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This research effort investigated the influence of confinement on the physical 

aging behavior of thin and ultrathin glassy polymer membranes.  Membrane permeability 

changes with time due to physical aging, and for reasons not completely understood, the 

rate of permeability change can become orders of magnitude faster in films thinner than 

one micron.  Special experimental techniques were developed to enable the study of free 

standing, ultrathin glassy polymer films using gas permeability measurements.  The gas 

transport properties and physical aging behavior of free-standing glassy polysulfone 

(PSF) and Matrimid® films from 18-550 nm thick are presented.  Physical aging persists 

in glassy films approaching the length scale of individual polymer coils.  The membranes 

exhibited significant reductions in gas permeability and increases in selectivity with 

aging time.   

Additionally, the influence of physical aging on the free volume profile in thin 

PSF films was investigated using variable energy positron annihilation lifetime 
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spectroscopy (PALS).  The films exhibited decreasing o-Ps lifetime during physical 

aging, while o-Ps intensity remained constant.  The o-Ps lifetime was reduced at lower 

implantation energies, indicating smaller free volume elements near the film surface.  

Thin films aged dramatically faster than bulk PSF and the PALS results agree favorably 

to behavior tracked by gas permeability measurements. 

The physical aging behavior of ultrathin films with different previous histories 

was also studied.  The state of these materials was modulated by various conditioning 

treatments.  Regardless of the previous history, the nature of the aging response was 

consistent with the aging behavior of an untreated film that was freshly quenched from 

above Tg, i.e., permeability decreased and pure gas selectivity increased with aging time.  

However, the extent of aging-induced changes in transport properties of these materials 

depended strongly on previous history. 

The properties of these ultrathin films deviate dramatically from bulk behavior, 

and the nature of these deviations is consistent with enhanced mobility and reduced Tg in 

ultrathin films, which allows them to reach a lower free volume state more quickly than 

bulk material.  The Struik physical aging model was extended to account for the 

influence of film thickness on aging, and was shown to accurately describe the 

experimental data.   
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Chapter 1: Introduction 
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1.1 PHYSICAL AGING 

 

Glassy polymers are non-equilibrium materials that spontaneously, but usually 

slowly, evolve over time towards an equilibrium state; this evolution is manifested by 

changes in the polymer’s physical properties (e.g., density, refractive index, permeability, 

etc.).1-4  These changes can significantly alter the performance of devices containing 

glassy polymers, making it essential to study and understand this behavior.  This process 

is known as physical aging and has been studied extensively for bulk materials.5  Glassy 

polymer applications (e.g., microelectronics, separation membranes, optical materials, 

and lithography), however, often utilize the material in thin film form.6-9  Initially, it was 

believed that the aging behavior of thin films would follow that of the bulk material; 

however, reports have shown that physical aging can be very sensitive to sample 

dimensions.3, 10-15  For example, in polymers used to create gas separation membranes, 

the physical aging rate can become orders of magnitude more rapid, as compared to bulk 

behavior, when the film thickness is reduced below about one micron.3  This 

phenomenon is interesting because of its broad impact in several technologies and the 

unanswered scientific questions regarding why physical dimensions affect aging rates so 

drastically.  If the mechanisms were fully understood, more accurate long-term 

performance predictions and perhaps ways to arrest physical aging for systems comprised 

of thin glassy polymer films, such as gas separation membranes, could be developed.  

Significant effort has focused on understanding the influence of confinement on 

the glass transition behavior of ultrathin polymer films (i.e., less than 100 nm thick).16-20  

Free standing films and films supported on non-attractive substrates are suggested to have 

a region of enhanced mobility near the film surfaces; this enhanced mobility results in 
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decreased Tg as film thickness is reduced.19, 21, 22  Conversely, films supported on 

attractive substrates have mobility restrictions at the polymer-substrate interface that can 

cause an increase in Tg with decreasing film thickness.23, 24  These deviations in glass 

transition behavior can influence physical aging behavior, as shown by Priestley et al.25  

However, Tg changes are typically not evident at film thicknesses above ~100 nm, while 

thickness-dependent changes in aging behavior can arise in films that are microns thick.  

It is not fully understood why the changes in physical aging behavior exist at length 

scales far beyond that expected from studies of the dynamics of ultrathin films.  

However, deviation from bulk behavior can be larger at lower temperatures, perhaps 

causing the deviation to manifest at larger length scales in these materials far below Tg.
26, 

27  By studying the aging behavior of ultrathin films, information about the mechanisms 

responsible for accelerated aging behavior can be identified and why these effects 

manifest at larger length scales will be better understood. 

 

1.2 POLYMER MEMBRANE TECHNOLOGY 

 

Polymer membranes are used in a variety of commercial gas separation processes, 

such as the extraction of N2 from air, removal of CO2 and other contaminants from 

natural gas, and H2 recovery in refineries and ammonia plants.28  The separation 

performance of a polymer membrane is characterized at the most basic level by the 

permeability and selectivity of the material.  A membrane’s productivity is quantified by 

its permeability coefficient, which is a measure of the flux through the membrane, 

normalized for thickness and driving force.  Selectivity is the ratio of the permeability 

coefficients of two components and characterizes the ability of a membrane to perform a 

separation, allowing one species to permeate preferentially over another.  In addition to 
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favorable separation characteristics, polymers used for gas separation membranes must 

also meet other requirements, e.g., form membranes with limited defects, be chemically 

and mechanically stable under operating conditions, resist plasticization and physical 

aging, etc.  Typically gas separation membranes are made from glassy polymers due to 

their superior permeability and selectivity characteristics.   

Membranes with both high permeability coefficients and high selectivities are 

desirable for increasing process capacity and product purity; however, there is an inherent 

tradeoff between permeability and selectivity, whereby polymers with high permeability 

typically have low selectivity, and vice versa.29-31  This well-known trend was analyzed 

in detail by Robeson, who empirically deduced the concept of an upper bound for a 

variety of gas separations.29  The upper bound represents the most favorable 

combinations of permeability and selectivity characteristics of polymer membranes 

reported in the literature, and it is described by the equation: 

 

(1.1) 

 

where A/B is selectivity, PA is permeability, and A/B and A/B are empirically determined 

parameters that depend on the gas pair of interest.29  These relationships were recently 

updated to reflect the discovery of new, high-performance polymers developed with aims 

to surpass the previously reported upper bounds.30  A theoretical model that describes the 

upper bound behavior of polymer membranes based on fundamental considerations, in 

contrast to Robeson’s empirical model, was developed by Freeman.31  As a part of this 

model,A/B and A/B were calculated from theoretical considerations and agree favorably 

with the empirical parameters reported by Robeson. 
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To achieve the high flux needed to process large amounts of gas and compete 

with existing separation technologies, the dense selective layer of gas separation 

membranes must be as thin as possible.  Thus, most membranes are manufactured in the 

form of asymmetric hollow fibers or composite membranes, which contain a thin, non-

porous, selective layer which controls the mass transfer across the membrane.  

Furthermore, the hollow fiber format allows large surface areas to be contained in 

membrane modules, on the order of 1,000 ft2/ft3.32  

When studying materials for gas separation membranes, bulk film samples are 

commonly used due to the ease of creating defect-free films and handling.  However, 

when the material is used to create the ultrathin films required for application, the 

properties are often different than in the bulk state, including the material’s physical 

aging behavior.  Because the deviation from bulk behavior is not well understood, it is 

difficult to predict, a priori, how the material will change upon confinement.  One of the 

main goals of this research is to investigate how confinement in ultrathin films affects the 

physical aging characteristics of glassy polymer used in gas separation membranes by 

studying their gas transport properties and free volume characteristics over time. 

 

1.3 GOALS AND ORGANIZATION OF THE DISSERTATION 

 

The focus of this research was to develop an improved fundamental 

understanding of physical aging in thin glassy polymer films.  Efforts were also made to 

advance the knowledge of the mechanisms behind accelerated physical aging in thin 

films.  Other factors which may affect physical aging, such as a silicon substrate support 

and previous history, were also studied.  Experimental data were compared with a 
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mathematical model developed from the Struik aging model to provide improved 

understanding of the physics of the aging process. 

This dissertation is divided into 10 chapters, including this introduction chapter.  

Chapter 2 presents the background on physical aging in thin glassy polymer films and 

some of the experimental techniques used in this research, including ellipsometry and 

positron annihilation lifetime spectroscopy.  The materials and experimental techniques 

used in this research are detailed in Chapter 3. 

The influence of relative humidity and temperature on thin glassy polymer film 

properties as measured by ellipsometry is presented in Chapter 4.  The effect of exposure 

to high relative humidity levels on dry film properties was also examined.  To relate 

refractive index changes to density changes through the Lorentz-Lorenz equation, the 

specific refraction of the polymers studied was determined experimentally.  Water vapor 

sorption in thick polymer films (l ~100 mm) is presented and compared with ellipsometry 

results.   

Chapter 5 presents the gas permeability and physical aging behavior of 

polysulfone (PSF) and Matrimid® films as thin as 18 nm.  Large deviations from bulk 

behavior were observed and are discussed in relation to the influence of the free surface 

on polymer mobility.  The physical aging model developed by Struik was extended to 

include the influence of film thickness and accurately describes the observed aging 

behavior.  The results of this study are consistent with the notion of enhanced mobility at 

the polymer/air interface.   

How the free volume profile in a polymer film evolves during physical aging is 

essential for determining the mechanisms behind accelerated aging in thin glassy films.  

In Chapter 6, variable energy PALS was utilized to study the age-dependent profile of 

free volume characteristics in thin polysulfone films.  The utility of this technique to 
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probe physical aging in thin glassy polymer films is demonstrated.  The results were 

analyzed to evaluate the influence of the free surface on physical aging.  Additionally, the 

changes in free volume characteristics were directly compared to aging studies of gas 

permeability of ultrathin films, and favorable agreement was found.  

In an effort to more fully understand the mechanisms responsible for physical 

aging in Matrimid®, a comprehensive study of the dynamic relaxation characteristics of 

the commercial polymer was completed and is described in Chapter 7.  Specifically, 

dynamic mechanical analysis (DMA) and broadband dielectric spectroscopy (BDS) have 

been used to determine the glass-rubber and sub-glass transition properties of the 

Matrimid® polyimide.  This detailed investigation provides valuable information 

regarding the nature of the underlying motional processes responsible for these 

transitions, and their potential relationship to physical aging.   

The state of a glassy polymer and, correspondingly, its aging behavior, depend on 

not only the immediate environment, but also the material’s previous history (i.e., 

thermal, stress, vapor exposure, etc.).33-35  This sensitivity to processing conditions and 

sample preparation is known to cause discrepancies in reported properties of glassy 

polymers.36  To begin understanding how previous history affects the physical aging 

behavior of thin glassy polymer films, a variety of heating and conditioning treatments 

were applied to thin polysulfone membranes before tracking their aging behavior; the 

results of this investigation are discussed in Chapter 8.   

In Chapter 9, using the theoretical framework developed by Freeman, the 

influence of temperature on the upper bound was investigated for a number of gas pairs.  

The traditional permeability/selectivity tradeoff line is shown to shift vertically as a 

function of temperature; the magnitude and direction of the shift depend on the relative 

sizes and condensabilities of the given gas pair.  Additionally, material-dependent 
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parameters within the model were adjusted to describe experimental observations in a 

variety of polymers.  This modeling effort was aimed at developing a rational framework 

to describe the influence of temperature on transport characteristics and predicted upper 

bound behavior using currently available information and straightforward theoretical 

considerations.   

Lastly, chapter 10 presents conclusions from this work and recommendations for 

future studies on physical aging behavior in glassy polymers for gas separation 

membranes. 
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Chapter 2: Background 

 



 14

2.1 PHYSICAL AGING 

 

It is well known that glassy polymers are not in thermodynamic equilibrium 

below their glass transition temperature, Tg.
1  When a polymer is quenched from above 

the glass transition temperature, molecular mobility decreases to a point, characterized by 

Tg, where the polymer is no longer able to reach an equilibrium state over experimentally 

accessible time scales.  This transition causes excess properties (e.g., free volume, 

enthalpy, etc.) to be frozen into the amorphous material.  Physical aging is the gradual 

evolution of a non-equilibrium glassy material towards thermodynamic equilibrium and 

is manifested by changes in physical properties like density, permeability, etc.2  Figure 

2.1 illustrates the deviation of the specific volume from equilibrium below Tg and the 

approach towards equilibrium at the aging temperature Ta.  Specific volume is shown on 

the ordinate; however, other intensive properties, e.g., enthalpy, exhibit analogous 

behavior.  The practical aging range typically exists between Tg and T, the first (i.e., 

highest temperature) secondary relaxation.2  Because it affects nearly all properties of the 

material, physical aging must be well understood to accurately predict long-term 

performance of any devices containing glassy polymers.3  Thus, the effects of aging on 

many properties (e.g., volume, enthalpy, toughness, rigidity, electrical properties, 

permeability, etc.) in bulk systems have been studied extensively.2, 4-6 

Physical aging is a self-retarding process and the rate of advance is a function of 

the driving force (i.e., the displacement from equilibrium) and segmental mobility.  As a 

glassy material ages and approaches equilibrium, the driving force decreases, and 

simultaneously, the segmental mobility is reduced; both changes causing the rate of aging 

to slow.  This behavior results in the extremely long time scales characteristic of physical 
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aging and the non-linearity of the process.2  Physical aging is also thermo-reversible, 

meaning that the effects of aging can be erased by heating the material above the Tg 

where equilibrium can be reached over accessible time scales.  If the material is then 

cooled to below Tg again, the aging process will restart.  This feature separates physical 

aging from other time-dependent phenomena such as chemical aging or degradation.  

While it has been suggested that physical aging only persists between T and Tg, 

evidence of aging below T has been reported.7, 8  The sub-glass transition relaxation in 

polysulfone (PSF) is near -100°C, so it is not feasible to study the impact of these 

relaxations on physical aging in this study.9, 10  Matrimid, however, has been show to 

exhibit a broad secondary relaxation near 140°C.11  By studying the effect of secondary 

relaxations on physical aging, additional information regarding the molecular motions 

responsible for aging may be acquired. 
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Figure 2.1: Diagram depiction of the glassy state. 
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2.2 ELLIPSOMETRY 

 

Variable angle spectroscopic ellipsometry, a sensitive and precise technique for 

measuring surface and film properties, is a valuable tool for studying the properties of 

thin polymer films and their aging behavior.12, 13  Figure 2.2 shows a schematic of the 

ellipsometry technique, where the changes in the amplitude and phase of elliptically 

polarized light reflected off a sample are measured and then these data are compared to a 

model describing the sample under study to determine the sample’s optical properties.  

Physical aging in polystyrene films was studied by Kawana and Jones by tracking the 

volumetric overshoot upon heating of aged polystyrene samples.14  They showed 

evidence for physical aging in polystyrene films as thin as 18 nm.  Other studies have 

tracked the change in optical properties of thin glassy films with physical aging and 

related the changes in refractive index to changes in density and free volume.12, 13  Aging 

behavior tracked using ellipsometry was also shown to correlate well with results from 

gas permeability measurements.12 

 

Figure 2.2: Schematic of ellipsometry technique. 



1.  Linearly Polarized Light

3.  Elliptically Polarized Light

2. Reflect Off Sample
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It has been noted that ellipsometry results can vary depending on ambient 

conditions.  Understanding how experimental conditions, e.g., temperature, relative 

humidity (RH), etc., affect thin polymer film properties is essential for accurate data 

analysis because of the extreme sensitivity of ellipsometry.  Despite the potential impact, 

few studies report the influence of humidity on ellipsometry measurements.15, 16  

Kleinfeld and Ferguson studied the effect of humidity on multilayered composite films of 

poly(diallyldimethylammonium chloride) and a synthetic silicate mineral.16  Mathe et al. 

measured the swelling of natural polysaccharides at various humidity levels and reported 

refractive index values calculated from an additive model.15  Other methods, such as 

prism coupling and interferometry, have also been used to measure the effect of humidity 

on film refractive index.17-24  The majority of these studies focused on polymer 

waveguide applications.  Scherer and Bailey were among the first to investigate the 

dependence of water absorption on refractive index using waveguides.  Their work on 

cellulose acetate also included the effect of humidity on film thickness.24  The literature 

shows that the effect of humidity on refractive index depends on the nature of the 

polymer.  Ellipsometry has been used more broadly to study thermal properties of 

polymers (e.g., glass transition, thermal expansion, thermo-optic properties, etc.).  The 

influence of relative humidity and temperature, below the glass transition, on film 

properties is discussed in Chapter 4 of this dissertation. 

The Lorentz-Lorenz equation provides a fundamental relationship between 

density and refractive index:25 
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where  is the polymer density, Nav is Avogadro’s number,  is the average polarizability 

of the polymer repeat unit, M0 is the polymer repeat unit molecular weight, and  is the 

permittivity of free space.  Only refractive index and density are expected to change with 

physical aging, simplifying the Lorentz-Lorenz equation to: 

       

      (2.2) 

 

where L is defined as the Lorentz-Lorenz parameter.  The specific refraction, C, is 

presumed to be a constant for a given substance, i.e., an additive and constitutive property 

such that the Lorentz-Lorenz equation can be applied to mixtures.  The Lorentz-Lorenz 

equation has been tested for many systems including gases, liquids, solids and polymers 

with remarkable success.26-30  Recently, Krishnaswamy and Janzen reported using 

refractive index to determine the density of polyethylene more simply and accurately than 

standard density gradient techniques.28  In previous studies, specific refraction values 

have been calculated from bulk polymer properties or from group contribution methods 

described by Van Krevelen, which give accurate predictions for many polymers.31  This 

work includes determining C experimentally, and tests the assumption that specific 

refraction is constant during physical aging by examining the relationship between 

refractive index and density in films of the same polymer at various densities.   

 

2.3 THIN POLYMER FILMS 

 

The multitude of thin polymer film applications in, for example, microelectronics, 

coatings, separations, and optics, has stimulated great interest in understanding polymer 

properties at the nanoscale.32-39  Behavior of the glass transition temperature, Tg, (which 
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is typically associated with long-range cooperative molecular motion and is often referred 

to as the softening point of a rigid, amorphous glassy polymer) in ultrathin polymer films 

is an area of intensive research and debate.34, 40-45  Typically, as film thickness decreases, 

free standing films and films supported on non-attractive substrates exhibit decreasing Tg, 

while films on attractive substrates show increasing Tg.
44  These deviations from bulk 

behavior are generally attributed to enhanced mobility at the free surface and attractive 

substrate-polymer interactions, respectively.34, 44  However, the genesis of these property 

changes is not completely understood because different experimental techniques can 

reveal apparently conflicting results, such as the divergent thickness-dependence of the 

dilatometric and dielectric Tg of hyperbranched polyesters reported by Serghei et al.43, 45  

Additionally, Forrest et al. have shown that the same polystyrene samples that exhibit 

decreasing Tg with film thickness, indicating that molecular motion is faster in thinner 

films, also show an increase in the time constant for interfacial healing, which would 

typically suggest that molecular motion of the polymer chain segments is slower in 

thinner films.45  Clearly, many questions remain to fully understand the fascinating, 

complex dynamics of ultrathin, highly confined glassy polymers. 

 

2.4 PHYSICAL AGING IN THIN GLASSY POLYMER FILMS 

 

While the influence of film thickness on Tg has been an active area of scientific 

study, much less effort has focused on the influence of ultrathin-film confinement effects 

on physical aging in glassy polymers.14, 40, 46, 47  As previously mentioned, physical aging 

arises from the inherent non-equilibrium nature of glassy polymers and causes material 

properties to drift over time towards a seemingly unattainable equilibrium.2, 4, 48  Thin 

film glassy polymers are used, or proposed for use, in a wide variety of important 
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technological applications (e.g., gas and liquid separation membranes, fuel cells, solar 

cells, lithography, and optical materials),37, 38, 49-51 and the performance of these thin films 

over time can significantly influence end-use properties (e.g., gas flux through ultrathin 

membranes used for gas separations),52 so it is critical to enhance the fundamental 

understanding of physical aging in thin films.  Polystyrene films as thin as 18 nm undergo 

physical aging, as evidenced by a volumetric overshoot upon heating in ellipsometry 

measurements; yet, no information regarding the extent or rate of aging in such thin films 

has been reported.14  The fluorescence intensity of chromophore-labeled poly(isobutyl 

methacrylate) films as thin as 10 nm have been studied as a function of aging; however, a 

thickness dependent aging rate was not clearly observed.40  Similar work by Priestley et 

al. has shown reduced aging rates in supported 20 nm poly(methyl methacrylate) films as 

compared to 500 nm films.53  The reduced aging rate was attributed to attractive 

interactions between the polymer and silicon substrate, thus restricting polymer chain 

mobility.   

Previously, it was believed that the physical aging process was independent of 

sample dimensions.2  However, it has been shown that physical aging can become orders 

of magnitude more rapid for films less than one micron in thickness as compared to bulk 

samples.12, 13, 52, 54-64  This deviation from intrinsic bulk behavior is increasingly 

significant as performance demands and device miniaturization drive the development of 

smaller components and thinner features.  Thin polymer films have applications in 

numerous technologies, including:  barrier materials, membrane separations, sensors, 

microelectronics, optics, packaging, biomedical applications, etc.46, 65-67  As an example, 

commercially used membranes for gas separation have a selective skin layer with a 

thickness of approximately 100 nanometers, and the thickness may continue to decrease 

as the technology for making these films develops.51  Typically, gas separation 
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membranes are made in an asymmetric hollow fiber form where the majority of the fiber 

is a porous support and a thin non-porous skin controls the fibers separation 

characteristics, as shown in Figure 2.3.  Huang and Paul reported significant permeability 

decreases and modest selectivity increases with aging time in free standing, flat-sheet 

glassy films.52  Figure 2.4 shows the change in oxygen permeability with aging for PSF 

films with thicknesses ranging from 400 nm to 60 m.52  As film thickness is decreased 

below about 1 micron, a dramatic increase in the rate of physical aging arises.  The ability 

to accurately predict long-term performance of thin film applications clearly requires 

understanding the influence of thickness on physical aging.  In addition to the industrial 

importance, this issue is motivating from a scientific perspective because the origin of 

accelerated aging in thin films is not well understood. 

 

 

Figure 2.3: Scanning electron micrograph of asymmetric hollow fiber cross-section.68 

 

Selective skin    
l ~ 0.10 m 
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Figure 2.4: Influence of film thickness on the physical aging response of polysulfone 
membranes from 400 nm to 60 microns thick, as tracked by O2 permeability. 

As a first step towards understanding the aging behavior of gas separation 

membranes, which have a complex, asymmetric hollow fiber structure produced via 

phase inversion processes,69 well-defined free-standing films of known thickness in the 

relevant thickness range were studied.  Relative to bulk (i.e., thick film) behavior, gas 

permeability is known to exhibit dramatically faster physical aging in free-standing 

glassy polymer films as thin as 400 nm thick.52, 55, 57, 58  However, to give high 

productivity, the selective layer of modern gas separation membranes is on the order of 

50-100 nm thick, and it has not been clear, how aging behavior evolves with thickness 

below 400 nm, especially when approaching length scales similar to that of the polymer 

coil size.51  Figure 2.5 characterizes the relevant thickness ranges and the general 

knowledge about physical aging in each thickness regime.  Studies of physical aging in 

ultrathin films provide insight regarding the mechanisms that cause accelerated aging in 
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thin films and yield a better understanding of the influence of free surfaces and 

confinement on polymer films.  Moreover, such information is of fundamental 

importance in developing predictive models of the long-term permeation properties of 

gas separation membranes. 

   

 

Figure 2.5: Schematic defining the length scales of interest and their physical aging 
behavior. 

 

2.5 CLASSICAL MODELS FOR PHYSICAL AGING 

 

Studying the mechanisms responsible for accelerated aging in thin polymer films 

is ongoing, and several models have been proposed to describe the behavior, including 

the diffusion of free volume and thickness-dependent lattice contraction.59, 61, 70, 71  

Physical aging models are typically characterized by a relaxation time that is a function 

of temperature (mobility) and the current state of the system compared to the predicted 

equilibrium (driving force).  Models commonly used to describe physical aging, or 
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isothermal relaxation, have foundations in work done by Tool, Kovacs, and others.5, 72, 73  

These models typically follow the form of: 

 

        
],[ Tdt

d




     (2.3) 

 

where  is the deviation of a property (e.g., enthalpy or specific volume) from 

equilibrium, and  is a characteristic relaxation time.  Model variations exist with 

different methods to predict .  These models are inherently independent of sample 

dimensions; however, if the parameters are made thickness dependent, the model can fit 

accelerated aging behavior. 

A diffusion type model developed by Curro et al., based on Fick’s second law, 

implicitly includes the dependence of thickness on aging, here written in terms of free 

volume, f:70 

 

)( fD
dt
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     (2.4) 

 

where the diffusion coefficient, D, is described by the Doolittle equation:74 

 

            )](exp[ 11   rr ffZDD             (2.5) 

 

where Z is a constant, and Dr and fr are reference values of the diffusion coefficient and 

free volume, usually taken at the glass transition temperature. 

These models can often describe thin film aging data as shown by Huang and 

Paul, and McCaig et al.;59, 61 yet, if the thickness-dependent factors have no physical 
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significance, they become merely fitting parameters.  Although these models have been 

used to describe a variety of aging data in a phenomenological manner, the mechanisms 

that cause accelerated aging remain unclear.59, 61  Another issue that has been debated is 

the presumption that the equilibrium state is independent of previous history, an 

assumption common to these models.  Kovacs et al. have suggested that the equilibrium 

state may be dependent on thermal history and proposed a distribution of relaxation times 

to describe aging behavior.75  Recent work by Simon and Bernazzani provides some 

evidence that suggests this assumption is not valid when a system is far from 

equilibrium.76  This additional variable must be carefully considered for meaningful data 

comparison. 

 

2.6 MODELING PHYSICAL AGING IN THIN FILMS 

 

Verification of the proposed aging models remains elusive due to the shortage of 

suitable experimental techniques to test their assumptions.  Several techniques, including 

tracking gas permeability, ellipsometry, and fluorescence spectroscopy, have been used 

to study physical aging in thin glassy polymer films.14, 40, 52  These techniques, however, 

probe integrated properties of the entire film.  Therefore, they cannot provide details 

regarding the spatial dependence of properties, such as density, across the film and the 

evolution of the spatial dependence of such properties with aging.  Figure 2.6 illustrates 

an arbitrary case of how the free volume profile in a film changes with aging time.  To 

validate the proposed models, the free volume, or density, profile within the film and its 

time dependence should be characterized. 
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Figure 2.6: Representative figure illustrating the influence of physical aging and the free 
surface on free volume. 

 

2.7 POSITRON ANNIHILATION LIFETIME SPECTROSCOPY 

 

Positron annihilation lifetime spectroscopy (PALS) is a unique experimental 

technique capable of determining the size and concentration of free volume elements in 

amorphous polymers by measuring the lifetime of injected positrons.77  The lifetime of 

positrons that annihilate as ortho-positronium (o-Ps), 3, depends on the size of the free 

volume cavity in which they are located and can, therefore, be related to the size of free 

volume elements in the sample.77-83  A spherical cavity shape is traditionally assumed, 

using the relationship shown in equation 2.6 to relate 3 and cavity size: 
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(2.6) 

 

where r is the cavity radius and Δr is the e- layer thickness (1.656 Å ).  Additionally, the 

fraction of positrons that annihilate as o-Ps, the o-Ps intensity (I3), is related to the 

concentration of free volume elements in a polymer.  Figure 2.7 gives a schematic 

depiction of the standard PALS technique where the lifetime of the positron, i.e., the time 

between the decay of the radioactive source and annihilation, is measured.   
 

 

 

Figure 2.7: Cartoon of the positron annihilation lifetime spectroscopy technique. 

 

PALS has been used to study the changes in free volume characteristics during 

physical aging for a variety of amorphous polymers.84-89  Depending on the nature of the 

polymer, these studies report a decrease in the free volume element size (3) and/or 

concentration (I3) with physical aging.  One of the earliest studies using PALS to track 

physical aging, by Jean et al., reported decreases in 3 with annealing time below Tg in an 

amine-cured epoxy resin containing diglycidyl ether of bisphenol-A.90  Conversely, 
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physical aging in polycarbonate resulted in decreased o-Ps intensity while 3 remained 

constant, as reported by Hill and Agrawal.85  The standard PALS technique uses high 

energy positrons that penetrate deeply (on the order of 100 m) into amorphous polymers 

and, therefore, probes the average properties of bulk systems, with no ability to study the 

influence of surfaces or film thickness on free volume. 

Free volume characteristics determined by PALS can also be related to the 

fractional free volume in a material and its gas permeability behavior.  Correlations in the 

literature show good agreement between free volume estimates from PALS parameters 

and from equations of state.77, 80, 84, 91  The relationship between PALS parameters and 

free volume can be written as: 

 

(2.7) 

 

where C is a constant relating o-Ps intensity to the total number of free volume elements 

and vf is the average free volume element size, as related to  3.
77  While this correlation 

includes the o-Ps intensity, this factor is omitted in other relationships reported in the 

literature.  Equation 2.8 shows an alternate connection between FFV and  3: 

 

(2.8) 

 

where C’ is a constant related to the number of free volume elements.  Here, C’ can be 

calculated using the FFV calculated from bulk density and group contribution theory31, 

and  3 from PALS measurements on bulk samples using the standard technique.  Since r 

and  3 are proportional across the range typically considered,  3
3
 can be used in place of 

4/3r3 to represent the free volume element size.  Furthermore, Maurer and Schmidt 

3
3'  CFFV

)( 33 fvICFFV 
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showed equation 2.8 more accurately follows the free volume data from PVT 

measurements and the Simha-Somcynsky equation-of-state theory than equation 2.7, at 

least in the case of PMMA.80  This comparison is show graphically in Figure 2.8.  After 

determining FFV, gas permeability, P, can be calculated using the following correlation: 

 

(2.9) 

 

where A and B are constants from literature correlations based on bulk polymers.92  

Finally, equations 2.8 and 2.9 can be combined to provide the following connection, 

which contains no adjustable parameters, between PALS parameters and gas 

permeability:  

(2.10) 
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Figure 2.8: Fractional free volume in poly(methyl methacrylate) determined from PALS 
and pressure-volume-temperature data using equation-of-state theory. 
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2.8 VARIABLE ENERGY PALS 

 

The coupling of PALS with a variable mono-energetic positron beam source has 

resulted in a relatively new technique that allows the energy of the incident positron 

beam, and, therefore, penetration depth into the sample, to be controlled from a few 

nanometers to several microns.93-96  Figure 2.9 illustrates the mono-energetic beam 

apparatus at the Advanced Institute on Science and Technology (AIST) in Tsukuba, 

Japan.  The positron beam, generated using a linear accelerator, is ‘chopped’ into short 

pulses that are injected in the sample.  More information on the development of this 

technique is reported by Suzuki et al.96 

 
 

 

Figure 2.9: Schematic of variable energy PALS apparatus at AIST in Tsukuba, Japan. 
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The median implantation depth, z1/2, and mean implantation depth, z0, are given in 

nm by: 

 

 

(2.11a) 

 

(2.11b) 

 

 

where  is the polymer density in g/cm3 and E is the incident positron beam energy in 

keV.97, 98  Figure 2.10 illustrates how the mean implantation depth depends on the 

positron beam energy.  This ability to selectively control the positron implantation depth 

enables the free volume to be studied as a function of distance from the sample’s surface, 

allowing the nature of the free volume profile within a polymer film to be characterized.  

The implantation-stopping profile, P(z), also a function of the beam energy, broadens as 

the implantation energy increases, as illustrated in Figure 2.11.97, 98  Equation 2.12 shows 

the dependence of P(z) on implantation depth: 

 

 

(2.12) 
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Figure 2.10: Influence of positron beam energy on mean positron implantation depth. 
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Figure 2.11: Influence of positron beam energy on positron implantation stopping profile. 
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Free volume depth profile studies have been completed on only a few types of 

polymers, e.g., polystyrene (PS), poly(methyl methacrylate), and polyurethane.95, 99-110  

Polystyrene, the most commonly studied polymer using this technique, was shown by 

Cao et al. and Algers et al. to have increased o-Ps lifetime near the polymer surface.100, 

104  The higher free volume size at the surface has been related to the Tg depression 

measured near the surface and in thin films of PS.99  Additionally, the o-Ps intensity was 

shown to decrease near the films surface; this result was attributed to a fraction of the 

positrons diffusing back out of the film and annihilating as free positrons in the vacuum 

surrounding the sample. Figures 2.12 a and b illustrate the influence of positron beam 

energy on o-Ps lifetime and intensity, respectively, in polystyrene. 100   
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incident energy.100 
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2.9 SUB-GLASS TRANSITION RELAXATION 
 

Physical aging is strongly dependent on the system temperature, which affects 

both segmental mobility and displacement from equilibrium.111  Molecular motions that 

persist below the glass transition, related to secondarytransitions, allow physical aging to 

proceed by small localized rearrangements towards equilibrium.112  It has been suggested 

that physical aging does not continue at temperatures below the sub-glass transition 

range, because the localized motions related to these processes become frozen.  However, 

evidence of low-temperature aging (i.e., below the sub-glass transition has been 

reported.113, 114  For example, Lee and McGarry showed that cooperative and segmental 

motions exist at temperatures below T in polystyrene, as evidenced by isothermal 

volume relaxation.114  By studying the effect of secondary relaxations on physical aging, 

additional insight regarding the molecular mechanisms responsible for aging may be 

obtained and improved performance predictions, as well as strategies to control and 

possibly arrest physical aging, can be developed.   

Matrimid® is a high Tg, amorphous thermoplastic polyimide comprised of 3,3′-

4,4′-benzophenone tetracarboxylic dianhydride (BTDA) and diaminophenylindane 

(DAPI).115  Matrimid® is a useful material for the creation of gas separation 

membranes.116-118  However, the performance of these membranes, as related to 

productivity, decreases over time due to physical aging.12, 52, 119  In an effort to more fully 

understand the mechanisms responsible for physical aging in the BTDA-DAPI 

polyimide, a comprehensive study of the dynamic relaxation characteristics of the 

commercial polymer was undertaken and is described in Chapter 7.  Specifically, 

dynamic mechanical analysis (DMA) and broadband dielectric spectroscopy (BDS) have 

been used to determine the glass-rubber and sub-glass transition properties of the 
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Matrimid® polyimide.  The detailed investigation provides valuable information 

regarding the nature of the underlying motional processes responsible for these 

transitions, and their potential relationship to physical aging.        

A number of authors have summarized the common relaxation features observed 

in polymides.120-122  Characterization of the dynamic relaxation processes of polyimides 

as a function of constituent backbone structure has been an area of extensive activity.  

Dynamic mechanical and dielectric relaxation techniques have been widely applied to 

establish transition temperatures, relative relaxation intensity, and the time-temperature 

characteristics of the motional transitions encountered in these materials.120-134  Typically, 

three relaxation processes are observed with increasing temperature designated ,  and 

α, respectively, with α corresponding to the glass-rubber relaxation.  For polyimides 

based on the –BTDA– dianhydride, T (re: dynamic mechanical peak at 1 Hz) is usually 

in the vicinity of -90 to -110°C, and T is observed at 80 to 130°C.122, 130  Owing to the 

local character of the sub-glass relaxations, their time-temperature relations can be 

described by a constant activation energy according to the Arrhenius relation.  For the  

process, the apparent activation energy (EA) is approximately 40-60 kJ/mol, and for the  

process, EA = 130-160 kJ/mol.  While the  and  sub-glass relaxations are nominally 

local and non-cooperative in nature, the exact molecular mechanisms underlying these 

relaxations has been the subject of some discussion.120  In the case of the  transition, the 

presence of residual water in the polymer appears to play an important role, with 

numerous studies reporting a direct correlation between water content and the intensity of 

the relaxation.122, 124, 125  However, there is sufficient evidence to suggest that for many 

systems, detection of the  transition is not solely dependent on the presence of coupled 

water molecules, and may reflect limited motions such as phenyl ring oscillations.120, 128  

For the  transition, various mechanisms have been postulated involving motions that 
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while still essentially local in character, encompass larger portions of the repeat unit that 

respond in a correlated manner, implying a somewhat more cooperative character.120, 126, 

127 

2.10 INFLUENCE OF PREVIOUS HISTORY ON AGING BEHAVIOR 

 

The state of a glassy polymer and, correspondingly, its aging behavior, depend 

not only on the immediate environment, but also on the material’s previous history (i.e., 

thermal, stress, vapor exposure, etc.).135-137  This sensitivity to processing conditions and 

sample preparation is known to cause discrepancies in reported properties of glassy 

polymers.138  For instance, the rate at which a polymer is cooled from above the glass 

transition temperature, Tg, has profound effects on the material’s physical properties.139  

These differences arise from the greater displacement from equilibrium in samples 

rapidly quenched from above Tg as compared to slowly cooled samples.  As an example, 

Cangialosi et al. showed higher initial free volume and accelerated physical aging in 

polycarbonate with increasing cooling rates from above Tg.
71  The accelerated aging in 

these materials was attributed to the initially higher free volume state of the rapidly 

quenched samples as compared to the slowed cooled samples, which created a larger 

driving force to equilibrium and thus increased the rate of aging. 

After a polymer vitrifies, various conditioning treatments are known to alter its 

thermodynamic state.  For instance, in experiments with bulk glassy polymers, exposure 

to high pressure CO2 causes the glassy polymer structure to swell, and upon removal of 

the CO2, the system is unable to immediately return to its initial state, thus, it has a lower 

density than before the exposure.137, 140-142  While the effects of this conditioning 

treatment are not immediately reversible, the polymer may return to its original state by 

physical aging over time (i.e., changes due to conditioning are only semi-permanent).  
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This effect can also be caused by the uptake of vapors and liquids including hexane and 

water vapor.143-146  Conversely, thermal annealing at elevated temperatures, yet below the 

glass transition, increases the density of glassy polymers.137, 147  Mechanical stresses can 

also alter the state of glassy polymers and affect aging behavior.148  A study by Berens 

and Hodge illustrates the effects of applied stress and vapor exposure before aging of 

poly(vinyl chloride), as probed by differential scanning calorimetry (DSC).135  Enthalpy 

relaxation was enhanced similarly by the exposure to mechanical (tensile and 

compressive) and sorptive stresses.135  While these effects have been demonstrated in 

bulk polymer samples, it is not well understood how thin films respond to the same 

conditioning treatments. 

Since previous history has a strong influence on glassy polymer properties, it is 

important that aging studies employ samples with identified and reproducible histories.  

Typically, a controlled quench from above the glass transition temperature is used to 

define an experimental starting time.  This technique was used in previous studies on 

physical aging in thin films; however, actual applications of these materials involve much 

more complex histories.  For example, thin glassy polymer films used in gas separation 

membranes are created through an intricate phase inversion process, and they may 

undergo additional treatment steps before packaging and testing can begin.  Additionally, 

a myriad of storage times and conditions exist before these materials reach their ultimate 

destination for use in the field.  Because of the complex and ill-defined history of glassy 

polymers in various applications, it is critical to understand how aging behavior changes 

as a function of the material’s previous history to accurately predict their long-term 

performance.   
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2.11 INFLUENCE OF TEMPERATURE ON GAS TRANSPORT BEHAVIOR 

 

The tradeoff relationships between selectivity and permeability described by 

Robeson and Freeman were developed based on membrane performance at 25-35°C, 

primarily because most permeability data in the literature were from measurements made 

in this temperature range.149  Industrial membrane applications, however, involve 

processes over a much wider temperature range.150  To prevent condensation in 

membrane modules, feed streams in natural gas processing can be heated to 65°C or 

higher; conversely, due to the Joule-Thompson cooling effect, process stream 

temperatures can be very low.151, 152  For example, in a study on nitrogen removal from 

natural gas, calculations showed the process temperature could be as low as -40°C due to 

Joule-Thompson cooling.151  Potential membrane applications could involve even more 

extreme temperatures.  Pre-combustion schemes designed to capture CO2 would greatly 

benefit from a membrane system that could treat syngas directly from the water gas shift 

reactor, at temperatures near 300°C, and send H2 directly to a gas turbine at the necessary 

temperature.153  Other proposed carbon capture methods would require treatment of 

power plant flue gas, another high temperature application.154  While these emerging 

processes will require further advances in membrane and module technology, materials 

that show stability near these temperatures are currently being investigated.155, 156  In 

addition to the practical knowledge needed for specific applications, studying the 

temperature-dependence of transport properties is essential for understanding the 

influence of polymer chemistry and structure on thermally activated processes.150  

The influence of temperature on gas separation performance has been investigated 

for a large number of polymers.  Moll et al. report oxygen and nitrogen permeability 

coefficients for a polycarbonate material containing 9,9-bis(3,5-dibromo-4-
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hydroxyphenyl)-fluorene (TBF PC) from -43 to 145°C, representing one of the largest 

temperature ranges investigated using gas permeability measurements.157  The change in 

O2/N2 separation performance with temperature is shown in comparison to the upper 

bound in Figure 2.13.  The temperature-dependent performance does not simply follow 

the upper bound behavior described by Robeson.  Rather, the separation performance 

characteristics improve, as characterized by moving closer to the upper bound and 

eventually transversing the upper bound as temperature decreases.  This behavior is 

markedly different than that of membranes undergoing physical changes, such as 

annealing or physical aging.  During physical aging, permeability of a glassy material 

decreases while selectivity increases due to relaxation of excess free volume, resulting in 

performance changes that nearly parallel the upper bound.158  The ability to alter the 

performance characteristics of a polymer membrane by controlling the temperature is an 

intriguing idea which has been pursued to a limited extent.157, 159  Because movement of 

penetrant molecules in polymer membranes is dependent on thermally activated chain 

motion and solubility is tied to polymer-penetrant interactions and penetrant 

condensability, polymer material properties such as chain stiffness, free volume, and 

polymer-penetrant interactions will have a strong impact on the influence of temperature 

on separation performance.   
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Figure 2.13: Influence of temperature on O2/N2 separation performance in TBF 
polycarbonate compared to the upper bound developed for polymer 
membranes operating at 25-35°C.157, 160 
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3.1 MATERIALS 

 

Two glassy polymers, bisphenol A-based polysulfone (PSF) from Solvay 

Advanced Polymers (UDEL PSF-3500 NT LCD) and the polyimide commercially known 

as Matrimid® 5218 (based on 3,3′-4,4′-benzophenone tetracarboxylic dianhydride and 

diaminophenylindane, BTDA-DAPI) from Huntsman Advanced Materials were used as 

received in this work.  PSF and Matrimid® were chosen because they are widely used gas 

separation membrane materials, and they have Tgs (186°C and 317°C, respectively) well 

above the temperature of use as gas separation membranes (approximately ambient in 

many cases), so they are deep within the glassy state during use.1, 2  A rubbery polymer, 

poly(dimethylsiloxane) (PDMS), was also used in this work.  The PDMS solution, 

provided by Wacker Silicones Corporation, Adrian, MI, consisted of Dehesive 940A with 

a proprietary crosslinker (V24) and catalyst (OL) system.  The chemical structure, glass 

transition temperature and pure gas permeability coefficients for these polymers in their 

bulk state are given in Table 3.1.3-5  
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Table 3.1: Bulk material properties.  

 

Polymer Tg PO2 PN2 PCH4 

Polysulfone 

186°C 1.4 0.24 0.29 

 Matrimid® 

317°C 2.12 0.32 0.28 

Poly(dimethylsiloxane) 

-123°C 800 400 1200 

Permeability values are given in Barrers;  

1 Barrer=1x10-10 [cm3(STP)·cm/(cm2·sec·cmHg)] 

 

3.2 FILM PREPARATION 

 

The film preparation procedures described here are also given in detail by Huang 

and Paul.6  Thin glassy polymer films were prepared by spin casting solutions of the 

polymers in cyclopentanone onto silicon wafers at 1000 rpm for 60 s; film thickness was 

controlled by varying the solution concentration.  A variable angle spectroscopic 

ellipsometer manufactured by J.A. Woollam Co., model 2000D, was used to measure 

film thickness.  The films were removed from the wafer surface using de-ionized water 
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and placed on thin wire frames.  The freestanding films were then dried and heated above 

their Tg in a N2 purged oven to remove prior history before gently placing them onto pre-

cut silicon wafer squares.  The time-temperature profile for the drying and removal of 

previous history is shown in Figure 3.1.  For the studies investigating the influence of 

temperature and relative humidity on film properties, the samples were aged at 35ºC and 

0% RH for sufficient time (>1,000 hours) so any property changes that might occur 

during the experiments reported here due to further physical aging would be negligible.     
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Figure 3.1: Sample preparation temperature profile for thin films. 

 

Thick films (l ~ 100 m) were prepared by solution casting onto silicon wafers 

using metal casting rings.  The casting solvent was methylene chloride, and glass plates 

were used to slow evaporation.  The films were allowed to dry for one week at room 

temperature and then dried at 100ºC in a vacuum oven for two days.  To investigate the 

connection between refractive index and density as described in the Lorentz-Lorenz 

equation, densities of the thick films were altered using high pressure (60 atm) CO2 or 

annealing below the glass transition temperature.  These treatments were applied for 
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times ranging from thirty minutes to several weeks, producing polymer films with a range 

of densities.   

 

3.2.1 Film preparation for permeability studies 

 

A major roadblock to studying gas permeability in ultrathin films is the presence 

of microscopic pinhole defects, which form with increasing frequency as film thickness is 

reduced.7  While this issue may have little influence on results from studies using 

ellipsometry, fluorescence spectroscopy, and other techniques, these trans-membrane 

defects destroy selectivity and mask permeability of a material under study, thereby 

rendering the sample useless for gas transport studies.  Indeed, a defect fraction of 10-6 on 

an area basis is enough to prevent a membrane from performing a gas separation.8  A 

coating technique has been applied to circumvent this problem.  After spin-coating an 

ultrathin glassy film of amorphous PSF or Matrimid®, a thin layer of highly permeable, 

rubbery poly(dimethylsiloxane) (PDMS) was coated directly on top of the glassy film.  

The PDMS overcoat was created by spin casting a PDMS solution in cyclohexane 

directly on the glassy film supported on a silicon wafer.  The PDMS solution consisted of 

Dehesive 940A with a proprietary crosslinker (V24) and catalyst (OL) system provided 

by Wacker Silicones Corporation, Adrian, MI; cyclohexane was added to create a 12 wt. 

% silicon solution.  The film was then annealed at 110°C for 15 minutes to crosslink the 

PDMS and remove residual solvent.  Figure 3.2 presents a diagram of the structure of the 

films used in this study.  The thickness of the PDMS layer was measured using a Dektak 

6M stylus profilometer.  The PDMS layer effectively blocks convective flow through any 

pinhole defects of the glassy layer and, at ambient conditions, PDMS is more than 150°C 

above its Tg, so it does not undergo physical aging; consequently, its properties do not 
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Ultrathin glassy 
polymer layer 

Microscopic “pinhole” defects 

Highly permeable layer 
(e.g. PDMS) 

change with time.9  Historically, the development of a similar coating technique for 

hollow fiber membranes initially enabled the industrial development of these materials 

for gas separation.8, 10  However, this approach had never been previously harnessed to 

study physical aging, as probed via gas permeability, in ultrathin (i.e., <100 nm) films.  

The two layer film was then lifted from the silicon support using a thin metal wire frame 

and heated 15°C above the bulk Tg of the glassy layer for 20 minutes to erase the thermal 

history and define a starting point for the aging studies. 

 

 

 

 

Figure 3.2: Diagram of film structure used in this study (not to scale). 

 

3.2.2 Film preparation for PALS studies 

 

Thin films (l ~ 450 nm) were prepared by spin casting a 5 wt. % polymer solution 

in cyclopentanone onto silicon wafers at 1000 rpm for 60 seconds.  A variable angle 

spectroscopic ellipsometer manufactured by J.A. Woollam Co., model 2000D, was used 

to measure film thickness.  Using de-ionized water, the thin PSF films were lifted from 

the silicon support onto thin wire frames and heated 15°C above the bulk Tg in a N2 

purged oven for 20 minutes to erase any previous history.6  The films were then rapidly 

quenched to the aging temperature, defining the start time for the aging studies.  The 
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films were subsequently aged, either in a free-standing state on the thin wire frame or 

supported on a silicon wafer, in a dry environment at 35°C. 

Thick PSF films (l ~ 100 m) were prepared by solution casting from methylene 

chloride onto silicon wafers using metal casting rings and glass plates to slow 

evaporation.  The films were dried for one week at room temperature, at 100ºC in a 

vacuum oven for two days, and finally heated to 20ºC above Tg for 30 minutes to remove 

any residual solvent and remove prior history.  The thick films were then rapidly 

quenched to the aging temperature to define the starting time of the aging studies.  

 

3.2.3 Film preparation for dynamic mechanical analysis and broadband dielectric 
spectroscopy 

 

Matrimid® films (l ~ 150 m) were prepared by solution casting onto silicon 

wafers using metal casting rings.  The casting solvent was methylene chloride and glass 

plates were used to slow evaporation.  The films were allowed to dry for one week at 

ambient conditions and were subsequently held under vacuum at 100ºC for four days, 

200ºC for one day, and then in a nitrogen purge at 330ºC for 30 minutes.  This drying 

procedure was designed to maximize solvent removal without crosslinking the material, 

which can occur when the polymer is exposed to high temperatures in the vicinity of Tg 

for extended times.11  More details on the influence of drying conditions on Matrimid® 

films properties can be found in Appendix C.  Upon completion of the solvent-removal 

procedure, the samples were stored at ambient temperature and humidity.   
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3.2.4 Film preparation for previous history studies 

 

Thin polymer films (~125 nm) were prepared by spin casting 3 wt. % PSF 

solutions in cyclopentanone onto silicon wafers at 1000 rpm for 60 seconds.  After spin-

coating a thin glassy film of amorphous PSF, a layer of highly permeable, rubbery 

poly(dimethylsiloxane) (PDMS) was coated directly on top of the glassy film as previous 

discussed.  Then, the two layer film was then lifted from the silicon support using a thin 

metal wire frame and heated 15°C above the bulk Tg of PSF for 20 minutes to erase the 

thermal history.  After the quench from above Tg, samples were either tested immediately 

(i.e., the base case), annealed for a prescribed period of time at a specific temperature, or 

conditioned with CO2.  The annealing temperature ranged from 90°C to 170°C, and the 

annealing time ranged from 2 to 160 hours.  The samples conditioned with high pressure 

CO2 (800 psig (56.2 bara)) at 35°C were aged for 500 hours at 35°C in a dry environment 

prior to the conditioning treatment.  This procedure minimized the changes due to 

physical aging over the time scale of the conditioning treatment.  If the samples had been 

conditioned with CO2 immediately after the quench from above Tg, the influence of 

conditioning time on aging properties would be complicated by the rapid structural 

relaxation that occurs immediately following vitrification.  Because solubility is 

temperature dependent and influences the effects of conditioning, it is important to 

specify the temperature of the conditioning treatment, 35°C in this case.12   

 

3.3 DENSITY MEASUREMENTS 

 

Densities of thick film samples were measured at 23ºC using a density gradient 

column based on aqueous calcium nitrate solutions by the standard technique (ASTM D 
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1505).  The column was calibrated with glass floats of known density.  Three pieces of 

each sample were placed in the column and allowed to equilibrate for 24 hours before 

measurement.  The accuracy of these density measurements was ± 0.0003 g/cm3. 

 

3.4 ABBE REFRACTOMETER 

 

A Fisher Scientific Abbe-3L refractometer was used to measure the refractive 

index of thick films.  The refractive index was measured at the sodium D line ( = 589.3 

nm) with an accuracy of ± 0.0002 refractive index units.  Water from a temperature-

controlled bath was circulated through the refractometer to regulate the measurement 

temperature.  1-Bromonaphthalene was used as a contacting liquid.  Measurements were 

made quickly after removing polymer samples from vacuum to minimize any errors 

caused by water vapor sorption or contact with 1-bromonaphthalene.   

 

3.5 ELLIPSOMETRY 

 

A variable angle spectroscopic ellipsometer, model 2000D, manufactured by J.A. 

Woollam Company, Lincoln, NE, was used to determine the thickness and refractive 

index of thin films.  Measurements were taken at wavelengths from 400 to 1000 nm at 

three angles of incidence 65º, 70º, and 75º.  The program WVASE32 was used to fit the 

data to a model of the polymer film and substrate system as shown in Figure 3.3.  The 

polymer refractive index was calculated using the Cauchy equation 

 

(3.1) 42 //  CBAn 
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where A, B, and C are constants, and  is the light wavelength.  All refractive index 

values are reported at the sodium D line.   

 

 

Silicon Wafer

Polymer Film
Native SiO2

~2 nm
 

 

Figure 3.3: Two layer model used in ellipsometry studies. 

The ellipsometer was placed in an environmental chamber where the relative 

humidity, as measured by a Tracable Hygrometer from Fischer Scientific, was controlled 

with dry nitrogen, which could also be bubbled through water.  The relative humidity was 

controlled ± 0.3%, and the sample temperature was controlled ± 0.1ºC using a Melcor 

thermoelectric heater/cooler and temperature controller. 

Two types of experiments were used to examine the influence of humidity on film 

properties as discussed in Chapter 4.  Real time experiments began with a dry polymer 

film in the environmental chamber at a relative humidity of 10% or less, and then the film 

properties were measured in situ as the relative humidity was slowly raised above 60% 

and lowered again below 10%.  The cycle lasted approximately 3 hours.  The humidity 

range was selected based on the ellipsometer operating conditions.  Step change 

experiments were performed as follows:  A dry polymer film was measured using 

ellipsometry at 10% RH for 10 minutes, and then stored at 10% RH as the chamber was 
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humidified to 50% RH.  The film was immediately placed in the ellipsometer and 

measured for another 10 minutes.  With the film stored at 50% RH, the chamber was 

brought back to 10% RH, and then the film properties were again measured for 10 

minutes.   

 

3.6 KINETIC GRAVIMETRIC SORPTION 

 

Kinetic gravimetric sorption experiments were done using a McBain spring 

balance system.13  The system consisted of a water-jacketed glass chamber attached to a 

vacuum pump for penetrant removal and polymer degassing, shown schematically in 

Figure 3.4.  A water bath controlled the chamber temperature to ± 0.1ºC.  The polymer 

sample (approximately 30 mg) was attached to a quartz spring and placed in the chamber.  

The spring was purchased from Ruska Instrument Corporation, Houston, TX, with a 

measured spring constant of 0.23 mg/mm.   

Previously sorbed air gases and water vapor were removed by exposing the 

polymer to vacuum for at least 24 hours before experiments began.  The polymer sample 

was then exposed to water vapor at fixed pressures.  The spring elongation was measured 

and recorded as a function of time using a charge-coupled device camera interfaced with 

a computer.14  The spring constant was used to convert the displacement data to mass 

uptake.  Equilibrium mass uptake and diffusion coefficients were extracted from these 

kinetic sorption data. 
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Figure 3.4: Schematic of sorption apparatus. 

 

3.7 GAS PERMEABILITY MEASUREMENTS 

 

The gas permeability coefficients of the films were measured using a standard 

constant volume, variable pressure method, shown schematically in Figure 3.515  

Measurements were conducted at 35°C with an upstream pressure of 2 atm and a 

maximum downstream pressure of 10 torr.  A liquid nitrogen cold trap was placed 

between the permeation cell and vacuum pump to prevent contamination from pump oil.  

When not being tested, samples were aged in a dry environment at 35°C.  Permeability 

coefficients were determined for O2, N2, and CH4.  These gases were studied because of 

their importance in the gas separation industry and their low solubility in the polymer, 

thus limiting any conditioning effects.  CO2 was not used as a penetrant gas in these 

experiments because of its ability to alter the non-equilibrium state of glassy polymers.   

Ballast volume

To vacuum 

Quartz spring

CameraSample
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Permeability coefficients reported in this dissertation are in units of Barrer (1 

Barrer = 1x10-10 [cm3(STP)·cm/(cm2·sec·cmHg)]).  The permeability coefficient is the 

thickness and pressure normalized flux of the penetrant gas through the polymer film 

defined as: 

 

(3.2) 

 

where Pi is the permeability of gas i, Ni is the flux of component i (i.e., molar flow rate 

per unit area), pi is the partial pressure driving force.  The ideal selectivity, i/j, is 

defined as: 

 

(3.3) 

 

where Pi and Pj are the permeability coefficients of gases i and j, respectively. 

 

Figure 3.5: Schematic of permeation apparatus. 
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3.8 POSITRON ANNIHILATION LIFETIME SPECTROSCOPY (PALS) 

 

PALS measurements were performed using an automated EG&G Ortec fast–fast 

coincidence system with BaF scintillators and a resolution of 260 ps (60Co source with 

the energy windows set to 22Na events).  Polymer films were stacked (~1 mm thick) on 

either side of a 30 Ci 22NaCl foil (2.54 m Ti) source, and wrapped in aluminum foil.  

At least 106 counts are collected for each measurement, and each spectrum took 

approximately 30 min to collect. Data analysis was performed using LT9 software.  The 

spectra were best fitted with three components with the shortest lifetime fixed to 125 ps, 

characteristic of p-Ps annihilation.16 Only the ortho-positronium (o-Ps) components with 

the longest measured lifetimes, (3), and its intensities, I3, were considered further since 

they are ascribed to annihilations in free volume cavities of the polymer matrix.16  Figure 

3.6 presents a cartoon of the PALS technique set-up. 

 

 

Figure 3.6: Cartoon of PALS technique. 
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3.9 VARIABLE ENERGY PALS  

 

The variable energy PALS experiments were conducted at the intense slow 

positron beam facility at the National Institute of Advanced Industrial Science and 

Technology (AIST) in Tsukuba, Japan.17  Positron lifetime spectra were collected by 

measuring the time between the start signal from the pulsing system and the annihilation 

-ray detected by a BaF2 scintillation detector.  Spectra were collected for energies from 

0.3 keV to 5.4 keV, with at least 106 counts at each energy measured.  The time 

resolution of the apparatus was 250-480 ps dependent on incident energy.  Experiments 

were performed under high vacuum at 25°C.  More details on the intense slow positron 

beam facility have been reported by Suzuki et al.17, 18  All variable energy PALS 

experiments were performed using films supported on 15mm x 20mm pieces of silicon 

wafer.  Films aged or treated in the free standing state were placed on the silicon support 

immediately before testing. 

 

3.10 DYNAMIC MECHANICAL ANALYSIS 

 

Dynamic mechanical analysis was performed using a TA Instruments Q800 DMA 

configured in tensile geometry.  Storage and loss modulus (E′; E′′) were measured both in 

temperature sweep mode (1 Hz; 3°C/min), as well as in frequency sweep mode (0.1 to 30 

Hz) at discrete temperatures ranging from -150 to 425°C.  All measurements were 

performed under nitrogen atmosphere. 
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3.11 BROADBAND DIELECTRIC SPECTROSCOPY 

 

Dielectric spectroscopy was performed using the Novocontrol “Concept 40” 

broadband dielectric spectrometer (Hundsangen, Germany).  Prior to measurement, 

concentric silver electrodes were vacuum-evaporated on each polymer sample using a 

VEECO thermal evaporation system.  Samples were subsequently mounted between gold 

platens and positioned in the Novocontrol Quatro Cryosystem.  Dielectric constant () 

and loss () were recorded in the frequency domain (1 Hz to 1 MHz) at 10°C isothermal 

intervals from -150°C to 300°C (i.e., sub-glass transition range).  A high level of 

conduction was encountered at temperatures > 300°C, precluding a full analysis of the 

glass-rubber relaxation via dielectric methods.   
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Chapter 4: Effect of Sorbed Water and Temperature on the Optical 
Properties and Density of Thin Glassy Polymer Films on a Silicon 

Substrate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
This chapter has been adapted with permission from an article published in 
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4.1 SUMMARY 

 

The effect of relative humidity and temperature on the refractive index and 

thickness of thin glassy polymer films (l ~ 500 nm) supported on silicon substrates was 

measured using ellipsometry.  The polymers considered, polysulfone and a polyimide, 

exhibited increasing refractive index and film thickness with increasing relative humidity.  

The effect of exposure to high water activity on dry glassy polymer film properties was 

studied.  The specific refraction, as used in the Lorentz-Lorenz equation, was determined 

directly for these polymers, and its dependence on temperature and aging history was 

examined.  Water vapor sorption in thick polymer films (l ~ 100 m) was measured using 

gravimetric techniques and shown to closely match the water vapor sorption measured in 

thin films using ellipsometry.   
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4.2 RESULTS AND DISCUSSION 

 

4.2.1 Effect of relative humidity on thin film properties 

 

Figure 4.1 shows the influence of relative humidity on the refractive index of a 

thin Matrimid® film at room temperature as measured by ellipsometry.  The refractive 

index increases linearly with humidity, changing by n = 0.005 when relative humidity 

was changed from 10% to 60%.  From simple additivity concepts, the refractive index 

would decrease since the value for water is 1.333; thus, further analysis is needed to 

understand the increase in n with increasing humidity.  Over the same relative humidity 

range, the Matrimid® film thickness increased by 1.5 nm (i.e., 0.31%) as shown in Figure 

4.2.  A control experiment showed the substrate thickness did not depend on humidity, so 

any thickness changes were of the polymer film.  Figures 4.3 and 4.4 show the effect of 

relative humidity on the refractive index and film thickness for PSF, respectively.  The 

same qualitative trends were seen for PSF as Matrimid®; however, the magnitude of the 

changes were significantly less.  PSF exhibited a n increase of 0.001 and a thickness 

increase of 0.7 nm (i.e., 0.16%) when RH was raised from 10% to 60%.  While these 

property changes are small, they are significant when studying small changes like those 

accompanying physical aging.   
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Figure 4.1: Effect of relative humidity on refractive index of a thin Matrimid® film at 
25°C while humidifying (●) and drying (∆).     
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Figure 4.2: Effect of relative humidity on film thickness of a Matrimid® film at 25°C 
while humidifying (●) and drying (∆).     
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Figure 4.3: Effect of relative humidity on refractive index of a thin PSF film at 25°C 
while humidifying (●) and drying (∆).     
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Figure 4.4: Effect of relative humidity on film thickness of a PSF film at 25°C while 
humidifying (●) and drying (∆).     
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Exposure to increased water vapor activity can result in semi-permanent property 

changes, as seen by the different starting and ending points in Figures 4.1-4.4.  Semi-

permanent indicates that although these changes may be reversed after sufficient aging, 

they remain during the timescale of the experiments.  This conditioning phenomenon is 

known to occur in other polymer/penetrant systems, but is rarely reported for water 

vapor.1  Hennig et al. reported contact angle hysteresis in polyimide films exposed to 

liquid water.2  Several issues were examined to confirm that film history was the cause 

for these changes.  First, the time required for thin films to sorb an equilibrium amount of 

water vapor by diffusion is orders of magnitude shorter than the time required for each 

measurement, discounting diffusion kinetics as a cause for the observed hysteresis in 

thickness and refractive index; this calculation will be described later.  Next, relative 

humidity step change experiments were performed.  The results of these experiments for 

Matrimid® are shown in Figures 4.5 and 4.6.  The dry film (i.e., the film exposed to 10% 

RH) refractive index was lower after exposure to the 50% RH environment, and the dry 

film thickness increased.  These changes are consistent with polymer dilation occurring 

as a result of water sorption.  Although the changes were smaller in PSF, similar 

qualitative results were seen.  While the magnitude of the changes measured in the step 

change experiments roughly matched those of the real time experiments, there are many 

factors which influence these changes (such as sample history, time of exposure, and 

RH), and investigating all of these factors is beyond the aims of this study.  Lastly, real 

time experiments were performed on polymers which had been aged in a humid 

environment.  Because these polymers had always been exposed to high humidity, one 

would expect no hysteresis effects, and none was found.   
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Figure 4.5: Refractive index of an initially dry thin Matrimid® film exposed to step 
changes of relative humidity. 
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Figure 4.6: Film thickness of an initially dry Matrimid® film exposed to step changes of 
relative humidity. 
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4.2.2 Specific refraction 

 

The Lorentz-Lorenz equation provides a fundamental relationship between 

density and refractive index:3 

 

(4.1) 

 

where  is the polymer density, Nav is Avogadro’s number,  is the average polarizability 

of the polymer repeat unit, M0 is the polymer repeat unit molecular weight, and  is the 

permittivity of free space.  Only refractive index and density are expected to change with 

physical aging, simplifying the Lorentz-Lorenz equation to: 

       

      (4.2) 

 

where L is defined as the Lorentz-Lorenz parameter.  The specific refraction, C, is 

presumed to be a constant for a given substance, i.e., an additive and constitutive property 

such that the Lorentz-Lorenz equation can be applied to mixtures.  This study determines 

C experimentally and tests the assumption that it is constant during physical aging by 

examining the relationship between refractive index and density in films of the same 

polymer at various densities.  The density of glassy polymers can be controlled to varying 

degrees by exposure to high pressure CO2 and thermal annealing.   

In this study, the specific refraction, C, was calculated by directly measuring the 

refractive index and density of a thick polymer film.  To accurately determine the specific 

refraction, it is necessary to measure the refractive index and density of the polymer in 

the same state.  While both refractive index and density measurements were performed at 
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23°C, the refractive index was measured using dry films; however, the density was 

measured using films in a water solution.  To correct for the density change due to water 

sorption, the activity of water in the density gradient column was required; it was 

determined to be 0.85.4-6  Using the water activity in the column and the known effect of 

water on film properties, the density was corrected to the dry state.7  The effect of prior 

treatment on the apparent density as measured in the gradient column, wet, corrected 

density, dry, and refractive index is recorded in Table 4.1.  Figure 4.7 presents the 

Lorentz-Lorenz parameter, L, for Matrimid® films at a range of densities achieved by 

exposure to 60 atm CO2 at 25°C or annealing at 280°C for times ranging from 30 minutes 

to several weeks.  A fit of the data to equation 4.2 gives a specific refraction of 0.295 ± 

0.001 cm3/g for Matrimid®.  It is important to note that the specific refractions given here 

are for the wavelength of 589.3 nm.  An estimate for the Matrimid® specific refraction 

using a group contribution method to calculate n was previously reported to be 0.305 

cm3/g.8  Figure 4.8 shows the Lorentz-Lorenz parameter for PSF films over a smaller 

range of densities achieved using the methods described earlier.  In this case, the 

annealing temperature was 160°C.  The specific refraction of PSF was determined to be 

0.289 ± 0.001 cm3/g.  Previously, an estimate from reported bulk properties was given as 

0.288 cm3/g.8   
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Table 4.1: Effect of prior treatment on density and refractive index.  

Material Treatment Time (hr) wet (g/cm3) dry (g/cm3) 
Refractive 

index 
2 1.2493 1.2138 1.6357 

4 1.2505 1.2141 1.6342 

15 1.2505 1.2136 1.6333 
CO2 (60 atm) 

24 1.2481 1.2098 1.6308 

None 0 1.2527 1.2185 1.6382 

2 1.2537 1.2217 1.6420 

9 1.2582 1.2275 1.6444 

15 1.2670 1.2379 1.6477 

Matrimid® 

Annealed at 
280°C 

20 1.2698 1.2410 1.6483 

2 1.2377 1.2299 1.6295 

5 1.2376 1.2300 1.6290 CO2 (60 atm) 

24 1.2360 1.2281 1.6287 

None 0 1.2378 1.2302 1.6300 

1 1.2397 1.2326 1.6328 

6 1.2401 1.2332 1.6332 

30 1.2409 1.2340 1.6334 

PSF 

Annealed at 
165°C 

384 1.2419 1.2350 1.6340 

 

 



 83

0.354

0.356

0.358

0.360

0.362

0.364

0.366

0.368

1.200 1.215 1.230 1.245 1.260

Exposed to CO
2

As-cast

Thermally annealed

L
 =

 (
n

2
-1

)/
(n

2 +
2

)

Density (g/cm3)

Matrimid
C = 0.295 ± 0.001 cm3/g

 

Figure 4.7: Lorentz-Lorenz parameter, L, of Matrimid® films exposed to CO2 (●), as-
cast films (▲), and annealed films (■) as a function of density.  The line 
represents a least squares fit of the data to equation 4.2.   
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Figure 4.8: Lorentz-Lorenz parameter, L, of PSF films exposed to CO2 (●), as-cast 
films (▲), and annealed films (■) as a function of density.  The line 
represents a least squares fit of the data to equation 4.2.   
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4.2.3 Effect of temperature on thin film properties  

 

The specific refraction is expected to be independent of temperature as defined in 

the Lorentz-Lorenz equation.  To test this hypothesis, polymer refractive index and film 

thickness were measured at temperatures ranging from 20°C to 75°C.  If polarizability is 

not a function of temperature, the specific refraction will remain constant, and the change 

in refractive index is due simply to film expansion or contraction.  Analysis of the 

simplified Lorentz-Lorenz equation as a function of temperature gives: 

 

(4.3) 

 

where l  is film thickness.  Equation 4.3 assumes that the polymer film expands only in 

the direction normal to the substrate; evidence supporting this assumption is given later.  

Figures 4.9 and 4.10 show the refractive index and film thickness as a function of 

temperature for a PSF film as measured by ellipsometry.  Analysis of the data for PSF 

shows 
dT

Ld ln
= -29.3 (± 0.1) x 10-5°C-1,  

dT

ld ln
 = 27.4 (± 0.1) x 10-5°C-1, and, from eq 4,  

dT

Cd ln
 = -1.9 (± 0.1) x 10-5°C-1.  If these values are used to estimate film properties as a 

function of temperature, the specific refraction changes would be less than 2% of the 

associated density changes.  This small change in specific refraction is negligible 

compared to other property changes.  Similar results were found for Matrimid®:  

dT

Ld ln
= -30.0 (± 0.3) x 10-5°C-1,  

dT

ld ln
 = 24.4 (± 0.2) x 10-5°C-1, and, from equation 4.3,  

dT

Cd ln
 = -5.7 (± 0.4) x 10-5°C-1.  Using these values to estimate Matrimid® film 

properties as a function of temperature gives specific refraction changes which are 5% of 

the related density changes.  The small change in C with temperature deduced from these 

dT

ld

dT

Ld

dT

Cd lnlnln
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observations further supports the application of the Lorentz-Lorenz equation to 

Matrimid® and PSF.   
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Figure 4.9: Effect of temperature on the refractive index of a thin PSF film.   
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Figure 4.10: Effect of temperature on film thickness of a PSF film.   
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4.2.4 Water sorption in thick films 

 

Sorption of vapors and gases is history dependent in glassy polymers.9  An 

example of this phenomenon is n-hexane sorption in glassy polystyrene microspheres, 

studied by Enscore et al.10  These history effects require thick and thin films to have 

equivalent thermal history when their behaviors are compared.  To achieve the equivalent 

thermal history of the aged thin films studied by ellipsometry, thick Matrimid® films 

were annealed at 280°C for 10 hours.  Afterward, the thick film had the same refractive 

index, and thus density, as the thin film.  This treatment allows for the meaningful 

comparison of water vapor sorption in thin and thick films.  Figure 4.11 shows the water 

vapor sorption isotherms for as-cast and thermally annealed Matrimid® films (l ~ 100 

m).  At an activity of 1.0, an as-cast film sorbed 4.5 wt.% water, and the annealed film 

sorbed 2.9 wt.%.  The as-cast sorption data were fit to the Flory-Huggins theory, with a  

of 2.2, using a partial molar volume of 18.1 cm3/mole for water.  A linear isotherm (i.e., 

Henry’s Law) matched the annealed sorption data well.  Interestingly, these isotherms do 

not show any evidence of concave activity dependence at low RH as might be expected 

from the dual mode sorption model.11  These data are consistent with considerable 

literature results for water sorption in other glassy polymers including several 

polyimides.12-17    The water vapor sorption isotherms for as-cast and annealed PSF films 

are shown in Figure 4.12.  The annealed sample was heated at 150°C for 24 hours to 

match the state of the aged PSF thin films.  PSF sorbs 1.1 wt.% water in the as-cast film 

and 0.8 wt.% in the annealed film.  These values match data in the literature and are 

significantly less than those in Matrimid®.18, 19  The as-cast sorption data were fit to the 

Flory-Huggins theory with a  of 3.4, while the annealed sorption data obey Henry’s 
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Law.  For both Matrimid® and PSF, the water vapor sorption was reduced by 

approximately 30% in the annealed films as compared to the as-cast films.  

The uptake of liquid water by Matrimid® and PSF films was also measured by a 

pat and dry technique.  The weight of thick films was measured after drying for 48 hours 

in vacuum, and the wet film weights were measured after patting off excess water from 

films soaked in water for 48 hours.  The weight of water sorbed in as-cast and annealed 

films of Matrimid® was 4.1% and 2.9%, and 0.8% and 0.6% in PSF, respectively.  These 

values closely match the results from spring balance experiments when the vapor sorption 

results are extrapolated to 100% RH.  
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Figure 4.11: Sorption isotherms for water in as-cast (●) and annealed (∆) Matrimid® 

films.  As-cast film data fitted to Flory-Huggins theory with a  value of 2.2.  
Annealed film data follow linear fit.   
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Figure 4.12: Sorption isotherms for water in as-cast (●) and annealed (∆) PSF films.  As-
cast film data fitted to Flory-Huggins theory with a  value of 3.4.  
Annealed film data follow linear fit. 

 

The kinetics of water vapor sorption in an annealed Matrimid® film subjected to a 

step change in gas phase humidity from 0 to 50% are presented in Figure 4.13.  The mass 

uptake at time t, Mt, normalized by the equilibrium mass uptake, M∞, is plotted against 

the square root of time since the experiment began.  The kinetic sorption data were 

modeled by Fickian penetrant diffusion into a semi-infinite plane sheet:20   

 

 

(4.4) 

 

where D  is the average diffusivity, which for Matrimid® was 1.5 (± 0.4) x 10-8 cm2/s. 
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Figure 4.14 shows the kinetics of water vapor sorption in an annealed PSF film as 

a result of a step increase in gas phase humidity from 0 to 50%.  Analysis of the data 

yields a diffusivity of 2.9 (± 0.8) x 10-8 cm2/s for water in PSF.  Within experimental 

error, the water diffusion coefficients found here are essentially independent of RH, 

which agrees with literature results for PSF and several polyimides.12, 13, 18 

Using the diffusion coefficients from the kinetic sorption data, the longest time 

for the thin films to reach equilibrium, as estimated by 4 l 2/ D (the factor of 4 accounts 

for one-way transport in the supported films), is less than a second, significantly less than 

the time scale of the ellipsometry measurements (~ 60 seconds), verifying the earlier 

assumption that the time for thin film samples to reach equilibrium with the water vapor 

was short compared to the experimental time scale.   
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Figure 4.13: Kinetics of water vapor sorption in Matrimid® at 30°C.  The curve 
represents a best fit to the Fickian sorption model (equation 4.4) to the data. 
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Figure 4.14: Kinetics of water vapor sorption in PSF at 30°C.  The curve represents a 
best fit to the Fickian sorption model (equation 4.4) to the data. 

 

4.2.5 Effect of water sorption on thin film density  

 

The Lorentz-Lorenz equation for mixed systems is:3  

 

(4.5) 

 

where wi and Ci are the mass fraction and specific refraction of component i, respectively, 

and k is the number of components.  For the case of polymers containing sorbed water, 

equation 4.5 can be used to calculate the density of the mixture from its refractive index 

as follows: 
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(4.6) 

 

where wwater is the water mass fraction in the polymer at a given relative humidity, 

measured from sorption experiments, Cwater is the specific refraction of pure water, 

0.206 cm3/g, and Cpolymer is the polymer specific refraction.  This approach assumes, of 

course, that the equilibrium sorption in thick and thin films is the same when compared in 

the same state, i.e., at the same n or .  There are two limiting cases for how density 

changes due to water sorption in a glassy polymer:  one assumes the sample volume does 

not change upon sorption of water, while the other assumes the mixture to obey volume 

additivity.  In the constant volume case, water sorption results in no dimensional changes 

in the sample, and the density is given by:  

 

(4.7) 

 

In the additive volume limit, the sample volume increases by the volume of water 

sorbed, and the density is given by:  

 

(4.8) 

 

The results from application of the Lorentz-Lorenz equation for mixtures, 

equation 4.6, to the Matrimid® and PSF data are shown by the points in Figures 4.15 and 

4.16.  The limiting cases of volume additivity and constant volume are shown for 

comparison; the experimental data lie between these limiting cases.  The relative amount 

of water which occupies void volume or swells the polymer film is dependent on the 
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nature of the system being studied.  This fact helps explain why relative humidity has 

varying effects on film properties for different polymer systems.  
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Figure 4.15: Relationship between density and relative humidity for Matrimid®.  Lines 
represent limiting cases for comparison. 
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Figure 4.16: Relationship between density and relative humidity for PSF.  Lines 
represent limiting cases for comparison. 
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4.2.6 Comparison of water vapor sorption in thin and thick films 

 

The water vapor mass uptake in thin films can be calculated at any humidity by: 

 

(4.9) 

 

This calculation assumes the film does not expand laterally on the silicon substrate; 

evidence supporting this assumption will be given.  Film thickness and density are nearly 

linear with RH for the polymers studied here, as seen in Figures 4.2, 4.4, 4.15, and 4.16.   

The linear dependence allows the mass uptake at 100% RH to be calculated by 

extrapolation to compare with results from sorption experiments on thick films.  Using 

the density and film thickness changes extrapolated to 100% RH, the water uptake of thin 

Matrimid® and PSF films was 2.7 wt. % and 0.7 wt. %, respectively.  These data deviate 

by 0.2 wt. % or less from the annealed thick film equilibrium sorption results in Table 

4.2, which compares the equilibrium water mass uptake at 100% RH as measured by the 

methods used in this study.  This excellent agreement suggests water sorption behavior is 

similar in thick and thin films when they are compared in the same state, and it also 

supports the accuracy of the Lorentz-Lorenz equation predictions.    
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Table 4.2: Comparison of equilibrium water uptake at 100% RH. 

 

4.2.7 Effect of humidity and temperature on thin film dimensions 

 

The expansion of supported thin films is often assumed to occur only in the 

direction normal to the substrate, but this assumption is rarely tested.  To test this 

assumption, the lateral extension of a thin film was measured under various humidity 

environments using an optical microscope.  The distance between the edge of the film 

and a stationary reference point on the SiO2 substrate was measured for films exposed to 

air having 0%, 50%, and 100% relative humidity.  No change in lateral dimensions was 

measured within the < 2 m resolution.  If the film expanded isotropically, the lateral 

expansion would have been at least an order of magnitude greater than the experimental 

resolution.  These measurements were also made at temperatures from 30°C to 70°C, 

which again resulted in no measurable change in the lateral dimensions.   

 

  Matrimid® PSF 

Sorption data (As cast) 4.5% 1.1% 

‘Pat & dry’ data (As cast) 4.1% 0.8% 

Sorption data (Annealed) 2.9% 0.8% 

‘Pat & dry’ data (Annealed)
2.9% 

0.6% 

Ellipsometry data 2.7% 0.7% 
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4.3 CONCLUSIONS  

 

The effect of relative humidity on thin film thickness and refractive index has 

been determined for two glassy polymers, Matrimid® and PSF, by ellipsometry.  Both 

polymers exhibited increasing refractive index and film thickness with increasing RH, 

with greater changes occurring in the Matrimid® film.  Further analysis showed that 

sorbed water expanded the polymer volume but considerably less than expected by 

volume additivity, i.e., to some extent, water molecules occupy existing free volume in 

the glassy polymer.  Exposure to high activities of water altered the state of the glassy 

polymer thin films as seen by hysteresis in the ellipsometry measurements.  After 

removal of sorbed water, the glassy polymer is left in a state of lower density than before 

exposure to water vapor.  By direct measurement, specific refraction was determined to 

be 0.295 cm3/g for Matrimid® and 0.289 cm3/g for PSF.  Specific refraction has also been 

shown to be independent of density and temperature for the polymers studied, supporting 

the Lorentz-Lorenz equation.  Water vapor sorption was measured in thick polymer films 

using gravimetric techniques, and the results were shown to match those of films 200 

times thinner.  The common assumption of uniaxial expansion of thin polymer films on a 

silicon substrate owing to changes in humidity or temperature was confirmed for these 

polymer substrate pairs by direct observation.  The demonstrated effect of experimental 

conditions on film properties proves the importance of controlling these conditions when 

making sensitive measurements with ellipsometry or other methods.     
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Chapter 5: Physical Aging of Ultrathin Glassy Polymer Films Tracked 
by Gas Permeability 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter has been adapted with permission from an article published in  
Polymer, 2009, 50, (23), 5565-5575. 
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5.1 SUMMARY 

 

Membrane-based separations play a key role in energy conservation and reducing 

greenhouse gas emissions by providing low energy routes for a wide variety of 

industrially-important separations.  For reasons not completely understood, membrane 

permeability changes with time, due to physical aging, and the rate of permeability 

change can become orders of magnitude faster in films thinner than one micron.  The gas 

transport properties and physical aging behavior of free-standing glassy polysulfone and 

Matrimid® films as thin as 18 nm are presented.  Physical aging persists in glassy films 

approaching the length scale of individual polymer coils.  The films studied ranged from 

18-550 nm thick.  They exhibited reductions in gas permeability, some more than 50%, 

after ~1000 hours of aging at 35°C, and increases in selectivity.  The properties of these 

ultrathin films deviate dramatically from bulk behavior, and the nature of these deviations 

is consistent with enhanced mobility and reduced Tg in ultrathin films.  The Struik 

physical aging model was extended to account for the influence of film thickness on 

aging rate, and it was shown to adequately describe the aging data. 

 

 

Figure 5.1: Schematic defining length scales of interest. 
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5.2 RESULTS AND DISCUSSION 

 

5.2.1 Influence of PDMS coating on gas transport and aging behavior 

 

The mass transfer resistance from the PDMS layer, which is constant with time,1 

is significantly less than that from the glassy layer due to the much higher gas 

permeability of PDMS as compared to PSF and Matrimid®, and it can be accounted for 

using the following resistance model, allowing one to access the native properties of the 

glassy film:2   

 

(5.1) 

 

where lPDMS and lGlassy are the thicknesses of the PDMS and glassy polymer (i.e., PSF or 

Matrimid®) layers, respectively; PPDMS and PGlassy are the permeability coefficients of the 

PDMS and glassy polymer, respectively.  The total thickness of the composite structure 

(i.e., the glassy polymer overcoated with PDMS) is lcomposite = lPDMS + lGlassy, and the 

permeability of the composite structure is Pcomposite.  By measuring the thickness of each 

layer and knowing the PDMS permeability, Equation 5.1 can be used to calculate the 

permeability of the glassy polymer layer from permeability measurements on the 

composite structure considered in this investigation; the structure is shown schematically 

in Figure 5.2. 

composite GlassyPDMS

composite PDMS Glassy

l ll

P P P
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Ultrathin glassy 
polymer layer 

Microscopic “pinhole” defects 

Highly permeable layer 
(e.g. PDMS) 

 

 

 

 

Figure 5.2: Diagram of film structure used in this study (not to scale). 

 

The structure, glass transition temperature, and bulk permeability of the polymers 

of interest are recorded in Chapter 3, Table 3.1.3-5  The PDMS layer was typically 3-4 m 

thick.  In the thicker films studied in this work (>100 nm), the mass transfer resistance 

from the PDMS layer was only a few percent or less of the resistance due to the glassy 

layer.  In the thinnest films studied (~20 nm), the contribution from PDMS was ~20% of 

the total mass transfer resistance.   

The PDMS layer is not strongly adhered to the glassy film; it is easily separated 

from the glassy layer, so the PDMS layer should not significantly influence the behavior 

of the underlying glassy polymer.  To investigate any influence the PDMS coating might 

have on the aging response of these glassy films, the aging behavior of PSF films of 

similar thicknesses with and without a PDMS coating is shown in Figure 5.3.  The error 

bars in this figure represent the average standard deviation for permeability 

measurements of three different films of each case.  The aging behavior of a 465 nm film 

prepared by coating PSF with a thin PDMS layer is identical, within experimental error, 

to that of a PSF film of similar thickness but without a PDMS coating, so the presence of 

the PDMS layer does not perceptibly alter the aging response.  
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Figure 5.3: Comparison of PSF aging behavior with and without PDMS coating. 

 

5.2.2 Gas permeability and aging in PSF films 

 

Figures 5.4a, b, and c show the oxygen, nitrogen, and methane permeability, 

respectively, as a function of aging time for PSF films with thicknesses ranging from 465 

nm down to 20 nm.  The “bulk” aging response of a 60 m thick film is included for 

comparison.  The films were aged at 35°C in a dry environment between measurements.  

Despite being 150°C below the bulk Tg of PSF, dramatic aging effects on permeability 

are evident in the ultrathin films.  The gas permeability rapidly decreases with aging time 

in all films as the material evolves towards the more dense, equilibrium state, and the 

permeability for most of the thin films is less than that of the bulk PSF.  The permeability 

of these films decreases to ~50% of the initial value after 1000 hours, significantly more 
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than the 10% decrease reported for bulk-like films at similar aging times.5  The higher 

permeability of these films, as compared to the bulk oxygen permeability of 1.4 Barrer 

reported by McHattie et al.3 for instance, is believed to result from the rapid quench from 

above Tg, which captures additional free volume in the polymer.  Differences in reported 

permeabilities for glassy polymers are common, because gas transport properties depend 

strongly on the thermal history of a glassy polymer.6 

The O2/N2 and O2/CH4 pure gas selectivity as a function of aging time for each 

PSF film studied is shown in Figures 5.5a and b, respectively; the bulk aging response is 

shown for comparison.  The selectivity in all films is near or above the bulk value, so the 

ultrathin films behave as effectively defect-free films.  The O2/N2 and O2/CH4 selectivity 

increases as the material ages; the polymer densification accompanying physical aging 

reduces the free volume of the polymer which, in turn, makes the material more size 

selective by reducing the diffusion of the larger N2 and CH4 molecules more than that of 

smaller O2 molecules.5  The N2/CH4 selectivity also increases with physical aging of PSF 

(e.g., from 0.85 to 0.90 in the 20 nm film after 1000 hours).  

Interestingly, the initial permeability, at 1 hour of aging time, decreases with 

decreasing film thickness for films less than ~100 nm thick.  Additionally, the initial 

O2/N2 selectivity increases as film thickness decreases, consistent with the permeability 

results.  Superficially, these results appear to contradict reports of increased mobility near 

the surface of polymer films, since lower permeability and higher selectivity would 

typically be associated with decreased chain mobility.  However, we believe the initially 

lower gas permeability in the ultrathin films is caused by aging occurring in the very first 

hour after the quench from above Tg (when it is not feasible to perform gas permeability 

measurements due to the time needed to prepare samples for study).  If so, the enhanced 

mobility at the free surfaces allows ultrathin films to achieve a low free volume state 
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(and, consequently, lower permeability and higher selectivity at one hour, when 

permeability can first be measured) more quickly than bulk material.7  This hypothesis is 

consistent with the results from the modelling study, which are described in more detail 

below. 
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Figure 5.4: Influence of physical aging on oxygen permeability (a), nitrogen 
permeability (b), and methane permeability (c) in PSF films ranging from 
465 nm to 20 nm in thickness.  Lines are provided to guide the eye. 
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Figure 5.5: Influence of physical aging on O2/N2 pure gas selectivity (a) and O2/CH4 
pure gas selectivity (b) in PSF films ranging from 465 nm to 20 nm in 
thickness as a function of aging time.  Lines are provided to guide the eye. 
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5.2.3 Gas permeability and aging in Matrimid® films 

 

The influence of aging time on oxygen, nitrogen, and methane gas permeability in 

Matrimid® films with thicknesses ranging from 550 nm down to 18 nm is presented in 

Figures 5.6a, b, and c, respectively.  The aging response of these films is more 

pronounced than that of the PSF films with some films exhibiting a permeability decrease 

to ~30% of the original value after 1000 hours of aging.  The faster aging in Matrmid® as 

compared to PSF has been shown previously, and it is believed to result from the higher 

fractional free volume of Matrimid® relative to that of PSF.5  Figures 5.7a and b illustrate 

the impact of physical aging on the pure gas O2/N2 and N2/CH4 selectivity of Matrimid® 

films.  Increasing selectivity with aging time is seen, as expected.  Analogous to the PSF 

behavior, Matrimid® exhibits decreased permeability and increased selectivity at one 

hour of aging as film thickness is reduced.  These differences are believed to be related to 

the physical aging that occurs in the first hour after the quench from above Tg.   
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Figure 5.6: Influence of physical aging on oxygen permeability (a), nitrogen 
permeability (b), and methane permeability (c) in Matrimid® films ranging 
from 550 nm to 18 nm in thickness.  Lines are provided to guide the eye.   
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Figure 5.7: Influence of physical aging on O2/N2 pure gas selectivity (a) and N2/CH4 
pure gas selectivity (b) in Matrimid® films ranging from 550 nm to 18 nm in 
thickness as a function of aging time.  Lines are provided to guide the eye. 
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5.2.4 Comparison to the upper bound 

 

Robeson presented the trade-off between permeability and selectivity in polymer 

membranes, describing this relationship as the “upper bound”.8  The theoretical basis for 

this relationship was later developed by Freeman.9  Generally, this relationship describes 

the connection between permeability and selectivity in polymeric materials.10  Figure 5.8 

shows the evolution of gas transport characteristics of the films studied, as a result of 

physical aging, relative to the upper bound.  As the polymer ages, the trend of decreasing 

permeability and increasing selectivity move the film properties essentially parallel to the 

upper bound.  The range of permeability and selectivity values exhibited by the same 

materials as a function of physical aging shows the significant effect prior history can 

have on gas transport properties of glassy polymers. 
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Figure 5.8: Influence of physical aging in comparison with upper bound.[36] 
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5.2.5 Modelling Considerations 

 

The rate of physical aging, which is often modeled as shown in equation 5.2, 

depends on the ratio of the driving force, i.e., the displacement of the specific volume 

from its equilibrium value, and the relaxation time for the sample, which is a function of 

temperature and the material’s current free volume state:11   

 

(5.2) 

 

where v and v∞ are the polymer specific volumes at time t and at equilibrium, 

respectively, T is temperature, and  is a characteristic relaxation time.  Because the Tg in 

ultrathin PSF films is below the bulk value, as reported by Kim et al., these films should 

have enhanced mobility (i.e., lower ) as compared to the bulk.12  Therefore, although 

ultrathin films may have a smaller departure from equilibrium (i.e., a lower v - v∞) than 

thicker films, as indicated by lower gas permeabilities and higher selectivities than thick 

films, enhanced chain mobility due to lower glass transition temperature in ultrathin films 

decreases the characteristic relaxation time (i.e., decreases ).13  The net effect of these 

two competing factors (i.e., lower v - v∞ and lower ) on the rate of physical aging is to 

accelerate the physical aging response of these films, consistent with the experimental 

results shown in Figures 5.4-5.7.  While no report on the effect of film thickness on Tg in 

Matrimid® exists, the similarity in the permeability results suggest analogous behavior 

could be expected. 

To mathematically describe the influence of thickness-dependent relaxation times 

on physical aging-induced changes in permeability in ultrathin films, the self-retarding 

aging model developed by Struik to describe the variation in many physical properties 
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(e.g., specific volume, impact strength, and creep compliance) of bulk glassy polymers 

with time is applied:11  

 

(5.3) 

 

where f is the excess fractional free volume (i.e., the difference between the fractional 

free volume in the polymer, f, and the fractional free volume of the same material in the 

fully relaxed, equilibrium state, fe) (i.e., ef f f   ),  is the relaxation time at time t, ∞ 

is the relaxation time at equilibrium (i.e., at t → ∞), and  is a constant characterizing the 

sensitivity of the relaxation time to the excess fractional free volume.  This model was 

developed for and validated using data from bulk polymers, where thickness effects on 

physical aging are not observed, so here ∞ is allowed to depend on film thickness as a 

straightforward method to capture thickness-dependent aging behavior.  The case of a 

thickness-dependent  was also examined; however, the fit improvement did not justify 

allowing  to depend on thickness, according to an F-test.14  Free volume is related to the 

specific volume of the polymer, v, by: 

 

(5.4) 

 

where vo is the occupied volume of the polymer (not needed in this analysis) which can 

be estimated by the Bondi method (i.e., vo=1.3vw), and vw is the van der Waals volume 

estimated using the group contribution method.15  The initial fractional free volume, fi, 

used in the model was based on reported free volume values for PSF3 and Matrimid® 

samples.16  While the reported value of fi for Matrimid® was determined for rapidly 

quenched thin film samples, the value for PSF was reported for bulk samples and 
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required an increase from the reported 0.156 to 0.160 to account for the initially higher 

free volume in the rapid quenched state as compared to the bulk state.  This change was 

based on matching the predicted initial O2 permeability, using equation 5.5, with the 

experimental results for the bulk PSF films studied here.  For both PSF and Matrimid®, 

the fractional free volume at the fully relaxed, equilibrium state, fe, was given by Huang 

et al. based on extrapolation of the experimental pressure-volume-temperature data in the 

melt state.16  This aging model was solved numerically using MATLAB software.  The 

fractional free volume, f, calculated as a function of aging time from equation 5.3 was 

used in the following correlation to calculate gas permeability: 

 

(5.5) 

 

where A and B are constants based upon permeability measurements in samples of bulk 

thickness from the literature.17  The permeability data were fit to the Struik model by 

allowing ∞ and  to vary to obtain the best fit in a least squares analysis.   was not 

allowed to vary with film thickness, and ∞ was allowed to depend on film thickness.  

The resulting Struik model parameters are shown in Table 5.1, while the A and B 

constants used in the permeability correlation are shown in Table 5.2.  The combination 

of the correlation in equation 5.5 and the thickness-dependent Struik model will be 

referred to hereafter as the modified Struik model.   

 

5.2.6 Modelling PSF permeability and aging behavior 

 

The modified Struik model, with only one thickness-dependent parameter, ∞, 

effectively captures the aging behavior of the ultrathin PSF films as shown in Figure 5.9a.  

fBeAP /  



 114

Figure 5.9b illustrates the thickness dependence of ∞ from the permeability results; this 

behavior suggests that accelerated aging in thinner films is achieved by the characteristic 

relaxation time decreasing by orders of magnitude as film thickness decreases.  The 

relaxation times, ∞, deduced in this way show a remarkably similar trend with thickness 

as the reported thickness dependence of Tg , given by Kim et al.12  Apparently, the same 

mechanisms that appear to reduce Tg in ultrathin films contribute to accelerated aging in 

these materials by reducing the characteristic relaxation time as film thickness 

decreases.12  

Figure 5.10 presents the predicted O2 permeability behavior of the PSF films 

studied including times << 1hr.  By changing only ∞ with film thickness, the initial 

conditions of each film are identical, i.e., at very short times following the thermal 

quench, all films have the same permeability.  The vertical line drawn at 1 hour of aging 

is included to illustrate why the initial permeability measured experimentally (i.e., 

permeability at one hour, when it first becomes possible to measure permeability) 

decreases with decreasing film thickness. 
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Figure 5.9: The influence of film thickness on physical aging and relaxation rates.  (a) 
Effect of aging time on oxygen permeability in PSF films ranging from 465 
nm to 20 nm in thickness.  Lines were generated from the modified Struik 
model.  (b) Dependence of ∞ (●) and Tg (□), from Kim et al.10, on PSF film 
thickness.  The lines were drawn to guide the eye. 
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Figure 5.10: Influence of aging time and film thickness on the predicted oxygen 
permeability behavior of the PSF films studied based on the modified Struik 
model. 
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The values of  as a function of film thickness and aging time are shown in Figure 

5.11a.  In all films,  increases with aging time in this self-retarding model whereby aging 

slows as it progresses.  It is interesting to note that at short aging times the difference in  

between the films studied spans several orders of magnitude, but after ~1000 hours of 

aging, this difference is less than one order of magnitude.  Figure 5.11b illustrates the 

approach to ∞ as a function of film thickness, demonstrating how the thin films approach 

equilibrium more rapidly than the thicker films.  Once the reduced relaxation time, i.e., 

/∞, begins to increase linearly with log aging time, the slope of the approach to unity is 

the same for each film thickness because the model parameters are the same for each 

case, except for the equilibrium relaxation time.  This approach shows that each film ages 

similarly, and results in simply shifting the predicted aging curve as a function of film 

thickness. 
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Figure 5.11: Influence of aging time and film thickness on  (a), and the approach to the 
equilibrium relaxation time (b), based on the modified Struik model. 
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The same model parameters that describe the oxygen permeability data in PSF 

can also be used to estimate to the nitrogen permeability data by applying the appropriate 

values of A and B in equation 5.4.  The results of this analysis, using the Struik model 

parameters from the O2 modelling and literature values of A and B for N2, are shown in 

Figure 5.12.  While the model does a fair job of capturing the experimental data, there is 

some disagreement at early aging times in the thicker films.  This discrepancy is believed 

to be related to the initial molecular relaxations that affect the larger N2 molecules more 

than the O2 molecules.  All glassy polymers will have a distribution of free volume 

element sizes, with the average size being considered in the Struik model.  However, 

according to the Struik model, larger free volume sites (i.e., those large enough to 

accommodate either N2 or O2) age more rapidly than smaller free volume sites (i.e., those 

large enough only to accommodate O2) due to their inherently greater displacement from 

the equilibrium state.  By allowing ∞ to change from gas to gas, an improved fit of the 

nitrogen permeability aging data is achieved, shown in Figure 5.13.  It was also necessary 

to adjust the A parameter from 112 (i.e., the literature value 17) to 125 Barrer to match the 

initial N2 permeability in the PSF films.  Although the literature values of A and B used in 

equation 5.4 generally predict permeability well, some changes in A were required to 

better match the behavior of the specific polymers considered here.  Some adjustment of 

these parameters is expected to closely match the behavior of individual polymers.  The 

intent here is not to make parameter adjustments tailored to the data; rather, it is to 

provide a qualitative analysis of the underlying physical phenomena related to aging.  

The ∞ values are shown in Table 5.1.  The shorter relaxation time for the N2 

permeability behavior indicates that the rate of relaxation of the free volume which 

affects N2 permeability is greater than for O2 permeability, in qualitative agreement with 

the expectation from the Struik model (i.e., that larger free volume elements age faster).  
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Figure 5.12: Influence of aging time on nitrogen permeability in PSF films ranging from 
465 nm to 20 nm in thickness.  Lines were generated from the modified 
Struik model using the same relaxation times from the O2 modeling and 
A=112 Barrer for N2.   
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Figure 5.13: Influence of aging time on nitrogen permeability in PSF films ranging from 
465 nm to 20 nm in thickness.  Lines were generated from the modified 
Struik model using A=125 Barrer for N2.  
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Figure 5.14 compares the methane permeability behavior to predictions from the 

modified Struik model.  For CH4, the relaxation times were similar to those used for N2, 

seen in Table 5.1.  Also, the value for A in the permeability correlation was changed from 

114 (i.e., the literature value)17 to 210 Barrer to better match the CH4 permeability in 

PSF.   
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Figure 5.14: Influence of aging time on methane permeability in PSF films ranging from 
465 nm to 20 nm in thickness.  Lines were generated from the modified 
Struik model. 
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Table 5.1: Struik model parameters for PSF and Matrimid®. 

Polymer  f i f e l (nm) O2 N2 CH4

465 4.7x1014 1.8x1014 1.4x1014

125 5.4x1013 1.8x1013 1.8x1013

PSF 350 0.160 0.1069 75 1.0x1013 3.2x1012 2.2x1012

50 1.0x1012 4.0x1011 3.6x1011

20 2.2x1011 1.1x1011 1.1x1011

550 3.5x1011 3.1x1011 2.6x1011

145 5.2x1010 3.0x1010 1.8x1010

Matrimid® 200 0.176 0.1131 50 6.8x109 4.3x109 2.2x109

25 5.0x108 4.0x108 2.5x108

18 2.2x108 1.8x108 1.1x108

∞ (sec)

 

 

Table 5.2: Values for permeability correlation (eqn. 5.5). 

A (Barrer) B A (Barrer) B A (Barrer) B

Park & Paul [44] 397 0.839 112 0.914 114 0.967

PSF 397 0.839 125 0.914 210 0.967

Matrimid® 397 0.839 95 0.914 114 0.967

O2 N2 CH4

 

 

5.2.7 Modelling Matrimid® permeability and aging behavior 

 

Figures 5.15 a, b, and c show the close agreement between the model and the O2, 

N2, and CH4 permeability behavior in Matrimid®.  The parameters used in the modified 

Struik model are shown in Table 5.1.  The values used in the permeability correlations for 

Matrimid® were the same as those reported by Park and Paul17, except the A value for N2, 

which was changed from 112 to 95 Barrer, as shown in Table 5.2.  The ∞ values for the 

larger gases (i.e., N2 and CH4) are somewhat smaller than that of the smaller gas, O2, 
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consistent with the results observed in PSF.  The relaxation times for the Matrimid® films 

are shorter than for the PSF films, consistent with faster aging in Matrimid®.   

 

0.5

1.0

1.5

2.0

2.5

3.0

3.5

1 10 100 1000 10000

O
2 p

e
rm

e
ab

il
it

y 
(B

ar
re

r)

Aging time (hr)

Matrimid
w/ PDMS coating

550 nm

145 nm

50 nm

25 nm

18 nm

35 °C
p = 2 atm

a

0.0

0.1

0.2

0.3

0.4

0.5

0.6

1 10 100 1000 10000

N
2 p

e
rm

e
ab

il
it

y 
(B

ar
re

r)

Aging time (hr)

Matrimid
 w/ PDMS coating

550 nm

145 nm

50 nm

25 nm

18 nm

35 °C
p = 2 atm

b

0.0

0.1

0.2

0.3

0.4

0.5

1 10 100 1000 10000

C
H

4 p
e

rm
e

ab
il

it
y 

(B
ar

re
r)

Aging time (hr)

Matrimid 
w/ PDMS coating

35 °C
p = 2 atm

c

550 nm

145 nm

50 nm

25 nm
18 nm

 

Figure 5.15: Influence of physical aging on oxygen permeability (a), nitrogen 
permeability (b), and methane permeability (c) in Matrimid® films ranging 
from 550 nm to 18 nm in thickness.  Lines were generated from the 
modified Struik model using gas-specific parameters shown in Tables 5.1 & 
5.2.   
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The lower value of  in Matrimid®, as compared to PSF, indicates a weaker 

influence of free volume on the aging rate in Matrimid® than in PSF.  The influence of 

free volume on local chain mobility important for physical aging can be expected to vary 

from one material to another.  Crudely speaking, one might imagine two extreme cases, 

one being the situation where the limiting factor for such local motion is the energy 

required to overcome energy barriers between covalently connected moieties along the 

chain backbone (i.e., the barrier to chain motion is entirely due to intramolecular 

restrictions on chain segment motion) and the second being the case where the limiting 

factor is the energy required to move neighboring chain segments out of the way so that 

aging-related local motion can occur (i.e., the barrier to chain motion is entirely due to 

intermolecular restrictions on chain motion).  Free volume should predominantly 

influence chain packing and, in turn, intermolecular energy barriers, but not the energy 

barriers between covalent linkages along a given chain.  Therefore, in the first case, one 

would expect little to no effect of free volume on the timescale of molecular motion (i.e., 

low values of ), and in the second case, one would expect a maximum effect of free 

volume on the timescale for molecular motion (i.e., high values of ).  Thus, the 

experimental result that  is higher in PSF than in Matrimid® suggests that intra-

molecular mobility restrictions, such as that due to a rigid chain structure, are more 

influential in Matrimid® than PSF, which is consistent with the considerably higher Tg 

value of Matrimid® relative to PSF.  Interestingly, this result of the more rigid, higher Tg 

polymer exhibiting faster relaxation is reminiscent of the influence of structural 

symmetry on polymer behavior.  For example, polysulfones with para linkages across 

phenol rings in the main chain consistently have higher Tg and yet higher mobility, as 

related to penetrant diffusion, as compared to their meta linked analogs.18 
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The influence of film thickness on ∞ in Matrimid® according to the modified 

Struik model is shown in Figure 5.16.  As seen in PSF, ∞ decreases by several orders of 

magnitude as film thickness is reduced.  For the other gases studied, film thickness had 

similar influences on ∞, i.e., as film thickness decreases, ∞ decreases.   
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Figure 5.16: Influence of film thickness on ∞ in modeling the oxygen permeability of 
Matrimid® films based on the modified Struik model.  The line is drawn to 
guide the eye. 
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5.3 CONCLUSIONS 

 

Understanding the influence of nanoscale confinement on physical aging, or 

structural relaxation, is essential for describing glassy dynamics of confined polymer 

systems and for predicting the long-term performance of glassy materials in a variety of 

technologies, including gas separation membranes.  Enabled by a newly applied coating 

technique, the gas permeability and physical aging of PSF and Matrimid® films as thin as 

18 nm thick were studied.  All films exhibited rapidly decreasing permeability and 

increasing selectivity with aging time.  Additionally, the initial permeability, measured at 

one hour of aging, of the ultrathin films decreased with decreasing film thickness.  

Analysis of the permeability/selectivity characteristics exhibited during aging, compared 

with the upper bound, shows the sensitivity of gas transport properties to previous 

history.  The greatly accelerated aging in ultrathin films, as compared to bulk behavior, is 

consistent with the notion of enhanced mobility at the polymer surface, which is the same 

mechanism thought to cause Tg reductions in ultrathin films.  Struik’s physical aging 

model can capture the observed trends in permeability aging if the characteristic 

relaxation time is allowed to vary with thickness.  Small model parameter adjustments 

lead to a more accurate description of the behavior of different gases; the results of these 

changes are consistent with the model whereby larger free volume elements age more 

rapidly than smaller elements.   
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Chapter 6: A Variable Energy Positron Annihilation Lifetime 
Spectroscopy Study of Physical Aging in Thin Glassy Polymer Films 
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6.1 SUMMARY 

 

The influence of physical aging on the profile of free volume characteristics in 

thin polysulfone (PSF) films was investigated using variable energy positron annihilation 

lifetime spectroscopy.  The PSF films exhibited decreasing o-Ps lifetime during physical 

aging, while o-Ps intensity remained constant.  The o-Ps lifetime was reduced at lower 

implantation energies, indicating smaller free volume elements near the film surface (i.e., 

in the top ~50 nm).  These near-surface regions of the films age dramatically faster than 

bulk PSF.  The accelerated aging is consistent with the notion of enhanced mobility near 

the film surface, which allows polymer near the surface to reach a lower free volume 

state more quickly than the bulk.  No influence of the silicon wafer support on aging 

behavior was detected.  Additionally, the impact of CO2 conditioning on physical aging 

was briefly examined.  The results from these studies were compared to aging behavior 

of ultrathin PSF films tracked by gas permeability measurements, and favorable 

agreement was found. 
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6.2 RESULTS AND DISCUSSION 

 

6.2.1 Variable energy PALS measurements 

 

Positron lifetime spectra for 0.3 and 3.0 keV implantation energies in a 450 nm 

thick PSF film are shown in Figure 6.1.  These spectra are representative of the data sets 

collected and analyzed in this work.  The data analysis procedure is important because 

different evaluation methods can result in different estimates of free volume 

characteristics, as discussed by Algers et al.1  Several evaluation methods were 

considered, including the use of background correction and fitting to three or four 

lifetimes, with all methods yielding consistent results.  The fitting procedure which most 

accurately fit the data was to remove the energy-dependent background signal from each 

raw spectrum using reference spectrum from a Kapton film and fit the resulting spectrum 

to three lifetimes, with the shortest lifetime fixed to 125 ps, characteristic of the p-Ps 

lifetime.  This procedure was used to analyze all of the data reported in this study. 

 

6.2.2 Physical aging of supported PSF films 

 

Figure 6.2 presents the o-Ps lifetime as function of mean positron implantation 

depth for 450 nm thick PSF films aged for various times on a silicon wafer support.  Each 

dataset represents a different sample that was aged for the specified time, after quenching 

from above Tg, at 35ºC in a dry environment prior to measurement.  The o-Ps lifetime 

decreases at all implantation depths during the physical aging process, corresponding to a 
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decrease in the average free volume element size with aging, as expected.  After aging for 

~3000 hours, 3 decreased by ~0.1 ns across the entire PSF film.  Interestingly, relative to 

the center of the film, 3 is reduced near the surface of the PSF films, to a depth of ~50 

nm, at all aging times, indicating smaller free volume elements near the film surface.  

These results contrast with the behavior reported for other polymers studied using this 

technique, including polystyrene, where 3 increases at low implantation energies.1-5  

Although the aging history of other polymers studied using variable energy PALS is 

unclear and may contribute to the different depth-dependent behavior of 3, this finding 

indicates some difference in the nature of the near surface region in these polymers.  A 

recent study by Ata et al. showed polystyrene had similar 3 values at penetration depths 

of 8.8 nm and 350 nm, suggesting that the influence of the free surface extends less than 

8.8 nm into the film in the case of polystyrene, which is a significantly smaller region 

than seen in the PSF studied here.6  Furthermore, an additional long-lived lifetime 

component at low implantation energies has been reported and may increase o-Ps lifetime 

estimates if not accounted for by fitting an additional lifetime or removing the Kapton 

reference background, as was done here.1, 7   The o-Ps lifetimes at higher implantation 

energies in PSF are also lower than in the film center, indicating reduced free volume 

element size near the back surface of the film.  The 3 profile is not symmetric with 

respect to the film center because the range of depth probed, in addition to the average 

depth, increases with increasing implantation energy, causing reduced depth sensitivity at 

higher energies.8   
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Figure 6.1: Positron lifetime spectra of polysulfone film from variable energy positron 
beam at incident energies of 0.3 keV (•) and 3.0 keV (◊). 
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Figure 6.2: Influence of positron implantation depth and physical aging on o-Ps lifetime 
in thin PSF films.  Lines are provided to guide the eye. 
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The o-Ps intensity data for the PSF films studied are presented in Figure 6.3.  

Physical aging did not have a significant influence on the I3 profile in the PSF films 

studied, indicating the number of free volume elements did not change measurably during 

the aging process.  The I3 decrease near the film surface resulted from the population of 

positrons that diffused from the near-surface of the film and annihilated in vacuum as free 

positrons.  Conversely, at higher implantation energies, a portion of positrons annihilated 

in the silicon support instead of in the polymer film and caused the decrease in I3 at 

deeper implantation depths. 
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Figure 6.3: Influence of positron implantation depth and physical aging on o-Ps 
intensity in thin PSF films. 
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The influence of physical aging on the profile of free volume characteristics in 

PSF presented here suggests a thickness-dependent lattice-contraction type mechanism is 

responsible for accelerated aging in thin glassy films.  This accelerated aging is thought 

to result from enhanced mobility near the film surface that allows it to reach lower free 

volume more rapidly than the bulk, resulting in smaller free volume elements near the 

film surface, as seen in Figure 6.2.  Accelerated aging results are also well described in 

terms of diffusion based models:9, 10 however, in this case, the number of free volume 

elements does not change with time as would be expected if diffusion of free volume 

dominated the aging process. 

 

6.2.3 Comparison of physical aging in free standing and supported PSF films 

 

Studies have shown property differences between free standing and supported 

ultrathin films (i.e., l <100 nm), depending on the polymer/substrate interactions 

present.11, 12  In addition to influences on the glass transition behavior, strong attractive 

polymer/substrate interactions were thought to cause the suppressed aging in a 20 nm 

poly(methyl methacrylate) film on a silicon substrate, as compared to a 500 nm film.13  

Although the free-standing case was not studied, this result illustrates the possible 

influence of substrate interactions on physical aging.   

In this work, the PSF films were not strongly bonded to the silicon support, as 

they were easily separated at any time, and the films were significantly thicker than films 

shown to have substrate-dependent properties.  A previous report, on identical PSF 

samples, demonstrated a strong correlation between the aging behavior of supported films 

studied by ellipsometry and free standing films studied by gas permeability 

measurements, indicating minimal influence of the silicon support on aging.14  To further 
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investigate the influence of the silicon support on physical aging in PSF films, the free 

volume characteristics of PSF films aged with and without the silicon wafer support were 

studied using variable energy PALS.  The films aged without the silicon wafer support 

were supported by thin wire frames, attached on only two sides, allowing the film to age 

in a free-standing state.  Note that due to experimental requirements, films aged in the 

free standing state were placed on a silicon support immediately before testing.  Figures 

6.4a and b present the o-Ps lifetime and intensity profiles, respectively, for PSF films 

aged for 8 and 3000 hours in both the free standing and supported states.  The free 

volume characteristics are identical, within experimental error, at each aging time for 

both sets of films, indicating the silicon support had no significant influence on aging in 

the 450 nm thick PSF films, as might be expected in view of the weak adhesive bond. 
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Figure 6.4: o-Ps Lifetimes (a) and intensities (b) versus mean implantation depth for 
PSF films aged for 8 and 3000 hours supported on a silicon wafer (filled 
symbols) and in a freestanding state (unfilled symbols).  Lines are provided 
to guide the eye. 

 



 135

6.2.4 Influence of previous history on physical aging 

 

The state of a glassy polymer and, correspondingly, its aging behavior depend not 

only on its contiguous environment, but also on its previous history (e.g., thermal, stress, 

vapor exposure).15, 16  In addition to thermal treatments, there are a number of ways the 

free volume state of glassy polymers can be altered.  For example, exposure to high 

pressure CO2 causes glassy polymers to swell, and upon removal of the CO2, the system 

is unable to immediately return to its previous state, leaving the polymer in a lower 

density state.17-19  While the effects of this conditioning treatment are not immediately 

reversible, the polymer may return to its original state by physical aging (i.e., changes 

due to conditioning are semi-permanent).  Application of mechanical stress and exposure 

to highly sorbing vapors are also capable of inducing these types of changes in glassy 

polymers.20, 21  Glassy polymers used commercially have complex histories arising from 

their production, storage, and delivery, making it is essential to understand how this 

previous history affects subsequent aging behavior.  However, limited information on this 

issue exists because only the freshly quenched state is typically studied.   

The influence of previous history on the aging behavior of thin PSF films was 

investigated using variable energy PALS.  In the standard case, the PSF film was aged 

after a rapid quench from above Tg; in the conditioned case, the PSF film was quenched 

from above Tg, aged for 500 hours, and exposed to 800 psig (56.2 bara) CO2 for 24 hours 

before the experimental aging time began.  Figure 6.5 displays the profile of free volume 

characteristics of the films aged with these two different histories.  The CO2 conditioning 

returned the free volume elements to the same size as after the thermal quench from 

above Tg, indicating the conditioning and thermal quench had similar influences on the 

free volume element size in PSF, shown in Figure 6.5a.  A similar increase of3 in bulk 
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PSF upon exposure to high pressure CO2 was reported by Yuan et al.22  Moreover, the 

free volume elements in the conditioned films contracted similarly during physical aging 

as in the thermally quenched case.  While the behavior of the 3 profile was similar in the 

two cases studied, the concentration of free volume elements, as related to I3, was altered 

significantly.  Upon conditioning by CO2, I3 decreased throughout the PSF film, 

indicating a decrease in the number of free volume holes, shown in Figure 6.5b.  This 

result, in connection with the increase in 3 upon conditioning, suggests that free volume 

elements combined to some extent during the exposure to high pressure CO2 after aging 

for 500 hours.  Consistent with the behavior after a thermal quench, the I3 profile did not 

change significantly with aging time in the conditioned films.  These findings suggest 

that although the conditioned films have a different free volume distribution than the 

thermally quenched samples, physical aging progresses similarly in both cases. 
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Figure 6.5: o-Ps Lifetimes (a) and intensities (b) versus mean implantation depth for 
PSF films aged for 8 and 3000 hours after a thermal quench (filled symbols) 
and after conditioning with CO2 (unfilled symbols).  Lines are provided to 
guide the eye. 



 137

6.2.5 Comparison with bulk physical aging behavior 

 

Figures 6.6a and b show the aging response of bulk PSF (l ~1 mm) after a quench 

from above Tg, tracked using the standard PALS technique.  As in the thin film aging 

studies, the o-Ps lifetime decreased with physical aging while I3 was unchanged.  The 

value of 3 measured in the bulk material, 1.96 ns, is similar to that measured in the thin 

films during this study and to bulk values reported in the literature.22, 23  However, the 

bulk measurements give slightly lower o-Ps intensity values than the thin films studied in 

this work.  Similar deviations between o-Ps intensity measured using the standard 

technique and variable energy beams exist.  For instance, Hu et al. reported an I3 of 

~15% for poly(methyl methacrylate) (PMMA) measured using the standard technique, 

while variable energy PALS studies by Algers et al. show an I3 of 30% in PMMA.1, 24   
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Figure 6.6: Influence of aging time on o-Ps lifetime (a) and intensity (b) in bulk PSF.  
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A comparison of the aging behavior (i.e., the change in 3 with time) between the 

bulk and thin film state of PSF is shown in Figure 6.7.  Clearly, physical aging is 

significantly accelerated in the thin film as compared to the bulk, in agreement with the 

results from gas permeability studies on PSF.25  Indeed, the change in 3 with aging was 

~5 times greater in the thin film than in the bulk samples.  This result provides further 

evidence of the substantial impact that free surfaces have on the physical aging behavior 

of thin glassy PSF films.   
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Figure 6.7: Comparison of the influence of physical aging on the o-Ps lifetime of a 450 
nm PSF film and bulk PSF.  Line provided to guide the eye. 
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6.2.6 Impact of the free surface on physical aging 

 

The free volume characteristics measured using variable energy PALS allows the 

influence of the free surface on physical aging to be examined.  The average o-Ps lifetime 

across a specific depth of film,  3, can be calculated using equation 6.1: 

 

(6.1) 

 

where 3i is the o-Ps lifetime across the distance li and l is the total film depth analyzed.  

Figure 6.8 presents the average o-Ps lifetime as a function of aging time for three regions 

of the film studied; the surface to 50 nm deep, the surface to 125 nm deep, and through 

the entire 450 nm film.  The inset in Figure 6.8 illustrates the regions of interest.   3 

decreases with physical aging in each case.  The decrease in  3 with physical aging is 

similar for all penetration depths, ~0.1 ns from 8 to 3000 hours of aging, indicating that 

physical aging progresses in the same way throughout the film during this aging period 

despite the deviation in free volume properties across the film depth.  As the total 

penetration depth increases, the average o-Ps lifetime at each aging time increases, a 

result from the lower o-Ps lifetime in the near-surface region of the films studied.  It is 

believed that the smaller free volume elements near the film surface result from enhanced 

mobility in the near-surface region over the bulk (i.e., the free volume elements near the 

surface aged more rapidly, and are therefore smaller, as compared to the bulk after the 

first eight hours of aging). Standard aging models might suggest that the smaller free 

volume elements near the surface would age more slowly due to the decreased driving 

force (i.e., smaller free volume elements might be expected to be closer to equilibrium) as 

compared to the film center.  However, the enhanced mobility of the near-surface region, 

l

lii )( 3
3
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relative to the bulk, counterbalances the reduced driving force, resulting in a similar 

decrease of free volume element size with time after 8 hours of aging throughout the film.   

 

6.2.7 Comparison with gas separation studies 

 

Tracking gas permeability properties is another method used to study the 

influence of film thickness and the free surface on physical aging.  To compare the results 

from the variable energy PALS studies presented here with results from gas permeability 

studies on ultrathin PSF films, the PALS parameters are first converted to fractional free 

volume, FFV, or f.  Correlations in the literature show good agreement between free 

volume estimates from PALS parameters and from equations of state.26-29  The 

relationship between PALS parameters and free volume can be written as 

 

(6.2) 

 

where C is a constant relating o-Ps intensity to the total number of free volume elements 

and vf is the average free volume element size, as related to  3.
26  While this correlation 

includes the o-Ps intensity, this factor was not considered here because no aging 

dependence on I3 was detected, and the influence of the surface and silicon substrate on I3 

is an artifact of the experimental technique that is not well characterized.  Equation 6.3 

shows the connection between FFV and  3 used in this work: 

 

(6.3) 

 

3
3'  CFFV

)( 33 fvICFFV 
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where C’ is a constant related to the number of free volume elements.  Here, C’ can be 

calculated using the FFV calculated from bulk density and group contribution theory30, 

and  3 from PALS measurements on bulk PSF using the standard technique.  Since r and 

 3 are proportional across the range considered here,  3
3

 is used in place of 4/3r3 to 

represent the free volume element size.  Furthermore, Maurer and Schmidt showed 

equation 6.3 more accurately follows the free volume data from PVT measurements and 

the Simha-Somcynsky equation-of-state theory than equation 6.2, at least in the case of 

PMMA.27  Then, gas permeability, P, can be calculated using the following correlation: 

 

(6.4) 

 

where A and B are constants from literature correlations based on bulk polymers.31  The 

parameters used in this equation are shown in Table 6.1.  Finally, equations 6.3 and 6.4 

can be combined to provide the following connection, which contains no adjustable 

parameters, between PALS parameters and gas permeability:  

 

(6.5) 

Table 6.1: Model parameters. 

Parameter Value

FFV 0.1560
3 (ns) 1.96

C' (ns-3) 0.0206

A (Barrer) 397

B 0.839  

 

FFVBeAP /

)'/( 3
3 CBeAP
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The data presented in Figure 6.8 were used to calculate permeability values as a 

function of penetration depth and aging time using equation 6.5; the results are shown in 

Figure 6.9.  The gas permeability data in Figure 6.9, previously discussed in Chapter 5, 

were collected on free standing PSF films.32  There is good agreement between the gas 

permeability behavior determined by these two very different experimental techniques, 

especially considering the PALS estimate of permeability was obtained with no 

adjustable parameters.  Both the measured gas permeability data and the permeability 

estimated from the PALS studies decrease with aging time, as expected.  Additionally the 

initial gas permeability decreases with film thickness; it is suggested that this decrease 

results from the enhanced mobility of the ultrathin films, which allow them to reach a low 

free volume state, and therefore a lower permeability, in the time required to prepare the 

samples for measurement following the quench from above Tg.  The similarity in the 

aging response determined by these two techniques shows the clear connection between 

changes in free volume due to physical aging and gas permeability. 
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Figure 6.8: Influence of physical aging on the o-Ps lifetime averaged across several 
penetration depths of a 450 nm thick PSF film.  Inset schematic shows the 
film regions of interest.  Lines are provided to guide the eye. 
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Figure 6.9: Comparison of O2 permeability estimated from o-Ps lifetime data during 
physical aging of a 450 nm thick PSF film with O2 permeability measured 
directly from PSF films of different thickness.  Lines are provided to guide 
the eye. 
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6.3 CONCLUSIONS 

 

The influence of physical aging on the profile of free volume characteristics in 

thin PSF films was studied using variable energy PALS.  The loss of free volume 

accompanying physical aging-induced densification was manifested by the shrinking of 

free volume elements.  As expected, the aging behavior of these PSF films was not 

noticeably influenced by the presence of a silicon wafer support.  While the influence of 

aging on o-Ps lifetime, related to the free volume element size, was similar between CO2 

conditioned and thermally quenched films, the o-Ps intensity was lower in the CO2 

conditioned films.  The influence of the free surface on physical aging was examined and 

aging was shown to progress similarly across the entire depth of the PSF film.  Gas 

permeability values were calculated directly from the variable energy PALS results and 

compared with measured permeability data.  Excellent agreement between these two 

experimental techniques illustrates the connection between changes in free volume and 

gas permeability properties caused by physical aging.  Enhanced mobility near the film 

surface, which allows the region to achieve a lower free volume state more quickly than 

the bulk, is believed to cause the reduction in free volume size measured near the PSF 

film surface and contribute to the accelerated aging in thin films as compared to the bulk.   
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Chapter 7: Dynamic Relaxation Characteristics of Matrimid® 
Polyimide 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter has been adapted with permission from an article published in  
Polymer, 2007, 50, (3), 891-897. 
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7.1 SUMMARY 

 

The dynamic relaxation characteristics of Matrimid® (BTDA-DAPI) polyimide 

have been investigated using dynamic mechanical and dielectric methods.  Matrimid® 

exhibits three motional processes with increasing temperature: two sub-glass relaxations 

( and  transitions), and the glass-rubber (α) transition.  The low-temperature  transition 

is purely non-cooperative, and displays an identical time-temperature response to both the 

dynamic mechanical and dielectric probes with a corresponding activation energy, EA = 

43 kJ/mol.  The  sub-glass transition shows a more cooperative character as assessed via 

the Starkweather method.  Comparison of dynamic mechanical and dielectric data for the 

 process suggest that the dynamic mechanical test (EA = 156 kJ/mol) is sensitive to a 

broader, more strongly correlated range of sub-glass motions as compared to the 

dielectric probe (EA = 99 kJ/mol).  Time-temperature superposition was used to establish 

mechanical master curves across the glass-rubber (α) relaxation, and these data could be 

described using the Kohlrausch-Williams-Watts function with an exponent value, KWW = 

0.34.  The corresponding shift factors were used as the basis of a cooperativity plot for 

the determination of dynamic fragility.  The relation between fragility index (m = 115) 

and KWW for the Matrimid® polyimide was in good agreement with the broad correlation 

reported in the literature.  The structure of Matrimid® is shown in Figure 7.1. 

 

 

Figure 7.1: Chemical structure of Matrimid® BTDA-DAPI (3,3,4,4-benzophenone 
tetracarboxcylic dianhydride and diamino-phenylindane) polyimide. 



 150

7.2 RESULTS AND DISCUSSION 

 

7.2.1 Relaxation Properties of Matrimid® Polyimide 

The overall dynamic mechanical relaxation properties of the BTDA-DAPI 

polyimide are reported as storage and loss modulus (1 Hz) vs. temperature in Figure 7.2.  

Matrimid® shows three distinct relaxation peaks in E′′ with increasing temperature, 

consistent with the results for similar polymers;1  the relaxations are labeled as ,  and α, 

respectively, where α corresponds to the glass transition.  The peak temperatures are: -

112°C (T), 80°C (T) and 313° (Tα).  Dielectric loss data () are compared with the 

mechanical loss results across the sub-glass transition range in Figure 7.3.  The dielectric 

results also show two distinct sub-glass transitions, and the position and breadth of each 

relaxation are in close correspondence with the dynamic mechanical curve.  Based on the 

relative peak heights of the sub-glass transitions, the  process would appear to be 

somewhat more prominent in the dynamic mechanical measurement. 
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Figure 7.2: Storage Modulus (       , Pa) and Loss Modulus (       ,  Pa) versus 

Temperature (°C) for Matrimid® polyimide.  Frequency of 1 Hz, heating 
rate of 3°C/min. 



 151

Temperature (°C)

-200 -100 0 100 200 300

D
ie

le
ct

ric
 L

os
s 

(
'')

0.00

0.02

0.04

0.06

0.08

Lo
ss

 M
od

ul
us

 (
G

P
a)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

1 Hz

 

 

 

Dielectric Loss (1 Hz)

Loss Modulus  (1 Hz)

 

Figure 7.3: Dynamic mechanical loss modulus (       , GPa) and dielectric loss (  ) 
versus Temperature (°C) for Matrimid® polyimide across the sub-glass 
transition region.  Frequency of 1 Hz. 

 

7.2.2 Sub-glass Relaxation Processes 

 

Detailed dynamic mechanical results for the  and  transitions (0.1 Hz to 30 Hz) 

are presented in Figure 7.4; note the different temperature scales associated with the 

individual graphs.  The maxima in E from the isochronal curves are the basis for the 

Arrhenius plots (f [Hz] vs. 1000/T[K]) presented in Figure 7.5.  Over the limited range of 

accessible frequencies, both the   and  dynamic mechanical data sets display linear 

Arrhenius behavior.  The slope of the data reflects the apparent activation energy in each 

case: EA () = 43 kJ/mol and EA () = 156 kJ/mol.  These values are in good agreement 

with the ranges reported for polyimides based on BTDA, as discussed above.1 
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Figure 7.4: Loss Modulus (GPa) versus Temperature (°C) for Matrimid® polyimide.   
(a)  transition; (b)  transition.  Curves are provided as a guide to the eye. 
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Figure 7.5: Arrhenius plots of log (fMAX) versus 1000/T(K) based on dynamic 
mechanical and dielectric results.   (a)  transition; (b)  transition. 
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Dielectric data for the  and  transitions are presented as dielectric loss vs. 

frequency at discrete temperature intervals in Figure 7.6.  The individual relaxations can 

be described using the Havriliak-Negami modification of the single-relaxation time 

Debye expression: 

 

          (7.1) 

 

where R and U represent the relaxed (  0) and unrelaxed (  ) values of the 

dielectric constant for each relaxation,  = 2f is the frequency, HN is the relaxation time 

for each process, and a and b represent the broadening and skewing parameters, 

respectively.2, 3  When the parameters a = b = 1, Eq. (7.1) reverts to the simple Debye 

form.  The WINFIT software package provided with the Novocontrol spectrometer was 

used to obtain HN best fits for the ′′ vs. frequency data at each temperature; see solid 

curves in Figure 7.6.  HN parameters determined for the individual relaxations are plotted 

vs. temperature in Figure 7.7, with  =  R - U corresponding to the dielectric relaxation 

intensity.  For the sub-glass  transition, both broadening and high-frequency skewing are 

evident, with a ~ 0.5 and b ~ 0.4, respectively.  In the case of the  transition, the 

dielectric dispersion is observed to be symmetric in the frequency domain, such that the 

data can be satisfactorily fit using the Cole-Cole form of Eq. (7.1), with the skewing 

parameter (b) equal to unity.4  The  relaxation is observed to narrow with increasing 

temperature (i.e., broadening exponent (a) increases with temperature), indicating a 

tighter distribution of relaxation times at higher temperature.  The relaxation intensity 

() is comparable in magnitude for both sub-glass relaxations, and decreases with 

temperature reflecting an apparent loss of net dipolar correlation with increasing thermal 

energy.    
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Figure 7.6: Dielectric Loss versus Frequency (Hz) for Matrimid® polyimide.   
(a)  transition; (b)  transition.  Data are presented at 10°C intervals.  Solid 
curves are Havriliak-Negami (HN) best fits to the data. 
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Figure 7.7: Havriliak-Negami (HN) parameters versus Temperature (°C) for  and  
transition regions.  aHN: broadening parameter; bHN: skewing parameter; 
: dielectric relaxation intensity. 

 

Relaxation times associated with the individual dielectric dispersions were 

determined from the HN fits.  Specifically, the relaxation times (MAX) associated with 

the peak maxima in Figure 7.6 can be derived from the HN relaxation time (HN) at each 

temperature:5 
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For the  relaxation, the skewing parameter (b) was taken equal to 1, such that 

MAX = HN.  The frequency maxima for the dielectric relaxations, fMAX = [2MAX]-1, are 

plotted vs. reciprocal temperature (i.e., Arrhenius plots) in Figure 7.5.   

Across the  relaxation range, the dielectric data follow a linear Arrhenius relation 

that is identical to the result from the dynamic mechanical studies.  The combined 

dynamic mechanical and dielectric data span nearly seven orders of magnitude in 

relaxation time with an apparent activation energy of 43 kJ/mol.  The consistency of the 

dynamic mechanical and dielectric data suggest that the DMA and BDS techniques are 

probing the same underlying motions.  Examination of the backbone structure of the 

BTDA-DAPI  polymer (re: Figure 7.1) reveals that the dielectric dispersion response 

most likely originates from motions involving the dianhydride segment, given the 

concentration of permanent dipoles, as well as the potential for interactions with residual 

water molecules, in this portion of the repeat unit.  In the case of the  transition,  the 

dielectric data again show a linear Arrhenius behavior (see Figure 7.5b), but the dielectric 

results do not match the time-temperature relation established by the dynamic mechanical 

measurements.  For the dielectric probe, EA () = 99 kJ/mol, which is significantly less 

than the value obtained via DMA (i.e., 156 kJ/mol).  Further, when extrapolated to the 

low-frequency range, the dielectric relation predicts peak temperatures (T) that are lower 

than those obtained via dynamic mechanical testing.  This latter feature is evident from 

the data presented in Figure 7.3 (DMA and BDS results at 1 Hz), where the dielectric 

dispersion peak is shifted to a lower temperature as compared to the dynamic mechanical 

result. 

The linear Arrhenius character of both the  and  processes is indicative of a 

localized, relatively non-cooperative molecular origin for these relaxations that is 

characteristic of sub-glass polymer relaxations in general.6  Additional insight with 
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respect to the character of sub-glass relaxations can be obtained according to the 

approach described by Starkweather,7, 8 wherein the apparent activation energy associated 

with each relaxation is related to the relaxation temperature (T′) and its corresponding 

activation entropy (S+) at a frequency of 1 Hz:   

 

          

 (7.3a) 

 

where k is Boltzmann’s constant and h is Planck’s constant.  For simple, non-cooperative 

relaxations, Starkweather suggests that S+ → 0, with the resulting equation providing a 

limiting relationship between activation energy and relaxation temperature for isolated, 

non-interactive motional processes: 

  

          (7.3b) 

 

A plot of activation energy vs. temperature for the sub-glass transitions in 

Matrimid® is presented in Figure 7.8; the solid line in the plot reflects the S+ = 0 non-

cooperative limit.  For the  transition, the activation energy obtained from the DMA and 

BDS measurements falls very close to the zero-entropy limit, reflecting the essentially 

non-cooperative character of this relaxation as probed by both methods.  This result is 

consistent with similar analyses of the polyimide  process as reported in the literature.9  

For the  transition, two important features are evident in Figure 7.8:  (i) the results from 

the DMA and BDS measurements are positioned well above the zero-entropy line, 

indicating some degree of non-cooperative character inherent to the relaxation as detected 

by both techniques, and (ii) the dynamic mechanical EA value shows a much higher 

 SThTkTREA   )]2/ln(1[ 

)]ln()2/ln(1[ ThkTREA  
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degree of offset, suggesting that the DMA measurement is capable of detecting a range of 

motions that encompasses a higher level of cooperativity as compared to the dielectric 

probe.  Considering the structure of the Matrimid® molecule and the location of 

permanent dipoles within the repeat unit, one possible explanation for the contrasting 

dielectric and dynamic mechanical results is that the measured dielectric response is 

limited to motions of the BTDA anhydride segment, while the dynamic mechanical 

response reflects longer-range correlated motions involving both portions of the repeat.  

The longer-range motions captured by the dynamic mechanical data would likely 

engender a higher degree of intra- and intermolecular cooperativity, as shown in Figure 

7.8.  The offset in activation energy reported here for the dynamic mechanical  

transition is comparable to the results for other polyimides.1, 9      
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Figure 7.8: Apparent activation energy (kJ/mol) versus relaxation temperature (K) at  
1 Hz based on dynamic mechanical and dielectric results.  Solid line 
represents S+ = 0 limit (re: Eq. 7.3b).  Unfilled symbol:  transition.  Filled 
symbols:  transition. 
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7.2.3 Glass-Rubber Relaxation Process 

 

Figure 7.9 shows detailed dynamic mechanical results for the α relaxation range; 

the observed two order of magnitude decrease in storage modulus is consistent with 

assignment of this relaxation to the glass-rubber transition.  Time-temperature 

superposition was performed in order to obtain master curves of storage and loss modulus 

vs. frequency across the α transition.10  The storage modulus master curve was obtained 

strictly by horizontal shifting of the data and is plotted as E’ vs. aT in Figure 7.10a, 

where  is the applied test frequency and aT is the dimensionless shift factor.  A 

reference temperature of 307°C was selected which corresponds to a central relaxation 

time, <>, equal to 1 sec.  A similar master curve for loss modulus could be obtained by a 

combination of horizontal shifting (same aT values as above) and vertical shifting; the 

result is shown in Figure 7.10b.   
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Figure 7.9: Storage Modulus and Loss Modulus versus Temperature (°C) for Matrimid® 
polyimide in the vicinity of the glass-rubber () relaxation. 
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Figure 7.10: Dynamic mechanical time-temperature master curves at a reference 
temperature of 307°C (<> = 1 sec); glass-rubber relaxation.  (a) Storage 
Modulus; (b) Loss Modulus.  Solid curves represent KWW best fit. 
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Both the storage and loss master curves for the α transition could be described 

using the Kohlrausch-Williams-Watts (KWW) “stretched exponential” relaxation time 

distribution function: 

 

(7.4) 

 

where o is the relaxation time and KWW is the distribution or breadth parameter.  KWW 

can range from 0 to 1, with KWW = 1 corresponding to a single relaxation time Debye 

response.  Lower values of  typically reflect increased intermolecular cooperativity as 

influenced by the chemical structure of the polymer, as well as potential constraints 

owing to the presence of crystallinity or crosslinks.11  Series approximations reported by 

Williams et al. express modulus and loss for the KWW model in the frequency domain, 

and these equations were used as the basis for the curve fits reported here.12  The solid 

curves shown in Figure 7.10 correspond to a single KWW fit with a corresponding 

distribution parameter, KWW = 0.34. 

The time-temperature character of the glass-rubber relaxation can be assessed by 

the construction of a cooperativity plot, a normalized Arrhenius plot where the shift 

factor (aT = /α) is plotted as log(aT) vs. Tα/T in the vicinity of the glass transition.  In 

this context, Tα is the experimental temperature that corresponds to a central relaxation 

time (α) of 100 sec.  The cooperativity plot for Matrimid® based on the dynamic 

mechanical results is presented in Figure 7.11 with Tα = 296°C.  The data display non-

Arrhenius curvature when plotted against reciprocal temperature that is consistent with 

the cooperative character of the glass-rubber relaxation; the solid curve corresponds to a 

WLF (Williams-Landel-Ferry) best fit to the data.10 
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Figure 7.11: Cooperativity plot of log(aT) versus T/T based on dynamic mechanical 
measurements.  T = 296°C (<> = 100 sec).  Solid curve is WLF fit. 

 

The time-temperature sensitivity of the Matrimid® polymer across the glass 

transition can be expressed in terms of its dynamic fragility.  Polymers that display severe 

degradation of structure with temperature are designated as fragile liquids and their 

relaxation typically reflects a high level of intermolecular coupling, often as a result of a 

less flexible backbone or the presence of sterically cumbersome pendant groups.  By 

contrast, polymers with smooth, more flexible backbones tend to experience reduced 

intermolecular constraint and as a result display less time-temperature sensitivity and 

correspondingly lower fragility.11  The fragility index, m, quantifies the time-temperature 

sensitivity of the polymer glass transition based on the slope of the cooperativity curve 

evaluated at T = Tα: 
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(7.5) 

 

The value of m depends upon the definition of Tα:  for the glass transition, the 

convention is to assign Tα such that the corresponding relaxation time, (Tα) = 100 sec.  

Values of the fragility index determined on this basis range from m = 16 (strong limit) to 

m  200 (fragile limit).13  Tabulations of dynamic fragility have been reported in the 

literature for a variety of polymers and small molecules.13-15  For simple polyethylene, m 

= 46, while for vinyl polymers with pendant substituents, the fragility index is 

considerably higher (e.g., m = 137 for polypropylene; 191 for PVC).14    Linear 

amorphous polymers with stiffer backbones also show relatively high fragility values; for 

polycarbonate, m = 132.13  Based on the dynamic mechanical data presented in Figure 

7.11, a fragility index of m = 115 is obtained for Matrimid® polyimide. 

Bohmer et al. reported an inverse correlation between the fragilty index (m) and 

the stretching exponent (KWW) that is valid across a number of material families, with 

higher values of m corresponding to a stronger degree of non-exponentiality (i.e., lower 

values of KWW and greater intermolecular coupling).13  The parameters measured for 

Matrimid® polyimide (m = 115; KWW = 0.34) exhibit a reasonably good correspondence 

with the correlation bounds presented by Bohmer;  examination of the values reported by 

Bohmer et al. shows a cluster of data for a subset of polymers with  KWW ~ 0.35, and m 

ranging from approximately 120 to 145.  Thus, the relatively rigid nature of the 

Matrimid® backbone is observed to correlate with both relaxation breadth and a relatively 

fragile time-temperature character consistent with the overall behavior reported for a 

range of polymers. 
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7.3 CONCLUSIONS 

 

The dynamic relaxation properties of BTDA-DAPI (Matrimid®) polyimide have 

been investigated using dynamic mechanical and dielectric methods.  Matrimid® displays 

two sub-glass relaxations with increasing temperature centered at -112°C (T) and 80°C 

(T) based on the measured maxima in mechanical loss modulus at 1 Hz.  Application of 

the analysis proposed by Starkweather indicates that the  transition is non-cooperative in 

nature, and both DMA and BDS measurements provide an apparent activation energy of 

43 kJ/mol that is consistent with values reported for similar polyimides.  The  transition 

has a somewhat more cooperative character, and comparison of dynamic mechanical and 

dielectric Arrhenius data indicated a higher apparent activation energy for the DMA tests 

(EA = 156 kJ/mol) as compared to the BDS studies (99 kJ/mol).  It was postulated that the 

dynamic mechanical probe is sensitive to a wider range of sub-glass motions across the  

relaxation range reflecting a higher level of cooperative response.  The glass-rubber 

relaxation (Tα = 313°C) was evaluated by time-temperature superposition; the resulting 

dynamic mechanical master curves were fit using the KWW stretched exponential 

function, with a corresponding exponent value KWW = 0.34.  A cooperativity plot was 

used to establish the dynamic fragility of the polymer.  The value of the fragility index (m 

= 115) reflected the relatively rigid character of the polyimide backbone, and the 

observed relation between fragility and KWW was consistent with the correlation reported 

in the literature for a wide variety of polymers. 
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Chapter 8: Influence of Previous History on Physical Aging in Thin 
Glassy Polymer Films as Gas Separation Membranes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter has been adapted with permission from an article published in  
Polymer, submitted. 
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8.1 SUMMARY 

 

As an initial step towards understanding how previous history affects the physical 

aging behavior of thin glassy polymer films, a variety of heating and conditioning 

treatments were applied to thin polysulfone (PSF) membranes (~125 nm in thickness) 

before tracking their aging behavior.  The influences of annealing at various temperatures 

below Tg and conditioning with high pressure CO2 for various times on the physical aging 

behavior of thin PSF films were studied using gas permeability measurements.  These 

treatments were applied after a well-defined quench from above the glass transition to 

ensure the histories were reproducible.  The histories considered in this investigation 

were not chosen to mimic any particular application conditions, but rather to produce a 

range of starting points for the aging studies.  The nature of the aging response was 

similar across the range of histories studied; however, the magnitude of aging-induced 

changes was sensitive to previous history.  Additionally, exposure to high pressure CO2 

accelerated physical aging in comparison to unconditioned films.  The modified Struik 

model introduced in Chapter 5, which illustrates aging behavior in thin glassy films, was 

used to describe the experimental results.   
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8.2 RESULTS AND DISCUSSION 

 

8.2.1 Influence of annealing time 

 

Figures 8.1a-c present the O2, N2, and CH4 permeability coefficients as a function 

of aging time for thin PSF films that have been annealed at 170°C for up to 160 hours 

following quenching from above Tg.  After annealing, the films were stored at 35°C in a 

dry environment between measurements.  All films display decreasing permeability with 

aging time, consistent with the loss of fractional free volume during physical aging.  The 

initial permeability and aging behavior of the films annealed for 2 hours at 170°C nearly 

matches that of the freshly quenched base case.  Further annealing time at 170°C 

decreases the initial permeability and slows the aging process as compared to the base 

case, as expected due to the reduced free volume state of the annealed material, which 

lowers permeability and decreases the driving force to reach equilibrium.  After ~1000 

hours of aging, the O2 permeability of the films annealed at 170°C for 160 hours prior to 

aging decreased by 24% while the O2 permeability decreased nearly 40% in the base 

case.   

The O2/N2 and N2/CH4 pure gas selectivities are shown as a function of aging 

time in Figures 8.2a and b, respectively, for the films annealed at 170°C.  Selectivity 

increases with physical aging due to the loss of excess free volume, which causes the 

material to become more size selective, primarily by reducing the diffusion coefficients 

of larger molecules more than for smaller molecules.  Consistent with the lower 

permeability in the annealed films as compared to the base case, the initial selectivities 

are higher in the annealed films.   
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Figure 8.1: Influence of aging time at 35°C on (a) O2, (b) N2, and (c) CH4 permeability 
coefficients in thin PSF films annealed for specified time at 170°C after a 
quench from above Tg. 
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Figure 8.2: Influence of aging time at 35°C on (a) O2/N2, and (b) N2/CH4 ideal 
selectivity in thin PSF films annealed for specified time at 170°C after a 
quench from above Tg. 

8.2.2 Influence of annealing temperature 

 

The influence of aging time on the O2, N2, and CH4 permeability coefficients of 

thin PSF films after annealing for 160 hours at 90°C, 150°C, and 170°C are presented in 

Figures 8.3a-c.  The aging behavior is similar in all films, showing decreasing 

permeability with aging time.  As might be expected, the initial permeability and extent 

of permeability decline decreases with increasing annealing temperature prior to aging.  

The changes seen after annealing at 90°C and 150°C are similar to one another, while 

annealing at 170°C causes more significant changes in the permeability and aging 

response as compared to the base case. 

Figures 8.4a and b show the O2/N2 and N2/CH4 pure gas selectivities of the 

annealed films as a function of aging time, respectively.  Selectivity increases with 
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physical aging in all cases, indicating the samples behave as defect free films.  Again, 

consistent with the lower permeabilities of the films annealed at higher temperatures, the 

initial selectivities are higher than in the base case.   
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Figure 8.3: Influence of aging time at 35°C on (a) O2, (b) N2, and (c) CH4 permeability 
coefficients in thin PSF films annealed for 160 hours at specified 
temperature after a quench from above Tg. 
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Figure 8.4: Influence of aging time at 35°C on (a) O2/N2, and (b) N2/CH4 ideal 
selectivity in thin PSF films annealed for 160 hours at specified temperature 
after a quench from above Tg. 

 

After long enough periods of time, the permeability data seem to be converging to 

a common permeability versus time behavior.  These results show that the nature of the 

aging response is similar in all films considered; however, the extent of aging induced 

changes depends on the annealing treatments applied prior to aging at 35°C.  The reduced 

aging rates at 35°C for the annealed films, as compared to the base case, are likely related 

to the decreased driving force for physical aging in these materials.  These findings are 

consistent with Berens and Hodge’s observation that while the development of 

endothermic peaks in DSC scans (i.e., evidence of enthalpy relaxation) after aging was a 

completely general feature of the aging process, the magnitude of the observed peaks 

were strongly dependent on previous history.1 
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8.2.3 Influence of conditioning with CO2 

 

In addition to thermal annealing below the glass transition, the state of a glassy 

polymer can be modified by conditioning with high pressure CO2.  Figures 8.5a-c present 

the impact of aging on O2, N2, and CH4 permeability coefficients of thin PSF films after 

conditioning with 800 psig (56.2 bara) CO2 for 2, 40, and 160 hours at 35°C; the 

unconditioned base case is included for comparison.  Prior to the conditioning treatment, 

the films were aged for 500 hours at 35°C to minimize the influence of physical aging 

during the treatment process.  As in all other films studied, permeability decreases with 

aging time.  The lower permeability in the CO2 conditioned films, as compared to the 

base case with no CO2 exposure, results from the decrease in permeability that occurred 

during the 500 hours of aging prior to the conditioning treatment.  The initial 

permeability after conditioning for 2 or 40 hours was similar to that of unconditioned 

films aged for 500 hours; however, the initial permeability after conditioning for 160 

hours was slightly lower than the aged base case.  Although the decrease in permeability 

after 160 hours of conditioning is not fully understood, it could be caused by aging 

induced changes during the conditioning treatment.  Furthermore, this permeability 

decrease in thin films after long-term exposure to CO2 is consistent with preliminary 

results from ongoing studies in our laboratories (data not shown).  The behavior of these 

films following the conditioning treatment may not match predictions based on bulk 

behavior; however, it is not well documented how these processes affect thin film 

properties.  While outside the immediate scope of this study, any deviations from bulk 

behavior indicate opportunities for additional investigations to better understanding thin 

film phenomena.  The permeability coefficients were all calculated assuming a constant 

thickness during aging and conditioning.  Although film thickness increases slightly upon 
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exposure to high pressure CO2, the change is negligible in comparison to the permeability 

changes measured and experimental error.  After exposure to 800 psig (56.2 bara) CO2 

for 40 hours, film thickness increased by ~1% in thin PSF films, as measured using 

ellipsometry. 

Figures 8.6a and b show the O2/N2 and N2/CH4 pure gas selectivities, 

respectively, of the conditioned films as a function of aging time.  Selectivity increases 

with physical aging in all cases, as expected.  The initial selectivities of the conditioned 

films are higher than in the base case, matching their initially lower permeability 

coefficients.   

To illustrate the similarity in the aging response of the freshly quenched and 

conditioned films, Figure 8.7 presents the relative O2 permeability coefficients of these 

films over time, normalized by the permeability at 1 hour of aging.  Despite the initially 

lower absolute permeability coefficients of the conditioned films, the relative 

permeability decline is nearly identical to that of the base case.  These results are 

consistent with a variable energy positron annihilation lifetime spectroscopy (PALS) 

study on the influence of aging and conditioning on the free volume properties of thin 

PSF films.2  In the PALS study, aging of conditioned and unconditioned films was shown 

to proceed similarly, as indicated by decreasing free volume element size with aging.  

Additionally, the o-Ps intensity, which is related to the number of free volume elements 

in a material, was lower in the CO2 conditioned films than in the base case.  This result is 

likely related to the lower permeability of the conditioned films as compared to the 

unconditioned case. 
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Figure 8.5: Influence of aging time at 35°C on (a) O2, (b) N2, and (c) CH4 permeability 
coefficients in thin PSF films conditioned with 800 psig (56.2 bara) CO2 
after a quench from above Tg and 500 hours aging at 35°C. 
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Figure 8.6: Influence of aging time at 35°C on (a) O2/N2, and (b) N2/CH4 ideal 
selectivity in thin PSF films conditioned with 800 psig (56.2 bara) CO2 after 
a quench from above Tg and 500 hours aging at 35°C. 
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Figure 8.7: Influence of aging time on relative O2 permeability coefficients in thin PSF 
films conditioned with 800 psig (56.2 bara) CO2 after a quench from the 
above Tg and 500 hours aging at 35°C.  The relative oxygen permeability 
coefficients are based on the permeability at 1 hour of aging time. 
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While the relative aging behavior is similar in these films, the magnitude of aging 

induced permeability changes is greater after the conditioning treatment than in the 

unconditioned case.  In the base case, the change in permeability measured after 500 

hours of aging is quite small for the next several hundred hours; however, after exposure 

to high pressure CO2 for a time as short as 2 hours, permeability declines more rapidly 

with aging time than would have occurred without this CO2 treatment, e.g., the base case.  

After initially aging for 500 hours, the O2 permeability coefficient in the base case 

decreased by ~0.1 Barrer over then next 500 hours; upon conditioning with CO2 for 2 

hours, the O2 permeability coefficient decreased by ~0.4 Barrer over the same 500 hour 

period.  Kim et al. have previously shown that permeability decreases more quickly with 

time in thin films after exposure to CO2 than aged films not exposed to CO2.
3  Figure 8.8 

shows the behavior of these films based on the total time elapsed after the quench from 

above Tg and illustrates the more rapid aging of the films after CO2 conditioning as 

compared to the unconditioned base case.  The qualitative similarities and quantitative 

differences of the observed aging behaviors depending on previous history was also 

reported by Alcoutlabi et al. for the aging response of epoxy resins with different 

previous histories.4 
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Figure 8.8: Influence of total elapsed aging time after a quench from above Tg on (a) O2 
permeability coefficients and (b) O2/N2 pure gas selectivity in thin PSF films 
conditioned with 800 psig (56.2 bara) CO2.  Line drawn to guide the eye. 

 

8.2.4 Modeling considerations 

 

The modified Struik aging model developed in Chapter 5 was used to 

mathematically characterize the influence of previous history on physical aging in thin 

PSF films.  The model describes the rate of physical aging as a function of the departure 

from equilibrium and a relaxation time, which depends on the system conditions and the 

current state of the material, given by: 

 

(8.1) 

 

) exp(
        

f

ff

dt

fd
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where f is the excess fractional free volume (i.e., the difference between the fractional 

free volume in the polymer, f, at time t and the fractional free volume in the fully relaxed, 

equilibrium state, fe), ef f f   , is the relaxation time at time t, ∞ is the equilibrium 

relaxation time (i.e., at t → ∞), and  is a constant characterizing the sensitivity of 

relaxation time to excess fractional free volume.  Fractional free volume, f, is related to 

the polymer’s specific volume, v, by f =(v-v0)/v, where v0 is the occupied volume of the 

polymer and can be estimated by the Bondi method (i.e., v0 =1.3vw), where vw is the van 

der Waals volume calculated using group contribution methods.5  The original Struik 

model was developed for bulk polymers, where physical aging is independent of sample 

dimensions, so in the modified model, ∞ was allowed to depend on film thickness to 

capture thickness-dependent aging behavior.  The model was solved numerically using 

MATLAB software.  Using the fractional free volume, f, given by the model, gas 

permeability was calculated as a function of time from the following correlation: 

 

(8.2) 

 

where A and B are constants based upon oxygen permeability measurements in samples 

of bulk thickness from the literature, 397 Barrer and 0.839, respectively.[44]   

To capture the influence of sub-Tg annealing on aging behavior, model parameters 

reported for the aging of 125 nm PSF films at 35°C were used, i.e., ∞, , and fe.
6  The 

initial fractional free volume, fi, was allowed to vary with the films’ annealing treatments 

to match their initial permeability coefficients.  Thus, the value of fi used in the model 

represents the material’s state after the annealing treatment and is considered the apparent 

initial fractional free volume; differences in this value from the base case are not meant to 

suggest that the initial state immediately after the quench from above Tg is different in 

fBeAP /  
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these samples.  The model parameters, including the apparent initial fractional free 

volumes, used to describe the aging behavior of the annealed films are shown in Table 

8.1.  The equilibrium fractional free volume at 35°C, fe, was calculated based on 

extrapolation of the experimental pressure-volume-temperature data in the melt state to 

the aging temperature.7  Figure 8.9 compares the model predictions to the experimental 

data for films annealed at 170°C for various times.  Annealing at 170°C for 2 hours did 

not significantly influence the initial permeability coefficients or aging behavior of the 

thin PSF films, so this treatment is described using the base case parameters.  After 

annealing at 170°C for 40 hours, the initial O2 permeability coefficient decreased by 0.3 

Barrer as compared to the base case and the consequent aging behavior matches the 

model predictions.  Annealing for 160 hours at 170°C lowered the initial O2 permeability 

coefficient by 0.7 Barrer as compared to the freshly quenched film.  While subsequent 

aging behavior is similar to the model predictions, the model under-predicts permeability 

loss with time, suggesting that some free volume changes at the higher temperature does 

not influence permeability in the same way as aging at 35°C.  The material’s free volume 

state at 170°C, which is 16°C below Tg, is very different than at 35°C.  Conceivably, 

relaxations far below Tg influence permeability and aging differently than high 

temperature relaxations.  While beyond the scope of this study, understanding this 

behavior would require probing the free volume distribution as a function of annealing 

treatments.  Films annealed for 160 hours at 90°C and 150°C display similar behavior to 

the case of annealing for 40 hours at 170°C; therefore, these model predictions are not 

repeated. 

To capture the aging behavior of the CO2 conditioned films, the value of ∞ was 

allowed to vary with the conditioning treatment.  If the base case equilibrium relaxation 

time was used, as in the annealed films, the model would predict very little change in 



 184

permeability with aging time after the conditioning treatment.  To match the experimental 

data, the relaxation times were shortened after the CO2 conditioning, consistent with the 

apparent ‘restarting’ of the aging process in the conditioned films.  This ‘restarting’ of the 

aging process is consistent with the ‘de-annealing’ effect of CO2 conditioning discussed 

by Chan and Paul.8  The model parameters used are listed in Table 8.1.  Good agreement 

between the model and the experimental aging data for the CO2 conditioned films is 

shown in Figure 8.10.  Similar behavior is seen in the films conditioned for 2 and 40 

hours, and the same model parameters were used to describe their behavior.  According 

to this modeling scheme, the equilibrium relaxation time decreases by 2-3 orders of 

magnitude after the CO2 conditioning treatment.  This enhanced mobility after exposure 

to CO2 is consistent with an increase in the average free volume element size upon 

conditioning with CO2, as suggested by the results of the PALS study in Chapter 6.  The 

applied model does not directly incorporate any information regarding to the distribution 

of free volume element size; rather a value that represents the total free volume in the 

material is used.  Thus, if the free volume distribution is altered, modification of other 

model parameters may be needed to account for the changed behavior.  In comparison 

with small free volume elements, larger free volume elements will age more rapidly due 

to their greater deviation from equilibrium.  If the free volume elements sizes are 

increased by CO2 conditioning, as suggested by the PALS results, the rate of aging is 

expected to increase.  This accelerated aging, which is related to a shift in the free volume 

distribution, is captured by the current modeling treatment by a decrease in the 

equilibrium relaxation time, ∞.  The ability of the model to describe the aging behavior 

of thin glassy films with a variety of previous histories illustrates the broad applicability 

of the model and the similarities in the aging responses of these samples.  
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Figure 8.9: Influence of aging time at 35°C on O2 permeability coefficients in thin PSF 
films annealed for specified time at 170°C after a quench from above Tg.  
Lines generated from the model. 
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Figure 8.10: Influence of aging time at 35°C on O2 permeability coefficients in thin PSF 
films conditioned with 800 psig (56.2 bara) CO2 after a quench from above 
Tg and 500 hours aging at 35°C.  Lines generated from the model. 
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Table 8.1: Model parameters. 

∞ (sec) 'apparent' f i f e 
Base case 5.4x1013 0.1600 0.1069 350

40 hr at 170°C 0.1562

160 hr at 170°C 0.1498

2-40 hr at 800 psig CO2 5.1x1011 0.1459

160 hr at 800 psig CO2 6.8x1010 0.1405

↓ ↓↓

 

 

8.3 CONCLUSIONS 

 

The influence of previous history on the physical aging behavior of thin PSF films 

was tracked using gas permeability measurements.  Similar aging behavior was seen in 

all films, regardless of previous history, i.e., permeability decreased and selectivity 

increased with aging time.  Annealing films below Tg reduces the initial permeability and 

slows the rate of physical aging by reducing the driving force to equilibrium, as 

compared to a film freshly quenched from above Tg.  Exposure to high pressure CO2 after 

aging for 500 hours causes the aging process to accelerate in comparison to the base case, 

consistent with previous results from a variable energy PALS study.  The aging behavior 

of these films with various previous histories is well described by the modified Struik 

model.  The utility of this work is to shed light on the influence of initial properties on 

physical aging behavior, not to investigate the aging behavior under the treatment 

conditions considered, where more information is needed for full understanding.  

Deviations from expected aging behavior as a function of experimental conditions 

highlight the importance of further investigation regarding influences on departure from 

bulk behavior in these thin films. 
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Chapter 9: Influence of Temperature on the Upper Bound:  Theoretical 
Considerations and Comparison with Experimental Results 
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9.1 SUMMARY 

 

A model that describes the influence of temperature on the permselectivity 

characteristics of polymeric membranes has been developed from fundamental theoretical 

considerations.  This model was used to predict the influence of temperature on the upper 

bound tradeoff relationship between permeability and selectivity for several gas pairs 

including O2/N2, H2/N2, CO2/CH4, H2/CO2, CO2/H2, and CO2/N2.  The predicted upper 

bound shifts vertically with temperature, and the direction and magnitude of the shift 

depend on the sizes and condensabilities of the gases considered.  Fair agreement 

between the model predictions and experimental behavior are realized by allowing three 

model parameters, two related to diffusivity and one to solubility, to vary with polymer 

chemistry.  The utility of this model is to provide a better fundamental understanding of 

the influence of penetrant properties and polymer structure on the temperature 

dependence of transport and properties in membrane gas separation processes and to 

provide a method to benchmark the gas separation performance of materials, even if the 

data used for comparison were measured at temperatures far from ambient. 
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9.2 THEORY 

 

The upper bound represents the most favorable combinations of permeability and 

selectivity characteristics of polymer membranes reported in the literature, and it is 

described by the equation: 

 

(9.1) 

 

where A/B is selectivity, PA is permeability, and A/B and A/B are empirically determined 

parameters that depend on the gas pair of interest.1   

The mechanism for small molecule transport through dense polymeric materials is 

described by the solution diffusion model, whereby the penetrant molecules dissolve at 

the upstream (i.e., high pressure) interface, diffuse though the material, and then desorb at 

the downstream (i.e., low pressure) interface.2  According to this mechanism, the 

permeability coefficient for gas A, which is its flux normalized by membrane thickness 

and driving force, is equal to the product of the solubility coefficient, SA, and diffusion 

coefficient, DA, as shown in equation 9.2.3  Note that this simple expression for 

permeability is developed for the case where downstream pressure is negligible as 

compared to upstream pressure. 

 

(9.2) 

 

Ideal selectivity, A/B, is the ratio of the permeability coefficients for a given gas 

pair, and it characterizes the intrinsic ability of a polymer membrane to separate gas 
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molecules.  The overall selectivity of a material depends on both diffusivity selectivity, 

DA/DB, and solubility selectivity, SA/SB, as follows: 

 

(9.3) 

 

The diffusion of small molecules is a thermally activated process that is often 

described by the Arrhenius equation:4   

 

(9.4) 

 

where D0A is the front factor, EDA is the activation energy for diffusion, R is the ideal gas 

constant, and T is the temperature in K.  This relationship has been used to describe 

penetrant diffusion in polymers since at least the time that the nature of the diffusion 

process in polymers was described by Barrer.4  To illustrate how well this equation 

represents gas diffusion data across broad temperature spans, Figure 9.1 presents He 

diffusion coefficients in two inorganic glasses, fused quartz and pyrex, across 

temperature ranges of 297-1311 K and 300-626 K, respectively.5, 6  The correlation 

coefficient, Rc, is above 0.996 in each case, so the Arrhenius equation accurately captures 

the change in diffusion coefficient with temperature in these materials.  Data in polymers 

over similar temperature ranges are not available, but small molecule diffusion 

coefficient data in polymers are typically well represented by this equation as well.3, 7-9 
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Figure 9.1: Influence of temperature on He diffusion coefficient in fused quartz and 
pyrex glass.  The solid lines represent best fits to the experimental data:  
Fused quartz DHe=5.46(±0.19)x10-4cm2/s exp(-3051(±24)/T), Rc=0.9973 and 
Pyrex glass DHe=4.33(±0.31)x10-4cm2/s exp(-3275(±32)/T), Rc=0.9964. 5, 6 

 

A functional relationship between activation energy and the front factor for 

diffusion in polymeric materials was reported by Barrer10 and Van Amerongen:11 

 

(9.5) 

 

where a and b are constants that are independent of gas type.  The value of a, which is 

independent of polymer type, is 0.64, and b has a value of 9.2 for rubbery polymers and 

11.5 for glassy polymers.12, 13  These values correspond to diffusion coefficients in units 

of cm2/sec.  This connection between activation energy and the front factor is referred to 

as a linear free energy relation.7  Analogous correlations exist for other activated 
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processes, including viscous flow of molecular and atomic fluids (including liquid 

metals) and first-order chemical reactions.14, 15 

The activation energy of diffusion is a measure of the energy required to separate 

polymer chains a sufficient distance to allow a penetrant molecule to move through the 

material.11  Therefore, as the penetrant size increases, the activation energy also 

increases.  Numerous reports show that activation energy correlates most effectively to 

the penetrant size squared.13, 16, 17  Therefore, in the Freeman model, the influence of 

penetrant size on activation energy is described by:18 

 

(9.6) 

 

where c and f are constants that depend on the polymer, and dA is the penetrant diameter.  

Gas molecule diameters, as related to their diffusion through polymer membranes, were 

recently reported by Robeson et al.19  This set of diffusion diameters, shown in Table 9.1, 

provides the most accurate description of transport properties in polymeric materials, and 

will, therefore, be used in this model. 

 

Table 9.1: Penetrant size and condensability parameters.13, 19 

 

Penetrant Diffusion diameter (Å)  /k  (K)

He 2.644 10.2
H2 2.875 60

CO2 3.325 195

O2 3.347 107

N2 3.568 71

CH4 3.817 149  
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 Combining the activated state model for diffusion (equation 9.4), the linear free 

energy relation (equation 9.5), and the model describing the effect of penetrant size on 

diffusion activation energy (equation 9.6), the diffusion coefficient of penetrant A can be 

calculated as follows: 

 

(9.7) 

 

where only c and f depend on the polymer.  The parameter c provides a measure of the 

sensitivity of the activation energy, and subsequently DA, to penetrant size.  Flexible 

chain polymers will have low values of c, while polymers with more rigid structures will 

have higher values, corresponding to the more powerful size-sieving capability of these 

glassy materials.18  Some representative values of c reported in the literature include:  250 

cal/(molÅ2) for poly(dimethylsiloxane), a polymer with an extremely flexible backbone, 

1100 cal/(molÅ2) for poly(vinyl chloride), and 2400 cal/(molÅ2) for a rigid, high-

performance polyimide.18, 20  The value of f (or, more properly, /f c ) characterizes the 

minimum size of a penetrant that can diffusion through a particular polymer without 

requiring any activation energy.  f can range from 0 for rubber polymers to 14,000 

cal/mol for the polyimide previously mentioned.18, 20  In calculating the influence of 

temperature on the upper bound behavior, f will be fixed to a value of 12,600 cal/mol, 

which is the value determined previously to best describe upper bound behavior.18, 19 

Gases display similar solubility behavior in polymers and liquids, and if no strong 

polymer-penetrant interactions exist, solubility correlates well with penetrant 

condensability.  A linear relationship between the logarithm of the solubility coefficient 

and some measure of condensability (e.g., critical temperature, boiling point, or Lenard-
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Jones temperature) is typical.21  Van Krevelen suggests that the most accurate expression 

is: 

 

(9.8) 

 

where M and N are constants and /k is the Lennard-Jones temperature of the gas.13  For 

the gases considered in this study, values of /k are listed in Table 9.1.  The slope of this 

relation is fairly insensitive to polymer chemical structure, and a universal value of 0.023 

will be used for N.13  On the other hand, M has been shown to vary as a function of 

polymer structure, dependent on polymer-penetrant interactions and polymer free 

volume.  The value of -9.84, suggested by Van Krevelen for glassy polymers, will be 

used for the upper bound calculations.13  These values of M and N correspond to 

solubility in units of cm3(STP)/(cm3cmHg). 

The influence of temperature on solubility can be calculated using a van’t Hoff-

like equation:13 

 

(9.9) 

 

where SA is the solubility coefficient, and HSA is the heat of sorption.  Van Amerongen 

measured the solubility of various gases in a range of elastomers as a function of 

temperature and found that HSA is strongly correlated to the Lennard-Jones temperature 

of the gas.22  Michaels and Bixler also showed that this relationship was accurate for 

polyethylene.23  This correlation holds as well for glassy polymer with the parameters 

shown in equation 9.10:13 
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(9.10) 

 

Combining equations 9.8-9.10 provides the following expression for penetrant 

solubility as a function of the polymer and penetrant characteristics discussed and the 

system temperature: 

 

(9.11) 

 

Tying the expressions for diffusion and solubility together yields the following 

expression to predict the influence of temperature on permeability:   

 

(9.12) 

 

Equation 9.12 permits a comparison of model-predicted and experimental gas 

permeability values over wide temperature ranges by allowing the parameters M, c, and f 

to vary with polymer chemical structure.  

Following the framework developed by Freeman, A/B is defined as:18 

 

(9.13) 

 

and A/B is: 

 

(9.14) 
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where SA and SB are now a functions of temperature as defined in equation 9.11.  

Equations 9.13 and 9.14 can be used to predict the influence of temperature on the upper 

bound behavior of any gas pair.   

While the upper bound slope, defined by A/B, is independent of temperature, the 

position of the upper bound is controlled by A/B, which depends on temperature as 

follows: 

 

(9.15) 

 

The influence of solubility differences between penetrants on the temperature-

dependence of the upper bound is captured in the first two terms of equation 9.15, while 

diffusivity contributions are included in the third term.  Incorporating the influence of 

temperature into equation 9.1, the upper bound for a given gas pair can be represented by: 

 

(9.16) 

 

where 0,A/B is a front factor and  describes how the upper bound position changes with 

temperature.   

 

9.3 RESULTS AND DISCUSSION 

 

Based on the model described above, the predicted influence of temperature on 

the upper bound relationship for O2/N2 separation is shown in Figure 9.2.  The values of 

A/B and A/B that describe the predicted upper bounds are presented in Table 9.2, and the 

model parameters used for these calculations are shown in Table 9.3.  As temperature 
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decreases, the upper bound selectivity for a given permeability increases, i.e., the upper 

bound shifts upward with decreasing temperature, suggesting that separation performance 

can be improved by decreasing temperature.  This result is consistent with the data 

presented in Chapter 2, Figure 2.13, which shows the performance of TBF PC improving, 

relative to the 25-35°C version of Robeson’s upper bound, as temperature decreases.  

Because O2 is smaller and more soluble than N2, both diffusivity and solubility selectivity 

are enhanced with decreasing temperature.  Additionally, due to the nonlinear 

dependence of temperature on solubility and diffusivity, the influence of temperature on 

the tradeoff line position weakens as temperature increases.  At a given permeability, the 

upper bound selectivity decreases by a factor of 4 when the temperature is raised from 

200 to 300 K; however, the selectivity only decreases by a factor of 2 when the 

temperature increases from 300 to 400 K.   
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Figure 9.2: Influence of temperature on the predicted upper bound behavior for O2/N2 
separation. 
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Table 9.2: Calculated values of A/B and A/B for predicted upper bounds. 

 

Gas pair  A/B 200 K 250 K 300 K 350 K 400 K

O2/N2 0.1364 1.70x100 8.03x10-1 4.87x10-1 3.41x10-1 2.61x10-1

H2/N2 0.5407 6.99x10-3 2.15x10-3 9.80x10-4 5.59x10-4 3.67x10-4

CO2/CH4 0.3175 2.33x100 4.50x10-1 1.50x10-1 6.86x10-2 3.81x10-2

H2/CO2 0.3383 2.86x10-4 4.93x10-4 7.09x10-4 9.18x10-4 1.11x10-3

CO2/H2 -0.2528 4.44x102 2.96x102 2.26x102 1.86x102 1.61x102

CO2/N2 0.1513 8.39x101 1.38x101 4.14x100 1.75x100 9.21x10-1

A/B (cm3(STP)cm/(cm2 s cmHg)]A/B

 

 

 

 

Table 9.3: Model parameters for polymers studied. 

 

Polymer Min (K) Max (K) c  (cal/mol Å2) f  (cal/mol) M            (Å)

Upper Bound - - - 12600 -9.84 -

TBF PC 230 418 1191 3269 -5.95 1.66

PBO A 192 373 1333 2800 -3.68 1.45

PBO B 235 373 1835 8656 -4.95 2.17

TCHF BA PC 202 373 1773 7736 -4.38 2.09

PMDA/PIDA 238 363 1331 6819 -5.86 2.26

Polycarbonate 308 408 1795 2756 -3.60 1.24

TMPC 308 423 1704 4928 -4.02 1.70

TMHFPC 308 423 1684 7402 -3.91 2.10

Temperature Range Model Parameters

/f c
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The influence of temperature on the tradeoff relationships for other gas pairs is 

shown in Figure 9.3; namely H2/N2, CO2/CH4, H2/CO2, CO2/H2, and CO2/N2.  Again, the 

values of A/B and A/B that describe the predicted upper bounds and the model parameters 

used for these calculations and are presented in Tables 9.2 and 9.3, respectively.  

Although the behavior of any combination of gases can be predicted using the model, 

these gas pairs highlight the range of exemplary behavior and correspond to industrially 

relevant separations.  The arrows in these figures denote the direction of increasing 

temperature.  The case of H2/N2 is very similar to that of O2/N2, since H2 is smaller and 

only slightly less soluble than N2.  The influence of temperature on this separation is 

dominated by the relatively large size difference between H2 and N2, causing diffusivity 

selectivity to decrease with increasing temperature.  CO2 selectivity over CH4 is driven 

by both higher solubility and diffusivity of CO2 relative to CH4.  Changes in the upper 

bound position with temperature are more dramatic for CO2/CH4 than for O2/N2 due to 

the greater difference in condensability values and molecular size between CO2 and CH4, 

relative to O2/N2.  Consistent with experimental data, as the difference in size between 

the molecules increases, diffusivity selectivity becomes more sensitive to temperature, 

and as the difference in condensability between the molecules increases, solubility 

selectivity becomes more sensitive to temperature.24  The model was developed based on 

the infinite dilution permeability coefficients, so any influence of plasticization or 

concentration dependent behavior that may occur at high pressures is not captured. 

In the case where the faster gas is smaller, but much less soluble, than the slower 

gas, the upper bound changes with temperature in a different manner than shown 

previously.  For example, in separations involving He or H2 with CO2, the large 

difference in condensability causes solubility selectivity to dominate the temperature 

effects on the upper bound behavior.  In the case of H2/CO2 separation shown in Figure 
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9.3c, the predicted selectivity at fixed permeability increases with increasing temperature.  

This result is caused by the strong solubility decrease of the more condensable gas, CO2, 

with increasing temperature, which leads to an overall enhancement of the selectivity 

toward H2, despite the decreasing diffusivity selectivity.  CO2/H2 separation, presented in 

Figure 9.3d, illustrates the case in which the fast gas is larger in size, but more soluble 

than the slower gas.  This combination is again controlled by changes in solubility 

selectivity with temperature, increasing separation factors for CO2/H2 as temperature 

decreases.  Figure 9.3e presents the influence of temperature on CO2/N2 upper bound 

separation performance.  This separation is of particular interest for emerging CO2 

capture applications, which may be operate across a wide range of temperatures.  

Interesting, CO2/N2 separation exhibits the highest temperature dependence of the gas 

pairs considered, as indicated by the highest sensitivity of  to temperature. 

Further analysis quantifies the relative contributions of solubility and diffusivity 

differences on the observed temperature-dependent behavior.  Table 9.4 presents the 

influences of solubility and diffusivity contributions on the upper bound behavior as 

described by 9.15.  Clearly, solubility differences dominate the predicted behavior for gas 

pairs with large differences in condensability, such as H2/CO2, while diffusivity 

differences control behavior when the gas molecules differ greatly in size, such as H2/N2.  

The parameters in Table 9.4 can be used with equation 9.16 to calculate the predicted 

upper bound behavior at any temperature.  
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a      b 
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Figure 9.3: Influence of temperature on the predicted upper bound behavior for (a) 
H2/N2, (b) CO2/CH4, (c) H2/CO2, (d) CO2/H2, and (e) CO2/N2 separations. 
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Table 9.4: Parameters describing influence of temperature on upper bound behavior. 

Solubility contribution (K) Diffusivity contribution (K)   (K)

O2/N2 438 312 749 4.01x10-2

H2/N2 -56 1235 1179 1.93x100

CO2/CH4 920 725 1645 6.23x10-4

H2/CO2 -1316 773 -543 4.34x10-3

CO2/H2 983 -577 406 5.83x101

CO2/N2 1459 346 1805 1.01x10-2

Gas pair
 

R

H

R

H SB
BA

SA 



 1/ 
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a
fBA

1
/

)/1(

ln /

Td

d BA
BA /,0

 
 

To evaluate the predicted temperature-dependent separation behavior, 

experimental data over a wide temperature range are needed.  While there are reports of 

permeability and selectivity data over a temperature range of 40 or 50 K, few sources 

consider broader temperature ranges.  This shortage of data is due, in part, to 

experimental complications of permeability measurements over large temperature ranges.  

One source of permeability measurements for several glassy polymers over wide 

temperature ranges is reported by Moll et al., work stimulated by an interest in using 

glassy polymers at sub-ambient temperatures to improve separation characteristics.  Low 

temperature measurements, as low as 192 K, were enabled by circulating liquid nitrogen 

through coils in the permeation cell holder and placing the permeation cell on a cold 

finger in a closed cycle helium refrigeration unit.  High temperature measurements, up to 

418 K, used circulating heat transfer fluid to control the permeation cell temperature. 

The largest dataset reported by Moll et al. for a single gas pair is for O2/N2 

separation using TBF PC over a temperature range of 230-418 K, discussed previously.  

Using the experimental permeability data for both gases, a least squares fit determined 

the model parameters, i.e., c, f, and M, for this material.  Figure 9.4a compares the 
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experimental results to the permeability predicted for both gases using the model 

parameters from the fitting procedure.  Additionally, Figure 9.4b illustrates the change in 

O2/N2 separation performance with temperature predicted by the model (line through the 

data points) and determined experimentally (data points).  The predicted upper bound 

behavior across the temperature range of interest is shown for comparison.  By allowing 

the three model parameters to vary with polymer chemical structure, good agreement is 

demonstrated between the model predictions and experimental data.   
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Figure 9.4: Comparison between experimental permeability and model-predicted 
permeability behavior for TBF PC (a) direct evaluation, (b) comparison of 
model and experimental data over specified temperature range with 
temperature-dependent upper bound.  Points represent experimental data and 
lines were generated from the described model.25 

Moll et al. also reported the permeability characteristics of multiple gases through 

several other glassy polymers.25  Polymers studied over the largest temperature ranges 

included polybenzoxazoles and tetrachlorohexafluoro bisphenol A polycarbonate (TCHF 

BA PC).  The structures of these polymers are shown in Table 9.5.  Because the model 
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parameters are independent of the gas type, a unique set should describe the behavior of 

all gases through a given material.  A least square analysis determined the model 

parameters for each material using the experimental permeabilities of all five gases 

studied, i.e., He, O2, N2, CO2, and CH4.  Comparisons between the model and 

experimental data for each polymer are shown in Figures 9.5a-c.  The model’s ability to 

capture these experimental data is promising, because only three material-dependent 

parameters were used, while the remaining parameters were fixed to values separately 

determined.  Additional comparisons between predicted and experimental permeabilities 

can be found in Appendix D. 

In addition to the large datasets reported by Moll et al., the influence of 

temperature (300-400 K) on permeability in a series of polycarbonates was reported by 

Costello and Koros.26  This work examined the effect of systematic polymer chain 

alterations to identify specific structural characteristics that may enable a material to 

retain high productivity and selectivity at high temperatures.  Again, a least square 

analysis across all five gases studied, i.e., He, O2, N2, CO2, and CH4, determined the 

model parameters for each material.  Figure 9.5d compares the model-predicted 

permeability behavior with the experimental results for bisphenol-A polycarbonate (PC); 

comparisons for the other polycarbonates are available in the Supplementary Information. 
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Table 9.5: Polymer chemical structures. 

TBF PC                        
(polycarbonate containing          

9,9-bis(3,5-dibromo-4-   
hydroxyphenyl)-fluorene)

PBO A                         
(synthesized from 4,6-

diaminoresorcinol dihydro-chloride 
and 1,1,3-trimethyl-3-phenyl-indan-

4,5'-dicarboxylic acid )

PBO B                         
(synthesized from 2,2-bis(3-amino-4-

hydroxyphenyl)-1,1,1,3,3,3-
hexafluoropropane and diphenylether-

4,4'-dicarboxylic acid) 

TCHF BA PC               
(tetrachlorohexafluoro bisphenol A 

polycarbonate)

PC                            
(polycarbonate)

 N

O

N

O

 O

N N

O

O
CF3

CF3

 

O O C

O

Cl Cl

Cl Cl

CF3

CF3
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OCH3
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The gas permeability characteristics of PBO A cover the largest temperature 

range studied for all five gases.  Figures 9.6a-c present a comparison between the 

predicted performance changes with temperature to the experimental results for the 

separations of O2/N2, CO2/CH4, and He/CO2.  Across a temperature range of nearly 200 

K, fairly good agreement is seen between the actual and predicted behavior, considering 

only three fitting parameters were used in the model to describe the temperature-

dependent behavior of five gases.  Empirical modeling of the permeation behavior with 

an Arrhenius equation would require ten parameters to describe the behavior of all gases.3  
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The deviations seen in Figures 9.6b and c can be attributed to the model’s over estimation 

of CO2 permeability, as seen in Figure 9.5a.  Permeability values reported by Moll et al. 

were determined at low upstream pressures (20-25 psia) using mixed gases.25  Because 

the model does not account for any effects that may be present in mixed gas conditions, 

such as competitive sorption or plasticization, some deviation from experimental data is 

expected. 

Table 9.3 provides the model parameters determined for each polymer considered 

in this work.  The values of c and f are consistent with the results for other glassy 

polymers.18  The value of /f c  can be viewed as a rough measure of the average space 

between polymer chains in the non-activated state.  Costello and Koros reported that the 

considerably higher permeabilities of tetramethyl polycarbonate (TMPC) and tetramethyl 

hexafluoro polycarbonate (TMHFPC) as compared to PC were due to increased free 

volume by addition of bulky substituents to the polymer backbone.  As expected, /f c  

also increases as fractional free volume increases from polycarbonate to TMPC to 

TMHFPC.  The value of M, as related to the solubility coefficient, ranged from -3.6 for 

PBO A and PC, to -5.9 for TBF PC.  These values of M are lower than the suggested 

value by Van Krevelen for glassy polymers, but within a reasonable range for these types 

of materials.   
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Figure 9.5: Comparison between experimental permeability and model-predicted 
permeability behavior for (a) PBO A, (b) PBO B, (c) TCHF BA PC, and (d) 
polycarbonate over specified temperature ranges.25, 26 
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Figure 9.6: Comparison of model and experimental data over specified temperature 
range for (a) O2/N2, (b) CO2/CH4, (c) He/CO2 separations in PBO A.  Points 
represent experimental data and lines were generated from the described 
model.25 
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9.4 CONCLUSIONS 

 

Based on the theoretical framework developed by Freeman,18 a model that 

describes the influence of temperature on permselectivity characteristics of polymeric 

membranes has been developed.  The upper bound tradeoff relationship between 

permeability and selectivity was calculated as a function of temperature for several gas 

pairs including O2/N2, H2/N2, CO2/CH4, H2/CO2, and CO2/H2.  The predicted upper 

bound behavior shifts vertically with temperature, and the nature of the change depends 

on the size and condensability of the gases considered.  By allowing three model 

parameters, two related to diffusivity and one to solubility, vary with polymer chemistry, 

fair agreement between the model predictions and experimental behavior is realized.  

This model is meant as a starting point to a better fundamental understanding of the 

influence of polymer-penetrant interactions and polymer structure on the temperature 

dependence of transport and properties in membrane gas separation processes. 
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Chapter 10:  Conclusions and Recommendations 
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The physical aging behavior of thin and ultrathin glassy polymer films has been 

investigated using gas permeability measurements and various other techniques.  Below 

is a brief summary of the conclusions from Chapters 4 through 9, as well as 

recommendations for future work. 

 

10.1 CONCLUSIONS 

 

Using ellipsometry, the influence of relative humidity (RH) and temperature on 

thin film thickness and refractive index was determined for Matrimid® and PSF. Both 

polymers exhibited increasing refractive index and film thickness with increasing RH, 

with greater changes occurring in Matrimid®.  Further analysis revealed that sorbed water 

expanded the polymer volume considerably less than expected by volume additivity, i.e., 

to some extent, water molecules occupy existing free volume elements in the glassy 

polymer structure.  Water vapor sorption was measured in thick polymer films using 

gravimetric techniques, and the results were shown to match those of films 200 times 

thinner.  As expected, as temperature increased, film thickness increased while refractive 

index decreased for both materials.  These responses to temperature were consistent with 

thermal expansion of the films studied.  The demonstrated effect of experimental 

conditions on film properties proves the importance of controlling these conditions when 

making sensitive measurements with ellipsometry or other methods.  The specific 

refractions of Matrimid® and PSF were determined by direct measurement.  Specific 

refraction was also been shown to be independent of density and temperature for the 

polymers studied, supporting the Lorentz-Lorenz equation.       

Enabled by a novel coating technique, the gas permeability and physical aging of 

PSF and Matrimid® films as thin as 18 nm thick were studied.  All films exhibited rapidly 
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decreasing permeability and increasing selectivity with aging time.  Additionally, the 

initial permeability, measured at one hour of aging, of the ultrathin films was shown to 

decrease with decreasing film thickness.  The greatly accelerated aging in these ultrathin 

films, as compared to bulk behavior, is consistent with the notion of enhanced mobility at 

the polymer surface, which is the same mechanism thought to cause Tg reductions in 

ultrathin films.  Struik’s physical aging model captured the observed trends in 

permeability aging by allowing the characteristic relaxation time to vary with film 

thickness.  Understanding the influence of nanoscale confinement on physical aging is 

essential for accurately describing glassy dynamics of confined polymer systems and for 

predicting the long-term performance of glassy materials in a variety of technologies, 

including gas separation membranes.   

Enabled by a unique experimental technique, variable energy positron 

annihilation lifetime spectroscopy (VE-PALS), the influence of physical aging on the 

profile of free volume characteristics in thin PSF films was investigated.  The free 

volume loss that accompanies physical aging-induced densification was manifested by 

the shrinking of free volume elements.  The influence of the free surface on physical 

aging was examined and aging was shown to progress similarly across the entire depth of 

the PSF film.  Gas permeability values were calculated directly from the VE-PALS 

results using a correlation based on bulk material parameters and compared with 

measured permeability data.  Excellent agreement between these two very different 

experimental techniques illustrates the close connection between changes in free volume 

and gas permeability properties caused by physical aging.  Enhanced mobility near the 

film surface, which allows the region to achieve a lower free volume state more quickly 

than the bulk, is believed to cause the reduction in free volume size measured near the 

PSF film surface and contribute to the accelerated aging in thin films as compared to the 
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bulk.  Deviation from bulk behavior in thin films may be related to differences in the 

thermodynamic states between the bulk and the surface regions.  Figure 10.1 illustrates 

one suggested view of the origin of these differences.1 
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Figure 10.1: Schematic of the glassy state.  Separate lines indicate possible deviation 
from bulk behavior in the non-equilibrium glassy region. 

 

The dynamic relaxation properties of BTDA-DAPI (Matrimid®) polyimide were 

investigated using dynamic mechanical and dielectric methods.  Matrimid® displayed two 

sub-glass relaxations with increasing temperature centered at -112°C (T) and 80°C (T), 

based on the measured maxima in mechanical loss modulus at 1 Hz.  Application of the 

analysis proposed by Starkweather indicated that the  transition is non-cooperative in 

nature, and both DMA and BDS measurements provided an apparent activation energy of 

43 kJ/mol that is consistent with values for similar polyimides.  The  transition was 

more cooperative in character, and comparison of dynamic mechanical and dielectric 

Arrhenius data indicated a higher apparent activation energy for the DMA tests (EA = 156 
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kJ/mol) as compared to the BDS studies (99 kJ/mol).  It was suggested that the dynamic 

mechanical probe is sensitive to a wider range of sub-glass motions across the  

relaxation range reflecting a higher level of cooperative response. 

Gas permeability measurements were also employed to investigate the influence 

of previous history on the physical aging behavior of thin PSF films.  Similar aging 

behavior was seen in films with a variety of previous histories, i.e., permeability 

decreased and selectivity increased with aging time.  Annealing films below Tg reduced 

the initial permeability and slowed the rate of physical aging by decreasing the driving 

force to equilibrium, as compared to a film freshly quenched from above Tg.  Exposure to 

high pressure CO2 after aging for 500 hours caused the aging process to accelerate in 

comparison to the base case, consistent with results from the VE-PALS study.  The aging 

behavior of these films with various previous histories is well described by the modified 

Struik model. Deviations from expected aging behavior as a function of experimental 

conditions highlight the importance of further investigation regarding influences on 

departure from bulk behavior in these thin films. 

A model that describes the influence of temperature on permselectivity 

characteristics of polymeric membranes was been developed based on the theoretical 

framework developed by Freeman.2  The upper bound tradeoff relationship between 

permeability and selectivity was calculated as a function of temperature for several gas 

pairs including.  The predicted upper bound behavior was shown to shift vertically with 

temperature, and the nature of the change depends on the size and condensability of the 

gases considered.  By allowing three model parameters, two related to diffusivity and one 

to solubility, vary with polymer chemistry, fair agreement between the model predictions 

and experimental behavior was realized.  This model was developed as a starting point to 

a better fundamental understanding of the influence of polymer-penetrant interactions and 
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polymer structure on the temperature dependence of transport and properties in 

membrane gas separation processes. 

 

10.2 RECOMMENDATIONS FOR FUTURE WORK 

 

10.2.1 Aging behavior in layered films 

 

Extending the coating techniques developed in this work, various layered 

structures can be created by combining the two layer, i.e., glassy and rubbery, films.  By 

changing the architecture of the final film, the influences of free surfaces and interfaces 

with the rubbery polymer on the aging behavior of the glassy layer can be studied.  

Several schemes for combining these films could be applied, with possible resulting 

structures represented in Figure 10.2.  Additionally, the number of layers in the structure 

can be modified to further probe the influence of interfacial interactions on aging 

behavior and gas permeability characteristics. 

In addition to the polymers considered in this study, other layer combinations 

could be used to study the impact of interactions between the polymers in each layer.  A 

similar study, using melt-extruded multi-layered films, is underway.  This work aims to 

answer questions regarding the influence of interfacial interactions and confinement on 

the aging behavior of glassy polymers. 

A preliminary investigation of the aging behavior of a four layer film consisting 

of two PSF layers and two PDMS layers illustrates the viability of these research 

methods.  Figure 10.3 presents the oxygen permeability coefficient as a function of aging 

time for the four layer film, which contains two 50 nm PSF films, in comparison to the 
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behavior of the two layer 50 nm PSF structures studied in Chapter 5.  The similarity of 

the aging response between the two and four layer films suggests there is little influence 

from the PDMS layer on the behavior of the ultrathin PSF films, consistent with studies 

presented in Chapter 5. 

 

 

a 

 

b 

 

c 

 

 

Figure 10.2: Diagrams of possible layered structures. 
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Figure 10.3: Comparison of aging behavior of 50 nm PSF films with PDMS coatings 
with a total of two and four layers (i.e., single and double layers of the two 
layer structure). 

10.2.2 Influence of film formation conditions on aging behavior 

 

In this work, film thickness was controlled by adjusting the concentration of the 

polymer solutions used in spin coating with a fixed spin rate.  Film thickness could also 

be controlled by varying the spin rate during film formation.  Using this method to create 

films of different thicknesses could help determine if there is any influence of solution 

concentration during film formation on resultant behavior.  It has been suggested that the 

behavior of ultrathin films is different from bulk behavior because the films are formed 

using vary different initial concentrations.3-6  These theories postulate that the behavior of 

films is dependent on the about of chain overlap and entanglement during formation.  By 

using solutions concentrations above and below the proposed critical solution 
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concentration c* to create films with a range of thicknesses, may reveal information 

pertaining to the influence of formation conditions on aging behavior.  Because the 

studies detailed in this dissertation used films that had been equilibrated above the glass 

transition temperature prior to aging experiments, the influence of film formation 

conditions were minimized. 

Furthermore, if films of identical thicknesses were created by varying both spin 

rate and solution concentration, the influence of spin-induced alignment or chain 

orientation on aging behavior could be investigated.  This proposed work should be 

initially conducted on as-cast membrane samples, since heating them above the glass 

transition would greatly reduce, or remove, any orientation developed during spin-

casting.  These studies would be complex due to the contributing factors of varying spin 

rate and solution concentration on film properties; therefore, they would benefit from 

analysis using complementary techniques such as ellipsometry or scattering techniques to 

quantify the degree of orientation. 

 

10.2.3 Influence of temperature on deviation from bulk behavior in ultrathin films 

 

The influence of experimental techniques used to probe the glass transition in thin 

films has been an interesting and widely debated issue in polymer physics.7-9  A recent 

paper proposed an intriguing explanation of this phenomenon using a relaxation-time 

map founded on the cooperatively rearranging region hypothesis.10 Additionally, recent 

reports suggest that deviations from bulk behavior in confined polymer systems is 

strongly influenced by the measurement temperature.11, 12  It was mentioned that while 

experiments that probe polymer dynamics near the bulk Tg suggest that the dynamics of 
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the surface are very similar to the bulk dynamics, contradictory results arise from 

measurements made at lower temperatures.12 

Considering the influence of temperature on the deviation from bulk behavior, it 

would be instructive to study how physical aging deviates from bulk behavior as a 

function of temperature.  This study would involve tracking the aging response as a 

function of aging temperature in films ranging in from ultrathin to bulk thickness.  

Further, the influence of thickness on the activation energy for diffusion would also aid in 

understanding how film thickness affects thermally activated process.  For instance, if the 

reduced glass transition temperature reported for free standing polymer films is caused by 

enhanced chain mobility near the surface; one might expect the energy required for 

diffusion to be similarly affected.   
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Appendix A: Influence of Exposure to UV Light during 
Ellipsometry Measurements and Physical Aging on Thin PTMSP Films 
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SUMMARY 

 

In addition to the influence of experimental conditions on film properties as 

discussed in Chapter 4, it is important to understand any influence that measurement 

procedures may have on a sample’s properties.  Spectroscopic ellipsometers probe the 

optical properties of films and surfaces using a wide spectrum of light.  The ellipsometer 

used in these studies, model 2000D from J.A. Woollam Company, covers a spectral range 

from 193 nm to 1000 nm.  Some polymers can undergo photo-chemical degradation upon 

exposure to uv light, including poly (1-trimethylsilyl-1-propyne) (PTMSP).1, 2  The 

chemical structure of PTMSP is shown in Figure A.1.  Because ellipsometry is an 

extremely precise technique and sensitive to very small sample changes, even the low 

intensity of the uv light in the ellipsometer beam can cause measureable effects.  

Therefore, it was necessary to investigate the influence of the ellipsometer beam 

exposure on PTMSP film properties.  After addressing this issue, the influence of 

physical aging on the optical properties of crosslinked and uncrosslinked thin PTMSP 

films was studied using ellipsometry.  Thin films of PTMSP age more rapidly than any 

other material previously studied using this technique, and the rate of physical aging 

correlates well with the free volume of the material.  Additionally, the effect of 

crosslinking PTMSP using 3,3'-diazidodiphenylsulfone, a commercially-available 

bis(aryl azide), on its physical aging behavior was studied.  The crosslinking was done in 

an effort to improve the physical and chemical stability of PTMSP, which undergoes 

rapid physical aging and is soluble in many organic solvents.  
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Figure A.1: Chemical structure of poly (1-trimethylsilyl-1-propyne). 

 

EXPERIMENTAL METHODS  

 

PTMSP was kindly supplied by Air Products and Chemicals, Inc.  Synthesis and 

characterization information for PTMSP are provided elsewhere.3  Thin films (l ~ 400 

nm) were prepared by spin casting 1 wt. % polymer solutions onto silicon wafers at 1000 

rpm for 90 seconds, using toluene as the solvent.  The polymer refractive index, n,  was 

calculated using the Cauchy equation:4 

 

                                                                                                                         (A.1) 

 

where A, B, and C are constants, and  is the light wavelength.  All refractive index 

values are reported at the sodium D line, = 589.3 nm.   

The bis(azide) crosslinker used to crosslink PTMSP was 

3,3’-diazidodiphenylsulfone supplied by Sigma Aldrich Chemicals. This bis(azide) was 

chosen because it is chemically safe at the conditions of film formation and crosslinking, 

42 //  CBAn 
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has been shown to crosslink polymeric materials effectively,5 and is commercially 

available.  Crosslinked films were prepared by adding 10 wt. % of the bis(azide) to the 

PTMSP solution prior to spin casting. 

PTMSP displays strong hysteresis effects with respect to its transport properties, 

FFV, and positron annihilation lifetime spectroscopy parameters.6-10  To ensure 

preparation of PTMSP samples with reproducible properties, all films used in this study 

were subjected to the same thermal history.  All films were heated in a vacuum oven at 

180oC for 90 minutes after casting to promote the crosslinking reaction and remove 

residual solvent.  Thermal crosslinking was chosen because Jia et al. observed a smaller 

decrease in permeability when films were crosslinked thermally than when crosslinking 

was initiated by uv light.11  The crosslinking reaction was performed in the absence of 

oxygen because nitrene molecules oxidize to form nitroso compounds, which reduces the 

effectiveness of the crosslinking reaction.12  A crosslinking temperature of 180oC was 

necessary to facilitate formation of a bis(nitrene) from the bis(azide) crosslinker; at lower 

temperatures, the reaction did not proceed at a reasonable rate.  After 90 minutes in the 

vacuum oven, the peak associated with the azide group in the FT-IR spectrum at 2120 

cm-1 disappeared, indicating azide molecules had reacted to form nitrenes.  Films 

prepared in this manner were no longer soluble in the original casting solvent, indicating 

the films had become crosslinked. 

 

RESULTS AND DISCUSSION 

 

The ellipsometer used in these studies was equipped with two light sources; a 

deuterium lamp that generates light with wavelengths of 190-360 nm and a halogen lamp 

that generates light with wavelengths of 360-1000 nm.  The power to each lamp can be 
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controlled individually, allowing the influence of each beam on film properties to be 

studied.  The refractive index and thickness of PTMSP films were measured for about 10 

minutes using two light configurations.  In one case, only the halogen lamp on the 

ellipsometer was used, thereby removing the exposure to uv light from the deuterium 

lamp.  In the other case, both lamps were used, exposing the PTMSP sample to light with 

wavelengths ranging from 193 nm to 1000 nm.  The films used in these experiments were 

previously aged for over 100 hours, so any property changes due to physical aging during 

the experiment would be negligible.  The results are shown in Figures A.2 and A.3.  In 

the case of the film exposed to the uv light, refractive index increased while film 

thickness decreased with exposure time.  The film measured using the halogen lamp only, 

however, did not show any significant property changes during the experiment.  Because 

the deuterium lamp was shown to cause changes in the PTMSP films, all further 

experiments were conducting using only the halogen lamp. 

After determining an experimental procedure that did not influence film 

properties, the physical aging behavior of thin uncrosslinked and crosslinked PTMSP 

films was investigated using ellipsometry.  The refractive indices of thin (~ 400 – 480 

nm) uncrosslinked and crosslinked PTMSP films aged at 35°C are shown in Figure A.4.  

The refractive index of both films increase linearly with log time after an initial aging 

time of approximately 24 hours.  This behavior is consistent with other reports in the 

literature using this technique to study physical aging.13-16  The crosslinked film had a 

higher refractive index than the uncrosslinked film.  This difference is comparable to the 

slightly greater density in the thick crosslinked PTMSP films as compared to 

uncrosslinked films.17  The density increased 3.7% and 3.9% over 4,100 hours in the 

uncrosslinked and crosslinked films, respectively.  This increase was calculated using the 

Lorentz-Lorenz equation (Chapter 2, equation 2.2) and is independent of the specific 
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refraction, C, because the values are relative.  These density increases are slightly larger 

than those observed in thicker films and are consistent with accelerated aging in thinner 

films.17  The permeabilities of these thin PTMSP films were not measured because of 

trans-membrane pinhole defects.  

Figure A.5 presents the effect of aging time on the film thickness of uncrosslinked 

and crosslinked PTMSP.  The small decrease in film thickness with aging time is caused 

by volume relaxation of the polymer, as discussed by Huang and Paul.13  The aging rate 

of thin films can depend on film thickness; however, the small difference in thickness 

between these two films would result in a negligible difference in aging rate.   

The relative refractive index of the uncrosslinked and crosslinked PTMSP films is 

shown in Figure A.6 as a function of aging time.  This illustration clearly shows the 

similarity in the aging response of the two films.  Using the Lorentz-Lorenz equation to 

relate refractive index to density, a volumetric aging rate, r, can be defined as 
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where V is the specific volume, P is the pressure, and T is the aging temperature.  The 

aging rate for each polymer film was calculated by applying a best fit line to the log-log 

plot of L vs. t after an initial aging period of 24 hours.  The uncrosslinked and crosslinked 

PTMSP aging rates were 60 x 10-4 and 62 x 10-4, respectively.  These results indicate that 

although crosslinking improves the chemical stability of the PTMSP films, the aging 

behavior is not strongly affected.  The aging rates, as measured using ellipsometry, of 

other glassy polymer films of similar thickness have been reported, including: 

polysulfone (PSF), poly(2,6-dimethyl-1,4-phenylene oxide) (PPO), Matrimid®, and 
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several 6FDA-based polyimides.13, 14  The aging rates of these polymers and the polymers 

considered in this study are plotted as a function of 1/FFV in Figure A.7.  This figure is 

meant to illustrate the general notion that higher free volume polymers tend to age more 

rapidly than lower free volume polymers.  Because physical aging is dependent on other 

factors besides free volume (e.g., polymer structure, thermal transitions, etc.), the actual 

relationship is likely to be more complicated than indicated in Figure A.7.  The aging 

rates of polymers (other than PTMSP) used in this comparison are for films freshly 

quenched from above Tg, presumably leading to more rapid aging rates than if these films 

had been thermally annealed similar to the PTMSP films. 
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Figure A.2: Influence of ellipsometer beam exposure on the refractive index of PTMSP 
films. 
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Figure A.3: Influence of ellipsometer beam exposure on PTMSP film thickness. 
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Figure A.4: Influence of aging time on refractive index of pure PTMSP and crosslinked 
PTMSP films. 
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Figure A.5: Influence of aging time on thickness of pure PTMSP and crosslinked 
PTMSP films. 
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Figure A.6: Influence of aging time on the relative refractive index of pure PTMSP and 
crosslinked PTMSP films. 
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Appendix B: Additional Modeling Considerations 
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SUMMARY 

 

In addition to the modified Struik model described in Chapter 5, other models 

were considered to describe the accelerated physical aging behavior observed in thin 

glassy polymer films.  Film thickness dependence of the glass transition has been 

described in terms of multilayer structures, such as that shown in Figure B.1.  In the 

simplest case, there are regions near the film surface which behave differently than the 

center, or ‘bulk’, region.  Some experimental support for this type of structure has been 

shown in fluorescence and neutron scattering studies.1-3  This idea has been extended in 

an effort to describe accelerated aging in thin glassy polymer films.  The behavior of the 

film is described in terms of a three layer system (i.e., two surface layers and a bulk 

region).  The permeability of the three layer film depends on the thickness and 

permeability of each section, according to a resistance model shown in equation B.1. 

 

 

(B.1a) 

 

 

 

(B.1b) 

 

 

where Pfilm, Psurface, and Pbulk are the permeabilities of the whole film, the surface layer, 

and bulk, respectively; lfilm is the film thickness and lsurface is the thickness of the surface 

region.  Of course, in a real system the layers would not be discrete; a gradient of 
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properties would exist between each region.  This model is used to describe the aging 

behavior of thin glassy films using the aging response of the bulk and surface regions to 

calculate the aging behavior of the films studied experimentally.   

 

 

 

 

 

 

Figure B.1: Schematic of three layer model 

 

RESULTS AND DISCUSSION 

  

The time dependence of the bulk region permeability was determined from aging 

experiments on bulk films, while the behavior and thickness of the surface region were 

determined by a least squares analysis between experimental data and the model 

predictions.  Because the precise aging behavior of the surface region is not explicitly 

known, a linear decrease in permeability with log aging time was assumed.  This 

assumption was based on the nearly linear aging response of the thinnest films studied, 

~20 nm.  Figure B.2 shows the comparison between the model predictions and the 

observed aging behavior.  Although there is some disagreement between the model and 

the experimental data, this simple model is able to capture the general behavior the 

ultrathin films.  For PSF, the thickness of the surface region that best fit the model was 

Surface regions“Bulk”
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15.3 nm.  Figure B.3 shows the time dependence of the bulk and surface region’s 

permeabilities used in the modeling of the PSF aging behavior.   

The same analysis was performed for the Matrimid® films studied in Chapter 5, 

and the comparison between the model predictions and experimental results are shown in 

Figure B.4.  Again, the model roughly captures the aging behavior of these ultrathin 

films.  The thickness of the surface region in the Matrimid® material was determined to 

be 18.3 nm from the fitting procedure.  The O2 permeability of the surface and bulk 

regions of Matrimid® used in the model are shown in Figure B.5. 
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Figure B.2: Comparison of three layer model predictions for PSF with experimental 
data.  The points represent experimental data while the lines were generated 
from the described three layer model. 
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Figure B.3: Aging behavior of the bulk and surface regions of PSF used in the three 
layer model. 
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Figure B.4: Comparison of three layer model predictions for Matrimid® with 
experimental data.  The points represent experimental data while the lines 
were generated from the described model. 
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Figure B.5: Aging behavior of the bulk and surface regions of Matrimid® used in the 
three layer model. 
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Appendix C: Influence of Drying Procedure on Matrimid® Film 
Properties and Solvent Removal 
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SUMMARY 

 

Residual solvent can influence the performance and characteristics of solution-

cast polymer films by acting as a plasticizing agent, resulting in Tg depression and 

enhanced mobility of polymer chains.  Figure C.1 shows the dramatic difference in 

dynamic mechanical behavior of Matrimid® films with different drying histories.  Sorbed 

water in polymeric samples is also known to cause variability in experimental results, 

making it necessary to store the samples in a dry environment.1-4  Thus, it is important to 

use a drying procedure that fully removes the casting solvent and any residual water 

vapor when preparing samples for studies such as dynamic mechanical analysis (DMA) 

and broadband dielectric spectroscopy (BDS).  Another issue that should be addressed 

when studying polyimides is determining the degree of imidization.  The imide linkages 

in polyimides are susceptible to some level of hydrolysis, changing a fraction the polymer 

from the imide form to the amic acid form.  Figure C.2 shows the chemical structure of 

these two forms of Matrimid®.  Because the properties of the amic acid form can be very 

different than those of the polyimide form, it is important to ensure the material is fully 

imidized.5  The influence of incomplete imidization is particularly important in high 

temperature experiments where the polymer may undergo thermal imidization during the 

experiment, a reaction that produces water and can significantly alter results and 

influence polymer behavior.  Prior to conducting the dynamic mechanical analysis 

(DMA) and broadband dielectric spectroscopy (BDS) studies described in Chapter 7, the 

influence of heat treatment and drying conditions on the properties of solution cast 

Matrimid® films was investigated. 
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Figure C.1: Influence of drying conditions on dynamic mechanic response of solution 
cast Matrimid® films. 
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Figure C.2: Matrimid® chemical structure in (a) imide form and (b) amic acid form. 
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EXPERIMENTAL METHODS 

 

Film preparation 

 

Polymer films (thickness ~150 m) were solution cast using Matrimid® flakes 

supplied by Air Liquid/MEDAL and CH2Cl2 as the casting solvent.  The films were 

allowed to dry at ambient conditions for one week and then dried at elevated 

temperatures under a range of conditions.  The notation used to describe the samples 

defines the highest temperature of the treatment and time at that temperature (e.g. 

300_0.5 = dried at 330°C for 0.5 hours).  All samples that were heated above 200°C were 

previously dried for 4 days at 100°C and 1 day at 200°C. 

  

Thermogravimetric Analysis 

 

Thermogravimetric analysis (TGA) was conducted using a Perkin-Elmer TGA 7 

with a nitrogen purge flowrate of 20 mL/min.  All samples were stored in vacuum prior 

to testing and held at 50°C for 2 hours in the TGA before beginning the run to minimize 

any influence of sorbed water.  The samples were then heated to 375°C at a constant rate 

of 5°C/min.   

  

Temperature modulated differential scanning calorimetry 

 

A 2920 modulated DSC (mDSC) from TA Instruments, New Castle, DE, was 

used to characterize the glass transition in the Matrimid® samples.  The polymer samples 

were placed in hermetically sealed aluminum pans and then purged with 150 mL/min of 
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nitrogen.  Again, all samples were stored in vacuum prior to testing and held at 50°C for 

2 hours in the mDSC before beginning the run to minimize any influence of sorbed water.  

The samples were heated from 50oC to 360oC at an underlying heating rate of 5oC/min, 

using a temperature modulation with amplitude 1oC and period 1 minute.  The samples 

where then cooled at 10oC/min to 50oC before beginning the second scan.  Glass 

transition temperatures (Tgs) were reported as the inflection point in thermograms and 

were determined using TA Universal Analysis 2000 software. 

 

Nuclear Magnetic Resonance Spectroscopy 

 

Nuclear Magnet Resonance (NMR) spectra were measured using a Varian Inova 

500 machine.  Matrimid® samples were dissolved in deuterated chloroform and testing 

was performed by Jim Wallin in the Department of Chemistry at The University of Texas 

at Austin.   

 

RESULTS AND DISCUSSION 

 

The influence of drying treatment on the weight loss profile measured using TGA 

is shown in Figure C.3a.  As expected, the amount of weight loss decreases as the 

temperature of the drying treatment increases.  The thermal degradation temperature of 

this material is above 400oC, ruling out degradation as a source of weight loss at the 

temperatures considered.6  The weight decrease recorded in these measurements is 

primarily caused by residual solvent and water vapor loss.  Additionally, if any portion of 

the Matrimid® material thermally converted from the amic acid form to the imide form 

during the experiment, there would be weight loss associated with the removal of water 
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from the reaction.  The influence of more aggressive drying treatments on weight loss 

upon heating is shown in Figure C.3b.  Drying the Matrimid® samples above 330oC did 

not result in any appreciable changes in the weight loss profile.  Samples heated at 350oC 

were no longer soluble in the original casting solvent, indicating some degree of 

crosslinking had occured.  Previous evidence of crosslinking upon heating has been 

reported for this material.7  Figure C.4 shows the weight % remaining at 350oC for the 

samples presented in Figures C.3a and b.  The weight % remaining leveled off at ~99.8 % 

with increasing heat treatment after drying for 0.5 hours at 330oC.   
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Figure C.3: TGA results for various drying treatments. 
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Figure C.4: Weight % remaining at 350°C during TGA experiments. 

 

Figure C.5 presents the influence of the drying conditions on the first scan Tg as 

measured using mDSC.  The samples that were heated at 330oC and 340oC show first 

scan Tg values which are very near the second scan Tg, indicating there is very little 

residual solvent in the sample after these drying treatments.  The mDSC thermogram for 

the glass transition region of the 330_0.5 sample is shown in Figure C.6.   
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Figure C.5: First scan Tg of Matrimid® films with various drying treatments. 
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Figure C.6: DSC results for Matrimid® film dried at 330°C for 0.5 hours. 
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Proton NMR was used to investigate the degree of imidization in the polyimide 

samples and to determine if any casting solvent remained in the dried film samples.  

Figure C.7 presents the 1H NMR spectra for a sample of ‘old’ Matrimid® flakes that had 

undergone some hydrolysis to the amic acid form.  In comparison with proton NMR 

spectra for Matrimid® in the literature, two additional peaks are present, one of which 

corresponds to the amino hydrogen of the polymer’s amic acid from.8  Additionally, two 

peaks are slightly shifted, possibly due to the field changes associated with the amic acid 

form.  Due to the suspected hydrolysis in the ‘old’ Matrimid® material, this material was 

not used in the BDS and DMA studies; a ‘new’ supply of Matrimid® was provided by Air 

Liquid/MEDAL.  The 1H NMR spectra for the as received ‘new’ Matrimid® flakes is 

shown in Figure C.8.  The position of the peaks agrees with literature results for 

Matrimid®, with no additional peaks associated with the amic acid form, indicating that 

the material is fully imidizied.8  Samples from Matrimid® films dried at 330°C for 0.5 

hours, which were redissolved in deuterated chloroform, exhibited identical spectra to the 

‘new’ as received flakes.  No peak near 5.3 ppm, characteristic of methylene hydrogen, 

was seen in the spectra from the dried film sample, indicating the casting solvent had 

been fully removed.   

The final drying step of heating for 0.5 hours at 330oC after drying for 4 days at 

100oC and 1 day at 200oC was chosen as the drying protocol for the DMA and BDS 

studies.  This drying treatment was shown to produce films with virtually no residual 

solvent and avoided any crosslinking that can occur at high temperatures in this material.   
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Figure C.7: 1H NMR Spectra of ‘old’ Matrimid® material. 

 

Figure C.8: 1H NMR Spectra of ‘new’ Matrimid® material. 
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Appendix D: Influence of Temperature on Permeability and 
Selectivity 
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ADDITIONAL COMPARISONS BETWEEN MODEL AND EXPERIMENTAL DATA 
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Figure D.1: Comparison between experimental permeability and model-predicted 
permeability behavior for (a) TMPC, (b) TMHFPC, and (c) PMDA/PIDA 
over specified temperature ranges.1, 2  
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