

PS (20 nm)- P2VP (35 nm) 
-2.74 ± 

0.33 
522 ± 64 

288 ± 

9.8 
12 ± 1.4 87 ± 10 

PS (20 nm)- P2VP (350 

nm) 
-4.47 ± 0.7 853 ± 123 290 ± 11 20 ± 2.6 146 ± 18 

PS (20 nm)- PMMA (17 

nm) 
-2.98 ± 2.6 535 ± 27 296 ± 28 14 ± 12 103 ± 90 

PS (20 nm)- PMMA (35 

nm) 
-4.75 ± 0.9 813 ± 142 300 ± 12 24 ± 3.6 171 ± 26 

PS (20 nm)- PMMA (350 

nm) 
-4.2 ± 0.72 733 ± 125 

297 ± 

5.7 
21 ± 0.4 150 ± 3.0 
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Figure 3.1  AFM images of 20 nm Silica particles on a 20 nm PS film supported by a 35 

nm PS under-layer at 373 K (at a time of 720 sec). (a) 2D image with 4 m×4 m scan 

size, (b) 3D image of (a).    
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Figure 3.2 Height change as a function of logarithm of time for 20 nm silica particles 

embedding into 20 nm PS over-layer films on 350 nm PS under-layers (a) Measured 

particle heights, (b) Reduced particle heights. The solid lines are HM1 model fits from eq 

1.   
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Figure 3.3 Embedment behavior at different temperatures for 20 nm silica particles on 

the 250 nm single layer film and the 20 nm PS top-layer films supported on different 

thickness PS under-layers, as indicated in the figures: (a) 363 K (b) 373 K (c) 378 K. The 

solid lines are HM model1fits from eq 1. 
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Figure 3.4 Particle embedment behavior for 20 nm silica particles embedding into 20 nm 

thick PS top-layer films supported on 35 nm thick under-layer films of PS, P2VP, and 

PMMA. Temperatures are: (a) 363 K, (b) PS 373 K (c) 378 K. The solid lines are HM 

model1 fits from eq 1.  
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Figure 3.5 Time-temperature shift factors and rheological temperatures for 20 nm PS 

over-layer films with different thickness PS under-layers and 250 nm PS film: (a) Shift 

factors vs. temperature and (b) Rheological temperature vs. experimental temperature. 
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Figure 3.6 Time-temperature shift factors and rheological temperatures for 20 nm PS 

over-layer films with different material under-layers: (a) Shift factors vs. temperature and 

(b) Rheological temperature vs. experimental temperature.   
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Figure 3.7 Comparison of Tg changes from current investigation for PS film top-layers in 

different conditions with data from “pseudo-thermodynamic” measurements of Roth et 

al.34: ΔTg=Tg-Tg,bulk. Current data is for 13 nm and 20 nm thick PS films on substrates 

indicated. The Roth et al. data are for the following conditions: PS (12 nm) supported on 

14 nm thick PS, P2VP, and PMMA under-layers; PS (14 nm) supported on 46 nm thick 

PS, P2VP, and PMMA under-layers; and PS (14 nm) supported on 500 nm thick PS, 

P2VP, and PMMA under-layers.  
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Figure 3.8 Comparison of Tg changes from current investigation for PS film top-layers in 

different conditions with data from “pseudo-thermodynamic” measurements of Roth et 

al.34: Tg-Tg,bulk values vs. under-layer thickness for various under-layers. Closed symbols 

are the Tg-Tg,bulk  values from present work, and open symbols are the data from Roth et 

al.34.  
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Chapter 4  

Dynamic and Temperature Dependent Response of Physical Vapor Deposited 

Se in Freely Standing Nanometric Thin Films 
 

4.1 Introduction 

Since Jackson and McKenna1 first discovered a reduced glass transition 

temperature (Tg) in ortho-terphenyl (o-TP) confined in nano meter size pores, there has 

been a great deal of interest2-71 in nano-confinement effects on Tg and on the dynamics of 

amorphous materials. Various experimental techniques and simulation methods1-71 have 

been used to study such nano-confinement effects  and, despite the extensive efforts, 

understanding of the Tg and associated behaviors at the nano-scale remains a challenging 

problem as the observed results exhibit non- universal behaviors.1-71 For instance, the Tg 

of polymeric thin films supported on rigid substrates has been observed to decrease, 

increase, and remain the same as thickness decreases to the nanometer size-scale.5, 16-20, 21-

27, 31, 34, 47, 49, 62, 64 For unsupported or freely standing films, Tg reduction has been 

generally, although not always, observed.5, 6-15, 21,-29, 40, 44, 57 Furthermore, in experiments 

on dewetting from liquid surfaces, the reductions in the Tg that are observed tend to be 

weaker than for the same materials supported on rigid substrates rather than behaving like 

freely standing films.15, 35, 65-67  

The reasons for the changing Tg in the thin films at the nano-scale are unclear, but 

free surface and interface effects have been the most frequently discussed possible 

mechanisms. 5-62The general concept is that enhanced mobility of the free surface and 

interactions between the film surfaces and supporting substrates can alter the glass 

transition temperatures or mobility of the ultra-thin films.5-62 For instance, Torkelson’s 
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group23-25 has suggested that free surfaces and substrates can affect the mobility of thin 

films into distances from the surface of several tens of nanometers. To show this, they 

used fluorescence intensity measurements on multilayer films, and found that the Tg or 

mobility of an approximately 15 nm top layer in PS films can be changed by changing the 

under-layer thickness or chemical structure. However, later, I performed silica particle 

embedment experiments for similar multilayer films, and found only minor under-layer 

thickness effects on the viscoelastic Tg and mobility of top-layer PS films.34 Also, Qi et 

el39 performed hole relaxation experiments on i-PMMA films supported on Si with oxide 

layer and Al substrates, and found that 2 to 3 nm of surface layer relaxation was strongly 

affected by the interaction between substrate and films thickness up to 200 nm. Recently, 

Gao and Simon19 directly measured the Tg of ultra-thin PS films by using rapid scanning 

chip calorimetry (Flash DSC). In that work19, PS films supported on a Krytox oil and on 

an Apiezon® grease showed larger Tg reductions than PS films deposited directly onto 

the silicon nitride flash DSC chip.  Similarly, Shamim et al.47 have shown decreases in Tg 

in Flash DSC investigations on polycarbonate thin films supported on an Apiezon® 

grease. In addition, it is worth remarking that studies of organic, non-polymeric, liquids 

confined in porous media, hence without a free surface, have been interpreted as 

exhibiting both intrinsic finite size effects and interfacial effects.3, 4, 68, 69  

On the other hand, substrate-surface interactions have been avoided by 

investigating the Tg and dynamics of freely standing films.5, 6-14, 21,-29, 40, 44, 57, 70 For 

instance, Forrest and Dalnoki-Veress21 and Forrest et al. 44 used Brillouin light scattering 

and ellipsometry methods to measure Tg of freely standing PS films and observed a Tg 

reduction of as much as 70 K for 29 nm thick PS films of high molecular weight.  They 
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were the first to find a molecular weight dependence of the Tg reduction in the free-

standing films21, 44, different from the supported films 26, 27 in which no molecular weight 

dependence on the Tg reductions had been reported. The dynamics of freely standing 

polymer films have been determined through viscoelastic measurements using a nano 

bubble inflation method developed by O'Connell and McKenna.7-10  Ultra-thin polymeric 

films are placed onto templates into which are etched micron sized through-channels and 

the templates are attached to a purpose built-pressure cell, across which a pressure is 

applied. The inflated membranes are imaged using an Atomic Force Microscope (AFM)6-

11 and their deformations determined as a function of time. Hence, the method permits the 

determination of the viscoelastic (creep) response.  The McKenna group has found that 

the Tg can be significantly reduced, e.g.,  by 51 K for an 11.3 nm PS film, 122 K for a 3 

nm PC film, 16 K for a 21 nm PEMA film, and less than 3 K for PVAc films as thin as 

27.5 nm.6 -11, 70   

As mentioned above, several studies5, 18, 20, 22, 24-27, 29 have suggested that the 

enhanced mobility of the free surface is an important factor in causing Tg reductions in 

thin films and in altering their dynamics. Therefore, considerable effort5, 6, 15-18, 22, 28, 30-34, 

40, 44, 63, 65-67, 70 has been made to examine the mobility and dynamics at the free surfaces in 

thin films.  Fakhraai and Forrest28 performed hole recovery experiments to examine 

surface dynamics of PS films. Gold nano particles were embedded into the surface of PS 

above the glass transition.  For testing dynamics below the glass transition, holes were 

created by removing the particles by dissolution with mercury. By observing the hole 

recovery in PS surfaces below the macroscopic Tg, they showed that the PS has enhanced 

mobility at the surface. They also determined that the dynamics of the surface had a 
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weaker temperature dependence than that exhibited by the material in the macroscopic 

state.28 Paeng and Ediger40 used an optical photo-bleaching method to show that there are 

two different dynamics present in freestanding thin films. In their work40, fluorescent 

probes dispersed in the polymer films were photo-bleached, and the dynamics were 

determined by measuring the rate of probe reorientation. The two different dynamics they 

observed in the freestanding films was interpreted to be due to a highly mobile layer at 

the film surface and a less mobile, bulk-like, material in the film center that showed 

macroscopic dynamics.40 At the same time, their measurements on poly(methyl 

styrene), showed no such mobile layer and this material is also known to show a Tg 

reduction in thin, supported films. 40, 64  

In the current work, I have used the nano-bubble inflation technique6-14 to 

investigate nano-confinement effects5-71 on the dynamic and glass transition behaviors of 

physical vapor deposited amorphous selenium. Most prior studies5-51, 53-71 of nano-

confinement effects on dynamics and the Tg have used organic materials, and I am 

unaware of such studies on inorganic materials, though there is interest in behavior of 

confined inorganic systems52. Selenium is an inorganic material, and the macroscopic 

viscoelastic and glass transition properties have been intensively studied72-81. The 

material is also of significant interest because the Se atoms are generally considered to 

form rings and linear chains, hence it is generally thought to behave similarly to a low 

Mw (12,000 – 16,000 g/mol), unentangled, polystyrene.72, 73, 79 In the current work, I 

report on the glass transition and viscoelastic properties of physical vapor deposited Se at 

the nanometer size-scale using mechanical measurement. The relevant behaviors are 

discussed and compared with the behavior of amorphous selenium at the macroscopic 
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size-scale. The unusual thickness dependence of the nominal rubber-like compliance 

(rubbery stiffening) obtained from mechanical measurements is also discussed.  I 

compare this with results from organic polymers investigated previously6, 7, 11, 12, 14, 70 and 

also consider the stiffening behavior in the context of the Ngai, Prevosto and Grassia71 

hypothesis that the rubbery stiffening is related to the shape of the segmental retardation 

regime of the material at the macroscopic scale, consistent with ideas of relaxation and 

Rouse-mode separation that come from the Ngai82-84 coupling model. 

4.2 Experimental 

4.2.1 Materials 

The selenium used in the current work was a 99.999% pure (Sigma Aldrich) 

material in the form of pellets. Physical vapor deposition was used to produce selenium 

films with thicknesses from 60 nm to 267 nm. Selenium was deposited onto freshly 

cleaved mica sheets in a 10-7 torr vacuum by using a Varian high vacuum evaporator 

(Varian 3118). The deposition rate was measured by the mass change using a quartz 

crystal microbalance (QCM) sitting beside the mica sheets during deposition. The rate 

was determined to be 0.15 nm/second by assuming the amorphous density of 4.82 g/cm3 

at 20 °C   for the Se and the known mass uptake. Actual film thicknesses on the mica 

were determined by atomic force microscopy (AFM, Agilent Technologies 5500 SPM) 

after first partially removing some of the Se from the mica using a cotton swab dipped in 

toluene. Here I note that I was unable to produce freestanding Se films less than 60 nm 

thick in the current work. To produce freestanding films, the films have to separate from 

the mica through a water transfer method. When I deposited films less than 50 nm thick 

onto mica, I was not able to separate those films from the mica surface.  
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4.2.2 Nano bubble inflation measurements 

Direct measurements of the viscoelastic or dynamic properties6-15, 35, 70, of 

extremely thin films are extremely difficult. Here I used a membrane inflation method 

developed by O’Connell and McKenna7-10 in which ultrathin polymer films are spin cast 

onto mica substrates and then floated onto a template containing through-channels of 

diameter 1.2 to 5 m diameter before being inflated. The “nanobubbles” are then imaged 

with an atomic force microscope (AFM).  Here, rather than spin coating, I used physical 

vapor deposition (PVD) as a means of creating the thin films of selenium. Then, by using 

a similar water transfer method to that used in the organic polymers, the Se films were 

loaded on to templates having ten m diameter through-channels. Here I note that since 

the stiffness of Se is higher than that of the organic polymer films, I used templates with 

10 m diameter through-channels for the 60 nm to 267 nm films in the present 

investigation. The templates were attached to a purpose built-pressure cell, and the 

pressure cell was placed on the AFM (Agilent Technologies 5500 SPM) heating stage. 

The temperature of the heating stage was set to the desired temperature, and once the 

temperature was reached, creep experiments were performed by inflating the membrane 

at a constant pressure. The experimental temperature range used in the current study was 

from Tg, macroscopic  -15 °C to Tg, macroscopic  + 21 °C, in this case at Tmacroscopic = 31. 5 °C. The 

deformation of the bubbles was continuously monitored by AFM. The shortest times for 

which I could measure the bubble profiles were approximately 400 s, and the same 

bubbles were monitored for approximately 104s. In each image, I can observe two to four 

bubbles, and the profile measurements from these were averaged and used to calculate 

the viscoelastic responses. Figure 4.1 shows 2D and 3D AFM images of a set of bubbles 
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for a 125 nm thick Se film on a template with 10 m diameter through-channels (holes).  

The temperature was 316 K and the inflating pressure 2.4 psi (17 KPa). 

4.3 Methods of Analysis 

In the bubble inflation tests, the analysis is based on the response of a thin 

membrane to a uniform pressure. Because the material is viscoelastic, I am interested in 

the creep compliance D(t). This was determined using the approach of McKenna and co-

workers.6-11, 70 When the deformation of the bubble is small due to low applied pressure, 

the bending energy contributes to the resistance of the bubble to deflection. However, 

when the deflection of the bubble is greater than approximately three times the film 

thickness, one achieves the membrane limit and the resistance to bubble deflection is 

dominated by the membrane stretching stress, and the bending energy becomes 

negligible. In the current experiments, the deflection of the bubbles was greater than three 

times the film thickness and I assumed membrane behavior in our analysis.  The radius of 

curvature (R) of the inflated bubble is calculated by fitting the bubble profile to Eq 1 

where x, z are the position and height of the bubble, and a and b are the offset constants. 

                                                      𝑅2 =  (𝑥 − 𝑎)2 + (𝑧 − 𝑏)2                                         (1) 

The stress acting on the membrane is defined by Eq 2 where P is the applied pressure, R 

is the radius of curvature of the bubble profile, and t0 is the film thickness. 

 

  𝜎11 = 𝜎22 =  
𝑃𝑅

2𝑡0
                                                  (2) 
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The strain or deformation is defined by Eq 3 where R0 is the radius of the bubble 

(corresponding to the through-channel or hole radius) at zero pressure, and S is the 

segment length of the bubble which is defined by Eq 4. 

𝜀11 = 𝜀22 =
𝑆

2𝑅0
− 1                                               (3) 

𝑆 = 2𝑅𝑆𝑖𝑛−1 (
𝑅0

𝑅
)                                                 (4) 

Then, the apparent compliance (Dapp(t)) is calculated from: 

                                                      𝐷𝑎𝑝𝑝(𝑡) =  
𝜀11(𝑡)

𝜎11(𝑡)
                                            (5)                    

Here I note that O’Connell and McKenna7,11 applied Boltzmann superposition to extract 

the true compliances from strain and stress values. This is because the radius of curvature 

of the bubble decreases as the membrane inflates (Eq 2), so the stress on the bubble 

decreases continuously with increasing time. However, later McKenna and co-workers 

reported that the difference between true and apparent compliances was less than 10 %13, 

33. In the present work, I have assumed that D(t)≈Dapp(t). 

4.4 Results and Discussion   

4.4.1 Creep of selenium thin films   

I now examine the viscoelastic or glass transition behavior of thin Se films by 

mechanical (bubble inflation) measurements. Figure 4.2a shows the creep compliance of 

a 185 nm selenium film at different temperatures ranging from 23 °C to 53 °C, 

encompassing the macroscopic Tg=305 K. The creep compliances increased with 

increasing time, and at the higher temperatures, it reaches a rubber-like plateau at the 



Texas Tech University, Heedong Yoon, May 2018 

 

86 
 

longest creep times. This “rubber-like” plateau compliance (at log Ds ≈ -7.9) was 

observed at 43 °C for t> approximately 4000 s  as well as being rapidly achieved for the 

experiments at 48 °C and 53 °C. Figure 4.2b represents the creep compliance master 

curves after applying time-temperature superposition to the data. The reference 

temperature chosen is 28 °C. The time-temperature shift factors are shown in Table 4.1 

and are discussed subsequently.  

 

Figure 4.3a shows the creep compliances for the 60 nm thick selenium film at 

different temperatures ranging from 18 °C to 43 °C. The creep compliances increased 

with increasing time until a rubber-like plateau compliance (log Ds = -8.68) was reached 

for the highest temperatures. For 33 °C, this occurs at a time of approximately 10,000 s, 

and above 38 °C, the plateau is reached very quickly.  The value of the rubber-like 

plateau compliance observed in Figure 4.3a was lower than the value (log Ds = -7.5) 

obtained for the 185 nm film. Figure 4.3b depicts the creep master curve for the 60 nm 

thick film after applying time-temperature superposition and for a reference temperature 

of 28 °C. The time-temperature shift factors are given in Table 4.2  Also, a small vertical 

shift of -0.06 (log unit) was used for the data at 43 °C to achieve good time-temperature 

superposition. 

The creep master curves for all the films for thicknesses from 60 nm to 267 nm 

were produced in a fashion similar to the data shown in Figures 4.2 and 4.3 and are 

compared with the macroscopic creep master curve in Figure 4.4. All of the data in 

Figure 4.4a were shifted to a reference temperature of 31.5 °C, and the shifted curves are 

shown in Figure 4.4b. The shift factors used in Figure 4.4b are presented in Table 4.3 To 

compare with the macroscopic creep compliance, I used the Bernatz et el’s73 macroscopic 
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recoverable compliance data with the temperature ranges from 31.5 °C to 53.9 °C, and 

those data were converted to the creep compliances.  It is well known that the time 

dependent recoverable compliance is defined by subtracting the viscous term (t/η) from 

the creep compliance by following equation. 72, 73, 79, 85 

                         𝐽𝑟(𝑡) = 𝐽(𝑡) − 
𝑡

𝜂
=  𝐽𝑔 + (𝐽𝑠 − 𝐽𝑔)𝜓(𝑡)                                      (6) 

where Jg is the glassy compliance, Js is the steady-state recoverable compliance, 𝜓(𝑡) is 

the retardation function, and η is the viscosity. Therefore, to calculate creep compliance 

(J(t)), the shear viscosity data obtained by Bernatz et el73 were added back into the 

recoverable compliance (eq 6) at the same temperatures. Then the macroscopic creep 

master curve was created by applying time-temperature superposition at the TRef = 31.5 

°C. The macroscopic shear compliance data from Bernatz et al.73 were converted to 

biaxial compliances by using the equation J(t) = 6D(t),11 i.e., assuming in 

incompressibility. In Figure 4.4, one can see that time-temperature superposition is valid 

for the macroscopic compliances. The macroscopic creep master curve increases with 

increasing time without showing the rubber-like plateau. In the case of current thin 

selenium films, one can see that the creep master curves for the 60 nm to 267 nm films at 

TRef = 31. 5 °C increase with increasing time, and reached rubber-like plateaus at long 

time. In the glassy dispersion regime, the creep master curves for the 60 nm to 267 nm 

films superposed with the macroscopic creep master curve.  Of interest here is that the 

rubbery-like plateaus observed in the current work show a thickness dependent behavior. 

The rubber-like plateau compliances increase with increasing film thickness. The rubber-

like plateau compliances were lower than the macroscopic compliance for all film 
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thickness. The thickness dependence of the rubber-like plateau compliance is discussed 

subsequently.  

4.4.2 Possible origin of rubber-like compliances of thin Se films 

As mentioned above, unlike the macroscopic creep compliance, the creep 

compliances of the thin Se films show rubber-like plateaus which depend on the film 

thickness. Such behavior was also seen in the creep compliance of ultrathin films made 

from PS6,11, PC6, PVAc7, and PEMA70, as well as in the elastic response of a 

polyurethane elastomer14, a PBMA12 and PEMA70 when heated above the macroscopic 

Tg.
  A comment here is that in the previous bubble inflation studies, the rubbery 

compliance for PS11, PC6, and PVAc7 was obtained from the long time response of creep 

compliance master curves (standard analysis method) by performing creep experiments 

from below Tg to above Tg. However for the polyurethane elastomer14, a PBMA12 and the 

PEMA70, the rubbery compliances were obtained by performing strain-stress analysis 

above Tg. O'Connell and McKenna9 reported that the rubbery compliance obtained from 

the two methods were similar, therefore, here I used the standard analysis method to 

determine the rubber-like compliance for the Se films. The reasons for rubber-like 

stiffening behavior observed in bubble inflation measurements are currently unclear. 

However, some studies52 have suggested that surface tension is the major factor to cause 

the stiffening behavior in nano-meter sized materials. For instance, Cuenot et el52 

measured the elastic deformation of nanowires and nanotubes at the glass regime by 

applying a normal force using an AFM cantilever. They observed that the elastic modulus 

increased with decreasing diameter, and interpreted this being due to surface tension 

effects.52 However, later, McKenna and coworkers9, 12, 14, 70 showed that the surface 
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tension cannot explain the stiffening behavior in thin polymeric films in the bubble 

inflation measurements. To check the surface tension effects on the rubber-like stiffening 

in the current work, I also performed the stress-strain experiments for the 60 nm and 185 

nm Se films at 48 °C, above the glass transition temperature of the Se. The experimental 

procedures and analysis for such stress-strain measurements are described in chapter 2. 

Figure 4.5 shows the results for the 60 and 185 nm Se films at 48 °C. In the stress-strain 

analysis, the slope and the intercept of the plot are related with the modulus and the 

surface tension plus any residual stresses in the film, respectively. If the surface tension is 

the dominant factor causing the stiffening of the rubber-like compliance, the slope of 

stress-strain plot would be close to zero. In Figure 4.5, I see that the stress linearly 

increases with increasing strain, i.e., there is a finite modulus resisting the membrane 

stretching and this implies that the surface tension is not the dominant factor for the 

rubber like stiffening observed in the current measurements. In addition, the moduli and 

surface tensions calculated from the slopes and intercepts for the 60 and 185 nm Se films 

were 330 and 42 MPa, and 0.07 and 0.04 N/m respectively. The logarithm of elastic 

compliances estimated from the reciprocal value of moduli for 60 and 185 nm were -8.51 

and -7.61 Pa-1, respectively. These values compare favorably with the compliance values 

of log (D)=-8.7 for the 60 nm film and log (D)=-7.9 for the 185 nm film from the creep 

compliance determinations. (note units on compliance are Pa-1). 

Recently, Ngai et al.71 applied their coupling model to McKenna and coworkers 

bubble inflation data6, 7, 9 and proposed that separation of the α relaxation and Rouse 

modes or sub-Rouse modes occurred with decreasing film thickness, and that this 

separation process caused the unusual rubbery stiffening and Tg reduction in the 
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polymeric films. Similar with this idea, it has been also reported that the separation of 

molecular motions also affects the macroscopic dynamics of amorphous Se.  For 

instance, significant temperature dependence of the steady-state compliance is seen in the 

macroscopic recoverable compliance of Se.79 Similar behavior was also reported for low 

Mw materials such as a 3,400 g/mole polystyrene (PS) 79, 86 , 5,000 g/mole 

poly(methylphenyl siloxane) (PMPS)87, and a 19,400 g/mole cyclic polystyrene88 for 

recoverable compliance measurements. Plazek and co-workers79, 86, 87, 90 as well as Ngai et 

al. 89, 91 suggested that the separation of α relaxation and sub-Rouse mode caused this 

unusual temperature dependence of the steady-state recoverable compliance. Therefore, 

since separation of molecular motions seems to be related to the current rubber-like 

stiffening and the temperature dependence of the steady-state recoverable compliance, it 

is of interest to compare the current creep master curves and Bernatz et el’s macroscopic 

recoverable compliance data73. Figure 4.6 shows the macroscopic recoverable 

compliance of Se from Bernatz et al.73 and the current creep master curves at TRef =31.5 

°C. In Figure 4.6, unlike the macroscopic creep compliance of Se, where the recoverable 

compliance of Se at each experimental temperature, increases with increasing time and 

reaches a steady-state plateau value. These steady-state compliances increased with 

increasing temperatures. The current creep master curves superpose with the macroscopic 

recoverable compliance in the glassy dispersion regime. At the longer response time, one 

can clearly see two different behaviors for the plateau compliances: the macroscopic 

recoverable compliance is temperature dependent, and creep compliance of the ultra-thin 

films is related to a thickness dependence. If the Ngai speculation71, 82-84 holds true, this 

separation of α relaxation and sub-Rouse mode in Se seems to be dependent on film 
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thickness for the current creep compliance results. However, for the macroscopic 

recoverable compliance, this separation process seems to depend on the temperature. The 

relevance of these differences in behavior is currently unclear.  

4.4.3 Thickness dependence of the rubber-like plateau  

Figure 4.7 presents the rubber-like compliance as a function of film thickness for 

the selenium films of the present study along with results for organic polymers reported 

previously.6, 7, 11, 12, 14 As noted above, the rubber-like compliance of the selenium films 

increases with increasing film thickness. This behavior is consistent with the observations 

for organic polymeric materials,6, 7, 11, 12, 14, 70 but are surprising in that even the low 

molecular weight unentangled inorganic polymer shows a “rubbery-like stiffening” 

behavior above the Tg. The thickness dependence of the plateau stiffening is seen to 

follow a power law of DS ∝ h1.7.  

As mentioned above, Ngai et al.71 suggested that the separation of the α relaxation 

and Rouse modes or sub-Rouse mode is related to the Tg reduction and rubbery stiffening 

for organic polymers in the bubble inflation experiments. They suggested that the 

stiffening dependence with film thickness should correlate with the Ngai71 coupling 

parameter n for the macroscopic segmental relaxation, which indicates the extent of 

separation between α relaxation and Rouse mode. McKenna and coworkers14, 70 have 

recently reported that the rubbery stiffening results just mentioned plus those from a 

segmented polyurethane (Estane) and a poly(ethylmethacrylate) (PEMA) were consistent 

with the ordering of the Ngai coupling parameters as suggested by Ngai, et al.71. Making 

a similar comparison of the stiffening parameter for the thin selenium films and the 
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macroscopic coupling parameter, I test whether the model holds for the inorganic 

selenium.  

The macroscopic coupling parameter from Ngai's model is equivalent to 1-β 

(exponential parameters) for the KWW (Kohlrausch-Williams-Watts) equation.71, 90 

Therefore, since β can depend on the type of measurement and the range of temperature, 

the coupling parameter value may vary with the measurement type and temperature 

range.70, 71, 90 Table 4.4 shows coupling parameters for Se determined from different types 

of measurement. In Table 4.4, I see that the coupling parameter determined from the 

recoverable compliance, stress, volume, and enthalpy relaxation experiments ranged from 

0.35 to 0.53.  In the present work, to maintain consistency, I use the n reported from 

Plazek, since this value was determined from the same type of measurement.76, 90 Table 

4.4 and Figure 4.8 compare the stiffening indexes for the film thickness14 dependence of 

compliance and the Ngai’s coupling parameter71 for the Se and for the range of polymers 

investigated to date. For the polymeric films, one can see that the stiffening dependences 

and the Ngai coupling parameters71 are correlated. The exponents of stiffening 

dependence for PS, PC, and PVAc range from 1.93 to 2.0, and the corresponding 

coupling parameters ranged from 0.57 to 0.65. For the Estane, PEMA and PBMA, the 

stiffening indexes showed weaker behaviors (0.83 to 1.34) than the PS, PC, and PVAc, 

and the corresponding coupling parameters also showed lower values (0.53 and 0.27) for 

those materials.  

Recently Li and McKenna70 found a linear relationship between the stiffening 

dependence and the coupling parameters. They showed that the ratio of stiffening index 

to coupling parameters (S/ηα) for the polymeric materials were close to the value 3.70 For 
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selenium, the coupling parameter is reported to be 0.5390.  Based on the correlations with 

the coupling parameter, the stiffening index for selenium should be similar to that of 

Estane or slightly lower than the PVAc (0.57). The stiffening index for selenium was 

found to be 1.7 which was higher than that of Estane (1.3), but lower than that of PVAc 

(1.97). In Table 4.4, the S/nα for selenium is 3.2 (using the value of n, and, we see 

that response of the inorganic thin Se films also follows a linear correlation between 

stiffening index and coupling parameter, which is consistent with Li and McKenna’s 

findings.70 This result suggests that Ngai et el.’s speculation71 is also valid for the 

unentangled inorganic materials at the nano scale.  

4.4.4 VFT and Arrhenius temperature dependences of the thin film dynamics 

The temperature dependence of the macroscopic dynamics of amorphous 

materials have been often described by VFT (Vogel- Fulcher- Tammann)92-94 or WLF 

(Williams, Landel, Ferry)95 behaviors. The form of the VFT equation is equivalent to 

WLF expression, and it is defined by following equation:  

 

                                log aT =  log (
𝜏

𝜏𝑟𝑒𝑓
) = log 𝐴 +

𝐵

2.303(𝑇−𝑇∞)
                            (7) 

where aT is the time-temperature shift factor , log A and B are constants, T∞ is VFT 

divergence temperature, τ is the retardation time, and τref is retardation time at the 

reference temperature. However, for thin films or glass formers at the nano scale, the 

dynamics frequently have been observed to show weaker temperature (or, even, 

Arrhenius dependence) than the macroscopic VFT behaviors. 31, 34, 45, 59-62  For instance, 

several studies31, 34, 45, 59-62   have shown that the dynamics of thin supported polymeric 



Texas Tech University, Heedong Yoon, May 2018 

 

94 
 

films goes from fragile to strong upon nano scale confinement. On the other hand, for 

freestanding films, McKenna and co-workers6, 7, 11 have observed that even in extremely 

thin polymer films the VFT-like behavior only shifts to lower temperatures without a 

change shape, i.e., T-Tg scaling96 seemed to be at work for PS, PVAc, PC. However I also 

note that Li and McKenna70 found a change in the VFT parameters for thin films in 

PEMA without a significant change in fragility. Therefore, to quantitatively examine the 

dynamics of the thin selenium films at the nano scale, I use the time-temperature shift 

factors to compare the temperature dependence of their dynamics and compare them to 

the macroscopic behavior. Figure 4.9 compares the time-temperature shift factors for the 

thin Se films obtained from the bubble inflation experiments to the macroscopic results at 

the TRef in Tg (31.5 °C).72, 73 In Figure 4.8, the values for the shift factors below Tg are 

lower than the macroscopic values72, 73which suggest that the dynamics of the current Se 

films are faster than the macroscopic dynamics, whereas above the macroscopic Tg
72, 73, 

the dynamics are slower than the macroscopic dynamics. Perhaps, more importantly, the 

shift factor behavior for the films shows an Arrhenius behavior, with an activation energy 

which is relatively independent of film thicknesses.  

A comment here is that, in Figure 4.9, I see that the macroscopic creep (viscosity) 

and recoverable compliance shift factors are different.  This is due to the different 

temperature dependences of the viscosities (η) and the recoverable creep compliances 

reported by Bernatz et el73. In Bernatz et el’s work73, the temperature dependence of η 

was weaker than that of the recoverable compliance. As mentioned above, the 

macroscopic creep compliance in the present work was calculated by adding the viscosity 

term (t/η) to the recoverable compliances. Therefore, the temperature dependence of shift 
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factors obtained from the macroscopic creep compliance master curves was weaker than 

that of the recoverable compliances.  

To quantitatively compare the thin film response with the macroscopic VFT 

behavior72, 73, the fragility and activation energy were estimated from the slope of the 

shift factors in Figure 4.9. The equations used for calculation of m and Eg are described in 

chapter 2. Here, I also note that the macroscopic m and Eg depend on the type of the 

measurements and the range of temperatures. For instance McKenna and coworkers98-100 

observed that the m and Eg for PVAc determined from the dielectric response in the 

segmental relaxation regime are smaller than the values determined from mechanical 

measurements in the terminal regime. Table 4.5 shows macroscopic m and Eg values for 

Se obtained from different types of measurements. We see that the m and Eg range from 

61 to 106 and 353 to 576 kJ respectively. In addition, m and Eg for the creep and 

recoverable compliance measurements are higher than the values determined from shear 

viscosity, stress relaxation, and enthalpy relaxation measurements. Similar the choice of 

coupling parameter, for consistency, here I also compare the current m and Eg with the 

values determined from macroscopic creep and recoverable compliance measurements in 

the segmental relaxation regime.  

Table 4.6 shows the m and Eg estimated from the current work along with the 

values determined from the macroscopic creep and recoverable compliance 

measurements. The m and Eg estimated from the bubble inflation experiments 

approximately ranged from 13 to 24 and 78 to 140 kJ/mole, respectively, which are 

smaller than the values (79 and 463 kJ/mole respectively) obtained from the macroscopic 

VFT behavior. Of interest is the observation that the thin films have an Arrhenius 
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temperature dependence which is very different not only from the macroscopic VFT 

behavior72, 73, but also from the VFT behavior seen in the prior bubble inflation 

measurements 6, 7, 11, 70 on polymeric materials where even in extremely thin films the 

behavior seems to remain close to the macroscopic VFT, except for the changing T∞. On 

the other hand, the behavior of thin supported films and liquids confined to nano pores 

where the dynamics have been measured seem to show increasingly strong behavior in a 

transition from typical glass-formation behavior towards near Arrhenius behavior.31, 34, 45, 

59-62     

 In spite of the Arrhenius behavior of the viscoelastic response of the thin Se 

films, it is of interest to qualitatively compare the Tg, with the macroscopic value73. To do 

so, I determined the Tg from the time-temperature shift factors. Tg were determined from 

the temperature at which the creep compliance responses in the glass dispersion are the 

same as the macroscopic creep compliance73, in this case at TRef = 31. 5 °C. The Tg values 

for the 60 nm to 267 nm films are presented in Table 4.5.  Compared with the 

macroscopic Tg, the Tg in the bubble inflation measurements is virtually unchanged as the 

film thickness goes to 60 nm. This is not surprising since low molecular weight 

freestanding polymer films do not show large Tg reductions when the film thickness goes 

to 60 nm, though high molecular weight films can show reductions already at 80 nm or 

greater101.  

4.5 Conclusions   

The glass transition and viscoelastic behaviors of thin physical vapor deposited 

selenium films were examined by using mechanical measurements. The bubble inflation 

measurements showed that the creep compliance for 60 nm to 267 nm Se films increased 
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with increasing time and reached to a rubber-like plateau at long time. The rubber-like 

plateau showed a thickness dependent behavior, which was similar to the rubbery 

stiffening 6,7,9,12,14,70  behaviors observed by McKenna and coworkers’ in bubble inflation 

measurements on organic polymer films. The thickness dependence of the rubber-like 

compliance for Se is found to follow a power law dependence of DS ∝ h1.7. Similar with 

the observation from prior bubble inflation measurements6,7,9,12,14,70, the rubbery 

stiffening index showed a linear relationship with Ngai et al.’s coupling parameter71. The 

Tg determined from bubble inflation showed less than a 3 K Tg reduction when the films 

thickness decrease to as low as 60 nm. However, the dynamic behavior of the ultra-thin 

Se films followed an Arrhenius dependence on temperatures. This is different from the 

VFT behavior of macroscopic creep and recoverable compliances, and also different from 

the VFT behavior seen in the prior bubble inflation measurements 6, 7, 11, 70 for polymeric 

materials. Ongoing work is exploring bubble inflation experiments on much thicker films 

by using larger hole sizes in the filters templates to determine at what thickness the 

macroscopic dynamic behavior is recovered.   
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Table 4.1 Shift Factors used to create the creep compliance master curve for the 185 nm 

selenium film in Figure 4.2b. 

 

Temperature [°C] 23 °C 28 °C 33 °C 38 °C 43 °C 48 °C 53 °C 

log aT
a -0.24 0 0.25 0.5 1.2 1.7 1.7 

log bT
b 0 0 0 0 0 0 0 

aTime-temperature shift factors 
bVertical shift factors 
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Table 4.2 Shift Factors used to create the creep compliance master curve for the 60 nm 

thick selenium film data of Figure 4.3b. 

 

  18 °C 23 °C 28 °C 33 °C 38 °C 43 °C 

log aT -0.47 -0.08 0 0.2 0.7 1 

log bT 0 0 0 0 0 -0.06 
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Table 4.3 Time-thickness shift factors used in time-thickness superposition in Figure 

4.4b. 

Thickness 60 nm  85 nm 125 nm 185 nm  267 nm  Macroscopica 

log aT -0.33 -0.05 0.05 -0.25 -0.05 0 

log bT 0 0 0 0 0 0 
aReference73. 
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Table 4.4 Stiffening index for various materials and corresponding segmental coupling 

parameters n

 

Polymer 

Parameters 

Stiffening Indexes 

[S] 

Coupling Parameters 

[nα] 
S/nα 

Ref. 

for 

[nα] 

PS 2 0.64 3.13 6 

PC 1.93 0.65 2.97 6 

PVAc 1.97 0.57 3.46 7 

Estane 1.3 0.53 2.45 14 

PBMA 0.83 0.27 3.07 12 

PEMA 1.34 0.41 3.27 70 

Se 1.7 0.53a 3.2 90 

Se " 0.4b 4.25 76 

Se " 0.42c 4.0 77 

Se " 0.35d 4.86 77 
aRecoverable compliance 
bStress relaxation 
cVolume relaxation 
dEnthalpy relaxation 
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Table 4.5 Macroscopic Fragility (m) and Activation Energy (Eg) for different type of 

measurements 

 

Measurements Tg [K] m 
Eg 

[KJ/mole] 
Ref. 

Shear Viscosities 

 

305 

303 

62 

61 

368 

353 

75 

74 

Elongational Viscosities 305 93 544 75 

Stress Relaxation 310 83 485 76 

Enthalpy Relaxation 

 

305 

303 

 

77 

61b 

 

448 

355 

 

72 

74 

     

Shear viscosity 305 79a 463a 73 

Recoverable Compliance 305 106(99a) 621(576a) 73 
aDetermined from fitting the VFT equation to the data of reference 73. (Also, see Figure 

9) 
bDetermined from the reported value of activation energy in reference 74. 
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Table 4.6 Fragility (m), Activation Energy (Eg), and VFT parameters 

Thickness (Measurement) Tg [K] T∞ [K] log A b m Eg [KJ] 

60 nm (Bubble Inflation) 305 ± 2 × × × 17 ± 2 99± 12 

85 nm (Bubble Inflation) 303 ± 2 × × × 23 ± 4 133 ± 22 

125 nm (Bubble Inflation) 301 ± 1 × × × 13 ± 1 78 ± 5 

185 nm (Bubble Inflation) 304 ± 3 × × × 24 ± 3 140 ± 20 

267 nm (Bubble Inflation) 302 ± 1 × × × 23 ± 2 131 ± 10 

Macroscopic Recoverable 

Creep Compliancea 
305 257 ± 5 -15 ± 2 

1698 ± 

273 

99 ± 

31 

576 ± 

180 

Shear Viscositya 305 
244 ± 

10 
-15 ± 2 

2133± 

606 

79± 

43 

463 ± 

250 
aReference73. (See also Figure 9). 
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Figure 4.1  AFM images of bubbles of a 125 nm thick selenium film at a temperature of 

316 K and a pressure of 2.4 Psi (17 KPa). (a) 2D-image with 38 µm × 38  µm, (b) 3D-

image of (a). 
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Figure 4.2 Creep compliance curves for the 185 nm thickness selenium film measured at 

different temperatures (a) before and (b) after applying time-temperature superposition. 
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Figure 4.3 Creep curves for 60 nm thick selenium film at different temperatures (a) 

before and (b) after applying time-temperature superposition.  
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Figure 4.4 Creep compliance master curves of selenium films with different thicknesses 

from the bubble inflation method along with macroscopic data from Bernatz et el73. (a) 

Before and (b) after shifting all data to TRef =31.5 °C. 
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Figure 4.5 Stress-strain responses of the 60 nm and 185 nm Se films at 48 °C from 

bubble inflation measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Heedong Yoon, May 2018 

 

115 
 

 

Figure 4.6 Macroscopic recoverable compliance73 and creep compliances master curves 

of selenium films with different thicknesses from the bubble inflation method after 

shifting all data to TRef =31.5 °C. 
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Figure 4.7 Thickness dependence of steady-state plateau for selenium films along with 

that of various materials obtained from bubble inflation experiments.6, 7, 11, 12, 14, 70  
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Figure 4.8 Rubbery stiffening index VS coupling parameters for the Se along with 

organic polymers reported by McKenna and coworkers6, 7, 12, 14, 70. 
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Figure 4.9 Shift factors from the current work and macroscopic data from Bernatz et 

al.73. Open symbols: shift factor values obtained from creep compliance master curves in 

Figure 4.6. Solid lines: VFT and Arrhenius fits from experimental shift factors. 
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Chapter 5 

“Rubbery Stiffening” and Rupture Behavior of Freely Standing 

Nanometric Thin PIB Films 
 

5.1 Introduction 

 During the past two decades, there has been great interest to measure mechanical 

and viscoelastic properties of thin films at the nano-scale.1-29, 62 Significant efforts have 

been made to measure physical properties of thin films. However, understanding these 

behaviors is still a challenging problem as the observed behaviors are non-universal.1-29 

Furthermore, the glass transition temperature (Tg) of thin films has been reported to 

change with decreasing film thickness, hence, the changing Tg complicates the 

interpretation of the nano-scale mechanical and viscoelastic properties.1-8, 9, 13, 15, 17-53 For 

instance, in the glassy regime, thickness dependent softening and stiffening behaviors of 

the thin film have been reported from different studies. Stafford et al.5 performed 

buckling tests on ultra-thin PS films and found that the modulus decreases with 

decreasing film thickness. Similar behavior was also reported for thin PS films by Liu et 

al.3 from tensile test measurements. However, Tweedie et al. performed indentation tests 

on PMMA, PS, and PC, and found that modulus increases with increasing indentation 

depth in the glassy regime2, and McKenna and co-workers have reported increased glassy 

stiffness in ultrathin films of polystyrene13 and polycarbonate9.  For the temperature 

regime above the glass transition, McKenna and coworkers8-19, 21 have reported stiffening 

behavior in a range of polymeric materials in the form of ultrathin films measured at 

temperatures above the reported reduced Tg as well as above the macroscopic Tg in 

bubble inflation and liquid dewetting experiments, i.e. in the rubbery regime of the 
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polymer. In addition, recently, Nguyen et al.4 have reported similar above Tg stiffening 

behavior of PVAc films from AFM indentation experiments.  

 One interesting phenomenon observed in the nano-scale mechanical response is 

that of rubbery stiffening.8-18 The rubbery stiffening was first observed by O’Connell and 

McKenna8 in PVAc thin freestanding films from nano bubble inflation measurements. In 

that work, the nano metric thin films were loaded into a purpose built-pressure cell, and 

the films were inflated at controlled pressures. Then, these inflated bubbles were imaged 

using an Atomic Force Microscope (AFM). O’Connell and McKenna8 found that the 

creep compliance of PVAc films increased with increasing film thickness in the rubbery 

regime, indicating that the film became stiffer with decreasing thickness. Later, McKenna 

and co-workers9-18 extended the work to several other polymers and the inorganic 

material selenium, and found that this rubbery stiffening followed a power law behavior 

(Stiffening Index, S), and the power law behavior depended on the chemical structure of 

the material. Recently several efforts have been made to explain the rubber-like stiffening 

behavior.17, 49-52 For instance, a theoretical framework was suggested by Ngai and 

coworkers49, 50 where they used the Ngai coupling model to show that the rubbery 

stiffening seen in the bubble inflation measurements is related to the separation of the α 

relaxation and Rouse modes or sub-Rouse modes of the material. In addition, recently, Li 

and McKenna17 suggested that the stiffening is related to the dynamic fragility of the 

material. They showed that the stiffening index follows a linear correlation with the 

dynamic macroscopic fragility. Page et al.51 employed a molecular composite model and 

proposed that the rubbery stiffening behavior is related to the chain stiffness of the 

polymer. Li and McKenna17 subsequently argued that the full set of rubbery stiffening 
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results cannot be described by the Page et al. model51. At this point both, Ngai’s coupling 

model and Li and McKenna’s correlation provide possible bases for explanation of the 

power law behavior of the stiffening index in thin films.   

 In the current work, I use polyisobutylene (PIB) as a material to further test 

Ngai’s coupling model49, 50 and the Li and McKenna correlation17. Ngai and co-workers49, 

50 suggested that PIB should show rubbery stiffening behavior, and would follow the 

linear correlation of S with the Ngai model49, 50 coupling parameter (nα). In addition, PIB 

has received much attention because the material is known to exhibit some unusual 

physical behaviors54-56. It has also been widely used as a standard material in the 

investigation of viscoelastic behavior of polymers54, 57-64, 78, 79, 81-85. For instance, PIB has 

been reported to have a broader segmental relaxation time distribution than that expected 

of low fragility materials.54, 55 Also, the material is known for its low permeability to 

small molecules.54, 56 Despite extensive interest54-57 in the macroscopic physical 

properties of PIB, the material properties at the nano-scale have previously not been 

reported. Therefore, it is also of interest to examine the mechanical properties and related 

behaviors of PIB films at the nano-scale. In the following section, I show results for 

strain-stress measurements of ultra-thin PIB films, and discuss the thickness dependence 

of the mechanical properties and the surface tension. The rubbery compliances of PIB 

films are compared with the properties for other materials obtained from the bubble 

inflation measurements, and the behavior is discussed in the context of Ngai et al.’s 

coupling model49 and Li and McKenna’s proposed correlation17. I also discuss an unusual 

thickness dependence of rupture stress and strain behavior observed in our testing.   
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5.2 Experimental 

5.2.1 Sample Preparation 

 The weight average molecular weight (Mw) for the PIB used in the present study 

was 1,700,000 g/mol. The reported Tg for PIB is -73 °C.63 The PIB was dissolved in N-

heptane to produce 0.3 to 1.2 wt % PIB solutions. These solutions were spin coated onto 

mica sheets to produce 13 nm to 126 nm thick PIB films at room temperature (23 °C). 

The RPM was 2000, and spin coating time was 30 seconds. After spin coating, the films 

were separated from the mica sheets through a water transfer method12, and the films 

were loaded onto filter templates having 5 µm through holes. The films were dried at 

ambient conditions for 1 day to remove the residual solvent. The film thickness was 

measured by AFM following the procedures of O’Connell and McKenna12 by gently 

scoring the films on the four edges of the micro filter templates. 

5.2.2 Measurements 

 The current nano bubble inflation measurements were performed following 

O’Connell and McKenna’s bubble inflation procedures.12 Detailed experimental 

procedures are described in chapter 2. All measurements were performed at room 

temperature (T ≈ 23 °C). Intermittent contact mode Atomic Force Microscopy (AFM) 

was used to scan the surface. The scanning rate was 1.1 line/sec, and the resolution was 

256 line/scan of area of 18 µm × 18 µm. Figure 5.1b shows a schematic diagram of the 

stepped pressured applied in the bubble inflation measurements. To obtain the 

equilibrium condition of the bubble deformation, a delay of 200 seconds was used after 

applying the pressure, and then the AFM scanning started. I also note that, the deformed 

bubbles achieve equilibrium after the pressure application, and the bubble shape is 
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independent of time (Figure 5.1a).  The scanning time was 233 seconds, so the total time 

period for each step was approximately 433 second. The pressure was increased stepwise 

in increasements of 0.5 psi (3.45 kPa) until the bubbles ruptured, as illustrated in Figure 

5.1b. 

 The measurements were repeated two to five times, and each time three to five 

complete bubbles were imaged. To obtain values of strain and stress at each pressure, I 

averaged the radius of curvature for 8 to 15 bubbles obtained from the two to five 

separate measurements. In the case of the rupture stress and strain, the radii of curvature 

were measured for the AFM images in which nucleated holes were first seen and, then, 

excluding these ruptured bubbles. Figure 5.2 shows 3D AFM images of nano bubbles in a 

75 nm thick PIB film inflated at (a) 4 psi (28 kPa) and (b) a ruptured bubble for the same 

film at 5.9 psi (40.7 kPa). 

5.3 Analysis 

In the bubble inflation tests, the analysis is based on the response of a thin 

membrane to a uniform pressure. 8-18 When the bubble deflection under pressure is less 

than three times the film thickness, the inflation is dominated by the bending energy.8-18 

However, when the deflection is above three times the film thickness, stretching 

dominates, the bending energy becomes negligible and one has reached the membrane 

limit.8-18 In the current experiments, the deflection of the bubbles was greater than three 

time the films thickness, and I used the membrane analysis. The radius of curvature (R) 

of the inflated bubble was estimated by fitting the bubble profile to Eq 1 where x, z are 

the position and height of the bubble, and a and b are the offset constants12. 
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                                                      𝑅2 =  (𝑥 − 𝑎)2 + (𝑧 − 𝑏)2                                         (1) 

The stress acting on the membrane is defined by Eq 2 where P is the applied pressure, R 

is the radius of curvature of the bubble profile, and t0 is the film thickness12. 

 

  𝜎11 = 𝜎22 =  
𝑃𝑅

2𝑡0
                                                  (2) 

The strain is defined by Eq 3 where R0 is the radius of the bubble (corresponding to the 

through-channel or hole radius) at zero pressure, and S is the segment length of the 

bubble which is defined by Eq 412. 

𝜀11 = 𝜀22 =
𝑆

2𝑅0
− 1                                               (3) 

𝑆 = 2𝑅𝑆𝑖𝑛−1 (
𝑅0

𝑅
)                                                 (4) 

In the current study, I assumed the PIB films were elastic, and no time dependence was 

observed in the experiments. In this case, the stress (σ) in the membrane is 11, 14, 16, 17  

                 𝜎 = 𝐸𝜀 + 𝜎0                    (5) 

where, E is the modulus, ɛ is the strain, and σ0 is internal stress which can be made up of 

contributing from surface stress (σγ) and residual stress (σR). 11, 14, 16, 17 

                                                             𝜎0 = 𝜎𝛾 + 𝜎𝑅                                                        (6) 

The surface stress (σγ) is defined by11, 14, 16, 17 

     𝜎𝛾 =
2𝛾

𝑡0
              (7) 
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where t0 is the film thickness and γ is the surface tension, and if there is no residual stress, 

eq 5 becomes11, 14, 16, 17 

                    𝜎 = 𝐸ɛ +  
2𝛾

𝑡0
            (8) 

We see that modulus (E) and surface tension (γ) can be obtained from the slope and 

intercept of the stress-strain plot in the absence of residual stress. 

5.4 Results and Discussion 

5.4.1 Strain-Stress Behaviors for Thin PIB Films having Different Film 

Thicknesses 

Figure 5.3 shows the stress-strain plots for PIB films for a range of thickness of 

from 13 nm to 126 nm. Open symbols and solid lines represent experimental results and 

linear fits respectively. In Figure 5.3, we see that stresses in the thin PIB films increase 

linearly with increasing strain. In addition, as the films get thinner, a higher stress is 

required to obtain the same strain values. The moduli and surface tensions were 

determined from the slope and the intercept of the linear fits in Figure 5.3. The modulus 

(Table 6.1) calculated from eq 5 increased with decreasing film thickness suggesting that 

the films become stiffer with decreasing film thickness, consistent with prior observations 

in bubble inflation measurements for PS, PVAc, PBMA, Estane (polyurethane), PEMA, 

PC, and selenium. In addition, the moduli for the 13 nm to 75 nm PIB films were higher 

than that of the macroscopic modulus63, 81, 82 in the rubbery regime.  

Figure 5.4 shows the surface tension values for the data of Figure 5.3 calculated 

from eq 7.  The surface tension values for the PIB films were found to be independent of 

the film thickness, again consistent with the behavior observed in prior bubble inflation 
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studies for polymeric materials. The value was approximately 0.03N/m, similar to the 

reported range (0.02 ~ 0.04 N/m) for the macroscopic surface tension75-77 of the PIB. A 

comment here is that some studies6,7 would suggest that the stiffening observed in the 

bubble inflation measurements could be attributed the surface tension effect. For 

instance, Cuenot et al.6, 7 performed AFM beam bending tests using nano wires and nano 

tubes at room temperature, and observed that the elastic modulus increased with as both 

rod and tube diameter decreased. They interpreted this behavior as being due to surface 

tension effects. However, later McKenna and coworkers11, 14, 16- 18 were able to show that 

the observed rubber-like stiffening in the bubble inflation measurements was not due to 

the surface tension contributions to the membrane deflection. For instance, in Figure 5.3, 

if there were no stiffening and the surface tension the major resistance to the membrane 

stretching in the PIB films, the slopes of the stress-strain plots would be near to zero 

reflecting only the macroscopic rubbery plateau modulus. As seen in Figure 5.3, the 

slopes of the corresponding linear fits to the data increase as the film thickness decreases. 

This is consistent with a nanoconfinement effect being at the origin of the rubber-like 

stiffening behavior of these thin polymeric films.  

An additional consideration is that of residual stresses in the films. If residual 

stresses were important, the intercepts of the lines in Figure 5.3 would include both 

surface tension and residual stress components as per equations 5 through 8.  However, 

because the surface tension values obtained from the intercepts are the same as that of the 

macroscopic material, I interpret the results to imply that any residual stress in the films 

could be neglected.  
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5.4.2 Thickness dependence of Mechanical Properties and Film Failure 

Behavior of the Thin PIB Films 

The modulus values obtained from the stress-strain plot were converted to biaxial 

compliances, and those values were compared to macroscopic shear compliance data.63, 

81, 82 Here I note that macroscopic shear compliance data was converted to biaxial 

compliance assuming that J = 6D.13 Figure 5.5 shows the rubbery compliance values as a 

function of film thickness for the PIB films along with those for other materials as 

obtained from prior bubble inflation measurements. We see that the rubber-like 

compliance of the 126 nm PIB film is within the reported range of PIB’s macroscopic 

values63, 81, 82. However, the rubbery compliance values from the current results for the 13 

to 75 nm films are lower than the macroscopic compliance.63, 81, 82 In addition, similar to 

prior bubble inflation studies, we see that the thickness dependence of the rubber-like 

compliance for the PIB films follows a power law behavior (stiffening index) of Dr ∝ hS 

= h1.47.  The stiffening index for PIB is lower than that for PS (2.00), PC (1.93), and 

PVAc (2.00), is similar to that of PEMA (1.34) and of Estane (1.30), and higher than that 

of PBMA (0.83).17, 18 

Next, I look at the mechanism of the rupture process and thickness dependence of 

rupture stress and strain. In the current work, the rupture process was initiated by 

nucleation of small holes of submicron size in the PIB bubbles. To further investigate the 

mechanism of the rupture behavior, we continuously monitored the PIB bubbles right 

after the hole nucleation occurred. Figure 5.6 shows the AFM images of ruptured bubbles 

for a 40 nm PIB film as function of time. We see from Figure 5. 6 that the rupture 

mechanism can be described by three steps: first, the bubbles rupture by small hole 
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nucleation (Figure 5.6a), then the size and number of holes increase (Figure 5.6b and c), 

and finally the bubbles completely rupture (Figure 5.6d). The final state of rupture for the 

PIB bubbles differed from the general rupture appearance of macroscopic rubber 

obtained in biaxial extension tests 98.  A complete hole was observed in the nanometric 

PIB film whereas rapid fracture is observed in macroscopic rubber with the material 

showing a fragmented or shredded appearance 98. 

In a prior work on macroscopically wide inflated membranes, Roth and Dutcher94, 

95 observed hole formation and growth behavior in nanometric thick films through a 

differential pressure experiment. In that work94, 95, ultrathin PS films were placed onto a 

sample holder with 4 mm diameter, and spontaneous hole formation and growth rates 

were monitored through optical microscopy at temperatures close to Tg. They found that 

the hole growth rates initially followed a linear behavior, and later this rate transformed 

to an exponential growth.  Here I have determined the hole growth rate by measuring the 

hole radius of the ruptured bubble as a function of time for a 40 nm PIB film and 

compare the rate to that obtained by Roth and Dutcher for a 79 nm PS film measured at 

the macroscopic Tg (103 oC)95. Figure 5.7 presents the logarithm of normalized hole 

radius as function of time for the two cases. In Figure 5.7, hole growth rate for the 40 nm 

PIB film was faster than that of the 79 nm PS film. In addition, the growth rate for the 

PIB film follows the power law behavior whereas PS shows the above alluded to 

transition from linear to exponential behavior. The different growth rates for these two 

materials might primarily due to the experimental temperature range, where in the current 

work the experiments were performed far above the Tg (Tg + 96 °C) whereas the PS films 

work was performed near to Tg. We would anticipate that the growth rate would also 
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depend on the film thickness, chemical structures, molecular weight, and the size of the 

inflated membrane (here 5m diameter and 4 mm diameter in the PS work). In addition, 

in the present work the membranes were under a applied stress while the PS work was 

carried out at very low pressures and stresses. These preliminary results are intriguing but 

beyond the scope of the present study. Further investigation would be warranted to 

investigate the hole nucleation and growth response as functions of film thickness, 

membrane diameter and the applied stress/pressure. 

The rupture stress and strain were calculated from measuring the radius of 

curvature of bubbles at the first stage (hole nucleation) of rupture by excluding ruptured 

bubbles. Figure 5.8 shows the rupture stress and strain as functions of the film thickness 

for the PIB thin films along with data reported for a butyl rubber in macroscopic tests, 

and for glassy PS ultrathin films. Since I could not find failure data for macroscopic PIB, 

here I compare the current results with the failure data for an unfilled butyl rubber 

obtained in uniaxial tension measurements88. Butyl rubber is a copolymer with a 

chemical structure consisting approximately of 93 % isobutylene with 7 % isoprene. Of 

interest here is that the rupture stress for the PIB film increases as the film thickness 

decreases, whereas the rupture strain decreases as film thickness decreases. Compared to 

the macroscopic response of a butyl rubber, the rupture stress was higher than that of the 

butyl rubber when the film thickness was less than 40 nm whereas, for the rupture strain, 

it was lower than that of the butyl rubber for all the film thicknesses. In the glassy 

regime, although the results were non universal, the thickness dependence of the film 

failure behaviors at the nano-scale have been reported from several studies.3, 26-28 For 

instance, in Figure 5.8, we see that the film failure stress and strain both decrease with 
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decreasing film thickness for glassy PS measured in tensile tests3. On the other hand, 

results from wrinkling measurements by Lee et al.26 show the rupture stress decreases 

with decreasing film thickness while the strain increases. However, in the rubbery regime 

above the glass transition temperature, I am unaware of reports of the thickness 

dependence of rupture stress and strain behaviors for freestanding ultrathin films. In 

addition, the rupture behavior of such rubbery films has not been previously investigated. 

We see from Figure 5.8 that rupture stress and strain in the current work increased and 

decreased by approximately an order of magnitude, respectively, as film thickness 

decreased from hundreds to tens of nanometers. The double logarithmic slopes for the fits 

in the linear portions of the rupture stress and strain as functions of film thickness were -

0.9 and 0.73, respectively. This thickness dependence of rupture stress and strain is 

weaker than that for the rubber-like compliance.   

 To qualitatively examine the thickness effect of the film failure behavior, I also 

estimated the energy required to rupture the PIB films. The energy required for failure of 

the material is called the toughness 86, 87, 88, and it can be obtained by integrating the 

strain-stress plot (Eq 8).86, 87, 88 

     𝐸 =  ∫ 𝜎 𝑑ɛ
ɛ𝑓𝑎𝑖𝑙𝑢𝑟𝑒

0
                                                 (8)  

Figure 5.9 compares the toughness estimated from the strain-stress plots for the PIB films 

and for Liu et al.’s glassy PS data3. Interestingly, we see from Figure 5.9 that the 

toughness of the PIB film initially increases with decreasing film thickness, and levels off 

or decreases as the film thickness decreases below 30 nm. Furthermore, the toughness for 

the all the PIB films are much lower than that of the macroscopic butyl rubber. In the Liu 
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et al. work3, a decreasing toughness with decreasing film thickness was observed, and 

they found that the thickness dependence of the toughness changed when the film 

thickness decreased below 30 nm. This unusual behavior of the PIB film might due to a 

change of the film behavior into a brittle condition when film thickness decreases to less 

than 30 nm, though the observations of hole nucleation and growth as part of the failure 

mechanism leaves this an open question. It is generally found that brittle materials have 

higher stress at failure than ductile materials, but lower strain required to fail the 

material.80 Further work to investigate the failure response of polymers in the rubbery 

state and at the nanometer size scale is clearly warranted.  

5.4.3 Comparison of Rubbery Stiffening Indexes with Coupling Parameters  

It is has been reported from several important studies that the viscoelastic 

mechanisms in macroscopic polymers exhibit thermorheological complexity in the glass-

rubber transition zone. This thermorheological complexity was first discovered by Plazek 

and coworkers 96, 97, and the mechanism was attributed to different temperature 

dependences of α relaxation, sub-Rouse, and Rouse modes.57, 61, 63, 64 In addition, the 

mechanism of rheological complexity has been reported to relate to effects from pressure 

and TVγ scaling behaviors (V is volume and γ is a scaling exponent)93. The mechanisms 

of thermo, piezo (pressure), and TVγ rheological complexities has been well rationalized 

in the framework of Ngai’s coupling model.61, 64, 93 As mentioned above, Ngai and co-

workers49, 50 hypothesized that the rubbery stiffening seen in bubble inflation 

measurements is related to the separation of the α relaxation and the Rouse or sub-Rouse 

modes in the macroscopic dynamics. They49, 50 use the coupling parameter (nα) for the 

segmental relaxation to characterize and correlate the extent of the separation of these 
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molecular motions, and have suggested that the rubbery stiffening should correlate with 

the coupling parameter. Later, McKenna and co-workers16-18 showed that the nα and S are 

linearly correlated. Therefore, to test Ngai’s prediction49, 50, I first compare the rubbery 

stiffening index of the PIB film to Ngai’s coupling parameter. A comment here is that nα 

is49 ,65,66 equivalent to 1-β in the Kohlrausch-Williams-Watts (KWW) function65.  

    𝐺(𝑡) = 𝐺0𝑒−(
𝑡

𝜏
)𝛽

                                             (9) 

The β is generally related to relaxation or retardation time distribution. Since the β can 

change with the type of measurement and the temperature range of interest, nα also 

depends on measurements and temperature range.17, 18, 49, 67 Therefore, to have a 

consistent analysis, I used the coupling parameter determined from viscoelastic 

(mechanical) measurements.16, 49 Figure 5.10 and Table 5.2 present the relationship 

between rubbery stiffening indexes and corresponding coupling parameters for the 

organic and inorganic materials investigated from bubble inflation measurements to date. 

In Figure 5.10, we clearly see that the rubbery stiffening index for the PIB film falls on to 

the linear correlation with the coupling parameter seen for other materials observed in 

bubble inflation measurements. Also, I remark that the ratio (S/nα) for the PIB is 3.3, 

similar to the values near to 3.0 (Table 5.2) reported previously for other materials16-18. 

5.4.4 Comparison of Rubbery Stiffening Index and Dynamic Fragility 

The dynamic fragility (m) is generally determined from the slope of the logarithm 

of relaxation or retardation time (τα) as a function of the inverse temperature at Tg by the 

following equation. 68-70 
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      𝑚 =  
1

𝑇𝑔
[

𝑑𝑙𝑜𝑔𝜏𝛼

𝑑(1
𝑇⁄ )

]
𝑇=𝑇𝑔

                                                       (10) 

 

The m can be estimated from the VFT (Vogel- Fulcher- Tammann) equation71-73. The m 

and VFT equations are determined by the following equations.70-73  

     log aT =  log (
𝜏

𝜏𝑟𝑒𝑓
) = log 𝐴 +

𝐵

2.303(𝑇−𝑇0)
                                 (11) 

    𝑚 =  
𝐵/𝑇𝑔

ln 10 (1−
𝑇0
𝑇𝑔

)2
                                            (12) 

here log A and B are constants, T∞ is the VFT divergence temperature. m has been 

generally used to characterize the macroscopic dynamics of a material near to Tg.
70-73 

However mmacroscopic  has been suggested to correlate with the magnitude of the Tg 

reduction in supported films.19, 23, 24, 40, 43, 44 Though this may be problematic given the 

fact that different groups report different Tg reductions depending on, e.g. strength of 

surface interactions and cooling rate in supported films.1, 17, 32-35, 89-91  It has also been 

observed that confinement can cause a decrease in the dynamic fragility not only in thin 

films, but also in nano rod conditions.92 Here I build on the suggested correlation between 

fragility (m) and rubbery stiffening (S) proposed by Li and McKenna17. Similar to the 

coupling parameter (nα), m has been reported to depend on type of measurement and the 

temperature range of interest.17, 18, 49, 67 Therefore, I also use the value of m reported from 

viscoelastic measurements.70 Figure 5.11a and Table 5.2 compare the S and m of PIB 

along with the other materials obtained from prior bubble inflation measurements. In 

Figure 5.11a, we see that the stiffening index (S) for the PIB does not follow Li and 

McKenna’s proposed correlation17in which, the stiffening index of the PIB films was 
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expected to exhibit similar behavior to other low m material such as PBMA (m = 56). The 

value can be seen to be much higher than expected from the prior correlations between S 

and m. Rather the stiffening index of the PIB is similar to those of the high fragility 

materials such as PEMA, Estane, and selenium. If we also look at the relationship 

between coupling parameter and dynamic fragility for PIB along with the other materials 

described here, we see in Figure 5.11b that Ngai’s coupling parameter correlates well 

with the corresponding dynamic fragility index m, except for the case of the PIB where 

the correlation breaks down. This suggests that the origins of the lack of correlation 

between S and m are similar to those leading to the lack of correlation between nα and m 

for the case of PIB. The origins of this breakdown have been attributed to the broader 

distribution of relaxation time than that expected of low fragility materials in PIB. 

Whether this is the case for S and m remains on open question.   

5.5 Conclusions 

 The rubbery stiffening behavior of ultrathin PIB films was examined in the 

framework of Ngai’s coupling model and the expected correlation between stiffening 

index and coupling parameter. Li and McKenna’s proposed correlation between 

stiffening index and dynamic fragility was also evaluated. The results show that the film 

stiffness increases with decreasing film thickness, similar to the prior observation from 

bubble inflation measurements for PVAc, PS, PC, PBMA, PEMA, Estane, and selenium. 

The surface tension determined from the strain-stress behavior was consistent with the 

macroscopic value, and it was independent of the film thickness. The rubbery compliance 

values for the PIB films was found to follow a thickness dependence of the power law 

behavior of Ds ∝ h1.47 similar to the behaviors observed in prior bubble inflation studies 
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for several materials. The S for PIB is found to follow a linear correlation with Ngai’s 

coupling parameter. However, the S for PIB does not fall on the linear relationship with 

dynamic fragility that was proposed by Li and McKenna for a series of materials. The 

rupture stress and strain showed thickness dependent behaviors. The rupture stress 

increases with decreasing film thickness whereas the rupture strain decreases. In addition, 

the energy required for the PIB film failure initially increases with decreasing film 

thickness but it begins to decrease for thicknesses less than 30 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Heedong Yoon, May 2018 

 

136 
 

5.6 References 

1.  Alcoutlabi, M.; McKenna, G. B. Effects of confinement on material behavior at 

 the nanometre size scale. J. Phys.: Condens. Matter. 2005, 17, (15), R461-R524. 

2.  Tweedie, C. A.; Constantinides, G.; Lehman, K. E.; Brill, D. J.; Blackman, G. S.; 

 Van Vliet, K. J. Enhanced stiffness of amorphous polymer surfaces under 

 confinement of localized contact loads. Adv. Mater. 2007, 19, 2540. 

3.  Liu, Y.; Chen, Y. C.; Hutchens, S.; Emrick, T.; Crosby, A. J. Directly measuring 

 the complete stress–strain response of ultrathin polymer films. Macromolecules 

 2015, 48, (18), 6534-6540. 

4.  Nguyen, H. K.; Fujinami, S.; Nakajima, K. Size-dependent elastic modulus of 

 ultrathin polymer films in glassy and rubbery states. Polymer 2016, 105, 64-71. 

5.  Stafford, C. M.; Vogt, B. D.; Harrison, C.; Julthongpiput, D.; Huang, R. Elastic 

 moduli of ultrathin amorphous polymer films. Macromolecules 2006, 39, 5095-

 5099. 

6.  Cuenot, S.; Demoustier-Champagne, S.; Nysten, B. Modulus of Polypyrrole 

 Nanotubes. Phys. Rev. Lett. 2000, 85 (8), 1690−1693. 

7.  Cuenot, S.; Fretigny, C.; Demoustier-Champagne, S; Nysten, B. Surface tension 

 effect on the mechanical properties of nanomaterials measured by atomic force 

 microscopy. Phys. Rev. B 2004, 69, (16), 165410−1−165410−5. 

8.  O'Connell, P. A.; McKenna, G. B. Rheological measurements of the 

 thermoviscoetastic response of ultrathin polymer films. Science. 2005, 307, 

 (5716), 1760-1763. 

9.  O'Connell, P. A.; Wang, J.; Ishola, T.; McKenna, G. B. Exceptional property 

 changes in ulltrathin films of polycarbonate: Glass Temperature, Rubbery 

 Stiffening, and Flow. Macromolecules 2012, 45, (5), 2453-2459. 

10. O'Connell, P. A.; McKenna, G. B. Dramatic stiffening of ultrathin polymer films 

 in the rubbery regime. Eur. Phys. J. E. 2006, 20, (2), 143-150. 

11.  O'Connell, P. A.; McKenna, G. B. The stiffening of ultrathin polymer films in the 

 rubbery regime: The relative contributions of membrane stress and surface 

 tension.  J. Polym. Sci., Part B: Polym. Phys. 2009, 47, (24), 2441-2448. 

12.  O'Connell, P. A.; McKenna, G. B. Novel nanobubble inflation method for 

 determining the viscoelastic properties of ultrathin polymer films. Rev. Sci. 

 Instrum. 2007, 78, 013901−1−013901−12. 

13.  O'Connell, P. A.; Hutcheson, S.A; McKenna, G. B. Creep behavior of ultra-thin 

 polymer films. J. Polym. Sci., Part B: Polym. Phys. 2008, 46, (18), 1952-1965. 

14.  Xu, S.; O'Connell, P. A.; McKenna, G. B. Unusual elastic behavior of ultrathin 

 polymer films: Confinement-induced/molecular stiffening and surface tension 

 effects. J. Chem. Phys. 2010, 132, (18). 

15.  Xu, S.; O'Connell, P. A.; McKenna, G. B.; Castagnet, S. Nanomechanical 

 properties in ultrathin polymer films: Measurement on rectangular versus circular 

 bubbles. J. Polym. Sci., Part B: Polym. Phys. 2012, 50, (7), 466-476. 

16.  Zhai, M.; McKenna, G. B. Elastic modulus and surface tension of a polyurethane 

 rubber in nanometer thick films. Polymer 2014, 55, (11), 2725-2733. 

17.  Li, X.; Mckenna, G. B. Ultrathin polymer films: Rubbery Stiffening, Fragility, 

 and Tg Reduction. Macromolecules 2015, 48, 6329. 



Texas Tech University, Heedong Yoon, May 2018 

 

137 
 

18.  Yoon, H.; McKenna, G. B. Dynamic and temperature dependent response of 

 physical vapor deposited Se in freely standing nanometric thin films. J. Chem. 

 Phys. 2016, 144, 184501. 

19.  Yoon, H.; McKenna, G. B. Substrate effects on glass transition and free surface 

 viscoelasticity of ultrathin polystyrene films. Macromolecules 2014, 47, (24), 

 8808-8818. 

20.  Karim, T. B.; McKenna, G. B. Unusual surface mechanical properties of poly (α-

 methylstyrene): surface softening and stiffening at different temperatures. 

 Macromolecules 2012, 45, (24), 9697-9706. 

21.  Wang, J.; McKenna, G. B. Viscoelastic and glass transition properties of ultrathin 

 polystyrene films by dewetting from liquid glycerol.  Macromolecules 2013, 46, 

 (6), 2485-2495. 

22.  Bodiguel, H.; Fretigny, C. Viscoelastic dewetting of a polymer film on a liquid 

 substrate.  Eur. Phys. J. E 2006, 19, 185-193. 

23.  Yang, Z.; Fujii, Y.; Lee, F.; Lam, C.-H; Tsui, O. K. C. Glass transition dynamics 

 and surface layer mobility in unentangled polystyrene films Science 2010, 328, 

 (5986), 1676-1679. 

24.  Fakhraai, Z.; Forrest, J. A. Measuring the surface dynamics of glassy polymers. 

 Science 2008, 319, (5863), 600-604. 

25.  Chai, Y.; Salez, T.; Mcgraw, J. D.; Benzanquen, M.; Dalnoki-Veress, K.; 

 Raphael, E.; Forrest, J. A. Direct Quantitative measure of surface mobility in a 

 glassy polymer. Science 2014, 343, (6174), 994-999. 

26.  Lee, J.-H.; Chung, J. Y.; Stafford, C. M. Effect of confinement on stiffness and 

 fracture of thin amorphous polymer films. ACS Macro Lett. 2012, 1, 122−126. 

27.  Si, L.; Massa, M. V.; Dalnoki-Veress, K.; Brown, H. R.; Jones, R. A. L. Chain 

 entanglement in thin freestanding polymer films. Phys. Rev. Lett.  2005, 94, 

 127801. 

28.  Chan, T.; Donald, A. M.; Kramer, E. J. Film thickness effects on craze 

 micromechanics. J. Mater. Sci. 1981, 16, 676−686. 

29. Kageshima, M. Layer-resolved relaxation dynamics of confined water analyzed 

 through subnanometer shear measurement. Europhys Lett. 2014, 107, 66001. 

30.  Jackson, C. L.; McKenna, G. B. The glass transition of organic liquids confined to 

 small pores. J. Non-Cryst. Solids 1991, 131, 221-224. 

31.  Keddie, J. L.; Jones, R. A. L.; Cory, R. A. Size-dependent depression of the glass 

 transition temperature in polymer films. Europhys Lett.1994, 27, (1), 59-64. 

32.  Ediger, M. D.; Forrest, J. A. Dynamics near Free Surfaces and the Glass 

 Transition in Thin Polymer Films: A View to the Future.  Macromolecules 2013, 

 47, (2), 471-478. 

33.  Ellison, C. J.; Torkelson, J. M. The distribution of glass-transition temperatures in 

 nanoscopically confined glass formers. Nat. Mater. 2003, 2, (10), 695-700. 

34.  Kremer, F.; Tress, M.; Mapesa, E. U. Glassy dynamics and glass transition in 

 nanometric layers and films: A silver lining on the horizon. J. Non-Cryst. Solids 

 2015, 407, 277−283. 

35.  Pye, J. E.; Roth, C. B. Two simultaneous mechanisms causing glass transition. 

 temperature reductions in high molecular weight freestanding polymer films as 

 measured by transmission ellipsometry. Phys. Rev. Lett. 2011, 107, (23), 235701. 



Texas Tech University, Heedong Yoon, May 2018 

 

138 
 

36.  Reiter, G.; Napolitano, S. Possible origin of thickness‐dependent deviations from 

 bulk properties of thin polymer films.  J. Polym. Sci., Part B: Polym. Phys. 2010, 

 48, (24), 2544-2547. 

37. Frieberg, B.; Glynos, E.; Green, P. F. Structural relaxations of thin polymer films.  

 Phys. Rev. Lett. 2012, 108, (26). 

38.  Salez, T.; Salez, J.; Dalnoki-Veress, K.; Raphael, E. ; Forrest, J. A. Cooperative 

 strings  and glassy interfaces. Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 

 8227−8231. 

39.  Koh, Y. P.; Simon, S. L. Structural relaxation of stacked ultrathin polystyrene 

 films. J. Polym. Sci., Part B: Polym. Phys. 2008, 46, (24), 2741-2753. 

40.  Evans, C. M.; Deng, H.; Jager, W. F.; Torkelson, J. M. Fragility is a key 

 parameter in determining the magnitude of T g-confinement effects in polymer 

 films. Macromolecules 2013, 46, (15), 6091-6103. 

41.  Paeng, K.; Ediger, M. D. Molecular Motion in Free-Standing Thin Films of Poly 

 (methyl methacrylate), Poly (4-tert-butylstyrene), Poly (α-methylstyrene), and 

 Poly (2-vinylpyridine). Macromolecules 2011, 44, (17), 7034-7042. 

42.  Priestley, R. D.; Ellison, C. J.; Broadbelt, L. J.; Torkelson, J. M. In Situ Probing 

 the Relaxation Properties of Ultrathin Polystyrene Films by Using Electric Force 

 Microscopy. Science 2005, 309, (5733), 456-459. 

43.  Schonhals, A.; Goering, H.; Schick, Ch.; Frick, B.; Zorn, R. Polymers in 

 nanoconfinement: What can be learned from relaxation and scattering 

 experiments? J. Non-Cryst. Solids 2005, 351, (33), 2668-2677. 

44.  Fukao, K.; Miyamoto, Y. Slow dynamics near glass transitions in thin polymer 

 films. Phys. Rev. E 2001, 64, (2), 1743. 

45.  Evans, C. M.; Kim, S.; Roth, C. B.; Priestley, R. D.; Broadbelt, L. J.; Torkelson, 

 J. M. Role of neighboring domains in determining the magnitude and direction of 

 Tg-confinement effects in binary, immiscible polymer systems. Macromolecules 

 2013, 46, (15), 6091-6103. 

46.  Huang, X.; Roth, C. B. Changes in the temperature-dependent specific volume of 

 supported polystyrene films with film thickness. J. Chem. Phys. 2016, 144, 

 234903. 

47.  Baglay, R. R.; Roth, C. B. Local glass transition temperature T g (z) of 

 polystyrene next to different polymers: Hard vs. soft confinement.  J. Chem. Phys. 

 2017, 146, 203307. 

48.  Torres, J. M.; Stafford, C. M.; Vogt, B. D. Elastic modulus of amorphous polymer 

 thin films: relationship to the glass transition temperature. ACS Nano 2009, 3, (9), 

 2677-2686. 

49.  Ngai, K. L.; Prevosto, D.; Grassia, L. Viscoelasticity of nanobubble-inflated 

 ultrathin polymer films: Justification by the coupling model. J. Polym. Sci., Part 

 B: Polym. Phys. 2013, 51, (3), 214-224. 

50.  Ngai, K. L.; Prevosto, D.; Capaccioli, S. A perspective on experimental findings 

 and theoretical explanations of novel dynamics at free surface and in freestanding 

 thin films of polystyrene. Philos. Mag. 2016, 96, 854. 

51.  Page, K. A.; Kusoglu, A.; Stafford, C. M.; Kim, S.; Kline, R. J.; Weber, A. Z. 

 Confinement-driven increase in ionomer thin-film modulus. Nano Lett. 2014, 14 

 (5), 2299−304. 



Texas Tech University, Heedong Yoon, May 2018 

 

139 
 

52.  Mirigian S.; Schweizer K. S. Influence of chemistry, interfacial width, and non-

 isothermal conditions on spatially heterogeneous activated relaxation and 

 elasticity in glass-forming free standing films. J. Chem. Phys. 2017, 146, 203301. 

53.  Askar, S.; Torkelson, J. M. Stiffness of thin, supported polystyrene films: Free-

 surface, substrate, and confinement effects characterized via self-referencing 

 fluorescence. Polymer 2016, 99, 417−426. 

54.  Kunal, K.; Paluch, M.; Roland, C. M.; Puskas, J. E.; Chen, Y.; Sokolov, A. P. 

 Polyisobutylene: A most unusual polymer. J. Polym. Sci., Part B: Polym. Phys. 

 2008, 46, (13), 1390-1399. 

55.  Santangelo, P. G.; Ngai, K. L.; Roland, C. M. Distinctive manifestations of 

 segmental motion in amorphous poly (tetrahydrofuran) and polyisobutylene. 

 Macromolecules 1993, 26, 2682–2687. 

56.  Boyd, R. H.; Pant, P. V. K. Molecular packing and diffusion in polyisobutylene. 

 Macromolecules 1991, 24, 6325–6331. 

57. Plazek, D. J. 1995 Bingham Medal Address: Oh, thermorheological simplicity, 

 wherefore art thou? J. Rheol. 1996, 40, 987-1014. 

58.  Robertson, C. G.; Roland, C. M.; Paulo, C.; Puskas, J. E. Linear viscoelastic 

 properties of hyperbranched polyisobutylene. J. Rheol. 2001, 45, 759-772. 

59.  Ferry, J. D., In Viscoelastic Properties of Polymers. 3 ed.; John Wiley & Sons: 

 New York, 1980; p 482. 

60.  Plazek, D. J.; Zheng, X. D.; Ngai, K. L. Viscoelastic properties of amorphous 

 polymers. I. Different temperature dependences of segmental relaxation and 

 terminal dispersion. Macromolecules 1992, 25, 4920–4924. 

61.  Ngai, K. L.; Plazek, D. J. Identification of different modes of molecular motion in 

 polymers that cause thermorheological complexity. Rubber Chem. Tech Rubber 

 Rev. 1995, 68, 376–434. 

62.  Huang, J.; Juszkiewicz, M.; de Jeu, W.; Cerda, E.; Emrick, T.; Menon, N.; 

 Russell, T. P. Capillary wrinkling of floating thin polymer films. Science 2007, 

 317, 650. 

63.  Plazek, D. J.; Chay, I. C.; Ngai, K. L.: Roland, C. M. Viscoelastic properties of 

 polymers. 4. Thermorheological complexity of the softening dispersion in 

 polyisobutylene. Macromolecules 1995, 28, 6432–6436. 

64.  Ngai, K. L.; Plazek, D. J.; Rizos, A. K. Viscoelastic properties of amorphous 

 polymers. 5. A coupling model analysis of the thermorheological complexity of 

 polyisobutylene in the glass-rubber softening dispersion. J. Polym. Sci., Part B: 

 Polym. Phys. 1997, 35, (4), 599-614. 

65.  Williams, G.; Watts, D. C. Non-symmetrical dielectric relaxation behaviour 

 arising from a simple empirical decay function.  Faraday Soc. 1970, 66 (0), 

 80−85. 

66.  Plazek, D. J.; Ngai, K. L. Correlation of polymer segmental chain dynamics with 

 temperature-dependent time-scale shifts. Macromolecules 1991, 24 (5), 

 1222−1224. 

67.  Plazek, D. J. Anomalous viscoelastic properties of polymers: Experiments and 

 explanations. J. Non-Cryst. Solids 2007, 353, 3783. 

68.  Angell, C. A. Relaxation in liquids, polymers and plastic crystals- strong/fragile 

 patterns and problems. J. Non-Cryst. Solids 1991, 131−133 (Part 1), 13−31. 



Texas Tech University, Heedong Yoon, May 2018 

 

140 
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Table 5.1 Modulus values obtained from strain-stress analysis for PIB films of different 

thicknesses. 

Thickness 

[nm] 
13± 1 22 ± 3 31± 3 45± 3 52± 2 75± 7 126 ± 20 Macroscopic  

Modulus 

[MPa] 
52±13 18±3 6.3±1.5 9.8±2.0 4.7±1.1 3.6±1.7 1.85±0.6 1.1-1.963, 81, 82 

Surface 

Tension 

[N/m] 

0.028 

±0.001 

0.035 

±0.001 

0.024 

±0.001 

0.027 

±0.001 

0.028 

±0.002 

0.029 

±0.002 

0.032 

±0.001 

0.019-

0.03675-77 
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Table 5.2 Rubbery stiffening index for several materials and corresponding coupling 

parameters and dynamic fragilities.16-18 

Polymer parameter PS PC PVAc PIB PEMA PBMA Se Estane 

Stiffening Index h2 h1.93 h2 h1.47 h1.34 h0.83 h1.7 h1.3 

Coupling Parameter 

(nα) 
0.64 0.65 0.64 0.45 0.41 0.27 0.53 0.53 

Dynamic Fragility 

(m) 
139 132 135 46 81 56 106 95 

S/nα 3.1 3.0 3.1 3.3 3.3 3.1 3.2 2.5 
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Figure 5.1 (a) Strain measured for PIB bubbles as function of time for a 45 nm thick film 

at 1.5, 2.0, and 2.5 psi (10.3, 13.8, and 17.2 kPa) and (b) Schematic diagram of the step 

pressure applied to the PIB thin films.  
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Figure 5.2 3D AFM images of nano-bubbles for a 75 nm PIB film scanned at (a) 4 psi 

(25.6 kPa) and (b) 5.9 psi (40.7 kPa) at film rupture. Image size is 18 × 18 µm. 
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Figure 5.3 Strain-stress behaviors of ultra-thin PIB films at 23 °C. Open symbols and 

solid lines represent experimental data and the linear fits respectively. Error bars 

represent standard deviations for the stress and strain estimated from 8 to 15 bubbles 

measured in two to five separate experiments on individual films.  
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Figure 5.4 Surface tension of PIB films determined from the intercept in Figure 5.3 and 

macroscopic values75-77. Error bars represent standard deviations for the surface tension 

value estimated from 8 to 15 bubbles measured in two to five separate experiments on 

individual films. 
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Figure 5.5 Logarithm of rubber-like compliances as function of the film thickness for 

PIB along with those of other organic and inorganic materials. 17, 18 
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Figure 5.6 2D and 3D AFM images for a 40 nm PIB film ruptured after (a) 2 minutes, (b) 

13 minutes, (c) 20 minutes, and (d) 30 minutes, (e), (f), (g), (h) 3D images of (a), (b), (c), 

(d). 
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Figure 5.7 Logarithm of normalized hole radius (R/R0) as function of time for a 40 nm 

PIB film along with the results from Roth and Dutcher’s 79 nm PS film95. Here R0 is the 

initial hole radius, in the case of the 40 nm PIB film it was 300 nm. 
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Figure 5.8 Logarithm of the (a) rupture stress and (b) strain for ultrathin PIB films as a 

function of the film thickness along with literature data3, 26, 88 for failure behaviors of PS 

ultrathin films measured in the glassy regime and the macroscopic response of a butyl 

rubber. 
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Figure 5.9 Toughness estimated from the strain stress plots for the rubbery PIB thin films 

along with data from Liu et al.3 for PS measured in tension and in the glassy state.  Lines 

represent range of properties reported for macroscopic butyl rubber88. 
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Figure 5.10 Rubbery stiffening index and the corresponding coupling parameter for 

several materials.16-18 

 

 

 

 

 

 

 

 

 



Texas Tech University, Heedong Yoon, May 2018 

 

154 
 

 

Figure 5.11 (a) Rubbery stiffening index and the corresponding dynamic fragility for 

several materials (b) Ngai’s coupling parameter and corresponding dynamic fragility. 
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Chapter 6 

An Ultra-Stable Polymeric Glass: Physical Vapor Deposited Amorphous 

Fluoropolymer with Extreme Fictive Temperature Reduction 
 

 

6.1 Introduction 

A glass has been classically described as a non-equilibrium material in which the 

equilibrium liquid is cooled rapidly enough so that the volume, or enthalpy, deviates from 

the equilibrium condition.1-57 In the glassy state, the non-equilibrium material evolves 

spontaneously towards the equilibrium state1 when held isothermally at a specific 

temperature below the glass transition temperature (Tg).
1-36  The glassy state is often 

described by an energy landscape22-24 picture in which the glassy amorphous state (or 

structure) is a result of the system being trapped in the local minima of the potential 

energy landscape. Upon lowering the cooling rate of an equilibrium liquid or by 

physically aging the sample, one can move lower in the potential energy landscape, thus 

producing a more stable glass. 22-24 However, it is extremely difficult to move down the 

potential energy landscape at temperatures far below the nominal 𝑇𝑔  because it requires 

experimental time scales at least on the order of geological times. 1-5, 22-24 Yet, there is 

considerable interest in developing materials that have the extremely low potential energy 

structures for multiple reasons. For example, there is a recent work5 from the PI's 

laboratory showing that a 20 million year old amber exhibits behavior that suggests that 

the Vogel37-Fulcher38-Tammann39 apparent diverging time-scales of the relationship 

                                                           
1 The extrapolated liquid line is the equilibrium response for polymers that cannot crystallize, such as 

atactic polystyrene, and there is no supercooled state; on the other hand, the supercooled liquid line can be 

considered as a metastable state, hence one tends towards a metastable equilibrium state, for glasses that 

can crystallize.  
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above zero Kelvin breaks down below the nominal 𝑇𝑔, consistent with reports from long 

time aging experiments on polycarbonate4, polystyrene2,7, and poly(vinyl acetate)3, 6, 40-42, 

though the results have been contested41, 42. Hence, understanding the stable glassy state 

has significant importance in evaluating the behavior of glass-forming systems and 

theoretical arguments concerning the temperature dependence of the equilibrium 

dynamics26-36. Furthermore, the behavior of the deep glassy state itself is little 

understood, yet of great importance for the deployment of amorphous materials in such 

applications as automotive, aerospace and electronic composites. A great advancement 

was made during the  past decade when physical vapor deposition (PVD) was shown to 

be a path "to march down the energy landscape"43 to lower potential energies within 

relatively short experimental time scales and, thus, produce stable glasses.43-50 Ediger and 

coworkers43-50 reported that stable glasses can be produced by the PVD of small molecule 

glass-formers deposited onto a substrate in a temperature range of approximately 0.75 to 

0.90 Tg with an optimum substrate temperature of approximately 0.85 Tg. They explained 

the result as being due to enhanced surface mobility during the deposition process.43-50 

The stable glasses produced by the PVD technique have been shown to be similar to 

extremely long-time aged glasses, i.e., they have low fictive temperatures Tf, high 

density, and low enthalpy.43-51 For instance, Swallen et al.44 reported 33 K and 29 K 

reductions in Tf for the stable 1, 3, 5-(tris)naphthylbenzene (TNB) and indomethacin 

(IMC) glasses, respectively. In addition, Kearns et al.45 performed Brillouin Light 

Scattering (BLS) measurements on the stable TNB and IMC glasses, and observed a 

modulus increase of as much as 19%. 
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However, there are no reports of ultrastable polymeric glasses even though it is 

known that polymers, in special conditions, can be successfully vapor deposited52-67, 

though the extremely low vapor pressures of polymers generally can be problematic.56,57 

In the current work, I have used the PVD method to produce stable polymeric glasses 

using an amorphous fluorinated copolymer.  There are reports58-67 that amorphous 

fluorinated copolymers can be made into amorphous thin films by physical vapor 

deposition through a process in which the amorphous Teflon® pyrolyzes in the vapor 

phase and repolymerizes on to the substrate during the deposition process. In these 

studies the deposition substrates were at room temperature.58-67 For instance, Moore and 

coworkers58, 59 reported that Teflon AF® 1600 films were produced by physical vapor 

deposition while Nason and coworkers64, 65 reported similarly that both Teflon AF® 1600 

and 2400 thin films could be made into PVD films. In these instances, no evidence was 

reported for the creation of stable glasses, undoubtedly because the purpose of the studies 

was different from the present work.  

In the current study, I used Teflon AF® 1600 (Mw =400,000 g/mol) to produce 

highly stable polymeric glasses, and measured the Tf using rapid chip differential 

scanning calorimetry (Flash DSC). One of the advantages of using nanocalorimetry is 

that it allows us to significantly reduce the time for the sample preparation process. For 

instance, in the work from Ediger and co-workers47, it required a minimum of 10 µm 

sample thickness for conventional DSC measurements. Assuming 0.1 nm/second as the 

deposition rate for the PVD process, it takes 100,000 s (approximately 28 hours) to 

produce a sample suitable for conventional DSC measurements. However, in a 

nanocalorimetry, one can measure the heat flow response for a sample size from tens of 
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nanometers to a few hundred nanometers in thickness. Hence, it takes only a few hours to 

produce a sample suitable for the nanocalorimetry at the same deposition rate. For 

instance, Rodríguez-Viejo and coworkers80-83 and Ramos et al.84 measured the Tf for 

twenty to several hundred nm thick stable glass films by using the nanocalorimetry. 

Therefore, I take advantage of this capability to study the calorimetric response of PVD 

made Teflon AF® films. In addition, I also use FT-IR and intrinsic viscosity 

measurements to characterize our PVD created stable glasses. 

It is also worth noting that Priestley and co-workers56 have reported that matrix-

assisted pulsed laser evaporation (MAPLE) can be used to make ultrastable low 

molecular weight polymer glasses, but these are of a qualitatively different nature as they 

seem to exhibit high glass transitions rather than the reduced fictive temperatures seen in 

the ultrastable glasses made by Ediger and co-workers43-50. To the best of our knowledge, 

large Tf reductions for PVD produced high molecular weight polymeric glasses have not 

been previously reported. In what follows, I describe how I produced highly stable Teflon 

AF® glasses, and how I measure the fictive temperature, the key to characterizing their 

extreme stability. The glass transition temperatures of the stable Teflon glasses are also 

compared with those of the low molecular weight stable glasses reported from prior 

studies and relevant behaviors are also discussed. The fictive temperature of an ancient 

amber is also compared.             

6.2 Experimental 

6.2.1 Sample Preparation 

Teflon AF® 1600 is a copolymer which consists of 66 % dioxole and 34 % 

tetrafluoroethylene (TFE) monomers, respectively. The Mw and Mn of the Teflon AF® 
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1600 used in the current study, as reported by the manufacturer, were 400,000 g/mole and 

100,000 g/mole, respectively. The glass transition temperature (Tg) of the powder form of 

Teflon AF® 1600 was determined from the limiting fictive temperature (𝑇𝑓
′) measured by 

conventional differential scanning calorimetry (DSC, Q20 Calorimeter from TA 

instruments) with 10 K/ minute cooling and heating rates. The measured Tg was 160 °C, 

consistent with the reported values from the manufacturer and also from several other 

studies.58-68, 86 Physical vapor deposition was used to produce 300 to 700 nm thick stable 

films following the procedures of Ediger and coworkers43-50 in their work on small 

molecule glass-formers. The Teflon AF® 1600 was directly deposited onto silicon wafers 

or onto the back sides (silicon dioxide) of the Flash DSC chips under 10-7 torr vacuum 

using a Varian high vacuum evaporator (Varian 3118). Since a deposition area larger than 

the sensor size can cause thermal gradients in the flash DSC measurements, here I used a 

mask with 0.5 mm diameter hole to cover the back side of flash DSC chips to directly 

deposit the polymer onto the sensor area. The deposition rate was determined to be 0.1 

nm/s by using a quartz crystal microbalance (QCM) sitting beside the silicon wafer or 

Flash DSC chips during the deposition. Substrate temperatures were set from 30 oC to 

116.7 oC (These values are 0.70 to 0.90 𝑇𝑔 for the original Teflon AF®, but in terms of the 

PVD glasses, these values are 0.75 to 0.97 𝑇𝑔 because the PVD process leads to a change 

in the glass transition temperature of the material as discussed below.)  During the 

deposition, constant deposition rates and substrate temperatures were maintained. Actual 

film thicknesses on the silicon wafer were determined by atomic force microscopy 

(AFM, Keysight Technologies 5500 SPM) after gently scoring the polymer films on the 

silicon wafer using a razor blade. 
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 The PVD samples were compared to virgin material by FT-IR and intrinsic 

viscosity measurements. For the FT-IR measurements, the amorphous Teflon virgin 

material was dissolved into perfluorotripentylamine (FC-70) solvent to produce 3.7 % 

weight concentration solution. The solution was spin coated onto the sodium chloride 

substrates or silicon wafers. The estimated thickness of the film measured from the AFM 

was 660 nm. The film was dried in the ambient condition for one day to remove the 

residual solvent. However, since the reported vapor pressure for FC-70 solvent was low 

(15 Pa), the sample was additionally dried at 220 oC for 15 minutes in an oven to 

completely remove the residual solvent. The PVD samples were directly deposited onto 

the sodium chloride substrates at a substrate temperature of 95 oC. The rejuvenation of 

the film was performed by placing the stable Teflon film into the oven, and the 

temperature was increased from 23 to 230 oC. Then the film was held for 10 minutes at 

230 oC, and then cooled to 23 oC. The heating and cooling rates were 0.16 K/s. 

In the case of solution viscosity measurements, I prepared both PVD and virgin 

samples. For the PVD sample, a 990 nm thick amorphous Teflon film was deposited onto 

a 9.2 cm2 silicon wafer to obtain 1.6 mg of the PVD sample, then all of the films were 

dissolved into the FC-70 solvent. The original virgin material was also dissolved in FC-

70. Solutions with concentrations ranging from 0.01 to 0.15 g/dl were made for the 

capillary viscometry measurements. 

6.2.2 Flash DSC Measurement 

The fictive temperatures of the PVD films were determined using a Mettler 

Toledo Flash DSC with Freon® intercooler and nitrogen purge. The sample masses 

deposited on the Flash DSC chips were calculated by multiplying the deposition area (0.5 
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mm x 0.5 mm) by the amorphous density of Teflon AF® (1.77 g/cm3 at 20 °C).68 The 

estimated sample mass for 300 nm to 675 nm Teflon films ranged from 105 to 234 ng. 

The calibration and chip corrections for the Flash DSC were performed following the 

manufacturer's recommended procedures. The temperature range scanned in the DSC 

experiments was from 30 °C to 260 °C using a 600 K/s heating scan rate and cooling 

rates from 0.167 to 600 K/s. Before starting the measurements, extra chip conditioning 

runs were performed in a regime far below the glass transition temperature in order to 

stabilize the base line for the first heating scan. The conditioning runs were performed 

using a rate of 600 K/s for the heating and cooling cycle between -30 °C and 30 °C.  The 

cycle was repeated five times.  The Flash DSC measurements consisted of three thermal 

loops. The first heating scans on the PVD created samples were performed from 30 °C to 

260 °C. Then the samples were held at 260 °C for 5 seconds, and cooled to 30 °C. The 

second and third heating scans were performed using the same procedure. The Tf for the 

vapor deposited and rejuvenated conditions of the films were determined from the first 

and second heating scans, respectively. The third scan cycles were performed to ensure 

the stability and repeatability of the material response once thermally rejuvenated. 

 6.2.3 Film Morphology Characterization                                                                                                                     

 Film morphologies deposited onto the back (silicon dioxide) side of the Flash 

DSC chips before and after Flash DSC measurements were examined by AFM. Figure 

6.1 shows 3D AFM images of the PVD Teflon AF® films on the chips produced at TDep = 

95 oC before and after the Flash DSC measurements. In Figure 6.1, we see that the 

surfaces of films deposited onto the Flash DSC chips before and after the Flash DSC 

measurements are similar. The average surface roughnesses (Ra) of the imaged samples 
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were measured using SPIP software69. The estimated average surface roughnesses for 

both imaged samples were ±0.7 and ±0.8 nm, respectively. I also checked the film 

morphologies on the Flash DSC chips for the different deposition temperatures, and the 

surface roughness was found to be less than 1 nm for all samples both before and after 

the Flash DSC measurements. 

6.2.4 FT-IR Measurement  

 FT-IR (Bruker Optics Tensor 27) measurements were performed for the stable 

PVD, and rejuvenated PVD, and spin coated Teflon films over the wavenumber range 

from 1400 to 600 cm-1.  Detailed experimental procedures for FT-IR measurements are 

described elsewhere88.  

6.2.5 Intrinsic Viscosity Measurement   

 Molecular weights of the PVD Teflon films were estimated from the intrinsic 

viscosity measurements by comparing the virgin material results with those of the PVD 

material. As indicated above, 1.6 mg of sample of the PVD material were used for the 

intrinsic viscosity measurements. It is extremely difficult to measure intrinsic viscosities 

for stable PVD Teflon films because only a small amount of sample can be obtained from 

the long time PVD process. Here I used a micro-Ostwald viscometer with 2 ml size to 

measure the relative viscosities. The viscometer was placed into a water bath maintained 

at constant temperature (18.5 oC). The relative viscosities (ηr) were determined by 

comparing efflux time t and t0 for polymer solutions and the pure solvent. For each 

concentration, the efflux times were measured three to five times, and the average values 

were taken for the viscosity calculations. The average efflux time (t0) for the FC-70 pure 
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solvent was 1988± 6 second at 18.5 oC. Intrinsic viscosities were determined from the 

limiting value of ln ηr/C as C→ 0.  

6.3 Analysis 

6.3.1 Calorimetry 

  Figure 6.2 shows a schematic diagram of the specific volume or enthalpy vs. 

temperature. The 𝑇𝑔, 𝑇𝑓
′, 𝑎𝑛𝑑 𝑇𝑓 changes due to aging or annealing isothermally at 𝑇𝑎 are 

shown in the diagram. The fictive temperature2 Tf is determined as the intersection of the 

extrapolated equilibrium line with the glass line in such enthalpy or volume plots. When 

the heating and cooling rates are the same, and the heating scan is performed immediately 

after the cooling scan, one obtains the limiting fictive temperature 𝑇𝑓
′. The Tf decreases 

with increasing aging time or decreasing cooling rate, and as the glassy structure 

approaches equilibrium, the value of Tf approaches the value of the aging temperature 

itself.1-6, 8, 9, 16  

The fictive temperature (Tf ) is generally determined by using Moynihan’s 

methods (eq 1) of area mathcing18:  

                                        ∫ (𝐶𝑝𝑙 − 𝐶𝑝𝑔)𝑑𝑇 = ∫ (𝐶𝑃 − 𝐶𝑝𝑔)𝑑𝑇
𝑇≫𝑇𝑔

𝑇≪𝑇𝑔

𝑇≫𝑇𝑔

𝑇𝑓
                          (1) 

where Cpl and Cpg are the heat capacity of the liquid and glass, respectively, and Cp is the 

apparent heat capacity of the sample at each temperature. It is noted that the differences 

in Tf between the same material having a different thermal history are related to the 

                                                           
2 In the calorimetric measurement, the Tf is generally measured from the heat flow curves from a heating 

scan after cooling. 
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differences in their enthalpy overshoots.21, 25 Integrating eq 1, and applying to two scans, 

one for aged and the other for unaged material yield: 

                                       ∆ 𝑇𝑓 = 𝑇𝑓,𝑢𝑛𝑎𝑔𝑒𝑑 − 𝑇𝑓,𝑎𝑔𝑒𝑑 =  
−[𝐻𝑢𝑛𝑎𝑔𝑒𝑑−𝐻𝑎𝑔𝑒𝑑]

∆𝐶𝑝
                        (2) 

This approach can also be applied to the PVD glasses and their rejuvenated counterparts: 

∆ 𝑇𝑓 = 𝑇𝑓,𝑢𝑛𝑎𝑔𝑒𝑑 − 𝑇𝑓,𝑃𝑉𝐷 =  
−[𝐻𝑢𝑛𝑎𝑔𝑒𝑑−𝐻𝑃𝑉𝐷]

∆𝐶𝑝
                             (3) 

where Tf,unaged and Tf,PVD are fictive temperature of rejuvenated and aged condition 

respectively, and Hunaged and HPVD represent enthalpy of rejuvenated and freshly 

deposited (PVD) conditions, and ∆Cp is the macroscopic step in heat capacity, in this 

case 0.13 J/gK.  The advantage of using eq 2 or 3 is that changes in the base line do 

not influence the results. 

           The cooling rate dependence of Tf  (as Tg) can be described by VFT (Vogel- 

Fulcher- Tammann)37-39 equation91 :   

                                            𝑞 = 𝐴 𝑒𝑥𝑝[
−𝐵

(𝑇𝑔−𝑇∞)
]                                                  (4) 

where q is the cooling rate, A is the prefactor, B is the constant, and T∞ is the VFT 

divergence temperature. The fragility (m) and activation energy (Eg) can be calculated 

from the VFT parameters by91:    

         

                                                             𝑚 =  
𝐵/𝑇𝑔

2.303(1−
𝑇∞
𝑇𝑔

)2
                                                  (5) 
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                                                                𝐸𝑔 =
𝑅𝐵

(1−
𝑇∞
𝑇𝑔

)2
                                                      (6) 

where R is the gas constant. 

The sample mass was calculated from the following equation: 

                                𝑚𝑎𝑠𝑠 =
∆ 𝐻𝑒𝑎𝑡 𝐹𝑙𝑜𝑤

∆𝐶𝑝×𝑞
                                                 (7) 

where ∆Heat Flow is the heat flow difference between average liquid and glass lines for 

the  second heating curve, ∆Cp is the step change of the macroscopic heat capacity, in this 

case 0.13 J/gK, and q is the cooling rate (600 K/s). Importantly, I found that the sample 

mass from eq 7 was similar in value to the sample mass determined from the known 

thickness, density and sensor area of the instrument. The masses for the 300 nm and 675 

nm film calculated from eq 7 was 90 ng and 178 ng, similar to the values (105 ng and 234 

ng) determined from the deposition area and the density described in the experimental 

section. Because of the consistency of the two measurements, it suggests that the value of 

∆𝐶𝑝 used in equations 2 and 3 is consistent with the macroscopic value and, therefore, 

this value was used in the determination of the fictive temperature change in the 

ultrastable glasses. 

6.3.2 Solution Viscosities  

 The relative viscosity (ηr) is determined from the ratio between measured 

capillary viscometer efflux times of solution and pure solvent from the following 

equation85:  

                                                               𝜂𝑟 =  
𝜂

𝜂0
≈  

𝑡

𝑡0
                                                      (8) 
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where η and η0 are the viscosities of the solution and solvent, and t and t0 are the 

measured efflux times for the solution and solvent. 

The specific viscosity85 is determined by 

                                                     𝜂𝑠𝑝 = 𝜂𝑟 − 1 =
𝜂−𝜂0

𝜂0
≈  

𝑡−𝑡0

𝑡0
                                        (9) 

 When the ηr or ηsp are normalized by concentration (C) of the polymer solution, 

the intrinsic viscosity [η] can determine by extrapolating the normalized ηr or ηsp to zero 

concentration. 

                                                      [𝜂] = (
𝜂𝑠𝑝

𝐶
)𝐶=0 =  (

𝑙𝑛 𝜂𝑟

𝐶
)𝐶=0                                     (10) 

  The [η] is related to the viscosity average molecular weight (𝑀𝑣
̅̅ ̅̅ ) by the Mark-

Houwink Staudinger-Sakurda relation85: 

     [𝜂] = 𝐾(𝑀𝑣
̅̅ ̅̅ )𝛼                                                     (11) 

where K is the Mark-Houwink constant,  𝑀𝑣
̅̅ ̅̅  is the viscosity average molecular weight, 

and α is the exponent. The parameters for K and α depend on the polymer-solvent system 

and the temperature. The molecular weight for a material of unknown K and α can be 

estimated using the following method. With known [η]PVD and [η]Virgin material, eq 11 can 

be represented by following equations. 

    𝑙𝑛[𝜂]𝑃𝑉𝐷 = 𝑙𝑛𝐾 + 𝛼𝑙𝑛𝑀𝑣,𝑃𝑉𝐷
̅̅ ̅̅ ̅̅ ̅̅ ̅                                        (12) 

    𝑙𝑛[𝜂]𝑉𝑖𝑟𝑔𝑖𝑛 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 = 𝑙𝑛𝐾 + 𝛼𝑙𝑛𝑀𝑣,𝑉𝑖𝑟𝑔𝑖𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅                    (13) 
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By subtracting eq12 from eq 13, the molecular weight for the PVD materials can 

be determined from the following equation assuming that α ranged from 0.6 to 0.8 as in 

typical of most polymers85. 

   𝑀𝑃𝑉𝐷 = 𝑀𝑉𝑖𝑟𝑔𝑖𝑛 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 exp[
1

𝛼
𝑙𝑛

[𝜂]𝑃𝑉𝐷

[𝜂]𝑉𝑖𝑟𝑔𝑖𝑛 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙
]                     (14) 

6.4 Results and Discussion 

6.4.1 Molecular Weight Determined from Intrinsic Viscosity Measurement 

 One of the challenging problems in producing polymeric films by PVD is possible 

thermal degradation. 57, 89 Due to the strong intermolecular forces between polymer 

chains, the polymer chains can thermally degrade rather than vaporize.57, 89 Several 

studies59, 89, 90 have reported that there is a molecular weight reduction of PVD polymer 

films caused by thermal degradation during the vapor deposition process. Although, 

amorphous Teflon is known to have weak molecular interactions and a low dielectric 

constant58, 59, 89, it is possible that the materials may degrade to some extent during the 

deposition process. To examine this possibility, I performed intrinsic viscosity 

measurements to estimate the molecular weight of the PVD Teflon by changing the value 

of [η] for the PVD and original materials. Figure 6.3 shows the relative and specific 

viscosities for the virgin and PVD materials. We see that both the relative and specific 

viscosities for the PVD material are lower than the virgin material. In addition, the slope 

for the virgin material is slightly lower than for the PVD Teflon. In Figure 6.3, the 

intercept represents the intrinsic viscosity, and the values for virgin and PVD materials 

obtained from the relative viscosity plot are 0.43±0.04 and 0.185±0.06 respectively. For 
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the specific viscosity plot, the intercept for virgin and PVD materials were 0.43±0.04 and 

0.183±0.03 respectively.  

 The reduced intrinsic viscosity for PVD Teflon suggests a possible molecular 

weight reduction of the PVD Teflon Film. However it is also possible that the branches 

might form during the PVD process, and this would cause the decreased of relative and 

specific viscosities for the PVD Teflon. Therefore, first I use ratio of the intrinsic 

viscosity (g') of PVD and Virgin material to examine whether PVD amorphous Teflon is 

linear or branched structures. 96-98 The ratio of the radius of gyration (g) and intrinsic 

viscosity (g') of branched and linear polymers chains can be represented by96-98 

    𝑔 =  
𝑅𝑔,𝐵𝑟𝑎𝑛𝑐ℎ

𝑅𝑔,𝑙𝑖𝑛𝑒𝑎𝑟
 , 𝑔′ =  

[𝜂] 𝐵𝑟𝑎𝑛𝑐ℎ

[𝜂]𝑙𝑖𝑛𝑒𝑎𝑟
                                       (15) 

For the branched polymer, theoretical and empirical relationship between g and g' has 

reported to 

                𝑔 = 𝑔′ɛ
                                                                (16) 

where ɛ  is ranged from 0.5 to 1.5.96-98 

In addition, g is related to the functionality (f) of branched polymers, and if the branched 

structure is the mono-disperse star shape polymer, then it can be represented by following 

equation98: 

      𝑔 =
3

𝑓
−

2

𝑓2
                                                         (17) 

The g' from the current intrinsic viscosity measurements is 0.43. As I will discuss later, 

this result is consistent with a modest reduction of Mw (eq 22) estimated from Tg 
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reduction (30 oC) of the rejuvenated PVD Teflon film and the free volumes of chain ends. 

Assuming that the molecular weight of branched and linear polymers are the same, and 

the PVD amorphous Teflon structure is the star shape polymer, the f calculated from eq 

17 is ranged from 4 to 16. If the PVD Teflon has branch structure with f ranged from 4 to 

16, then for equivalent Tg reduction would be 60 to 240 oC due to increase of free 

volumes at the chain ends.  However, the current rejuvenated PVD Teflon showed 30 oC 

of modest Tg reduction. Therefore, these results indicate that the amorphous PVD Teflon 

is a linear chain structure polymer.  

 Next, to estimate the molecular weight from the intrinsic viscosities, I use Mark-

Houwink Staudinger-Sakurada relation.85 Since I could not find the Mark-Houwink 

constants for Teflon AF 1600, the molecular weight for the PVD amorphous Teflon film 

was estimated from eq 14. Here I also note that weight average molecular weight (𝑀𝑤
̅̅ ̅̅̅ ) 

of the virgin material was used to estimate the molecular weight for the PVD material in 

eq 14. It has been reported that 𝑀𝑤
̅̅ ̅̅̅ also follows the Mark-Houwink Staudinger-Sakurada 

relation.85 However, in this case, the relation is less precise than using 𝑀𝑣
̅̅ ̅̅ .85  𝑀𝑣

̅̅ ̅̅  is 

generally 10 to 20 % lower than 𝑀𝑤
̅̅ ̅̅̅.85 The molecular weight for the PVD material 

determined from eq 14 is estimated to be between 98,000 and 140,000 g/mol which is 

lower than the virgin material (400,000 g/mol), but higher than the reported entanglement 

molecular weight (Me)
87 (19,300 g/mol) of amorphous Teflon. This result suggests that 

while the amorphous Teflon has undergone some chain scission during the PVD process, 

it remains polymeric in nature.  



Texas Tech University, Heedong Yoon, May 2018 

 

170 
 

6.4.2 FT-IR Spectra for Amorphous Teflon Films 

  As mentioned above, the molecular structure of the amorphous Teflon consists of 

dioxole and tetrafluoroethylene (TFE). Several studies have reported a composition 

change due to pyrolysis of amorphous Teflon during PVD experiments. For instance, 

Nason and coworkers64-65 observed a decrease of dioxole content during PVD of a Teflon 

AF 1600 film. In addition, Chow et el66, observed an increase of dioxole content in a 

PVD Teflon AF 2400 film, but they did not observe a composition change for Teflon AF 

1600. Since this composition change can significantly affect the thermodynamic and 

mechanical properties of materials, here I have performed FT-IR measurements to 

examine whether or not there is a composition change in the PVD amorphous Teflon 

films investigated here. Figure 6.4 shows the IR spectra for a spin coated film of the 

virgin material, the stable PVD film, and a rejuvenated PVD film. The latter two samples 

were produced by deposition onto a substrate with a temperature of 95 oC. The peaks 

seen at 1103, 1243, 1269, and 1306 are related to the dioxole content. 64-65 The peaks at 

986, 1207, and 1145 are attributed to CO and CF3 vibrations, and symmetric and 

asymmetric motions of CF2 in the TFE structure. 64-65 In Figure 6.4, we clearly see that 

the IR spectra for the PVD and spin coated films are the same, indicating that the dioxole 

and TFE compositions do not change during the PVD process. In addition, even after 

thermal rejuvenation, the dioxole and TFE compositions remained the same.  

6.4.3 Comparison of Fictive Temperatures for Rejuvenated 300 and 675 nm 

Teflon® Films and the Virgin Material  

I first compare the Tg for the rejuvenated amorphous Teflon AF® films with the 

virgin material measured by conventional DSC. Figure 6.5 shows the heat flow curves for 
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films deposited on a substrate at a temperature of 95 oC following thermal rejuvenation. 

In Figure 6.5a, the second heating scan for a 300 nm film heated after cooling at 600 K/s 

shows a small step change in heat flow at a temperature of approximately 145 °C. Figure 

6.5b shows heat flow curves for the rejuvenated 675 nm film for a 600 K/s heating rate 

following cooling rates ranging from 0.167 K/s to 1000 K/s. Similar to the 300 nm film 

cooled at 600 K/s of cooling rate, a small step change in heat flow was observed at a 

temperature of approximately 145 °C. We see from Figure 6.5b that there is a good 

superposition of liquid and glass lines for all cooling rates. In addition, Figure 6.5b shows 

that the enthalpy overshoots for the thermally rejuvenated 675 nm film increase as 

expected with decreasing cooling rate.   

The fictive temperature (Tf ) values for the thermally rejuvenated condition of the 

300 and 675 nm films with different cooling rates were calculated from eq 1. At 600 K/s 

heating and cooling rates of 600 K/s, the Tf for both 300 and 675 nm films were 145 °C. 

Figure 6.6 shows a plot of logarithm of cooling rates vs 1/Tf for the 675 nm amorphous 

Teflon films. The VFT fit to the data is also shown (eq 4). In Figure 6.6, the Tf decreases 

from 420 K to 403 K as cooling rate decreases from 1000 to 0.167 K/s. The VFT 

equation (eq 4) fit to the data of Figure 6.6 results in VFT parameters of, ln A = 16±1, B 

= 2261±103 K, and T∞ = 346±2 K. The dynamic fragility (m) and activation energy (Eg) 

at Tg estimated from the VFT parameters were m=123±1 and Eg=947±7 KJ/mole 

respectively, similar to the values typical for high fragility polymeric materials93. The Tg 

at the lowest rate of 0.167 K/s for the 675 nm film was 130 °C, some 30 °C lower than 

the conventional DSC measurements (generally performed at 10 K/min = 0.167 K/s) 

reported for Teflon AF® 1600. This decrease in Tg is consistent with literature reports for 
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PVD Teflon AF® films. 64, 65 For instance, Nason and coworkers 64, 65 observed a 35 to 40 

K Tg reduction for physical vapor deposited Teflon AF® 1600 films. In that work64, 65 they 

interpreted this reduction is a being due to a composition change of dioxole and TFE 

during the deposition process. However, as previously discussed, the FT-IR spectra in the 

current work show no evidences for a composition change during the PVD process. In the 

current work, I assume that this reduction is rather related to the molecular weight 

reduction of the PVD amorphous Teflon.  

Therefore, I used the Fox-Flory equation1 to estimate the reduced molecular 

weight for the PVD Teflon films from the Tf reduction. 

               𝑇𝑔 = 𝑇𝑔
∞ −

𝐵

𝑀𝑛
                                                      (18) 

where 𝑇𝑔
∞ is the Tg for infinite molecular weight of the polymer, and B is related to the 

excess free-volume of the polymer. The B can be calculated from following equation1: 

     𝐵 =
2𝜃𝜌𝑁𝐴

𝛼𝑓
                                                            (19) 

where 2θ is the excess free-volume per linear molecule of the chain ends, NA is a 

Avogadro number, and αf is a coefficient of expansion for the free volume of the polymer 

determined by subtracting coefficient of expansion for glassy state from liquid state. 

Then the Tg for the PVD and virgin materials can be represented by 

        𝑇𝑔,𝑃𝑉𝐷 = 𝑇𝑔
∞ −

𝐵

𝑀𝑛,𝑃𝑉𝐷
                                        (20) 

    𝑇𝑔,𝑉𝑖𝑟𝑔𝑖𝑛 = 𝑇𝑔
∞ −

𝐵

𝑀𝑛,𝑣𝑖𝑟𝑔𝑖𝑛
                                (21) 

By subtracting eq 20 from the eq 21, the Mn, PVD can be determined by 
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    𝑀𝑛,𝑃𝑉𝐷 =
1

(𝑇𝑔,𝑉𝑖𝑟𝑔𝑖𝑛−𝑇𝑔,𝑃𝑉𝐷)

𝐵
+

1

𝑀𝑉𝑖𝑟𝑔𝑖𝑛

                                              (22) 

The reported values86, 92 for the θ range3 from 589 to 2144 Å3, and ρ and αf, are 1.78 

g/cm3 and 7.6 × 10-4 /°C, respectively. Assuming that Tg, PVD  and 𝑇𝑔,𝑉𝑖𝑟𝑔𝑖𝑛𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
∞  are 

130 °C and 160 °C, then the estimated Mn from eq 21 is ranged from 33850 g/mol to 

63838 g/mol, which is similar to the results from the intrinsic viscosity measurements, 

and also higher than the Me (19,300 g/mol)87. In the current work I use the 130 °C as the 

reference Tg for the rejuvenated 300 nm AF Teflon® material throughout this article. 

6.4.4 Heat Flow Curves for the Stable and Rejuvenated 300 nm Teflon Films 

Deposited at 95 oC  

Now I compare the heat flow curves for the stable glass and the rejuvenated 

condition of the 300 nm Teflon film deposited at 95 oC. Figure 6.7 shows the heat flow 

for the PVD film for the first, second, and third heating scans. The heat flow curve for the 

first heating scan shows a large enthalpy overshoot similar to the observations reported 

by Ediger and coworkers43, 44, 47 in small molecule stable glasses. The shape of the 

enthalpy overshoot observed in Figure 6.7 is broader than the sharp peak10, 11 which is 

typically seen for aging experiments in the vicinity of the Tg,, and similar to the peaks for 

some low molecular weight stable glasses43, 44, 47. However, this broad enthalpy overshoot 

was not always observed, but in some cases, narrow enthalpy overshoots was reported in 

low molecular weight stable glasses80, 84, 94. The shape of enthalpy overshoots seems to be 

depends on materials and experimental conditions.80, 84, 94 The third heating scan overlaps 

                                                           
3  The θ is calculated from the reported diameters (10.4 to 16 Å) of free volume holes for the amorphous 

Teflon. 
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with the second heating scan. In Figure 6.7, below 85 °C, we see that the glass line for 

the first heating scan begins to deviate from that of the second and the third heating 

scans.  

6.4.5 Heat Flow Curves for Films Deposited at Different Deposition 

Temperatures 

Figure 6.8 compares the first and second heating curves for the 300 nm films 

produced with the different substrate temperatures ranging from 30 oC to 116.7 oC. Here, 

I note that since the second heating scans for the different deposition temperatures 

superposed, I compare the first heating scans for the different deposition temperatures 

with the second heating scan for the TDep = 95 oC. In Figure 6.8, for TDep = 30 oC, the 

first heating scan shows a weak enthalpy overshoot. However, for the TDep = 51.7 oC, and 

TDep = 73.4 oC, we see very large and broad enthalpy overshoots in the first heating 

scans. The magnitude of the overshoots for the TDep at 51.7 oC and 73.4 oC are similar to 

that for TDep = 95 oC. On the other hand, for TDep = 116.7 oC (inset Figure 6.8), the first 

heating scan shows a very large enthalpy overshoot, but the glass line deviates 

dramatically from that of the second and third heating scans, which themselves do not 

overlap. In addition, even the second and the third heating scans for the film made at TDep 

= 116.7 oC show two step changes in the heat flow curves, which differs significantly 

from the behaviors observed in the second heating scans for the other deposition 

temperatures. The experiments of deposition and Flash DSC scanning were performed 

multiple times, and the results were repeatable. The overlap for the first and second 

heating scans for the 300 nm Teflon AF® films was best at the substrate temperature of 95 

oC. When the substrate temperature was outside of the range 73.4 oC to 95 oC, the overlap 
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for the glass lines between first and second heating curves becomes poor. The reason for 

poor overlap for glass lines at the low and high deposition temperatures are currently 

unclear.  

6.4.6 Fictive Temperatures of 300 nm Stable Teflon AF® Films 

The glass transition temperature and fictive temperatures are generally calculated 

from the calorimetry heat flow curves using the Moynihan method18. However, as 

mentioned above, this method could not be used for the PVD glasses made here since the 

glass lines for the first heating scans deviate from those of the rejuvenated glasses. 

Therefore, I have determined the Tf difference between first (freshly deposited material) 

and the second (thermally rejuvenated) heating scans by calculating the enthalpy 

difference.21, 25 To do this, I first construct the enthalpy curves by integrating the first and 

second heat flow curves for the films. As the glass lines for the first heating scans deviate 

from the second scan at different temperatures depending on the deposition temperature, 

the integration limits to analyze the data were slightly different for the different 

conditions. The curves for the first heating scans were integrated from 260 °C to 123 °C 

for TDep = 30 °C, and 260 °C to 117 °C for both the TDep = 51.7 and 73.4 oC glasses. For 

the TDep = 95 oC glass the integration was performed from 260 °C to 80 °C. In the case of 

TDep = 116.7 oC, I did not determine the fictive temperatures because the glass lines did 

not overlap between the first and second (or third) scans. 

Figure 6.9 shows the enthalpy curves for first and second heating scans for the 

samples with TDep = 30, 51.7, 73.4 and 95 oC as obtained from integration of the heat 

flow curves of Figure 6.8. In Figure 6.9, we see that enthalpy values for the first heating 

scans are lower than the rejuvenated condition (second heating scan) for the films 
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deposited at 30, 51.7, 73.4, and 95 oC, which is consistent with highly aged glasses.3, 5, 20 

Furthermore, we also see that the enthalpy curves for the TDep equal 51.7, 73.4, and 95 oC 

nearly overlap. The ∆Tf between PVD glass (first scan) and rejuvenated glass (second 

scan) were determined using equation 3, and these values were shown in the Table 6.1. 

However, these ∆Tf values were determined from the rejuvenated enthalpy curve (second 

heating scan) with a 600 K/s cooling rate. Since the rejuvenated Tg difference for 600 K/s 

and 0.167 K/s (10 K/minute) cooling rates was 15 oC in our measurements, the corrected 

∆Tf values based on the 10 K/minute cooling rate were 15 oC lower than the 600 K/s of 

cooling rate (Table 6.1). 

These large reductions in fictive temperature relative to the glass temperature are 

larger than the values reported for PVD stable glasses of low molecular weight43-51, 70, 71, 

80-84, 94, 95. As a further comment the Tf can, in principle, be directly determined from 

enthalpy plots of Figure 6.9 as the intersection of the extrapolated equilibrium line with 

the enthalpy curves from the heating scans for the freshly deposited PVD films. 

However, determination of the intersection point is extremely uncertain due to the 

relatively large errors caused by the extrapolation of the liquid line. Therefore, I used the 

method of taking enthalpy differences as defined in eq 3.  

 

It is of interest to compare the changes in fictive temperature relative to the glass 

transition temperature for the samples investigated with other results in the literature for 

extremely stable glasses. In the comparisons, I use Tg=130 oC = 403.2 K, as the reference 

(q = 0.167 K/s) as it is the glass temperature determined for the thermally rejuvenated 

PVD glasses. Figure 6.10 depicts Tf -Tg and Tf/Tg as a function of deposition temperature 
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normalized by Tg for the 300 nm Teflon AF® 1600 films. Also shown are the results from 

a 20 million year old amber3, 5 (which is shown as a line of reference)  and the small 

molecule stable glasses (Table 6.2) from Ediger and co-workers43-50 , and several 

studies51, 70, 71, 80-84, 94, 95. We see that the stable glasses reported from prior studies show 

the largest Tf reductions over a TDeposition range from approximately 0.80 to 0.85 Tg and 

the values of Tf -Tg for the stable glasses43-51, 70, 71, 80-84, 94, 95 were 30 to 40 K, whereas in 

the current work, the PVD polymer glass exhibits a value of Tf - Tg of as much as 57 K 

for the same TDep /Tg range.  To our knowledge, this 57 K Tf reduction is the largest yet 

seen for the stable glasses43-51, 70, 71, 80-84, 94, 95 produced by physical vapor deposition.  It is 

also greater than the fictive temperature reduction seen in 20 million year old amber of 

43.6 oC. In the current work the Tf reductions varied from 28 K to 57 K in changing the 

temperature of the deposition substrate over the range from 0.75 Tg to 0.91 Tg. On the 

other hand, at the highest substrate temperature tested (0.967 Tg = 116.7 oC), I was 

unable to determine the fictive temperature, though a large enthalpy overshoot was 

observed.  

The reasons for the extremely large depression of the fictive temperature in the 

amorphous fluorinated polymer are not known, though it is possible that the extremely 

low heat capacity jump in the material of 0.13 J/gK suggests a possible explanation as the 

materials studied previously exhibit values of ∆𝐶𝑝 which are much larger (0.2~0.8 

J/gK)78,79.  Clearly, determining the relevant parameters determining the creation of 

extremely stable glasses is important for future work in studying the deep glassy state. 

Whether polymers such as the amorphous fluoropolymer studied here open up a new 

avenue of research require further investigation. Because the material is a polymer, it also 
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suggests other possible experiments. For example, I72 have recently succeeded in making 

PVD selenium films and these materials are very stiff, but I was able to perform nano-

mechanical creep measurements72-77 on the samples in the vicinity of the glassy state. If 

similar measurements can be made on the PVD fluoropolymer, then the same sort of 

questions as asked in the study of the low fictive temperature amber5 can be asked, but 

now with a more readily reproducible, synthetic, sample and for a sample with a Tg-Tf = 

57 K, opening up a larger window of experimentation than previously available.       

6.5 Summary and Conclusions 

Highly stable amorphous fluoropolymer (Teflon AF® 1600) glasses were 

produced by physical vapor deposition onto substrates having temperatures ranging from 

30 oC to 116.7 oC (0.75 to 0.97 Tg). The fictive temperature Tf for 300 and 675 nm films 

were investigated using Flash DSC at 600 K/s of the heating rate and cooling rates ranged 

from 0.167 K/s to 600 K/s. The first heating scans for the films produced at the TDep = 

51.7, 73.4 and 95 oC showed large enthalpy overshoots, consistent with the behavior 

observed in prior studies for PVD, small molecular weight, stable glasses43-51, 80-84, 94, 95 

and, for the highly aged condition of glasses3,5. The Tf reduction for the stable Teflon 

films deposited at these temperatures was as much as 57 K compared to the Tg of the 

rejuvenated system. The 57 K Tf reduction observed in the current stable Teflon films are 

larger than those reported from prior studies on small molecule glass-formers43-51, 80-84, 94, 

95, as well as that reported for a 20 million year old amber3, 5.  In ongoing work I am 

investigating the Tf responses for stable glasses produced by PVD of different types of 

amorphous Teflon®, and also plan to perform nano-rheological72-77 measurements on 

these stable fluoropolymer films to explore the upper bounds on the temperature 
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dependence of the dynamics in the deep glassy state above the materials' fictive 

temperatures5. 
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Table 6.1 Tf-Tg with different deposition temperatures for Teflon AF® 1600 films. 

Deposition 

Temperature [°C] 

∆Tf (Tf-Tg) [°C] 

Tg  determined from q 

= 600 K/s 

∆Tf (Tf-Tg) [°C]  

Tg  determined from q = 

0.167 K/s 

30 45 ± 7 33 ± 7 

52 72 ± 11 57 ± 11 

73 71 ± 11 56 ± 11 

95 68 ± 10 53 ± 10 
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Table 6.2 Tf-Tg and Tf/Tg for ultrastable low molecular weight glasses with different 

deposition temperatures. 

Material Method 
Cooling 

rate 

 
TD/Tg 

Tf-Tg 

[K] 
Tf/Tg 

Tg 

[K] 
Tf [K] Ref 

IMC 

Conventional 

DSC 
40K/min 

 
0.84 -29.00 0.91 315 286.0 44 

Conventional 

DSC 
40K/min 

 
0.84 -29.00 0.91 315 286.0 43 

Conventional 

DSC 
40K/min 

 0.60 -1.77 0.99 

315 

313.2 

47 

 0.68 -15.05 0.95 299.9 

 0.76 -15.05 0.95 299.9 

 0.81 -21.38 0.93 293.6 

 0.84 -18.22 0.94 296.8 

 0.87 -18.22 0.94 296.8 

 0.94 -11.89 0.96 303.1 

 1.00 -5.57 0.98 309.4 

Nano 

Calorimetry 
- 

 0.63 -27.60 0.91 

315 

287.4 

81 

 0.67 -27.49 0.91 287.5 

 0.70 -28.05 0.91 287.0 

 0.73 -30.58 0.90 284.4 

 0.76 -31.52 0.90 283.5 

 0.84 -36.11 0.89 278.9 

 0.90 -29.08 0.91 285.9 

 0.91 -25.48 0.92 289.5 

 0.93 -19.60 0.94 295.4 

 0.95 -13.91 0.96 301.1 

 0.96 -7.47 0.98 307.5 

 0.98 -4.62 0.99 310.4 

TNB 

Conventional 

DSC 
40K/min 

 
0.86 -33.00 0.90 347 314.0 44 

Conventional 

DSC 
40K/min 

 
0.85 -40.00 0.88 347 307.0 43 

α,α,α -

TNB 

Conventional 

DSC 
40K/min 

 
0.85 -30.79 0.91 349 317.9 

94 
α,α,β -

TNB 

 
0.85 -39.57 0.89 346 306.0 

α,β,β- 

TNB 

 
0.85 -28.14 0.92 339 311.2 
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Table 6.2 (Continued) 

Material Method 
Cooling 

rate 
TD/Tg 

Tf-Tg 

[K] 
Tf/Tg 

Tg 

[K] 
Tf [K] Ref 

α,α-A 

Ellipsometry 1K/min 

0.77 -30.57 0.91 

359 

328.4 

51 

0.82 -33.23 0.91 325.8 

0.87 -28.52 0.92 330.5 

0.92 -18.46 0.95 340.5 

0.95 -15.18 0.96 343.8 

α,α-b,TNB 

0.78 -36.12 0.89 

338 

301.9 

0.81 -35.92 0.89 302.1 

0.86 -35.35 0.90 302.7 

0.90 -27.62 0.92 310.4 

0.96 -12.55 0.96 325.4 

α,α-P 

0.73 -32.99 0.90 

328 

295.0 

0.78 -28.49 0.91 299.5 

0.83 -37.11 0.89 290.9 

0.88 -29.99 0.91 298.0 

0.93 -20.24 0.94 307.8 

Toluene 

Nano 

Calorimetry 
5K/min 

0.76 -2.92 0.98 

119 

116.1 

83 

0.80 -2.51 0.98 116.5 

0.84 -1.95 0.98 117.1 

0.88 -0.41 1.00 118.6 

0.92 0.00 1.00 119.0 

0.97 3.05 1.03 122.1 

Nano 

Calorimetry 
5K/min 0.80 -6.00 0.95 117 111.0 95 

Ethylbenzene 

Nano 

Calorimetry 
5K/min 

0.78 -3.71 0.97 

116 

112.3 

83 

0.82 -2.55 0.98 113.5 

0.86 1.00 1.01 117.0 

0.91 3.00 1.03 119.0 

0.95 5.00 1.04 121.0 

0.99 7.19 1.06 123.2 

Adiabatic 

Calorimetry 
10 mK/min 

0.70 1.30 1.01 

114.5 

115.8 

84 

0.83 -5.46 0.95 109.0 

0.87 -7.03 0.94 107.5 

0.92 -9.13 0.92 105.4 

0.93 -7.43 0.94 107.1 

0.96 -4.48 0.96 110.0 

0.98 -2.02 0.98 112.5 

Butyronitrile 
Adiabatic 

Calorimetry 
- 0.41 37.05 1.38 97 134.0 70 

1-Pentene 
Adiabatic 

Calorimetry 
3K/min 

0.69 22.44 1.23   119.4 
71 

0.61 14.08 1.20 70 84.1 
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Figure 6.1 3D AFM images of 300 nm Teflon AF® films vapor deposited onto Flash 

DSC chips (a) before the DSC measurements and, (b) after completing the Flash DSC 

measurements. Scan size is 10 × 10 µm2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Heedong Yoon, May 2018 

 

190 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Schematic diagram of the specific volume or enthalpy as a function of 

temperature showing definitions of 𝑇𝑔, 𝑇𝑓
′, 𝑎𝑛𝑑 𝑇𝑓 as it changes due to aging or annealing 

isothermally at 𝑇𝑎 for times ta,1 and ta,2. From McKenna and Zhao3. Reprinted with 

permission from Journal of Non-Crystalline Solids, 407, 3-13 (2015). Copyright (2015) 

Elsevier. 
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Figure 6.3 (a) Relative and (b) Specific viscosity-concentration plots for physical vapor 

deposited amorphous Teflon and virgin material. 
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Figure 6.4 FT-IR spectra for a 660 nm spin coated Teflon film, 700 nm PVD film, and a 

700 nm PVD film after rejuvenation.  
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Figure 6.5 Heat flow curves for Teflon AF® films deposited onto substrates with a 

temperature of 95 oC. (a) The curve is for a 300 nm second heating scan after thermal 

rejuvenation with cooling and heating rates of 600 K/s. (b) Heat flow curves for 675 nm 

film on heating at 600 K/s after cooling ranging from 0.167 K/s to1000 K/s and 600 K/s 

heating rates. 
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Figure 6.6 Fictive temperatures of a thermally rejuvenated 675 nm amorphous Teflon 

film with different cooling rates and a VFT fit. 
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Figure 6.7 Heat flow curves for 300 nm Teflon AF® films deposited on a substrate held 

at a temperature of 95 oC. The first curve, for the freshly vapor deposited material shows 

a large enthalpy peak while the second, and third heating scans show the typical heat 

capacity jump of the thermally rejuvenated glass. All tests run at a heating rate of 600 K/s 

following either the PVD process or rejuvenation by heating to 260 oC followed by 

cooling at 600 K/s. 
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Figure 6.8 Heat flow curves for 300 nm Teflon AF® films for the first and second 

heating scans in Flash DSC measurements for the substrate temperature from 30 oC to 95 

oC. Inset shows the results of the first, second, and third heating scans for TDep = 116.7 

oC. Cooling and heating rates were 600 K/s. 
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Figure 6.9 Enthalpy curves obtained by integrating the heat flow curves for the PVD 

Teflon AF® for deposition temperatures of 51.7, 73.4 and 95 oC compared with the 

results from the heat flow of a rejuvenated sample. 
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Figure 6.10 (a) Tf -Tg and (b) Tf /Tg as function of deposition temperature relative to the 

glass temperature for the stable Teflon AF® 1600 films compared with values for 

ultrastable low molecular weight glasses43-51, 70, 71, 80-84, 94, 95 and a 20 million year old 

amber5.  
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Chapter 7 

Testing the Paradigm of the Glass Transition by Measuring Viscoelastic 

Properties of Ultrastable Polymeric Glass 
 

7.1 Introduction 

Glass is a non-equilibrium material in which the equilibrium liquid is rapidly 

cooled, so that the volume or enthalpy of materials deviate from the equilibrium state.1-44 

Understanding the nature of glass transition is one of the great challenging problems1-5, 38 

in the condensed matter physics. Despite significant efforts to understand how and why 

the glass transition occurs over the past several decades, the behavior of glass transition 

has remained elusive.1-5, 38 Of particular interest here is the slow dynamic associated with 

the glass transition,1-5, 36, 38 which have generally been described by a super-Arrhenius 

behavior and expressed in terms of Vogel- Fulcher-Tammann (VFT) equation.41-43  

    𝜏 =  𝜏0 𝑒𝑥𝑝[
𝐵

𝑇−𝑇∞
]              (1)  

Here τ is the relaxation time, τ0 and B are material parameters, and T∞ is VFT 

temperature. The VFT equation predicts a diverging dynamical behavior at a finite 

temperature above absolute zero Kelvin. This finite temperature is also called the 

Kauzmann temperature (TK)44, and is often related with an ideal glass transition.1-5, 38 The 

VFT equation describes well several experimental and theoretical results in the 

temperature range above glass transition temperature (Tg),in the supercooled liquid 

regime.1-5, 38, 39 However, there are theoretical arguments against whether the dynamic 

behavior in the equilibrium state diverge at the ideal glass transition temperature. 1-5, 9-18, 

21-36, 38 It is extremely difficult to experimentally prove this issue as materials can require 
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geological time scales to reach equilibrium. 3, 5, 8, 10 Recently, Zhao and McKenna used a 

20-million years aged fossil ambers to test the dynamics of super-Arrhenius behavior 

deep in glassy state, and found that the dynamic behavior of the amber did not follow the 

classic VFT behavior below Tg.
10 This extremely aged condition of amber allowed the 

new opportunity to study the dynamic behavior in deep glassy state. However, later 

studies have shown that aged condition of ambers seemed to be not always stable.50 Thus, 

different methods would be required to investigate dynamic in deep glassy state. 

Over the past decades, it has been shown that physical vapor deposition (PVD) 

technique can march down the energy landscape to produce ultrastable glasses with 

optimum substrate temperature of 0.80 to 0.85 times of Tg.
5, 7 These ultrastable glasses 

have shown high kinetic stability, low fictive temperature, and high density similar to 

extremely aged condition of the materials.5, 7  This technique allows us to readily 

synthesize the extremely aged condition of the material with relatively shorter laboratory 

time scale.5, 7 The stable glasses reported in prior works has generally produced by low 

molecular weight inorganic materials due to thermal degradation issue for polymers 

during PVD process.8 However, recently, I have shown that this technique can extend to 

fluoro polymers, and the stable polymeric glass produced has extremely high kinetic 

stability.8 In that work, amorphous Teflon was thermally degraded to produce the 

ultrastable polymeric glass, and the mechanism was described being due to pyrolysis of 

polymeric chains and repolymerization onto the substrate during the deposition process.8 

This ultra-stable Teflon film showed 56 K of Tf reduction which was highest among 

stable glasses reported from prior studies, and the Tf was close to TK.8  This lowest Tf has 
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made it possible to reach temperatures close to the ideal glass transition temperature 

which was considered impossible to reach for previous experiments.  

Although the ultrastable Teflon film gives a new opportunity to reach to 

temperatures close to TK, the PVD method only allows an extremely small sample size. 

Thus, it provides a challenge to perform traditional dynamic measurements.5 To 

overcome this issue, in the present work, I have used nano bubble inflation technique47, 48 

to test the super Arrhenius behavior of ultrastable Teflon films in deep glassy regime. 

Prior bubble inflation studies successfully showed that rheological properties can be 

measured with the sample size ranging from nano to micro gram.47, 48 Thus, by adopting 

the advantages of this technique, I am able to investigate the dynamic behavior for 

ultrastable Teflon films in the upper bound regime where the volume or enthalpy are 

lower than that of equilibrium condition. Most of prior studies1, 4, 6, 9, 11, 12 have 

investigated the equilibrium dynamic response of polymeric material in the temperature 

regime close to Tg; however, I am unaware of such studies for the temperature in deep 

glassy regime close to TK. In addition, there are no reports for measuring viscoelastic 

response for ultrastable polymeric glasses in deep glassy regime. In the following section, 

I show how I perform nano rheological measurements on ultrastable Teflon film, and 

discuss the creep response with different aging times in deep glassy state. The dynamic 

behavior obtained in the present work is compared to the classic VFT behavior, and the 

results are discussed in terms of Mauro and Parabolic models. 
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7.2 Experimental 

7.2.1 Sample Preparation 

 Ultra-stable amorphous Teflon films were produced by physical vapor deposition 

(or vacuum pyrolysis deposition) method5, 7. The weight average molecular weight for the 

virgin and VPD amorphous Teflon were 500,000 g/mole and 100,000 g/mole 

respectively.8 The reduced molecular weight for the VPD films was attributed to thermal 

degradation during physical vapor deposition process.8 A detailed discussions of the 

molecular weight reduction are described in chapter 6. The 110 to 675 nm thick 

amorphous Teflon films were deposited onto mica sheets, silicon wafers, and Flash DSC 

(Differential Scanning Calorimetry) chips. During the deposition, the substrate 

temperature was maintained 0.85 Tg, and deposition rate was set to 0.1 nm/second. The Tg 

for the stable and rejuvenated condition of Teflon films were measured by Flash DSC, 

and it was 75 and 130 °C respectively. Detailed sample preparation procedures for Flash 

DSC and bubble inflation were described in chapter 2.  

7.2.2 Flash DSC 

The Tf and Tg of stable Teflon glass was measured by Mettler Toledo Flash DSC 

with freon intercooler and nitrogen purge. The temperature range scanned in the Flash 

DSC experiments was from 30 °C to 260 °C using the same heating and cooling scan rate 

of 600 K/s. The Flash DSC measurements consisted of three thermal loops. The first 

heating scans on the PVD created sample were performed from 30 °C to 260 °C. The 

second and third heating scans performed using the same procedure. The Tf for the vapor 

deposited and rejuvenated conditions of the Teflon 300 nm films were determined from 

the first and second heating scans respectively. 
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7.2.3 Nano Bubble Inflation 

 The method based on classic membrane inflation technique47, 48, which 

nanometric thin films on the filter templates were loaded on to purpose built-pressure 

cell, and the films are inflated by controlled pressure. Filter templates having 10 and 20 

µm holes were used in the current study. 20 µm filter templates were used for the 

temperature below 110 °C and 200 nm film due to high stiffness of the films.  The 

detailed procedures for analyzing creep compliance is described in chapter 2. The inflated 

bubbles were monitored through Atomic Force Microscope (AFM), and the creep 

response were obtained by measuring the radius of bubbles as function of time at constant 

stress. The nano bubble inflation measurements were performed by following O’Connell 

and McKenna bubble inflation procedures47. The creep experiments were performed for 

the temperature ranging from 63 to 135 °C by following Struik protocol7 (Figure 7.1).  

A comment here is that the film was stiff at 63 °C, so that the heights of inflated 

bubbles could not reach to the membrane regime which was known as a minimum bubble 

height (three times of the film thickness) required for applying membrane analysis. Prior 

bubble inflation studies48 reported that the bending energy should be considered for the 

analysis when the heights of bubbles were less than three times of the film thickness. In 

Figure 7.2a, since the creep compliance was calculated by membrane analysis, therefore 

the actual true compliance would slightly higher than that of the calculated values from 

membrane analysis. However, the purpose of the experiments at 63 °C is to show the 

aging response, and the interest of current work is dynamic behavior in the upper bound 

regime, so here I did not account the bending energy effects in our analysis. Except for 

this 63 °C, the heights of all the bubbles in the current work were all above the membrane 
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regime. In addition, I also note that this 63 °C was the lowest temperature to inflate the 

bubbles, and below this temperature I was unable to inflate the films. 

7.2.4 Mixing Rule 

 According to the mixing rule51, the modulus for composite layer can be described 

by eq 2 

𝐸 = 𝐸𝑇𝑉𝑇 +  𝐸𝑃𝑉𝑃          (2) 

where E is the modulus, V is the volume, and subscripts T and P represent amorphous 

Teflon and PIB respectively. Assuming E =F/ɛA, becomes 

  𝐹 =  ɛ𝐸𝑇ℎ𝑇𝐴 +  ɛ𝐸𝑃ℎ𝑃𝐴            (3) 

      = 𝐹𝑇 +  𝐹𝑃                                                       (4) 

where ɛ and A is strain and Area respectively. Eq 3 can be rearranged by  

    
𝐹

𝐹𝑃
= 1 +

𝐸𝑃ℎ𝑃

𝐸𝑇ℎ𝑇
= 1.04~1.06                                  (5) 

The reported EP from recent study for a 20 nm film is 17 Mpa, and ET in the current work 

is ranged from 1010Mpa to 108 Mpa, and hP and hT are 20 and 110 nm respectively. By 

substituting these values to eq 5, we see that the extracted force for 110 nm Teflon films 

is almost similar to composite layer. 
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7.3 Results 

7.3.1 Heat Flow Responses for Rejuvenated and Stable Amorphous Teflon 

Films 

 Figure 7.2a shows the heat flow curves for a 600 nm rejuvenated amorphous 

Teflon film measured by Flash DSC with different cooling rates ranging from 1000 K/s 

to 0.167 K/s. We see from Figure 7.1a that enthalpy peak increases with decreasing 

cooling rates. The Tf for 600 nm rejuvenated Teflon films were calculated by the 

Moynihan equation19, and it was plotted as logarithm of cooling rate versus 1/Tf. In 

Figure 7.2b, we see that Tf decreased with decreasing cooling rates. The Tf estimated at 

0.167 K/s (10K/min) was 403 K, and here I remark that the 403 K is used as the Tg for 

amorphous Teflon films throughout this article. The VFT equation was fitted to Tf, over 

different cooling rates. The parameters obtained from VFT fit was log A= 16 ±1, B = 

2261 ± 103 K, and TK =346 ±2 K respectively.8 Figure 1c shows heat flow response for 

the 300 nm stable Teflon films deposited at substrate temperature of 95 °C. We see that 

the first heating scan shows a large enthalpy overshoot which is similar to highly aged 

materials and PVD stable glasses reported from prior studies. This enthalpy peak 

disappeared at the second heating scan indicating that material has turned into 

rejuvenated condition. The Tf reduction was calculated from enthalpy difference between 

stable and rejuvenate condition for the Teflon films, and the detailed method are 

described in chapter 2. The Tf for ultrastable Teflon film deposited at 95 °C was 349 K. 

Interestingly, this value was only 3 K higher than TK (346 K). 
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7.3.2 Creep Responses for ultrastable Teflon Films  

 Figure 7.3 shows the creep compliances curves for 110 nm Teflon films with 

different aging times in the temperature ranges from Tf- 12 °C to Tf + 15 °C. In Figure 

7.3a, at 63 °C (Tf – 12 °C) in the lower bound regime, we see aging behavior in which the 

creep compliance decreases with increasing aging time. At Tf   (75 °C), we see slight 

aging behavior, but the creep compliance curves were mostly stable with increasing aging 

time. This slight aging behavior implies that the actual Tf  for ultrastable amorphous 

Teflon film is slightly higher than that of 75 °C. Contrast to 63 °C, at 90 °C (Tf +15 °C) 

above the Tf, the creep compliance show de-aging behavior. The results observed for the 

aging and de-aging behavior of stable Teflon films were similar to prior observation from 

rheological measurements on 20 million years aged amber.10 Figure 7.3d,e, and f shows 

the creep master curves after applying time aging time superposition on creep compliance 

curves in Figure 7.3a, b, c. We see from Figure 7.3d, e, and f that time aging time 

superposition can be applicable for current creep compliance curves. The creep master 

curves at 63 and 75 °C showed a modest increase with increasing time, whereas 

increasing rate for the 95 °C was faster than that of 63 and 75 °C. 

 To further look at the relaxation behavior, the time aging time shift factors applied 

in Figure 7.2 are plotted as function of the aging time (Figure 7.4). At 63 °C in the lower 

bound regime, the relaxation time increases with increasing aging time. The slope for the 

time aging time shift factor was 0.94. As the temperature further increases and reach to 

the Tf (75 °C), the value of slope decreases and become close to zero. On the other hand, 

in the upper bound regime (Tf <T< Tg) the relaxation time decreases with increasing aging 

time showing devitrification process10. The slope for the time aging time shift factors at 
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90 and 125 °C were -2.6 and -0.84 respectively. We also see in upper bound regime that 

as the temperature further increases and reach to Tg the slope increases and reaching to 

zero. The relaxation times in the lower bound regime was higher than that of the 

equilibrium condition, but in the upper bound regime, it was lower than the equilibrium 

condition.  

 The creep compliance master curves (Figure 7.5a) were produced by applying 

time aging time superposition for different temperatures in upper bound regime, then the 

time temperature superposition was applied to create single creep master curve (Figure 

7.5b). The current creep master curve (Figure 7.5b) approximately covers 15 

experimental time decades.  In Figure 7.4a, the creep compliance showed modest 

increase with increasing time in the temperatures below 110 °C. This modest increase 

cause the long glassy plateau in the creep master curve (Figure 7.5b). As the temperature 

further increases and reaches to Tg (130 °C), the creep compliance rapidly increases with 

increasing time, and it reaches to steady-state compliance.   

 Of interest here is that the steady-state compliance (-8.0) measured above Tg was 

lower than the reported macroscopic value (-6.33).49 This behavior was similar to prior 

observation from the rubbery stiffening seen in the bubble inflation measurements on 

several polymeric materials and inorganic selenium. McKenna and coworkers48 observed 

increasing compliance with increasing the film thickness in their bubble inflation 

measurements, and interpreted this behavior as being due to the separation of α relaxation 

and Rouse mode caused by nanoconfinement effect.48 The purpose of present work is to 

find macroscopic dynamic response for ultrastable amorphous Teflon films. However, the 

rubbery stiffening observed in the present work suggests that the nanoconfinement effects 
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might possibly alter the dynamic behavior for ultrastable Teflon films. In addition, 

several studies45, 46 have reported that the dynamic of the freestanding film is different 

from that of supported condition due to nanoconfinement effects. Thus, to confirm this 

possibility, here I also perform creep experiments on 2 cases, one is on a 110 nm single 

layer ultrastable Teflon film and the second is a composite film in which a 110 nm Teflon 

film was supported on a 20 nm PIB film, and their results were compared to the results of 

the 110 nm single layer freestanding film. The mechanical properties for nanometric thin 

PIB films have been reported from recent bubble inflation study48. In that work, the Tg for 

PIB was -73 °C, and the modulus measured for a 20 nm film at 23 °C was 17 Mpa. The 

modulus for the 20 nm PIB is much softer than the 110 nm amorphous Teflon film 

measured in different temperature regimes. Therefore we would anticipate that the 20 nm 

PIB under layer would not alter much the mechanical properties of the composite layer. 

However, to quantitatively see this effect, I use mixing rule (eq 4)51 to compare the 

mechanical properties for the extracted top layer 110 nm Teflon film and 130 nm 

composite films. We see from eq 7 that mechanical properties for 110 nm top layer 

Teflon and 130 nm composite film are almost the same. Thus, in the present work, I have 

assumed that DComposite ≈ DTeflon. Figure 7.6 compares the results of creep compliance 

curves for the 110 nm single layer freestanding films to a 130 nm composite layer film at 

105 and 120 °C. We see that there are not much differences between creep compliance 

curves for 110 nm and 130 nm composite layer films. In addition, we also see from the 

Figure 7.5 that creep compliance for a 200 nm film is almost similar to that of a 110 nm 

film at 130 °C. These results imply that although we observe rubbery stiffening behavior, 
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the temperature dependence of dynamics for the 110 nm freestanding Teflon films is not 

altered by the nanoconfinement effect.   

7.3.3 Comparison of Dynamic Behavior with Vogel-Fulcher Extrapolation 

 To further investigate the dynamic behavior, the time temperature shift factors 

obtained from the current creep master curve were plotted as function of T-Tg, and 

compared to shift factors for the 660 nm rejuvenated amorphous Teflon film estimated 

from cooling rate dependence tested using the Flash DSC measurements. The results are 

also compared to dynamic shift factors reported from the 20 million years aged amber. 8 

In Figure 7.7, we clearly see that the dynamic behavior for ultrastable Teflon films in 

upper bound regime strongly deviates from classic VFT behavior, and rather follows 

Arrhenius fashion. In the prior work from amber, the non-diverging dynamic behavior 

was also observed in the upper bound regime. However, in this case, the increasing rate 

for relaxation time gradually decreases with decreasing temperature, and as the 

temperature further decreases and reaches the lower bound regime (below Tf), the 

relaxation time was almost constant. However we see from Figure 7.7 that the increasing 

relaxation rate for ultrastable Teflon film was constant in the upper bound regime. The 

activation energy for the ultrastalbe Teflon film estimated from Arrhenius equation was 

657 kJ/mol, which was higher than that of the 20 Ma amber (435.8 kJ/mol). A comment 

here is that the relaxation times estimated from ultrastable Teflon film in upper bound 

regime is in non-equilibrium condition. Since the equilibrium relaxation time for 

amorphous Teflon in the upper bound regime would be lower than that of measured 

relaxation time in the current study, the temperature dependence of equilibrium relaxation 

time in the upper bound regime also strongly deviates from VFT behavior.10 Although, in 
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prior studies, the lowest temperature reached was limited to Tg -15 °C or less than that, 

several studies1, 4, 6, 9, 11, 12 have reported an Arrhenius behavior for the equilibrium 

dynamics of glass forming system. The utrastable Teflon films in the current work extend 

this temperature limit to a much lower temperature, and the results showed that this non 

diverging dynamic behavior is still valid for the temperatures close to TK. The current 

results challenged several theories and predictions expecting diverging dynamic behavior 

at the ideal glass transition temperature.1. 38   

Prior work from amber10 applied two recent models to test whether those models 

can qualitatively describe the equilibrium dynamic behavior in the deep glassy state. Here 

I also apply Mauro-Yue- Ellison-Gupta- Allan (MYEGA)27and Parabolic models34, 35 

onto our dynamic shift factors, and to see if these models can described equilibrium 

dynamic behavior in upper bound regime. The MYEGA model27 is expressed by 

following equation:   

     𝑙𝑜𝑔 𝑎𝑇 =  (
𝜏

𝜏𝑟𝑒𝑓
) =

𝐾

𝑇
𝑒𝑥𝑝 (

𝐶

𝑇
) + 𝐴                                   (6) 

here K, C, and A are fitting parameters, and T is the temperature 

In the case of parabolic model, it is described by following equation: 

   𝑙𝑜𝑔 𝑎𝑇 =  (
𝜏

𝜏𝑟𝑒𝑓
) =  (

𝐽

𝑇0
)2(

𝑇0

𝑇
− 1)2 + D           T0>T>Tx               (7) 

here J, T0, and D are fitting parameters, and Tx is the temperature which the relaxation 

time changes from VFT to Arrhenius behavior. The Tx was determined from the optimum 

fitting parameters with low residuals by fitting the parabolic and Arrhenius equations 

over different temperature ranges. The Tx determined from the fitting was 130 °C. In 
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Figure 7.7, we see that parabolic34, 35 can well describe our upper bound dynamic 

behavior, but the MYEGA model27 could not. The result was also consistent with a prior 

work from the amber.  

 I have first performed viscoelastic measurements on ultrastable amorphous Teflon 

films, and have shown that equilibrium dynamic responses for ultrastable amorphous 

stable Teflon films strongly deviate from the classic VFT behavior in the upper bound 

regime. This strong deviation was consistent with the results from prior work for 20 

million years aged amber. Similar to amber, I also have found that parabolic can best 

describe dynamic behavior for ultrastable Teflon films in the upper bound regime. The 

current results challenged several theories and predictions expecting diverging dynamic 

behavior in the deep glassy regime. 
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Figure 7.1 Schematic diagram for Struik’s protocol 
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Figure 7.2 (a) Heat flow vs. temperature for 675 nm thick VPD amorphous Teflon film 

with different cooling rates. (b) Logarithm of cooling rate vs. 1/TF and a VFT fit to the 

data. (c) Heat flow curve for a 300 nm VPD amorphous Teflon material deposited at 95 

oC. Reproduced from Reference 8 with permission. Copyright American Chemical 

Society 2017. 
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Figure 7.3 Creep compliance curves of 110 nm stable amorphous Teflon films with 

different aging times at (a) 63 °C, (b) 75 °C, and (c) 90 °C. (d), (e), and (f) are after 

applied time aging time superposition. 
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Figure 7.4 Time aging time shift factors obtained from the creep master curves from 

lower bound and upper bound regime. 
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Figure 7.5 (a) Creep compliance of a 110 nm Teflon film with different temperature after 

applied time aging time superposition. (b) Creep master curve after apply time 

temperature superposition on (a).  
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Figure 7.6 Creep compliances of 110 nm and 130 nm composite layer films at 105 and 

120 °C. 
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Figure 7.7 Time temperature shift factors obtained from Figure 4 for amorphous Teflon 

films in the upper bound regime along with 20 Ma amber. 
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Chapter 8  

Conclusions and Future Work 

 

8.1 Conclusions 

In the present dissertation, I have investigated the dynamics and glass transition 

behavior at the nano scale. In addition, I have developed a new ultrastable polymeric 

glass and studied the material’s dynamic behavior in deep glassy state. For the first work, 

I performed particle embedment experimentss on multilayer films to investigate the free 

surface and substrate effects on glass transition and dynamic behavior of top layer PS 

films supported on PS, P2VP, and PMMA with thicknesses ranging from 17 nm to 350 

nm 1; some important findings are as follows: 

 The dynamics of top layer 13 nm and 20 nm PS films showed weaker temperature 

dependence than the macroscopic VFT behavior. In addition, the dynamics of 13 

and 20 nm top layer PS films were faster than the macroscopic behavior below Tg 

; on the other hand, slower dynamics was found above Tg. 

 The dynamics and Tg for top layer films were less sensitive to under layer 

substrates; the results were different from that of Roth et al.10, where the pseudo-

thermodynamic measurements showed a clear Tg distribution. 

In chapter 4, I have firstly measured the viscoelastic and glass transition behavior of 

nanometric freely standing inorganic selenium films by performing nano bubble inflation 

technique3. 
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 The dynamics for Se films with thickness ranging from 60 to 267 nm followed 

Arrhenius behavior, and it was independent of the film thickness. 

 The Tg  change was less than 3 K when the film thickness reduced to 60 nm 

  The low molecular weight unentangled Se films showed that the thickness 

dependence of steady-state plateaus was similar to prior observation from other 

bubble inflation studies, and this thickness dependence followed a power law 

behavior (Ds ∝ h.1.70). 

In chapter 5, I have performed TTU bubble inflation on thin nanometric PIB films to 

investigate the rubbery stiffening and rupture behaviors.  

 The thickness dependence of rubbery stiffening behaviors was observed in the 

nanometric PIB films. The stiffening index followed a power law behavior of Ds 

∝ h1.47. 

 The stiffening index showed a linear correlation with Ngai’s coupling 

parameters11, whereas the linear correlation failed for dynamic fragility suggested 

by Li and McKenna12. This was primarily due to the unusual behavior of PIB 

where segmental relaxation time distribution is found to be broader than that 

expected for other low fragility materials. 

  An unusual thickness dependence of rupture behavior was observed. The rupture 

stress increased with decreasing film thickness, whereas rupture strain decreased 

with decreasing film thickness. Both rupture stress and strain as a function of the 

film thickness follow power law behavior. 
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 The rupture process of PIB bubbles can be described by three steps. The rupture 

of a bubble initiates by small hole nucleation, then the size and number of holes 

increases, and finally the bubbles completely rupture. 

In chapter 6, I have first developed an ultrastable polymeric glass and characterized it by 

using various experimental techniques.9 

 The VPD method was used to produce ultrastable amorphous Teflon films; the 

material showed extremely high kinetic stability. The Tf  reduction measured from 

flash DSC for this material was 57 K. This 57 K of Tf  reduction corresponded to 

VFT temperature. 

  The material was thermally degraded to produce the ultrastable polymeric glass; 

a possible mechanism for forming ultrastable polymeric glass was suggested 

where pyrolyzed polymer chains repolymerized on the substrate during the VPD 

process. 

Finally, I have used this ultrastable polymeric glass to explore the dynamic behavior in 

the deep glassy state using the TTU bubble inflation method. 

  The creep compliance decreased with increasing aging time in the lower bound 

regime, whereas it increased with increasing aging time in the upper bound 

regime. 

 The dynamic shift factors in the upper bound regime clearly deviated from 

macroscopic VFT behavior and followed Arrhenius behavior. 

 The dynamic shift factors of the VPD Teflon in the upper bound regime were 

consistent with the parabolic model of Chandler and co-workers13.  
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8.2 Future Work 

8.2.1 Particle Embedment 

 The particle embedment measurements reported in current work1 used 20 nm 

silica particles to investigate the dynamics and glass transition behavior of thin PS films. 

However, the stress acting on the surface would change with different size and surface 

energy of the particles.2 Therefore, it is of interest to investigate how the surface 

dynamics change with these different conditions. In addition, it is also of interest to 

estimate the viscous flow behavior of thin nanometer PS films in different temperature 

and time domains by performing the particle embedment experiments on thin PS films.  

8.2.2 Selenium 

 By using the TTU bubble inflation technique, I was able to measure the dynamics 

glass transition behavior for inorganic selenium films with thickness down to 60 nm.3 

The question of interest would be to study how the glass transition and dynamic behavior 

estimated by thermodynamic measurements differ from that of bubble inflation 

measurements; and also, how the properties of the freely standing films are different from 

those of supported films. Several studies4-6 have reported different Tg reductions and 

dynamic behaviors for supported and freestanding films, using thermodynamic and 

dynamic measurements. One way to compare these properties would be using Flash DSC 

to measure the glass transition behavior of thin nanometric Se films. Flash DSC allows to 

measure the Tg for materials with size ranging from nano to micro meters for wide range 

of cooling rates.7 Thus, it would be interesting to compare the Tg and dynamic behavior 

obtained from thermodynamic measurements to dynamic measurements (bubble 

inflation). 
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 8.2.3 Rupture Behavior for PIB Films 

 In chapter 3, I estimated the rupture stress and strain for different thicknesses and 

examined the rupture process of PIB nanometric thin films.8 The study of interest here is 

the rupture process for the nanometric thin films where hole growth rate played a key role 

in the whole rupturing process. I also found that the hole growth rate followed power law 

behavior. Therefore, future work is required to investigate the hole growth rate with 

different chemical structures, thicknesses, membrane diameters, and the applied stresses.  

8.2.4 Ultrastable Polymeric Glass 

  Recent development of ultrastable amorphous Teflon film showed extremely high 

Tf reduction9, and by using this material I was able to explore the dynamic behavior in 

deep glassy state. One interesting future study would be to investigate whether other 

types of fluoropolymers also form ultrastable glasses; and also, to use these materials to 

test the dynamic behavior in the deep glassy state. In addition, there are not many studies 

on measuring glass transition and dynamic behaviors of these ultrastable polymeric films 

at the nanoscale, thus investigating this topic would be also interesting. 
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