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An understanding of colloid stability in CO2 as well as the interaction of 

CO2 with polymer thin films is necessary for the intelligent design of CO2-based 

processes for future materials applications.  In-situ spectroscopic ellipsometry 

(SE) was used to measure the thickness and optical properties of nanoscale 

poly(dimethylsiloxane) (PDMS) and poly(methyl methacrylate) films exposed to 

compressed CO2.  Both the sorption and CO2-induced dilation of the thin films 

were measured simultaneously with SE and deviations between the thin films and 

the corresponding bulk films may be attributed to excess CO2 at the free interface 

as well as the influence of film confinement and the compressible nature of CO2 

on the orientation and mobility of the polymers.  SE was also used to measure 

sorption equilibrium and kinetics  and CO2-induced dilation of polyimide (6FDA-

DAM:DABA 2:1) thin films to determine how a gas separation membrane’s 
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structure affects its susceptibility to CO2-induced plasticization.  Both thermal 

annealing and chemical crosslinking reduced the polymer dilation to prevent large 

increases in the CO2 diffusion coefficient at high CO2 pressures. The CO2 

permeability and polymer free volume strongly depend on the annealing 

temperature, and different effects are observed for the crosslinked and 

uncrosslinked membranes and for the thick and thin membranes.  Neutron 

reflectivity (NR) and SE were used to characterize the structure of end-grafted d-

PDMS brushes on SiOx wafers exposed to compressed CO2.  NR revealed two 

distinct regions in the segment density profile as a function of distance from the 

surface.  The thickness and volume fraction profiles for the brush change much 

more with solvent quality than has been seen in previous studies with 

incompressible solvents, due to the high asymmetry in the intermolecular 

interactions, as well as the large compressibility and free volume differences 

between the polymer segments and the solvent.  Turbidity versus time 

measurements were used to determine the critical flocculation densities (CFDs) of 

silica collids in CO2 that were sterically stabilized with end-grafted poly(1H, 1H-

dihydroperfluorooctyl methacrylate) (PFOMA).  The CFDs occurred above the 

UCSD for the corresponding finite molecular weight stabilizer in bulk CO2 and 

corresponded more closely with the Θ-density.  The CFDs decreased (greater 

stability) when temperature was increased or the PFOMA molecular weight was 

decreased.      
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Chapter 1 

Introduction 

 

1.1 SUPERCRITICAL FLUIDS 

1.1.1 Properties 

Recently, a lot of attention has been given to supercritical fluids (SCFs) as 

alternative solvents and as processing aids in various synthetic and transport 

processes.1  A SCF is defined as a compound that is at a pressure (P) and 

temperature (T) above the respective critical values.  A typical P-T phase diagram 

for a compound is given in Figure 1.1.  Once a substance is above its Tc, it can no 

longer be compressed to a liquid.  Thus, there is no meniscus in a SCF.  

The properties of SCFs tend to be intermediate between those of a liquid 

and a gas.  For example, SCFs can have densities similar to conventional liquids 

while at the same time having viscosities and diffusion coefficients that are 

similar to a gas.  Furthermore, the properties of SCFs can be easily “tuned”.  For 

example, as seen in Figure 1.2, the density of carbon dioxide (CO2) can be 

changed from “gas-like” to “liquid-like” densities with very small changes in P 

and/or T since SCFs are highly compressible.  The ability to tune the density of a 

SCF with small changes in P and T leads to many novel opportunities in chemical 

processing and separations. 
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Figure 1.1 P-T phase diagram.2 
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Figure 1.2 Density vs P diagram for CO2.1 
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1.1.2 Carbon Dioxide        

In recent years, supercritical and liquid CO2 have emerged as leading 

alternatives to toxic organic solvents.1,3,4  Annually, billions of pounds of organic 

and halogenated solvents are used in industrial processes.4  Environmental 

concerns over the use of these toxic solvents have spurred the search for viable 

alternatives.  Carbon dioxide is an attractive alternative because it is abundant, 

nontoxic, nonflammable, and the critical points are relatively mild:  Tc = 31.1 oC, 

Pc = 73.8 bar.2  Furthermore, large changes in the density and hence the solvent 

quality of supercritical CO2 can be achieved with small changes in P and/or T.  

Thus, the solvent quality of CO2 can be easily tuned.   

In addition to environmental benefits, CO2 offers other advantages in 

materials processing due to its low surface tension and its ability to swell, 

plasticize, and selectively dissolve compounds.  The unique properties of CO2 

have been used advantageously in the modification of polymeric films through 

extractions and impregnations,2,5 foaming,6 as well as the coating,4 developing,7 

drying, and stripping of photoresist films in lithography.1,8,9 Furthermore, many 

novel colloidal phenomena have been undertaken using CO2 as the solvent, 

including the synthesis and stabilization of emulsions, microemulsions,10,11 

nanocrystals,12 and latexes formed by dispersion polymerization.13  

 In order to use CO2 in environmentally responsible processes, surfactants 

and polymers have to be developed to transport and stabilize insoluble 

dispersions.  Designing effective stabilizers is a difficult challenge since CO2 has 

no permanent dipole moment and has a low polarizability per volume (i.e., weak 
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van der Waals interactions) causing many nonvolatile compounds to be insoluble.  

It has been found that polymers with low surface tension, and hence low cohesive 

energy densities, are most compatible as CO2 stabilizers.  This class of “CO2-

philic” stabilizers includes fluoroacrylates, fluoroethers, siloxanes, propylene 

oxides, polycarbonate copolymers, acetylated sugars, and some hydrocarbons.14-20 

1.2 POLYMERS IN CO2 

1.2.1 Interaction of CO2 with Polymers 

Carbon dioxide exhibits significant specific interactions with many 

polymers, mainly due to its large quadrapole moment.21  These interactions often 

result in high sorption levels of CO2 in many polymers and can also greatly affect 

the solubility of many polymers and surfactants in CO2.  Furthermore, CO2 dilates 

and plasticizes polymers exceptionally well. 

The ability of CO2 to swell and plasticize polymers has led to many 

interesting phenomena.  For example, drastic reductions of the glass transition 

temperature of homopolymers can be induced at relatively low CO2 pressures.22  

Condo and Johnston observed reductions of up to 100 oC in the CO2-induced 

glass transition of poly(methyl methacrylate) (PMMA)22 as shown in Figure 1.3.  

In addition, the phenomenon of retrograde vitrification is observed for the 

PMMA/CO2 system.  Retrograde vitrification occurs when a liquid to glass 

transition takes place with an increase in T and it arises from the complex 

behavior of T and P on the sorption of CO2 in the polymer.23 
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Figure 1.3 Glass transition temperature of PMMA as a function of CO2 pressure 
as measured by creep compliance.22 
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Others have also reported large reductions in the coexistence T of polymer 

blends with sorbed CO2.24  RamachandraRao and Watkins observed reductions of 

up to 90 oC in the lower critical solution temperature (LCST) phase boundary of 

polystyrene-poly(vinyl methyl ether) blends.24  This CO2-induced phase 

separation occurs with the sorption of very small amounts of CO2 (~3.5 wt. %).  

This marked reduction in the phase separation T arises from the increasing 

difference in free volume of the polymer components in the blend facilitated by 

the sorption of CO2.  This disparity in free volume is entropically unfavorable and 

results in phase separation.24    

 Carbon dioxide has tremendous potential in modifying polymeric 

materials.   The ability of CO2 to sorb into and subsequently plasticize many 

polymers, while at the same time remaining a poor solvent for these materials, 

allows for the opportunity to alter polymer morphologies.  For example, 

researchers have demonstrated the use of CO2 as an effective foaming agent6,25 for 

producing microcellular foams in PMMA.   

 Liquid and supercritical CO2 also contribute to materials modification 

through the ability to extract and impregnate compounds into and/or from 

polymeric matrices. Extracting impurities, additives, or unreacted species from 

polymers with compressed CO2 can be advantageous because of the high 

diffusivities, low surface tension, and large swelling and plasticization of the 

polymeric matrices.26  These same properties can also be used advantageously for 

impregnating polymers.  Supercritical CO2 impregnation of polymers with dyes,26 

organometallic complexes,27 and other monomers26 have been demonstrated. 
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Furthermore, CO2’s high volatility offers the advantage of not leaving any 

residues in these materials, a property that has important implications for 

biomaterials applications.       

1.2.2 Polymeric Gas Separation Membranes  

In order to make CO2 an economically viable solvent, novel separation 

methods will have to be developed.  High pressure CO2 separations are attractive 

for avoiding high raw material and recompression costs resulting from the 

expensive nature of most “CO2-phillic” stabilizers along with the high pressures 

involved in supercritical applications.  Polymeric membranes are strong 

candidates for these types of separations.   

Polyimide membranes have excellent gas separation properties especially 

for streams in which the permeated species has a larger diffusion coefficient than 

other components in the feed.  Removing CO2 from natural gas streams or from 

surfactant solutions would be an example of this type of separation.  However, the 

same properties of CO2 that make it effective at dilating and plasticizing polymers 

are detrimental to membrane performance.  In membrane applications, swelling 

and plasticization compromise the selectivity of the membrane.  Thus, designing 

membranes for high pressure CO2-based separations presents a difficult challenge.  

In order for polyimide membranes to be used effectively in high pressure CO2 

separations, an understanding of the CO2/polyimide interactions is a necessity.  

Specifically, it is important to understand how the sorption, dilation, and diffusion 

processes are coupled in a polyimide gas separation membrane in the presence of 

high CO2 concentrations. 
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1.3 POLYMER THIN FILMS 

1.3.1 Thin Film Properties 

In recent years, nanometer scale polymer thin films have drawn 

tremendous interest due to their technological importance in areas such as 

microelectronics, coatings, biomaterials, and membranes. There are many 

applications involving polymer thin films that are currently being developed using 

compressed CO2, including coatings for buildings and electronics,3,4 stabilizers 

for colloidal dispersions,28 and membranes for high pressure CO2 separations.29  

In order to fully optimize these applications, it is important to understand how 

CO2 interacts with thin films. 

Polymer thin films, such as the one displayed in Figure 1.4, are interesting 

because they often exhibit properties that are different from the corresponding 

bulk polymer due to entropic effects and energetic interactions arising at the 

interfaces.  These interfacial effects lead to changes in chain conformation and 

mobility that effect the properties of the entire polymer film, especially when the 

length scales of the interfacial regions become comparable to the length scale of 

the bulk of the film.30-32 

There have been many interesting phenomena observed for confined 

polymer films.  For example, the glass transition temperatures (Tg) of polymer 

thin films deviate from the bulk value and often show a strong thickness 

dependence for films less than ~40 nm.33 Tg’s for supported thin films have been 

observed to either increase or decrease with decreasing film thickness, depending 

on the specific polymer/substrate system.  Generally polymers that strongly
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Figure 1.4 Supported polymer thin film.  Diagram illustrates the “layered 
mobility” model and the callouts highlight the important issues for 
the different regions of the polymer thin film.  
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interact with the substrate, such as PMMA on quartz, show an increase in Tg with 

decreasing film thickness.33  However, films supported on non-interacting 

substrates usually show a decrease in Tg with decreasing film thickness.33  Thus, 

the strength of the polymer/substrate interaction is very important.  There are 

several explanations as to the origins of this behavior such as a layer of increased 

mobility near the free surface (see Figure 1.4).32,33  Several researchers offer 

evidence in support of this model,34 whereas others offer results that question this 

concept.35  Currently, there is not a strong consensus on a detailed description for 

this observed behavior and this highlights the fact that probing these small length 

scales is experimentally challenging. 

In addition to deviations in Tg for polymer thin films, other interesting 

phenomena have also been documented.  McCaig et al. have observed that the 

rate of physical aging in thin polymer membranes is greater than in thicker 

films.36,37  They concluded that this was due in part to diffusion of free volume 

out of the polymer film.  This increased aging results in significant changes in the 

permeation properties of the membrane that occur over experimental time scales.         

1.3.2 End-Grafted Polymer Brushes 

End-grafted polymer brushes have found applications in such areas as 

colloid stabilization,38 adhesion,39 and lubrication.40  There have been numerous 

experimental,41,42 theoretical,43,44 and simulation45,46 studies of end-tethered 

polymer systems.  Polymer brushes are interesting because polymers in a brush 

configuration behave differently than in the melt,47 where chains adopt random 

walk configurations. 
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An end-grafted polymer brush exists when polymer chains are attached by 

one of their terminal ends to an impenetrable substrate.  If the graft density is high 

enough, the chains will stretch away from the substrate.  Examples of end-grafted 

chains are shown in Figure 1.5.  An end-grafted polymer system can be 

considered to be in the “brush regime” when the following condition is satisfied48 

 
 1* 2 >≡ gRσπσ  (1.1) 

 

where σ* is the overlap surface density, σ is the number of chains per area, and Rg 

is the unperturbed radius of gyration.  When σ* < 1, the chains will either be in 

the “mushroom regime” or the “pancake regime” depending on the strength of the 

polymer-substrate interaction (see Figure 1.5). 

 The extent to which an end-grafted brush will stretch away from a surface 

can be understood by simple free-energy balance arguments.47  When exposed to 

a good solvent, a polymer brush will stretch away from the substrate in order to 

maximize the amount of solvent-polymer contacts and minimize the overlap with 

neighboring chains.  However, stretching the chain reduces the configurational 

entropy of the system.  Therefore, the equilibrium height will occur where there is 

a balance between the entropic penalties incurred for stretching the chains and the 

energetic penalties incurred for reducing favorable contacts with solvent 

molecules.47  As the solvent quality is worsened, the brush will contract, since the 

energetic penalties for reducing brush-solvent contacts become smaller. 
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Figure 1.5 Potential configurations of end-grafted polymers.  a.) Brush regime: 
σ* > 1 b.) Mushroom regime: σ* ~ 1 c.) Pancake Regime: σ* < 1. 
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 For applications involving colloidal stabilization, it is important to know 

the interfacial structure of the brush (or stabilizer) layers since they are important 

in determining the steric interactions.  The relevant contributions to the interaction 

forces in colloidal systems are the van der Waals interactions between particles, 

electrostatic interactions, as well as osmotic and elastic interactions arising from 

any adsorbed polymer.49  The osmotic and elastic potentials are both related to the 

volume fraction and thickness of the polymeric stabilizers.49  Thus, the interfacial 

structure of the stabilizing layers is needed to accurately model steric interactions 

between particles. In conventional liquid solvents, several experimental studies 

have probed the effects of solvent quality on the structure of end-grafted 

brushes.41,50 This work provides the first measurements of the structure of an end-

grafted brush in a compressible solvent.    

1.3.3 Thin Films in CO2 

Supercritical and liquid CO2 are being investigated as replacements to 

harsh chlorofluorocarbon (CFC) solvents in the microelectronics industry.  Work 

is ongoing to incorporate compressed CO2 in almost all facets of the 

photolithography process.  The continuously shrinking feature sizes are now 

requiring processing solvents that have low viscosities, high diffusivities, 

adjustable solvent quality, and low capillary forces.  In addition, fluoropolymers 

are becoming more prominent as resists as the feature sizes decrease.  In a single 

conventional fabricating line, over 1 million gallons of harsh solvents are used 

annually.3  Thus, CO2 could drastically reduce the use of these harsh solvents, 
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while at the same time provide the demanding properties that are needed for 

future device processing. 

Work has been undertaken to use compressed CO2 as a solvent for spin-

coating resist films on silicon wafers.3  In addition, CO2 has also been used as a 

solvent for performing free-meniscus thin film coatings of perfluropolyethers 

(PFPEs).  PFPEs are used to lubricate electronic hard disks and as protective 

coatings on stone structures.3,4  Supercritical CO2 is also being used as a solvent 

in developing and stripping photoresist films.9,51,52 Futhermore, the cleaning and 

drying of high aspect ratio features is being successfully carried out using CO2 in 

order to minimize capillary forces and prevent feature collapse.8,9 

Little work has been done to probe on a nanometer scale how CO2 

influences the structures of these thin films.  For example, it will be important to 

know how CO2 swells and interacts with resist structures and porous low-k 

dielectrics as well as how these processes are affected by film confinement.  

Intelligent design of these CO2-thin film applications cannot be achieved without 

probing the in-situ structure of these systems.  This work will contribute to 

understanding the interaction of CO2 with polymer thin films as well as the 

structure of these systems.               

1.4 STERIC STABILIZATION OF COLLOIDS IN SUPERCRITICAL CO2 

1.4.1 Theory and Simulation 

Insoluble dispersions may be sterically stabilized with adsorbed or grafted 

polymers.  Normally, when electrostatic interactions are neglegible, attractive van 

der Waals forces will cause colloidal dispersions to coagulate.  Steric stabilization 
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with polymeric stabilizers can prevent coagulation and flocculation if certain 

criteria are fulfilled: (1) the stabilizers sufficiently cover the surface of the 

particles, (2) the stabilizers are thick enough to impart stability, and (3) the 

stabilizers are sufficiently repulsive with each other to screen the attractive van 

der Waals forces.53 

Monte Carlo simulations and lattice-fluid self-consistent field theory have 

shown that the critical flocculation density (CFD) in compressible solvents occurs 

at the upper critical solution density (UCSD) on the phase boundary for the finite 

molecular weight polymer-solvent system when the chains are thick enough to 

screen the van der Waals forces.54  The proposed relationship between the 

flocculation behaviors of polymer-grafted surfaces with the bulk polymer phase 

behavior is shown schematically in Figure 1.6.  In this compressible solvent, the 

force between two polymer-grafted surfaces is repulsive at high solvent densities.  

As the surfaces are compressed, solvent is expelled from the interface resulting in 

enthalpic penalties that offset any entropic gains.  As the density is lowered, 

solvent expands away from the polymer chains, raising the volume and entropy of 

the system.  At these low solvent densities, there is insufficient solvation to screen 

the inter- and intrachain attractions, the chains collapse and the surfaces 

flocculate.   

1.4.2 Experimental Work 

In previous colloidal studies in CO2, a CFD was observed where a small 

change in pressure resulted in a sharp decrease in the colloidal stability.  The 

previous theory and simulations of polymeric stabilizers in a supercritical fluid
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Figure 1.6 Proposed relationship between chains on a surface and chains in the 
bulk.43 
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concluded that the onset of flocculation should occur at the UCSD on the phase 

boundary for the same molecular weight polymer in CO2.45  The experimental 

confirmation of the relationship between the CFD and the UCSD has been mixed.  

In most of these experimental studies extraneous variables existed that made a 

direct comparison to theory and simulation difficult.  Often times the systems 

were physisorbed and dynamic in nature.  The presence of free polymer can lead 

to complex behavior.28  In other studies, it can be difficult to determine whether 

the stabilizer being used is in the infinite molecular weight limit.14  In this limit, 

the UCSD corresponds to the Θ–density (ρΘ). 

The only study that attempted to look at a model grafted system was Yates 

et al.38  Yates et al. studied model silica colloids grafted with poly(dimethyl 

siloxane) (PDMS) homopolymers in CO2, but they were unable to achieve stable 

dispersions without the aid of a hexane co-solvent.38  This result is puzzling, 

based on the phase behavior of PDMS in CO2 and the simulation and theoretical 

predictions of colloid stability in a compressible solvent.  Several speculations 

were given for the discrepancy, such as weak tail-solvent interactions and strong 

chain-substrate interactions.  These problems could have resulted in coagulation 

of the particles due to van der Waals forces.  It was also suggested that the 

stability of these systems could correlate with ρΘ instead of the UCSD.  A ρΘ 

correlation has been suggested in other colloidal stabilization studies in 

conventional solvents using stabilizers with both UCST and LCST behavior.55,56 

Currently, these issues remain unresolved for compressible solvents. 
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1.5 IN-SITU METROLOGY FOR SUPERCRITICAL FLUIDS  

1.5.1 Specular Reflectivity for Polymer Thin Film Analysis 

1.5.1.1 Spectroscopic Ellipsometry 

Spectroscopic ellipsometry has been used to study many problems in 

polymer thin films at atmospheric conditions such as swelling of polymer 

films,57,58 glass transition temperatures,33 and adsorption of surfactants.59,60 In 

spectroscopic ellipsometry, the change in polarization state of light reflected from 

a film is measured and used to determine both the thickness and refractive index 

of the thin film.61,62  This concept is illustrated in Figure 1.7.   

The theory behind ellipsometry is well established.61,62 The effect of the 

reflection of light from a film will depend on several variables such as the 

wavelength of light and the angle of incidence as well as the thickness and optical 

properties of all the films.  We can describe the light beam by first defining an 

imaginary plane of incidence perpendicular to the film.  Additionally, we can 

further characterize this electric wave using orthogonal basis vectors, where the 

amplitude of the wave in the plane of incidence (p-wave) is given as Ep, and the 

amplitude of the wave perpendicular to the plane of incidence (s-wave) is given as 

Es.  In the case of a single interface, as shown in Figure 1.8a, the ratio of the 

amplitude of the reflected beam to the incoming beam is given by Equations 1.2 

and 1.3 for the p- and s-waves respectively62 
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Figure 1.7 Typical geometry of an ellipsometric experiment, showing the p- and 
s-directions.  The light is linearly polarized initially and is elliptically 
polarized after being reflected from the sample. 
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Figure 1.8 a.) Radiation interacting with a single plane parallel interface 
between Material 1, with refractive index N1, and Material 2, with 
refractive index N2.   b.) Diagram of the beam path in a sample 
comprised of a film, with thickness d and refractive index N1, 
between Material 0, with refractive index N0, and Material 2, with 
refractive index N2. 
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Ni is the complex refractive index of medium i and is given by 

 

 jknN ii −=  (1.4) 

 

where ni is the real part of the refractive index, k is the extinction coefficient, and 

j is the imaginary number.  In the special case of a single interface, rp and rs are 

more commonly referred to as the Fresnel reflection coefficients. 

When a film is present on a substrate, i.e. when two interfaces are present, 

the equations describing the ratio of the amplitudes of the outgoing wave to the 

incoming wave are modified.  This scenario is shown schematically in Figure 

1.8b.  The resultant equations for the ratios of the p and s-waves, respectively, are 
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where Rp and Rs are the total reflection coefficients, rx,y are the Fresnel reflection 

coeffiecients between interfaces x and y, and β is the optical thickness that 
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describes the phase change of the wave as it moves from the top to the bottom of 

the film.62  β is given in Equation 1.7 for the situation shown in Figure 1.8b 

 

 22 cos)(2 φ
λ

πβ Nd
=  (1.7) 

 

The fundamental equation of ellipsometry is61 
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where Ψ and ∆ are the quantities that the ellipsometer actually measures.  The Ψ 

term is related to the magnitude of the total reflection coefficients given in 

Equations 1.5 and 1.6, and the ∆ term is related to the relative phase shift between 

the p and s-waves before and after reflection.  Thus, by measuring Ψ and ∆ with 

an ellipsometer, important information such as the thickness and refractive index 

of a film on a substrate can be extracted.  Typically this is done itteratively by 

assuming a model, such as that in Figure 1.8b, and varying the thickness and 

optical constants in the model until the calculated values of Ψ and ∆ match the 

experimentally measured values. 

1.5.1.2 Neutron Reflectivity 

Neutron reflectivity has been used to study many important phenomena in 

polymer thin films including the effect of solvent quality on the structure of 

polymer brushes,41,50 the interfacial structure of polymeric coatings on a 
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nanometer scale,63 and the diffusion of polymers at interfaces.31,64  Due to the 

very small wavelength of neutrons (~ 0.15 nm), excellent depth resolution (< 1 

nm) can be achieved with this technique.65,66 However, the drawbacks of neutron 

reflectivity are that it is not readily available and significant times are required for 

data collection. 

The theoretical development for describing the reflection of neutrons is 

essentially analogous to that described above for ellipsometry with a few key 

differences.  In neutron reflectivity, the measured quantity is the ratio of reflected 

neutron intensity to the incident neutron intensity.  In contrast, ellipsometry is 

concerned with the change in polarization of reflected light relative to incident 

light.  Thus, phase information is lost when measuring neutron reflectivity. 

The refractive index of neutrons in a material is65 

 

 Γ+−= jn δ1  (1.9) 

 

where δ is the real part of the refractive index and Γ is the imaginary part that 

accounts for absorption.66 Γ is 0 for non-magnetic materials.  The real part of the 

refractive index, δ, is defined as 
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where NA is Avogadro’s number, ρ is the mass density, λ is the neutron 

wavelength, bmon is the neutron scattering length (NSL) of a monomer unit, and 

Mmon is the molecular weight of a monomer unit.66 

One of the challenges in using neutron reflectivity with high-pressure CO2 

applications is ensuring that there is sufficient contrast between the polymer film, 

the surrounding medium, and the substrate. As seen in Equations 1.9 and 1.10, the 

neutron refractive index of a material can be primarily tuned by changing the 

density of the material or by changing the NSL.  The NSL can be tuned by 

deuterating the polymer of interest, since the scattering lengths of hydrogen (-.374 

X 10-12cm) and deuterium (.667 X 10-12 cm) are markedly different.67  The effect 

of density on the neutron refractive index is normally not that important, but in 

CO2 applications there is a significant effect in the neutron scattering length 

density (NSLD) as the CO2 is compressed above its critical point or into the liquid 

state as seen in Figure 1.9.  The increased NSLD for CO2 can significantly effect 

the contrast between the polymer and the solvent.  This problem is compounded 

by the fact that the effective NSLD for the polymer film changes when it is 

swollen by CO2, further reducing the contrast between solvent, polymer, and 

substrate.  Thus, it is important to have a good initial contrast between the dry 

sample and the CO2 solvent. 

In a typical experiment, the neutron reflectivity is measured as a function 

of the z-component of the neutron momentum transfer, qz,0 

 

 θ
λ
π sin4
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Figure 1.9 NSLD of CO2 at 35 oC. 
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The angle θ in Equation 1.11 can be related to the angle φ in Figure 1.8 as follows 

 

 ii φθ −= 90  (1.12) 

 

The derivation to describe the reflection of neutrons from a film is similar to that 

described for ellipsometry, i.e. the total reflection coefficient for a film on a 

substrate (see Figure 1.8b) is 
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In the case where the reflection coefficients are real, the neutron reflectivity, ℜ, 

is65 
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Differentiation of the above equation shows that successive minima will occur in 

the reflectivity profile when the argument of the sine function is an even multiple 
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of π.  Therefore, the thickness of the film can be extracted from the difference 

between two successive minima in the reflectivity profile 
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 Due to the excellent resolution of this technique, it is especially sensitive 

to small variations in NSLD normal to the substrate.  Therefore, both thickness 

and segment density profiles can be extracted from the reflectivity data.  The 

procedure for extracting these important physical quantities is analogous to that 

described previously for fitting spectroscopic ellipsometry data. 

1.5.2 Turbidity 

There are several techniques that can be used to monitor the stability of 

colloidal dispersions.  A fast real-time technique that has been successfully used 

to characterize colloidal dispersions in SCFs is turbidity.14,38  The turbidity of a 

nonabsorbing dispersion, τ, is a measure of light attenuation caused by 

scattering68 
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where L is the path length and I and Io are the measured intensity and the initial 

intensity, respectively. 
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There are several ways to define stability for dispersions in a SCF.  One 

method involves measuring τ as a function of time at a given T and P.  With this 

method, the stability of the dispersion is related to the initial slope of the τ  vs 

time curve, i.e. 
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With this method, stable dispersions will have a slope that is nearly 0.  

When the dispersion flocculates, |dτ/dt| will typically increase by ~2 orders of 

magnitude.  Another method for determining stability is to measure τ as a 

function of time while the pressure is decreasing at a slow, constant rate.  For 

identical particles, τ scales with the volume of the particles, V, and the particle 

concentration, N69  

 

 NV 2~τ  (1.19) 

 

From Equation 1.19, it can be seen that if 2 particles flocculate to form a single, 

larger particle, then N will decrease by a factor of 2 and V will increase by a factor 

of 2, resulting in an increased τ.  Thus, the onset of flocculation instability in our 

dispersions can be determined by the onset of increases in τ as the pressure is 

decreased at a slow, constant rate.  In the present study, we determined the 

stability of colloidal dispersions in supercritical CO2 using both methods.         
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1.6 OBJECTIVES 

In Chapter 2, spectroscopic ellipsometry is used to monitor the swelling of 

supported PDMS thin films (~100 nm) exposed to high pressure CO2.  In-situ 

spectroscopic ellipsometry allows us to independently determine both the 

thickness and refractive index of the swollen films.  The swelling of the PDMS 

films is determined directly from the thickness and the concentration of CO2 in 

the swollen films is estimated by application of the Clausius-Mosotti equation to 

the refractive index and thickness of the film.  The objectives of this study are to:  

(1) demonstrate the feasibility of using spectroscopic ellipsometry as a probe for 

thin films (~100 nm) exposed to high pressure fluids, (2) assess the accuracy of 

window corrections on the ellipsometric data to account for window birefringence 

in a thin film/high pressure fluid experiment, (3) simultaneously measure both 

swelling and sorption of CO2 into a polymer thin film with a single ellipsometric 

scan, and (4) compare the swelling of the thin films to the swelling of bulk PDMS 

and account for the differences. 

Chapter 3 examines the interaction of CO2 with supported PMMA thin 

films (~85-325 nm), with particular emphasis in the P and T regions where CO2 is 

highly compressible.  Based on previous simulation studies,45 our hypothesis is 

that CO2 may produce unusual results in the swelling of soft penetrable surfaces.  

The objectives of this study are to:  (1) investigate the swelling and optical 

properties of supported PMMA thin films exposed to supercritical CO2, (2) 

develop a mechanistic explanation of the observed thin film swelling by varying 

the initial film thickness and using different substrates, (3) quantify the critical 
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adsorption of CO2 on an impenetrable substrate, and (4) monitor how CO2 effects 

the glass transition of PMMA thin films. 

Chapter 4 examines how a polyimide gas separation membrane’s structure 

affects its susceptibility to CO2-induced plasticization.  Spectroscopic 

ellipsometry is used to measure the sorption of CO2 and subsequent dilation of 

supported polyimide thin films with differing thermal and chemical crosslinking 

treatments.  Furthermore, permeation and pressure-decay sorption measurements 

are performed on thicker free-standing polyimide films.  The objectives of this 

study are to:  (1) understand how sorption, dilation, and diffusion processes are 

coupled in a plasticized gas separation membrane, (2) investigate how the 

polyimide structure may be modified by both thermal and chemical treatments to 

control the penetrant diffusion coefficient in the presence of high CO2 

concentrations, (3) correlate plasticization of the membranes to changes in the 

sorbed CO2 partial molar volume, and (4) investigate plasticization behavior on 

films with thicknesses that are relevant to selective skins in asymmetric hollow 

fiber membranes. 

Chapter 5 investigates the kinetic aspects of the CO2-induced 

plasticization of polyimide gas separation membranes.  Similar techniques are 

used as in Chapter 4.  The objectives of this study are to:  (1) understand how the 

time dependence of CO2 diffusivity, sorption, and membrane dilation are coupled 

in a plasticized polyimide gas separation membrane, (2) investigate how the 

membrane structure may be tailored by thermal annealing and chemical 

crosslinking to minimize plasticization effects, (3) fit relaxation functions to the 
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kinetic data to quantify effects of thermal and chemical crosslinking treatments on 

the long-term chain relaxations, and (4) compare relaxations between bulk films 

and films with thicknesses relevant to selective skins in asymmetric membranes 

(~120 nm). 

In Chapter 6, neutron reflectivity is used to investigate the structure of an 

end-grafted polymer brush exposed to CO2.  Neutron reflectivity allows the in-situ 

determination of both the chain extension and the segment density profile.  The 

objectives of this study are to:  (1) make the first experimental measurements of 

the structure of an end-grafted brush in a supercritical solvent, (2) tune the solvent 

quality of CO2 to manipulate the chain extension and segment density profile of 

end-grafted d-PDMS, (3) compare the observed brush structure to previous 

simulations and theoretical predictions of brushes in compressible solvents as well 

as to previous theory, simulations, and experimental work on brush structure in 

incompressible solvents, and (4) explain the structure and observed differences in 

terms of the relevant intermolecular interactions and the compressibility of the 

solvent and polymer. 

In Chapter 7, spectroscopic ellipsometry is used to characterize the chain 

extension of d-PDMS brushes.  The objectives of this study are to:  (1)  

demonstrate the feasibility of using spectroscopic ellipsometry to analyze end-

grafted polymer brushes in compressed CO2, (2) investigate different models for 

extracting the chain extension and optical properties of the swollen brushes, and 

(3) compare the results with the neutron reflectivity measurements in Chapter 6. 
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Chapter 8 investigates the stability behavior of model silica colloids that 

are sterically stabilized with end-grafted poly(1H,1H-dihydroperfluorooctyl 

methacrylate) (PFOMA).  The objectives of this study are to:  (1) determine the 

stability (CFD) of PFOMA-grafted silica colloids in CO2 as a function of T and 

stabilizer molecular weight, (2) correlate CFDs to the bulk phase behavior of the 

stabilizer (UCSD and ρΘ), and (3) compare the results with previous theory and 

simulation of colloidal dispersions in compressible fluids.       
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Chapter 2   

Spectroscopic Ellipsometry Investigation of the Swelling of 
Poly(dimethylsiloxane) Thin Films with High Pressure Carbon 

Dioxide 

 
Reprinted with permission from: 

 
Sirard, S.M.; Green, P.F.; Johnston, K.P. J. Phys. Chem. B 2001, 105, 766-772.  
Copyright 2001 American Chemical Society. 

 
 

The thickness and refractive index of poly(dimethylsiloxane) (PDMS) thin 

films on silicon, exposed to high pressure carbon dioxide, have been measured in-

situ by spectroscopic ellipsometry.  The swelling of the film is determined from 

the thickness and the sorption of CO2 from the refractive index.  The sorption and 

swelling for the thin films exceed the values for bulk films.  These increases may 

be attributed to excess CO2 at the polymer thin film-CO2 and polymer-silica 

interfaces, and the influence of the silica surface and CO2 on the orientation of the 

polymer.  Pressure-induced birefringence of the fused-silica windows was 

addressed in the model calculations and corrections were found to be successful 

for a thermal oxide reference wafer and the PDMS films.  Large surface excesses 

of CO2 on the reference wafer were observed in regions where CO2 is highly 

compressible due to critical adsorption. 
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2.1 INTRODUCTION 

The emergence of carbon dioxide (CO2) as an alternative to toxic organic 

solvents has led to many opportunities in polymer synthesis and processing.1-3  

Carbon dioxide is nontoxic, nonflammable, and inexpensive.  In addition, the 

solvent quality of supercritical CO2 can be tuned markedly with small variations 

in pressure and/or temperature.  Liquid and supercritical CO2 may be used 

advantageously for coatings,1,4 deposition of metals onto substrates,5 

impregnation6 and extraction of polymers,7 polymer surface modification,8 and 

development of photoresists in lithography.9-11  Many of these applications take 

advantage of carbon dioxide’s ability to swell polymers reversibly by tuning the 

CO2 activity with pressure and temperature. 

The swelling of bulk cross-linked rubbery polymers, such as PDMS, by 

CO2
12,13 has been investigated thoroughly.  However, studies of the swelling of 

uncross-linked PDMS with CO2 are rare.  Garg et al. made predictions of the 

swelling of PDMS melts with CO2 by modeling their solubility data with the 

Sanchez-Lacombe equation of state.14  Only recently have direct experimental 

measurements of the swelling kinetics and equilibrium of liquid PDMS with CO2 

been reported.15,16   

Thin polymer films often exhibit properties that are substantially different 

than those of bulk films due to changes in polymer chain conformation and 

mobility near interfaces.17-19  For example, glass transition temperatures can 

change with film thickness.18  Substrate or interface effects have been shown to 
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influence polymer properties for films as thick as 50Rg (where Rg is the 

unperturbed radius of gyration).20  

The unique properties of CO2 make it an attractive candidate for 

manipulating and controlling surface properties of polymer films.  Despite the 

potential uses of CO2 in polymer thin film applications, in-situ studies of thin 

films under high pressure are scarce due to experimental challenges.  Fishburn21 

reported the in-situ adsorption of poly(dimethylsiloxane) (PDMS) from 

supercritical CO2 using surface plasmon resonance (SPR).  Kleideiter et al.22 used 

SPR to study the pressure dependence of the thickness and refractive index of 

poly(methyl methacrylate) films in contact with incompressible liquid solvents 

such as water, ethanol, and methanol.   

Our goal is to develop spectroscopic ellipsometry as a viable alternative 

for the characterization of polymer thin films exposed to high pressure CO2.  

Spectroscopic ellipsometry is a convenient technique for analyzing thin films23-25 

because of the speed of the measurements as well as the automation of both the 

data collection and analysis.  Ellipsometry has been used to study a variety of 

polymer thin film phenomena occurring in both air and liquid solvents including:  

adsorption of polymers and surfactants on to surfaces,26-29 glass transition 

temperatures,18,24,30,31 diffusion in thin films,32,33 and swelling of polymer 

films.24,34-37  In addition, Schmidt and Moldover38 measured the thickness of 

vapor-liquid interfaces of several compounds near their critical points using 

ellipsometry and Hayfield39 used ellipsometry to monitor high pressure gas and 

liquid reactions.  
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Swelling and sorption for thin polymer films (< 200 nm) exposed to CO2 

have not been reported previously.  In this work, we demonstrate that 

spectroscopic ellipsometry may be utilized to characterize polymer thin films (~ 

100 nm) swollen by fluids at elevated pressures, in this case CO2.  Ellipsometry is 

used to determine simultaneously the thickness and refractive index of swollen 

PDMS films, which were not cross-linked.   The swelling of the PDMS film with 

CO2 is determined directly from the thickness.  Furthermore, the concentration of 

CO2 dissolved in the film (sorption) has been estimated by application of the 

Clausius-Mosotti equation to the refractive index and thickness of the film.  The 

measured swelling and estimated CO2 sorption in the thin films were compared 

with those in bulk PDMS, and the differences are explained mechanistically.  

Window birefringence in the ellipsometric data was accounted for in the model 

calculations.  The effectiveness of the window corrections were tested by taking 

ellipsometric scans on a thermal oxide wafer under varying pressures and 

temperatures. 

2.2 THEORY 

2.2.1 Ellipsometry 

In ellipsometry, light of a known polarization state is reflected off a planar 

surface and the resultant change in the polarization state of the light can be can be 

used to determine film thickness and refractive index.23-25  The two ellipsometric 

angles, Ψ and ∆, are related to the total reflection coefficients 
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where Rp and Rs are the total reflection coefficients, and the subscripts p and s 

refer to the basis vectors that are used to describe the polarization state of the 

light.  The p-direction lies within the plane of reflection and the s-direction is 

orthogonal to the plane of reflection.  The ellipsometric angles, Ψ and ∆, are a 

function of the wavelength of light, λ, the angle of incidence, Φo, the refractive 

index of the ambient, no, the refractive index and thickness of each layer on the 

substrate, ni and hi respectively, and the complex refractive index of the substrate, 

Nk.  The angle ∆, in Equation 2.1, is defined as the phase shift induced by 

reflection of the light25   
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where δi and δr refer to the phase difference between the p-wave and s-wave 

before and after reflection of the light, respectively.  The angle Ψ, in Equation 

2.1, is related to the ratio of the amplitude ratios before and after reflection24 
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The thickness and refractive index can be extracted from the 

experimentally measured Ψ and ∆ pairs by fitting to a model.  The best fit to the 

experimental data is determined by minimizing the mean square error (MSE) 

 

 ∑
= ∆Ψ 























 ∆−∆
+









 Ψ−Ψ
−

=
N

i i

ii

i

ii

MN
MSE

1

2

exp
,

expmod2

exp
,

expmod

2
1

σσ
 (2.4) 

 

where N is the number of (ψ,∆) pairs, M is the number of variable parameters, σ 

are the standard deviations of the experimental data points, and the superscripts 

mod and exp refer to model and experimental values, respectively. 

One of the major experimental challenges in high pressure ellipsometry is 

birefringence of the windows.  Birefringent windows can corrupt the polarization 

state of the light causing large errors in the calculated properties of the sample.  In 

addition, non-birefringent windows can become birefringent due to pressure-

induced window strain.38  Various studies have addressed the difficulties that arise 

when windows are used in ellipsometry measurements.24,38,40-42  Stagg and 

Charalampopoulos concluded that errors of 30% or greater were observed for the 

refractive indices of films when window birefringence was not accounted for in 

the analysis.40  Thus, window birefringence cannot be safely neglected in 

ellipsometry measurements. 

In this work we characterize and correct for window birefringence using a 

procedure developed by the J.A. Woollam Co., Inc.43  This method separates the 

window corrections into orthogonal “in-plane” and “out-of-plane” components.  
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The “out-of-plane” window corrections are determined independently by running 

the ellipsometer calibration44 algorithm.  The “in-plane” window effects, 

however, cause an offset in the sample’s ∆ parameter.  Therefore, the offset in ∆ 

due to the “in-plane” window effects is included as a fit parameter in the model. 

2.3 EXPERIMENTAL 

2.3.1 Materials 

PDMS end-capped with a trimethylsilyl group (MW = 188 000, Mw/Mn = 

1.17) was purchased from Polymer Source Inc.  Prior to coating, the PDMS was 

dissolved in hexane (OmniSolv, HPLC grade).  The PDMS/hexane solution was 

spin coated onto silicon wafers (111) that were approximately 0.5 mm thick.  The 

silicon calibration wafer (J. A. Woollam Co., Inc.) contained an  oxide layer 

grown at high temperatures (thermal oxide) that had an average thickness of 30.6 

nm as measured by ellipsometry. 

2.3.2 Sample Preparation 

The calibration wafer was cut into 1 cm x 1 cm squares, rinsed with 

acetone, and dried with nitrogen (Matheson Gas Products; >99.999%) prior to all 

calibration experiments.  The silicon wafers that were used for spin coating were 

also cut into 1 cm x 1 cm squares and were initially cleaned in a piranha solution 

at 110 oC for 30 min.  The piranha solution is composed of a 70:30 (v/v) of 95% 

sulfuric acid (Mallinckrodt, analytical grade)/30% hydrogen peroxide (EM 

Science).45  The wafers were then rinsed with voluminous amounts of deionized 

water (NANOpureII; Barnstead). The wafers were dried with nitrogen gas and 

then placed in a vacuum oven at 40 oC for 2 h. 
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Prior to coating the silicon wafers, the thickness of the native oxide was 

measured by ellipsometry.  The native oxide thickness was between 1.5-2.0 nm in 

all of the experiments.  A photo-resist spinner (Headway Research, Inc.) was used 

to spin coat the PDMS films.  The concentration of the PDMS/hexane solution 

was varied until a PDMS thin film with a dry thickness of approximately 100 nm 

was formed at a spin rate of 4500 rpm for 15 s.  The coated wafers were then 

placed in a vacuum oven for 2 h to remove any residual solvent.  

2.3.3 Ellipsometry 

A M-44 spectroscopic ellipsometer set up in the rotating analyzer 

configuration (J.A. Woollam Co., Inc.) was used for all of the experiments.  The 

angle of incidence for all measurements was 70o from the vertical and the 

wavelength range was 410-750 nm.  A high pressure ellipsometry cell, as shown 

in Figure 2.1, was constructed of stainless steel and contained two fused silica 

windows (1.5 cm dia. x 1.0 cm thick, Almaz Optics) at an angle 20o from vertical, 

so that the light beam was normal to the windows.  Deviations from normal 

incidence can cause a polarization change of the light as well as large 

uncertainties in the angle of incidence of the light on the sample.46  

Once the sample was loaded into the cell, CO2 (Matheson Gas Products; 

>99.99%) was charged to the cell using a manual pressure generator (RUSKA 

Instrument Corporation).  Pressure was controlled to within +/- 0.2 bar with a 

strain gauge pressure transducer (Sensotec).  The windows were sealed to a 

threaded cap by using epoxy on the outside surface of the windows.  The caps 

were then sealed to the body with buna-90 o-rings (American Packaging and



 46

 
 
 
 
 

 
 

Figure 2.1 High-pressure ellipsometry cell and experimental set up. 
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Gasket Co.).  At least 10 minutes were allowed between measurements after 

changing the pressure.  Dynamic ellipsometry scans showed no appreciable 

changes in the ellipsometric angles after this delay. 

The cell was heated using 4 cartridge heaters (0.25 in dia, 3 in long; 

Omega) that were inserted at the top of the cell.  Temperature was controlled to 

within +/- 0.1 oC using a PID temperature controller (Omega).  The cell was 

allowed to reach thermal equilibration for at least 90 min at each temperature.  

The ellipsometric angles did not vary after this equilibration time. 

2.3.4 Calibration Wafer Measurements 

In order to test the effectiveness of the procedure for characterizing and 

correcting for induced window birefringence in the ellipsometric data, scans were 

performed on a calibration wafer that contained a thermal oxide, at different 

pressures and temperatures.  The 4-layer model used for fitting the ellipsometric 

data for the calibration wafer is given in Figure 2.2a.  The model contains a CO2 

layer, a thermal oxide layer, a fixed 1.0 nm Si-SiO2 interface layer, and a silicon 

substrate layer.  Justification for using this model is given elsewhere.47  The 

refractive indices, as a function of wavelength, of the thermal oxide, Si-SiO2 

interface layer, and the complex refractive index of the silicon substrate were 

fixed from literature values.47  The refractive index of CO2 was also taken from 

literature values,48 and modeled as a function of wavelength by fitting the 

literature values, at each temperature and pressure of interest, to a second order 

polynomial equation.  The ellipsometric data were fit to determine the thickness 

of the thermal oxide layer, the angle of incidence, and the ∆-offset parameter (“in- 
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Figure 2.2 a.) 4-Layer optical model used to model the calibration wafer with a 
thermal oxide b.) 4-Layer optical model used to model the swollen 
PDMS films. 
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plane” window correction), by using software (WVASE32, J. A. Woollam, Co. 

Inc.). 

2.3.5 Swelling Experiments 

Silicon wafers containing thin native oxide layers were used as substrates 

for the swelling experiments.  The standard 4-layer model used for fitting these 

experimental data is given in Figure 2.2b.  The model contains a CO2 layer, a 

polymer layer (PDMS + CO2), a native oxide layer, and a silicon substrate layer.  

The refractive indices, as a function of wavelength, were fixed from literature 

values for the CO2,48 the native oxide,49 and the silicon substrate.50  The fitted 

parameters for the swelling experiments were the same as those in the calibration 

scan, with the exception that the refractive index of the swollen PDMS layer was 

also required.  The refractive index of the swollen PDMS layer was modeled as a 

function of wavelength by assuming a Cauchy dispersion relationship, that is 

valid for most transparent polymers and solvents51 

 

 ....)( 2 ++=
λ
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2.4 RESULTS AND DISCUSSION 

2.4.1 Calibration Wafer Measurements 

The effects of window birefringence were studied with the thermal oxide 

calibration wafer.  The thermal oxide had an average thickness of 30.6 nm as 

measured by spectroscopic ellipsometry under ambient conditions without 
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windows.  Figure 2.3 shows a representative set of experimental (ψ,∆) pairs from 

a scan on the calibration wafer at 25 oC and 72 atm.  Excellent fits to the 

experimental data were achieved when the effects of window birefringence were 

measured and accounted for in the model calculations.  Figure 2.4 shows the 

percent deviation of the measured thermal oxide thickness under pressure from 

the thickness of the oxide layer measured in ambient air without windows.  The 

maximum deviation was ± 4%.  These deviations could in part be due to surface 

roughness from the incident beam striking different areas on the wafer.  

An interesting observation in Figure 2.4 is that the thickness 

measurements exhibit similar trends as adsorption data for gases near the critical 

point.52-54  Findenegg52 showed that the surface excess of gases on homogeneous 

graphitized carbon black surfaces exhibits a maximum near the critical pressure 

for near critical temperatures and at the saturation pressure for subcritical 

temperatures.  Similar results were obtained by Strubinger et al.54,55 for adsorption 

isotherms of CO2 on both unmodified and chemically modified silica.  

The surface excess, Γex, is given by 
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where ρ(z) is the density of the fluid at a distance z from the solid surface, ρbulk is 

the density of the bulk fluid, and zo refers to the surface of the solid.  Below the 

critical pressure ρ(z) exceeds ρbulk  since the surface attracts the fluid more 

strongly than the fluid interacts with itself.56 In regions where the bulk fluid is
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Figure 2.3 Experimental (ψ, ∆) pairs from a scan on the calibration wafer at 25 
oC and 72 atm. 
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Figure 2.4 Deviations of the thermal oxide thickness measured in air under 
ambient conditions with the thickness measured under different CO2 
pressures and temperatures.  (●) 25 oC, (■) 32 oC, and (▲) 50 oC.  
The lines highlight the trends in the data. 
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highly compressible, the deviations in ρ(z) and ρbulk become large.  Above the 

critical temperature, the maximum in isothermal compressibility of a bulk fluid 

decreases and shifts to higher pressures with an increase in temperature.  

Similarly, the adsorption maximum decreases and shifts to higher pressures with 

increasing temperatures above the critical temperature.54,55  Below the critical 

temperature, a discontinuity in the CO2 excess was observed near the saturation 

pressure.  Each of these trends is observed in Figure 2.4, although the number of 

data points near the maximum is limited.  For example, the maximum shifts to a 

higher value and a higher pressure as the temperature is increased from 25 oC to 

32 oC .  Additional data points would be needed to find that maximum at 50 oC.  

The reason ellipsometry is sensitive to this critical adsorption is that there is 

sufficient refractive index contrast between the CO2 wetting layer and the bulk 

CO2. 

Strubinger et al.54,55 find a maximum adsorbed CO2 layer on silica of 

approximately 1 nm at 50 oC and at pressures between 90 bar – 100 bar.  A 1 nm 

layer in our measurements would produce a deviation of 3%, which is on the 

order of the changes in thickness in Figure 2.4 at 50 oC and 100 atm.  Therefore, 

our measurements show excess CO2 multilayers that approach 2-3 molecular 

diameters in thickness. 

The consistent agreement between the measured thermal oxide thickness 

under pressure and without windows justifies our procedure for correcting 

window birefringence.  In addition, there was excellent reproducibility between 
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the thickness (+/- 1.1%) and refractive index (+/- 1.0%) of the PDMS films 

measured in air and those measured inside the cell at ambient pressure. 

2.4.2 Swelling/Sorption of PDMS Thin Films 

 In the ellipsometry measurements, it was assumed that the swelling of the 

film was uniaxial, as adhesion to the surface limits in-plane swelling.57,58  Using 

this assumption, the equilibrium percent swelling of the polymer film, Sf, is given 

by 
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where ho is the initial thickness of the film.  In Sefcik’s work,58 the dilation of 

polycarbonate films (~5 µm) by CO2 and poly(isobutylene) films (~ 5 µm) by 

pentane were measured using an optical interferometry technique.  Both films 

were cast onto quartz windows.  Sefcik tested the uniaxial swelling assumption by 

measuring the thermal coefficient of expansion for the polymer specimens.  The 

measured thermal coefficients of expansion agreed well with the known cubic 

thermal coefficients of expansion.  Additional justification of the uniaxial 

swelling assumption is given by Fleming and Koros, where good agreement was 

found between the uniaxial swelling data in Sefcik’s work (after correcting the 

film refractive indices) and isotropic swelling data for bulk specimens.58-60  

The experimental (ψ,∆) pairs for PDMS swollen with CO2 at 71 atm and 

25 oC are shown in Figure 2.5.  Excellent fits to the ellipsometry data were 

obtained which resulted in highly reproducible isotherms with an uncertainty in 
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Figure 2.5 Experimental (ψ, ∆) pairs from a scan on a swollen PDMS film at 25 
oC and 71 atm. 
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swelling typically less than 1%.  Generally, it was observed that the minima and 

maxima in the ψ and ∆ plots shifted towards higher wavelengths as the CO2 

pressure was increased and the polymer became more swollen.  As shown in 

Figure 2.6, the swelling isotherms at 25 oC for both sorption and desorption do not 

exhibit hysteresis. For liquid polymers, hysteresis is not expected.  The swelling 

isotherm exhibits a characteristic sigmoidal shape as seen for bulk CO2-polymer 

systems.12,13  Swelling as high as 112% was observed at 120 atm.  Near the vapor-

liquid phase transition difficulties in aligning the sample arose due to light 

scattering. 

The swelling of the liquid PDMS thin film with CO2 at 25 oC was 

compared with the data of Kamiya et al.15 for bulk liquid PDMS.  As seen in 

Figure 2.6, the curves are similar at the lower pressures, but as the pressure 

increases the swelling of the thin film becomes slightly larger than that of bulk 

PDMS.  At 50 atm, the thin film swells 10% more than the bulk film.  Relatively 

few studies report swelling of thin films with solvents.  Tan et al.61 showed that 

the percentage increase in film thickness induced by water sorption in ultrathin 

polyimide films, was a function of the initial dry film thickness.  Their trends 

showed that decreasing the initial dry film thickness led to a larger percentage 

increase in the final swollen film thickness.  In addition, they showed that 

chemically modifying the substrate surface also affected the final swollen film 

thickness.  They concluded that the polymer/substrate interface interactions 

played a major role in controlling the absorption of water in the polymer thin film. 
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Figure 2.6 Swelling isotherms for a PDMS thin film at 25 oC.  (●, ○) 
equilibrium swelling, (■, □) refractive indices of the swollen film.  
Filled circles and squares correspond to sorption measurements and 
open circles and squares correspond to desorption measurements.  
(▲) are from Reference 15. 
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The swelling isotherm for PDMS with CO2 at 50 oC is shown in Figure 

2.7, and is compared with data from Shim62 for bulk cross-linked PDMS at 50 oC.  

The swelling of the thin film exceeds that of the bulk film across the entire 

pressure range.  There are several possible explanations for this deviation.  An 

uncross-linked polymer will swell more than a cross-linked polymer.  The 

deviation in swelling between uncross-linked and cross-linked polymer is 

expected to be small at lower CO2 pressures and larger at higher CO2 pressures.  

At 50 atm, the calculated deviation in swelling between cross-linked and uncross-

linked bulk PDMS is approximately 3% for the cross-linked density studied.  The 

calculation is made simply by including and excluding the cross-link term in the 

equation for the activity of carbon dioxide in the polymer according to Shim.13  

Others have compared the equilibrium swelling, as calculated from the Sanchez-

Lacombe equation of state, of lightly cross-linked and liquid PDMS and found 

very small differences at pressures up to ~80 bar.63  In Figure 2.7, the thin film 

swells by 20 to 40% more than the bulk film.  This difference in swelling far 

exceeds the small difference arising from cross-linking.  In addition, the 

experimental uncertainty in swelling is less than 1%.  Another potential cause of 

the deviation could be enhanced adsorption of CO2 on the polymer thin film or at 

the polymer/substrate interface.  As explained previously, the ellipsometric 

measurements would be sensitive to a surface excess of CO2, whereas the 

measurements by Shim would not be able to detect this excess.  Even the presence 

of a monolayer of another film, could cause a larger PDMS thickness to be 

calculated if this film is not accounted for in the model. 
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Figure 2.7 Swelling isotherms for a PDMS thin film at 50 oC.  (●, ○) sorption, 
(■, □) refractive indices.  Filled circles are from this work and open 
circles are from Reference 62. 
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An additional cause of the enhanced swelling in the thin film could be the 

change in polymer chain conformation near a solid wall, relative to the bulk 

conformation.  Chains near a solid surface exhibit flattened conformations, due to 

entropic constraints, that increase the contribution to the radius of gyration 

parallel to the solid surface, while decreasing the contribution normal to the solid 

surface.64  Rivillon et al.19 showed that PDMS films coated on polystyrene, a non-

interacting surface, exhibited in-plane ordering.  Generally, it is entropically more 

favorable for smaller molecules to reside near the solid surface relative to larger 

macromolecules.  As the sorbed CO2 molecules interact with the PDMS chains 

and the silica surface, the solid surface will have a smaller influence on the chain 

conformation. The PDMS will extend outward normal to the surface in a more 

disordered, less-flattened conformation.  This change in conformation of PDMS 

chains near the solid surface causes the thin film to swell more than a bulk film.  

In conclusion, CO2 influences surface properties for thin films leading to greater 

swelling relative to bulk films. 

The swelling data in Figures 2.6 and 2.7 may be plotted against CO2 

activity to achieve a simpler representation of the swelling.  This activity 

representation removes the temperature dependence of the swelling since the 

volume fraction of CO2 in the polymer does not change appreciably with 

temperature for a given value of activity.13  The swelling data at 25 oC and 50 oC 

fall on the same curve when plotted as a function of pure CO2 activity (not 

shown).  This activity representation of the swelling data is much more useful 
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than a pressure representation for extrapolation, interpolation, or prediction of 

swelling at different temperatures and pressures. 

While the measured thickness of the film allows for the determination of 

the equilibrium swelling, the measured refractive index can be used to estimate 

the sorption of CO2 in the PDMS film.  Figures 2.6 and 2.7 show the variation of 

refractive index with pressure at 25 oC and 50 oC, respectively.  The refractive 

indices decrease as CO2, which has a lower refractive index than PDMS, dissolves 

into the PDMS film.  This result is expected for polymer liquids, however, in 

glassy polymers the refractive index will often increase initially as the solvent fills 

the “holes” in the polymer. 

The mass concentration of CO2 in the PDMS film can be estimated by 

applying the Clausius-Mosotti equation,57,65 i.e.,  
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where Rj is the molar refraction, Mwj is the molecular weight, and ρj is the density.  

The ratio Rj/Mwj is a constant (qj) that depends on the specific material.  The mass 

concentrations, C, of CO2 and PDMS in the swollen PDMS film can be related to 

the refractive index of the swollen film through the following mixing rule57,65 
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where <nf> is the average refractive index of the swollen film.  The characteristic 

constants, qCO2 and qPDMS, are determined from pure component data using 

Equation 2.8.  Furthermore, a mass balance on the polymer may be used to relate 

the mass concentration of the polymer in the swollen film to the thickness change 

of the film upon swelling (assuming the area on the surface remains constant due 

to adhesion) 
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From Equations 2.8-2.10 the sorption of CO2 can be estimated from h, ho,  

and <nf>.  The densities of PDMS were taken from bulk values66 and the 

refractive index of pure PDMS was measured by ellipsometry at 1 atm (see Figure 

2.6).  The densities of CO2 dissolved in the polymer film were taken to be 0.95 

g/cm3 at 25 oC and 0.93 g/cm3 at 50 oC.12,67  The average refractive index of the 

CO2 dissolved in the polymer was 1.23 at 25 oC and 1.22 at 50 oC.48  

The sorption of CO2, displayed in Figures 2.8 and 2.9, exhibits a 

somewhat sigmoidal increase in the CO2 concentration.  The initial slope of the 

sorption at 50 oC is smaller than that at 25 oC.  This result is expected since the 

solubility of vapors in liquids decreases with increasing temperature.  The data at 

25 oC level off at higher pressures where the density and activity of CO2 become 

weak functions of pressure.  The sorption isotherm of Kamiya et al.15 is also 

shown in Figure 2.8 for comparison.  CO2 sorption in the thin film is slightly 

larger than the direct sorption measurements of Kamiya et al. for bulk liquid 
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Figure 2.8 CO2 sorption in a PDMS thin film at 25 oC.  Circles (●) are from this 
work as estimated by Equations 2.8-2.10 and squares (■) are from 
Reference 15. 
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Figure 2.9 CO2 sorption in a PDMS thin film at 50 oC.  Circles (●) are from this 
work as estimated by Equations 2.8-2.10 and squares (■) are from 
Reference 14. 
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PDMS.  The same trend is seen for the sorption in the thin film at 50 oC when 

compared with the bulk data of Garg et al.14  Thus, it appears that surface and 

interface interactions are important for this thin film/substrate system.  Overall, 

the consistency of the data suggests that information on both swelling and 

sorption can be obtained with a single ellipsometric measurement for certain 

polymer/penetrant systems. 

2.5 CONCLUSIONS 

Ellipsometry was successfully used to measure the swelling of thin films 

of uncross-linked PDMS at different temperatures and pressures.  Swelling as 

high as 112% was observed at 25 oC and 120 atm.  In addition, the sorption of 

CO2 in the polymer film may be estimated from the measured refractive indices.  

Thus, ellipsometry offers the rare opportunity to measure swelling and sorption 

simultaneously.  The sorption and swelling for the thin films exceed the values for 

bulk films at 50o C by 20 to 40%.  These increases may be attributed to excess 

CO2 at the polymer thin film-CO2 and polymer-silica interfaces, and the influence 

of the solid substrate and CO2 on the orientation of the polymer.   

Excellent fits to the experimental ellipsometric data were achieved when 

pressure-induced window birefringence was accounted for in the optical models.  

Furthermore, measurements of the thickness of thermal oxide layers under 

different pressures and temperatures confirmed that the window corrections were 

effective.  Large surface excesses of CO2 on the reference wafer were observed 

due to critical adsorption and followed the trends in the isothermal 

compressibility of pure CO2.  These results demonstrate that ellipsometry is a 
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useful tool for probing thin films and surfaces quantitatively in the presence of 

fluids at high pressure. 
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Chapter 3 

  Anomalous Properties of Poly(methyl methacrylate) Thin Films 
in Supercritical Carbon Dioxide 

 
Reprinted with permission from: 

 
Sirard, S.M.; Ziegler, K.J.; Sanchez, I.C.; Green, P.F.; Johnston, K.P. 
Macromolecules 2002, 35, 1928-1935.  Copyright 2002 American Chemical 
Society.  
 

Carbon dioxide produces an anomalous maximum in the swelling of 

poly(methyl methacrylate) (PMMA) thin films that is not present in bulk films, as 

shown with in-situ spectroscopic ellipsometry.  This maximum and a 

corresponding minimum in refractive index are observed in regions of pressure 

where CO2 is highly compressible near the critical point.  An effective excess 

thickness, determined from the height of the anomalous swelling maxima, 

increases proportionally with increasing initial film thickness, ho, in the range 

studied of 85 nm < ho < 325 nm.  Therefore, the anomalous swelling maxima 

suggest concentration inhomogeneities in the thin film, i.e. the onset of 

polymer/CO2 phase separation, that are influenced by the compressibility of the 

system and the confinement of the film.  The PMMA swelling isotherms are 

insensitive to changing the substrate from silicon to gallium arsenide.   
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3.1 INTRODUCTION 

Liquid and supercritical carbon dioxide (CO2) have emerged as leading 

alternatives to toxic organic solvents in polymer processing and synthesis.1  

Carbon dioxide is abundant, nontoxic, and nonflammable.  In addition, large 

changes in the density of supercritical CO2 can be achieved with small variations 

in pressure and/or temperature resulting in the ability to tune the solvent quality.  

The unique properties of CO2 have been used advantageously in the modification 

of polymeric films, through extraction and impregnations,1,2 foaming of polymer 

films,3 coating4 and development of photoresist films in lithography,5 and in the 

formation of polymer-metal nanocomposites.6  Supercritical CO2 has also been 

used as a drying agent for photoresist films so as to prevent the deformation and 

collapse of high-aspect-ratio resist lines by minimizing the capillary forces during 

drying.7 

The tunable properties of compressed CO2 make it an attractive candidate 

for manipulating and controlling surface properties of polymer thin films.  Studies 

with Monte Carlo simulation and lattice fluid self-consistent field theory indicate 

that the large compressibility of a supercritical fluid influences the swelling of 

polymer thin films and the intermolecular forces between surfaces with adsorbed 

and grafted polymer layers.8,9  In-situ studies of thin films exposed to high 

pressure CO2 are scarce due to experimental challenges.  Previous studies have 

examined adsorption of CO2 on non-swelling hard surfaces.  Findenegg10 showed 

large surface excesses of ethylene on homogeneous graphitized carbon black 
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surfaces near the critical pressure and critical temperature.  In addition, similar 

excesses of CO2 have been observed experimentally on both modified and 

unmodified silica hard surfaces.11-13  The critical adsorption phenomena have also 

been successfully modeled.14  

Recently, we demonstrated that spectroscopic ellipsometry is a useful 

probe for analyzing thin films exposed to high pressure fluids.13  The swelling of 

poly(dimethylsiloxane) (PDMS) thin films by CO2 was slightly greater than the 

swelling measured for bulk PDMS.13  In ellipsometry, the resultant change in the 

polarization of light reflected from a film is used to determine the thickness and 

refractive index of the film.  At atmospheric pressure, spectroscopic ellipsometry 

has been used to study many polymer thin film phenomena including glass 

transition temperatures,15 adsorption of polymers and surfactants,16 and swelling 

of thin films.13,17   

The primary objective of this study is to examine the swelling of 

supported poly(methyl methacrylate) (PMMA) thin films, with emphasis in 

regions where CO2 is highly compressible.  Our hypothesis from the above 

theoretical studies8 is that the large compressibility of CO2 will produce unusual 

behavior in the swelling of soft penetrable surfaces.  Because CO2 penetrates the 

thin film, the behavior may be expected to be quite different than observed 

previously for hard surfaces.  In an attempt to develop a mechanistic explanation 

of thin film swelling by CO2, the initial film thickness is varied from 85 to 325 

nm.  Spectroscopic ellipsometry is used to determine simultaneously the thickness 

and refractive index of these swollen uncross-linked PMMA films.  In addition, 
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the effects of interactions with the substrate are probed by comparing swelling 

isotherms of PMMA coated on both gallium arsenide (GaAs) and a more 

hydrophilic silicon dioxide (SiO2).  A secondary objective is to examine how CO2 

influences the glass transition of PMMA thin films. 

3.2 EXPERIMENTAL 

3.2.1 Materials 

PMMA (MW = 224 000, Mw/Mn = 1.04) was purchased from 

Polysciences Inc.  Initially, the PMMA was dissolved in toluene (EM Science).  

The PMMA/toluene solution was spin coated onto both silicon (100) and GaAs 

(100) wafers. 

3.2.2 Sample Preparation 

The wafers were cut into 1 × 1 cm squares and were initially cleaned18 by 

soaking in a 50:50 (w/w) hydrochloric acid (EM Science)/methanol (EM Science) 

solution for 30 min.  The wafers were then rinsed with voluminous amounts of 

deionized water (NANOpureII; Barnstead) and then dried with nitrogen gas 

(Matheson Gas Products; >99.999%).  The wafers were then soaked in 95% 

sulfuric acid (Mallinckrodt, analytical grade) for 30 min and subsequently were 

rinsed with deionized water and dried with nitrogen gas. 

The native oxide thickness was measured with spectroscopic ellipsometry 

prior to coating the silicon wafers and was found to be between 1.5 nm and 2.5 

nm in all of the experiments.  The films were spun onto the wafers using a 

photoresist spinner (Headway Research, Inc.).  The concentration of the 

PMMA/toluene solution and the spin rate were varied to obtain films of the 
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desired thickness.  The coated wafers were annealed under vacuum at 170 oC for 

66 h to remove any residual solvent and to relax any spin coating induced strains. 

3.2.3 Ellipsometry 

An M-44 spectroscopic ellipsometer set up in the rotating analyzer 

configuration (J.A. Woollam Co., Inc.) was used for all of the experiments.  The 

angle of incidence for all measurements was 70o from the vertical.  The 

experiments were performed in a high pressure ellipsometry cell using fused silica 

windows (Almaz Optics).  The details of the cell design can be found elsewhere.13  

A couple of modifications were made to the cell.  Kalrez o-rings (Southwest Seal 

& Supply Co.) were used to seal the windows and caps instead of epoxy.  In 

addition, a torque wrench was used to consistently put an equivalent and minimal 

amount of torque needed to seal the windows.  We found that these changes 

reduce the amount of window birefringence markedly. 

Once a sample was loaded into the cell, CO2 (Air Products; >99.9999%) 

was charged to the cell using a manual pressure generator (High Pressure 

Equipment Co.).  Pressure was controlled with a strain gauge pressure transducer 

(Sensotec).  The pressure transducer was calibrated to within ± 1 psi.  Typically, 

10-20 min were allowed for equilibration of the swollen thin films between 

pressure changes.  The cell was heated using 4 cartridge heaters (Omega) that 

were inserted at the top of the cell.  Temperature was controlled with a PID 

temperature controller (Omega) that was calibrated prior to the experiments.  The 

cell was allowed to reach thermal equilibrium for at least 60 min at each 

temperature. 
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3.2.4 Thermal Oxide Measurements   

A 5-layer model, as shown in Figure 3.1a, was used to fit the data taken on 

the thermal oxide wafer (i.e., an oxide layer that is grown at high temperatures).  

The refractive index of the thermal oxide, Si-SiO2 interface layer, and the silicon 

substrate layer were fixed from literature values.19  Justification for using this 

model is given elsewhere.19  In addition, the refractive index of the CO2 

atmosphere layer at each pressure and temperature was fixed from literature 

values.20  The thickness of the adsorbed CO2 layer was fit for assuming the 

refractive index of a hypothetical liquid at the same temperature (n = 1.23). 

3.2.5 Swelling Measurements 

A 4-layer model, as shown in Figure 3.1b, was used to fit the swelling data 

for the PMMA films supported on silicon.  The model contains a bulk CO2 

atmosphere layer, a swollen polymer layer, a native oxide layer, and a silicon 

substrate layer.  Literature values were used for the refractive index of the native 

oxide,21 silicon substrate,22 and CO2
20,23

 layers.  The fitting parameters in the 

swelling experiments were the thickness and refractive index of the swollen 

polymer film, the angle of incidence, and the offset in the ellipsometric delta 

parameter due to window birefringence.  The refractive index of the polymer film 

was modeled using a Cauchy dispersion relationship24 

 

 ....)( 2 ++=
λ

λ BAn  (3.1) 
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Figure 3.1 a.) 5-layer model for fitting the thickness of an adsorbed CO2-layer 
on a bare thermal SiO2 b.) 4-layer model used for fitting the 
thickness and refractive index of swollen PMMA films on the native 
oxide of a silicon wafer c.) 3-layer model for fitting the thickness 
and refractive index of swollen PMMA films on GaAs. 
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For the PMMA films supported on GaAs, a 3-layer model, shown in 

Figure 3.1c, was used to fit the swelling data.  The GaAs wafers do not contain a 

stable oxide, so the native oxide layer was excluded from this model.  The optical 

constants for bare GaAs were measured with spectroscopic ellipsometry prior to 

coating with the PMMA films.  The fitting parameters for these swelling 

experiments were the same as described above for the PMMA films coated on 

silicon.  In each case, the swelling was determined by the following equation, 

assuming uniaxial swelling 

 

 %100*)((%)
o

o

o h
hh

V
V −

=
∆  (3.2) 

 

where Vo is the initial volume of the film, h is the thickness of the swollen film, 

and ho is the initial thickness of the PMMA films determined by spectroscopic 

ellipsometry at 1 atm. 

3.3 RESULTS 

The swelling experiments were conducted by performing alternating 

sorption/desorption runs.  Figure 3.2 displays a representative swelling isotherm 

for a PMMA film (ho ~ 89 nm) coated on GaAs, and Figure 3.3 shows the average 

refractive index over the wavelength range scanned of the CO2-swollen PMMA.  

In all of the experiments, the data exhibited a hysteresis at pressures below 50-60 

atm between the initial sorption run and the subsequent sorption/desorption runs.  

In each case the swelling values were larger during the first desorption 
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Figure 3.2 Swelling isotherm for PMMA thin film coated on GaAs wafer.  (■, 
□) first sorption/desorption runs, (●, ○) second sorption/desorption 
runs.  Filled squares/circles represent sorption runs, and open 
squares/circles represent desorption runs. 
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cycle.  Successive desorption runs approach a reproducible meta-stable state.  The 

onset of the hysteresis in our swelling isotherms signifies the onset of the CO2 – 

induced glass transition.  At CO2 pressures higher than the glass transition 

pressure, the swelling is reversible when increasing or decreasing the pressure 

because the system is at equilibrium.  At pressures below the glass transition 

pressure, the system exhibits hysteresis because the polymer is in a non-

equilibrium state and the kinetics become controlling. 

An anomalous maximum is observed in Figure 3.2 that corresponds to a 

sharp minimum in the refractive index of the swollen PMMA as seen in Figure 

3.3.  This maximum has not been seen in the swelling of bulk PMMA.25,26  

Furthermore, the isotherm is insensitive to changing the substrate to the more 

hydrophilic silica or to increasing the initial film thickness up to 320 nm, as seen 

in Figure 3.4.  Similar behavior is seen in Figure 3.5 for the refractive index and 

swelling isotherms of two thin films of PMMA on silica (ho =  85 nm and 325 

nm) at 50oC. 

The swelling isotherms in Figures 3.4 and 3.5 represent the first 

desorption cycles.  The data at both temperatures show peculiar maxima in the 

swelling and corresponding minima in refractive indices that occur at different 

pressures for the different temperatures.  At 35oC, the maxima in swelling occur 

at a pressure slightly above the critical pressure.  At 50oC, the maxima in swelling 

and minima in refractive index are more subtle and broader than at 35oC and 

occur at a higher pressure. 
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Figure 3.3 Average refractive indices of swollen PMMA thin film coated on 
GaAs wafer.  (■, □) first sorption/desorption runs, (●, ○) second 
sorption/desorption runs.  Filled squares/circles represent sorption 
runs, and open squares/circles represent desorption runs. 
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Figure 3.4 Swelling isotherms and average refractive indices of swollen PMMA 
thin films at 35 oC.  Isotherms represent the first desorption runs.  
Filled symbols represent swelling isotherms, and corresponding open 
symbols represent refractive index isotherms.  (●, ○) ho = 88 nm on 
SiO2, (■, □) ho = 321 nm on SiO2, (▲, ∆) ho = 89 nm on GaAs.  The 
solid line represents the interpolated baseline swelling. 
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Figure 3.5 Swelling isotherms and average refractive indices of swollen PMMA 
thin films at 50 oC.  Isotherms represent the first desorption runs.  
Filled symbols represent swelling isotherms, and corresponding open 
symbols represent refractive index isotherms.  (■, □) ho = 85 nm on 
SiO2, (●, ○) ho = 325 nm on SiO2. 
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The swelling isotherms in Figures 3.4 and 3.5 can be plotted against CO2 

activity to produce a simpler representation of the data.  Figures 3.6 and 3.7 show 

the swelling isotherms and the corresponding refractive indices plotted against 

CO2 activity, respectively.  At higher CO2 activities, the isotherms at the two 

temperatures nearly fall on the same line since the system is at equilibrium and 

the volume fraction of CO2 in the polymer does not change appreciably with 

temperature for a given value of activity.  At these activities, the swelling 

isotherm curvature is upward, which is characteristic of the liquid state.  At lower 

activities the isotherms at 35 oC are higher with respect to swelling and lower with 

respect to refractive index for a given activity compared with those at 50 oC.  In 

addition, at these lower activities the curvature of the swelling isotherm is 

downward, which is characteristic of dual-mode sorption in the glassy state. 

The ellipsometric measurements are sensitive enough to measure 

adsorption of CO2 on a bare substrate.  In Figure 3.8, the regressed thickness of 

the adsorbed CO2 layer at 35 oC on a bare thermal oxide is shown assuming a 

refractive index of 1.23 (corresponding to pure hypothetical liquid CO2 at 35 oC 

with a molar volume of ~46.6 ml/mol) for the adsorbed layer.  We see a sharp 

maximum in the thickness of the adsorbed CO2 layer near the critical pressure that 

reaches a thickness of approximately 2 nm. 

Previous studies on the dilation of bulk PMMA films with CO2 do not 

show maxima in the swelling isotherms.25,26  However, it should be noted that 

many of the traditional techniques used to measure swelling/sorption in bulk films
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Figure 3.6 Swelling of PMMA films vs CO2 activity.  Isotherms represent first 
desorption runs.  (▲) and (●, ○) represent data at 35 oC, and (■, □) 
represent data at 50 oC. 
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Figure 3.7 Average refractive indices of swollen PMMA films vs CO2 activity.  
Isotherms represent first desorption runs.  (▲) and (●, ○) represent 
data at 35 oC, and (■, □) represent data at 50 oC. 
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Figure 3.8 Adsorbed CO2 layer thickness on thermally grown SiO2. 
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suffer from uncertainties in buoyancy corrections and equation of state 

calculations near the critical point.  The swelling isotherms in Figure 3.2 are 

compared in Figure 3.9 with the data of Wissinger et al.25 for the swelling of bulk 

PMMA with CO2 at 32.7 oC and with the data of Zhang et al.26 for the swelling of 

bulk PMMA with CO2 at 35 oC.  Our swelling isotherms are significantly larger 

than those reported by Zhang et al. except at the lowest pressures (0 - 35 atm) 

where there is good agreement between our first sorption run isotherm and their 

swelling isotherm, which was reported as an average between the first 

desorption/second sorption runs.  Our desorption isotherm is similar to the 

isotherm reported by Wissinger et al., which was measured on an unconditioned 

PMMA sample while increasing pressure, in the pressure range between 60 – 75 

atm.  However, our first sorption run isotherm is slightly lower than that reported 

by Wissinger et al. up to 60 atm, but is larger at pressures higher than 75 atm. 

 

Table 3.1 CO2 Adsorption and PMMA Swelling. 

Temperature 
(oC) Substrate 

Initial 
PMMA 

Thickness 
(nm) 

Maximum 
Excess 

Thickness 
(nm) 

Pressure 
at 

Swelling 
Maximum 

(atm) 

Menon 
Correlation  

P = 
Pc(T/Tc)2 

(atm) 

Pressure 
at 

maximum 
(∂ρ/∂P)T 

(atm) 
35 SiO2

a 0 2.0 ~73-76b 75 ~79 
35 SiO2 88 2.5 ~78-79 75 ~79 
35 SiO2 321 16 ~79 75 ~79 
35 GaAs 89 4.2 ~78-79 75 ~79 
50 SiO2 85 - ~100-113c 82 ~101 
50 SiO2 325 - ~101-106c 82 ~101 

aThermally grown SiO2. bPressure where adsorption maximum occurs. cPressure corresponds to 
minimum in refractive index. 
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Figure 3.9 Comparison of swelling isotherms.  (■) are from Reference 25.  (●) 
are from Reference 26.  (○) first desorption swelling isotherm of 
PMMA on GaAs from this study (ho = 89 nm).  (□) are the first 
sorption swelling isotherm of PMMA on GaAs from this study. 
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To place the results for the anomalous maxima in perspective, a baseline 

may be constructed for each of the plots in the region where the anomalous 

maxima are observed in the swelling.  An effective baseline is formed by 

interpolating the data on either side of the anomalous maxima as shown by the 

solid line in Figure 3.4.  An effective excess thickness for sorption may be defined 

by taking the difference between the actual thickness and baseline for the swelling 

data.  The maximum values of the effective excess thickness are listed in Table 

3.1.  The excess thickness increases from the case of adsorption of CO2 on the 

bare SiO2 surface to the swollen 88-89 nm PMMA films coated on both SiO2 and 

GaAs.  It further increases for the swollen 321 nm PMMA film on SiO2. 

3.4 DISCUSSION 

There are several factors that may produce the maxima in the swelling 

isotherms and the corresponding minima in the refractive indices in Figures 3.2-

3.5.  The swelling maxima occur in the regions of pressure/temperature where 

CO2 exhibits a maximum in compressibility, i.e. where (∂ρ/∂P)T exhibits a 

maximum, as is evident upon comparison of the swelling data with the isothermal 

compressibility of pure CO2 shown in Figure 3.10.  The changes in 

compressibility with pressure at 35 oC are very sharp and larger in magnitude than 

the changes at 50 oC.  The maximum in compressibility shifts to higher pressures 

as the temperature increases.27  The same trend is observed in the anomalous 

swelling maxima. 
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Figure 3.10 (∂ρ/∂P)TRT of CO2 vs CO2 pressure. 
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Others have seen large adsorption excesses of compressible fluids onto 

hard impenetrable surfaces when operating in the proximity of the critical 

pressure and temperature.10,12  For example, Findenegg observed large surface 

excesses of ethylene on graphitized carbon black surfaces.10,28  At supercritical 

temperatures, the excess adsorption of ethylene exhibited a pronounced maximum 

at a pressure slightly less than the pressure where the compressibility of ethylene 

displayed a maximum.  The excess adsorption isotherms were very large and 

sharp at near critical pressures and at temperatures that were slightly higher than 

the critical temperature.  At higher temperatures the excess adsorption maxima 

become smaller and much broader in nature, occurring at higher pressures.  

Others have seen similar behavior in the supercritical adsorption of CO2 on both 

unmodified and chemically modified silica surfaces as well as on proteins and 

polysaccharides.11,12,29,30  Furthermore, da Rocha et al. showed that the excess 

adsorption of CO2 at the CO2-water interface leads to a minimum in the interfacial 

tension versus pressure at near critical temperatures.31  Several theoretical studies 

have also probed the supercritical adsorption of fluids on various surfaces.8,14,32 

The surface excess of CO2, Γex, is given by 

 

 ∫
∞

−≡Γ
0

))((
z

bulk
ex dzz ρρ  (3.3) 

 

where ρ(z) is the local density of CO2 at a distance z from the substrate, ρbulk is the 

density of the bulk CO2, and zo represents the substrate surface.  For many 



 93

surfaces, the interaction between CO2 and the surface may be expected to exceed 

the intermolecular attraction between pure CO2 molecules, due to the low 

polarizability per volume of CO2.    Since CO2 is attracted preferentially to the 

surface, ρ(z) will be larger than ρbulk.  In highly CO2 compressible regimes, the 

attraction of CO2 to the surface can produce ρ(z) values with densities 

approaching those of liquid CO2.  The pronounced difference between ρ(z) and 

ρbulk results in large excesses of CO2 at the surface.  As the pressure increases, the 

bulk density of CO2 increases markedly and the excess layer decreases since ρ(z) 

becomes more equivalent to ρbulk.  Thus the qualitative behavior of Γex should 

exhibit similar trends as that of the isothermal compressibility.  For example, near 

the critical temperature large and sharp excess adsorption maxima are observed 

near the critical pressure. At higher temperatures, the maxima are smaller and 

broader and shift to higher pressures. 

It is clear from Figure 3.8, that our measurements of thickness are 

sensitive to the adsorption of CO2 onto the surface of SiO2 in the compressible 

regime.  This sensitivity arises because there is sufficient contrast in refractive 

index between the adsorbed CO2 layer and the bulk CO2. Good fits of the 

ellipsometric data are obtained by using the model in Figure 3.1a, assuming the 

refractive index of the adsorbed CO2 layer is equivalent to that of a hypothetical 

liquid at 35 oC.  The accurate fits of the model are consistent with the concept of a 

sharp interface between the adsorbed CO2 layer and the SiO2 substrate. 

However, attempts to model an adsorbed CO2 layer on the swollen PMMA 

films caused correlations and large statistical uncertainties in the fitting 
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parameters.  Typically, these fits were inferior to those that were determined by 

assuming a single swollen polymer film.  Another strategy that was employed was 

to fix the thickness of the swollen film at the baseline thickness given in Figure 

3.4 and fit for the refractive index of the swollen polymer and the thickness of an 

adsorbed CO2 layer.  In these fits, an adsorbed CO2 thickness could be extracted, 

however, the refractive indices of the swollen polymer films did not change much 

from those extracted assuming a single swollen polymer film.  Also, the mean 

square error on these fits were higher than the corresponding fits assuming a 

single polymer layer.  The best fits were always achieved by assuming a single 

swollen polymer film.  In contrast, the adsorbed CO2 on the impenetrable SiO2 

surface exhibited a sharp interface according to the fits of the models.  

A second observation suggests that the anomalous maxima in Figures 3.2-

3.5 are not caused exclusively by an excess CO2-wetting layer on the top of the 

polymer films.  If the maxima were solely caused by such a CO2-layer, then the 

anomalous peaks should become smaller as the thickness of the film increases, 

since the apparent swelling due to the wetting layer would be expected to become 

a smaller fraction of the total swelling.  However, in Figure 3.3 and 3.4, the size 

of anomalous maxima did not change when increasing the initial thickness of the 

films by a factor of 3-4, suggesting that the anomalous swelling is not caused 

solely by a wetting layer on top of the polymer film.  A similar way to rule out the 

concept of a surface-wetting layer only on top of the polymer film is to examine 

the effective excess thickness in Table 3.1.  Notice that this excess thickness 

increases significantly as the initial film thickness increases from 88 to 321 nm.  It 
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would not have changed if the surface-wetting layer were only on top of the 

polymer film.   

The substrate/polymer interactions can be varied by changing the substrate 

from SiO2 to a less hydrophilic GaAs substrate.  SiO2 has surface silanol groups 

that can donate hydrogen bonds to PMMA, whereas GaAs lacks a stable oxide 

and thus cannot donate hydrogen bonds.  The effect of the substrate/polymer 

interface interactions on the anomalous peaks for PMMA films is negligible when 

changing the substrate from SiO2 to GaAs, as shown in Figure 3.4.  Thus, the 

interactions at the substrate/polymer interface are not likely to be the cause of the 

anomalous swelling. 

  Finally, the swelling maxima cannot be attributed to sorption in the bulk 

film.  Numerous swelling studies of bulk PMMA films do not exhibit a swelling 

maximum,25,26 as seen in Figure 3.9.  Clearly some other explanation is required 

to explain the anomalous maxima. 

The discussion above suggests that the anomalous maxima are not caused 

by a single one of the following: a wetting layer on top of the polymer, sorption in 

the bulk film, or CO2 interactions with the inorganic substrate.  Therefore, we 

propose the swelling maxima arise from inhomogeneities in concentration at the 

free surface of the polymer extending to the substrate.  As the compressibility of 

the solvent increases, the opportunity for large concentration inhomogeneities 

increases, as has been observed in simulations of grafted chains on surfaces8.  As 

noted above, the excess thickness increases as the film thickness increases from 

88 to 321 nm and then disappears for bulk films.  Therefore the anomalous peaks 
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could be caused by surface excess properties over a distance greater than 100 nm.  

These large distances are characteristic of a surface excess layer that is diffuse at 

the polymer free surface.  This observation of a diffuse surface layer is consistent 

with the failure of a model with sharp polymer and CO2 layers to fit the data.  In a 

bulk film, these composition inhomogeneities will also produce an effective 

excess thickness, but this excess thickness can be negligible compared with the 

large length change due to bulk swelling.   

The inhomogeneities in concentration may be considered to be the onset 

of phase separation of CO2 from the polymer film in the compressible regime.  

The effects of compressibility on stability and bulk phase separation may be 

described with macroscopic thermodynamics.  In general, a bulk binary mixture is 

stable if it satisfies the following condition33   
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where g is the intensive Gibbs free energy per mole, per mass, etc. and x is any 

concentration variable.  Now, gxx can be further separated into compressible and 

incompressible components 
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where a is the intensive Helmholtz free energy, ν is the intensive volume, and κ is 

the isothermal compressibility.  Furthermore 
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In Equation 3.5, axx represents the incompressible contribution to gxx, and the 

negative νκPx
2 term represents the compressible contribution to gxx.  The 

compressible contribution to gxx is unfavorable to phase stability, as this term is 

always negative.  Thus, Equation 3.6 shows that a compressible solution is always 

less stable than the corresponding incompressible solution33. 

In our system at 35 oC, the compressibility of CO2 displays a sharp 

maximum in compressibility in the same region of pressure that the maximum in 

swelling is observed.  The solubility of CO2 in the polymer film may be expected 

to decrease as the compressibility increases.  This decrease in solubility may 

result in CO2–rich and PMMA-rich domains within the polymer film.  The 

ellipsometric measurements do not yield the domain size of the phase separated 

regions.  Thus it was not meaningful to include composition gradients in the 

polymer film layer; this would only add adjustable parameters.  The fact that the 

swelling does not decrease on the low pressure side of the anomalous maxima 

with an increase in pressure suggests that the CO2 does not leave the polymer 



 98

film.  Instead, the phase separated CO2, with a larger molar volume than the 

partial molar volume of the dissolved CO2, is distributed throughout the film and 

lowers the measured refractive index. This explanation is consistent with the large 

decrease in the refractive index of the film in the anomalous pressure region.  As 

the pressure is further increased, the compressibility of CO2 decreases and CO2 

becomes more soluble, and hence denser within the polymer film, resulting in a 

decrease in the polymer swelling and an increase in the refractive index. 

The phenomenon that is observed, i.e. the thickening of the thin film and 

the drastic reduction in refractive index, is consistent with inhomogeneities in 

concentration, essentially the onset of phase separation in the film.  The film 

would expand (a foaming action) to accommodate the low density CO2 regions 

that would develop in the film.  The fact that the CO2 is not expelled from the film 

with a concomitant reduction in film thickness over the experimental time scales, 

suggests the CO2-rich domains are quite small relative to the film thickness.  It is 

further speculated that there is some interplay or coupling of the bulk phase 

separation process with the critical wetting phenomena on the film surface that 

allows the CO2 to remain and to expand the film.  This concept is supported by 

the fact that CO2 films may remain on hard surfaces without evaporating.  

Overall, this mechanism is consistent with the shape of the anomalous peaks and 

the insensitivity in the swelling isotherms to film thickness or substrate 

interactions.  It is also consistent with the temperature dependence of the size and 

location of the anomalous maxima, in that they follow the behavior of the 

isothermal compressibility.    
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At 35 oC, the pressure corresponding to the maxima in the PMMA 

swelling was slightly larger than the pressure where the adsorption maximum 

occurred on the pure SiO2 substrate.  These subtle changes in pressure are 

important as small changes in pressure produce large changes in CO2 activity and 

density in the near-critical region.  As seen in Table 3.1, the maximum pressure 

for the CO2 adsorption on bare SiO2 at 35 oC agrees well with Menon’s 

correlation.34  Menon found good agreement with the following empirical 

equation, which is based on Polanyi’s potential theory of adsorption for gases, for 

determining the pressure at which maximum excess adsorption occurs for various 

macroporous adsorbent – adsorbate systems34,35 

 

 2
max )(

c
c T

TPP =   (3.9) 

 

where Pmax is the pressure where the maximum excess adsorption occurs, T is the 

temperature, and Pc and Tc are the critical pressure and critical temperature, 

respectively.  In contrast, the pressures at which the maxima occur in the swelling 

isotherms and corresponding minima occur in the refractive indices, agrees well 

with the pressure at which the compressibility, or similarly (∂ρ/∂P)T, exhibits a 

maximum.  The higher pressure required with the PMMA film may reflect the 

different interactions between the CO2-SiO2 and the CO2-PMMA systems.  It may 

also reflect different mechanisms involved for penetration of CO2 into the soft 

polymer film versus adsorption on the hard substrate surface. 
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3.5 CONCLUSIONS 

Spectroscopic ellipsometry was used successfully to measure the swelling 

of thin films of PMMA coated on both SiO2 and GaAs.  At 35 and 50 oC, the 

swelling reaches a value of ~21% at the highest pressures studied (100 – 135 

atm).  Anomalous maxima in the swelling isotherms and corresponding minima in 

the refractive indices are observed in the regions of pressure where the 

compressibility of CO2 becomes large.  These maxima in the swelling isotherms 

have not been observed in the swelling of bulk films.  The maxima/minima are 

large and sharp at 35 oC and smaller, broader, and occur at higher pressures at 50 
oC, much like the behavior of the isothermal compressibility of pure CO2.  The 

swelling maxima are insensitive to changing the substrate from silicon to GaAs.  

In addition, an effective excess thickness due to the anomalous swelling maxima 

increases proportionally with increasing initial film thickness for the range studied 

of 85 nm < ho < 325 nm.  The anomalous maxima are consistent with 

inhomogeneities in concentration at the free surface of the polymer extending to 

the substrate, essentially the onset of phase separation (foaming) driven by the 

increased compressibility of the system.  This mechanism is consistent with the 

size, shape, and temperature dependence of the swelling maxima as well as the 

insensitivity of the percent swelling to initial film thickness or substrate 

interactions. 

Large surface excesses of CO2 are also seen on a bare SiO2 wafer due to 

surface adsorption of CO2.  The pressure at which the maximum thickness of 

adsorbed CO2 occurs is lower than the pressure where the maxima in the swelling 
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isotherms occur.  The higher pressure required with the PMMA film may reflect 

the different interactions between the CO2-SiO2 and the CO2-PMMA systems as 

well as the different mechanisms involved for the sorption of CO2 into the soft 

polymer film versus adsorption on the hard substrate surface.   

The swelling isotherms show dual-mode behavior, indicative of the glassy 

state, at the lowest CO2 pressures.  Thus, solvent-induced glass transitions can be 

extracted from the ellipsometric measurements through the onset of hysteresis 

between the initial swelling isotherms, and the subsequent desorption swelling 

isotherms.  The CO2-induced glass transitions agree with previous 

measurements.36 
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Chapter 4 

Carbon Dioxide-Induced Plasticization of Polyimide Membranes:  
Pseudo-Equilibrium Relationships of Diffusion, Sorption, and 

Swelling 

 
Reprinted with permission from: 

 
Wind, J. D.; Sirard, S. M.; Paul, D. R.; Green, P. F.; Johnston, K. P.; Koros, W. J. 
Macromolecules, 2003.  Copyright 2003 American Chemical Society. 

 

The application of membranes in gas separation and pervaporation 

requires materials that are resistant to plasticizing feed streams. We demonstrate 

the relationship between CO2 sorption, permeability, and film swelling for a 

polyimide gas separation membrane and how these properties are affected by 

systematic changes to the polymer structure induced by thermal annealing and 

covalent crosslinking. Dilation of polyimide thin films (~ 120 nm) exposed to 

high-pressure CO2 (up to 100 atm at 35 °C) was measured by in situ spectroscopic 

ellipsometry to decouple the effects of thermal and chemical treatments on the 

film swelling. The refractive index of the CO2-swollen polymer is also used to 

estimate the CO2 sorption, for comparison against that measured on thick films (~ 

50 µm) by the pressure-decay method.  Differences in sorption levels in thin and 

thick films appear to be related to accelerated physical aging of the thin films. 

Both thermal annealing and covalent crosslinking of the polyimide films reduce 

polymer swelling to prevent large increases in the CO2 diffusion coefficient at 

high feed pressures. The CO2 permeability and polymer free volume strongly 
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depend on the annealing temperature, and different effects are observed for the 

crosslinked and uncrosslinked membranes. The “plasticization pressure” in 

permeation experiments (i.e., upturn in the permeation isotherm) appears to 

correlate with a sorbed CO2 partial molar volume of 29 ± 2 cm3/mole in the 

polymer. Furthermore, crosslinking of high glass transition polyimides produces a 

much greater reduction of the CO2-induced dilation than does crosslinking of 

rubbery polymers such as PDMS for swelling up to 25%. 

4.1 INTRODUCTION 

Compressed CO2 is an attractive alternative solvent because it is non-

toxic, nonflammable, inexpensive, and has easily tunable solvent properties near 

the critical point. Carbon dioxide is a very effective processing aid for swelling1-4 

and plasticizing polymers5-8 to promote the impregnation, extraction, and foaming 

of polymer films.9,10 Despite these positive aspects, the high pressures required in 

supercritical applications and the expensive nature of most CO2 surfactants and 

stabilizers make the development of processes for high-pressure separations of 

CO2 from small molecules important to control operating costs. Polymeric 

membranes have potential for these types of separations.11 However, CO2-induced 

swelling and plasticization are detrimental to membrane performance. Thus, 

designing high-performance membranes for such applications is a difficult 

challenge that requires a better understanding of the interactions between 

polymers and high-pressure CO2.  

Polyimide membranes have excellent gas separation properties for 

applications where the preferentially permeated species has a larger diffusion 



 106

coefficient than other components in the feed mixture. Removal of CO2 from 

natural gas streams exemplifies this type of separation. However, the process 

would be more attractive if membranes can be developed that are better able to 

maintain high selectivity in the presence of condensable plasticizing components 

such as CO2. 

It is desirable to work with soluble polyimides that can be easily cast into 

films or spun into asymmetric hollow fibers. Polyimides synthesized from (4,4’-

hexafluoroisopropylidene)diphthalic anhydride (6FDA) tend to have excellent 

transport properties and solution processing characteristics, but are susceptible to 

plasticization. The two most common approaches for stabilizing these materials 

have been crosslinking12-14 and/or thermal treatments.15,16 In order to establish a 

stability criterion, it is necessary to decouple the physical annealing and chemical 

crosslinking that occur simultaneously during the thermal treatment.  

The effect of crosslinking on the sorption and dilation of CO2 in rubbery 

polymers may be estimated through the Flory model. On the other hand, the 

physical phenomena associated with swelling of crosslinked glassy polymers are 

quite different so this model is inadequate. Comparisons have been made 

regarding the partial molar volume of CO2 in rubbery and glassy polymers,1,4,17 

but it is not clear how the partial molar volume is affected by the structure of the 

glassy polymer. In this paper we probe the effect of polymer chain rigidity on the 

sorbed CO2 partial molar volume to understand how the polymer properties are 

affected by the sorbed CO2 and the implications this has for membrane 

separations. 
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The use of in-situ spectroscopic ellipsometry is a powerful tool for 

analyzing thin film sorption and dilation. These measurements are important 

because the separating layers on industrial asymmetric hollow fiber membranes 

are very thin (~ 0.1 µm), and thin films can sorb differently18 and plasticize at 

lower pressures19 than thick films of the same material. Thin films may also 

behave differently because of reduced packing density of the polymer segments at 

the free surface due to an increased configurational entropy.20,21 Thus 

spectroscopic ellipsometry enables characterization of the dilation and sorption of 

thin polymer films where more traditional “bulk techniques” (e.g. dilatometry for 

dilation and pressure-decay for sorption) are not applicable. 

Complications in the analysis of sorption in glassy polymers by simple 

interferometric techniques arise from the difficulty of independently decoupling 

the thickness and refractive index from the optical data.22 In contrast, 

multiwavelength spectroscopic ellipsometry can independently determine the 

thickness and refractive index of a thin film allowing for reasonably accurate 

estimates of sorption levels in rigid glassy polymers. In addition, a CO2-induced 

Tg (or Pg) may also be determined from the hysteresis behavior of the sorption and 

desorption curves.23 

An understanding of how a membrane’s structure affects its susceptibility 

to CO2-induced plasticization is needed in order to effectively design polymeric 

membranes for high-pressure CO2 separations. The main objective of this work is 

to understand how the sorption, dilation, and diffusion processes are coupled in a 

plasticized gas separation membrane, and how the polymer structure may be 
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modified by thermal annealing and chemical crosslinking to control the diffusion 

coefficient in the presence of high CO2 concentrations. Spectroscopic 

ellipsometry was used to measure the dilation and estimate the CO2 sorption in 

high Tg (~ 360 °C) polyimide thin films with various heat treatments and 

chemical crosslinking. Sorption measurements on relatively thick (~ 50 µm) free-

standing films by the pressure-decay method are compared with the ellipsometric 

measurements for the supported thin films. The sorption and dilation data are used 

to calculate the CO2 partial molar volume in the polymer. Plasticization of the 

polymer in permeation experiments is shown to correlate with changes in the 

sorbed CO2 partial molar volume.  This correlation is then used to suggest why 

these polyimides plasticize and why covalent crosslinking and heat treatment are 

effective approaches for stabilizing these membranes. Relaxation-controlled 

aspects of these phenomena are explored in Chapter 5.24 

4.2 EXPERIMENTAL  

4.2.1 Polymer Synthesis 

Figure 4.1 shows the structures of the 6FDA-DAM:DABA 2:1 polyimide, 

untreated and monoesterified with 1,4-cyclohexanedimethanol (CHDM). The 

polycondensation was performed by the reaction of 6FDA with 

diaminomesitylene (DAM) and 3,5-diaminobenzoic acid (DABA) in NMP, 

followed by a chemical imidization with an equimolar mixture of triethylamine 

and acetic anhydride, described in detail elsewhere.25 All reagents were obtained 

from Sigma-Aldrich, except for 6FDA, which was obtained from Lancaster. 
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Figure 4.1 Polymer structures (6FDA-DAM:DABA 2:1): free acid and 
cyclohexanedimethanol (CHDM) monoester. 
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The DABA moiety provides a carboxylic acid group which can be 

esterified with glycol compounds to form crosslinked polymers.13,14 The 

monoesterification reaction was carried out at 140 °C for 16 h in NMP. The 

reaction flask was fitted with a condenser and a continuous nitrogen purge. After 

completion of the monoesterification reaction, the polymer solution was cooled to 

room temperature and the polymer was precipitated in methanol, blended, filtered, 

and washed with methanol. The monoesterification yield was 50%, as measured 

by NMR spectroscopy.26 It was then dried at 70 °C for 24 h under vacuum. The 

films for permeation and sorption were cast on Teflon surfaces from 3 wt% 

solutions in THF in a glove bag to promote slow evaporation of the solvent. The 

polymer films were dried under vacuum for 24 h at various temperatures to 

activate the solid-state transesterification crosslinking reaction.  

Steady-state gas permeabilities were determined at 35 °C with a constant 

volume, variable pressure apparatus.27 The membrane area was measured with 

Scion Image software and the film thickness was measured with a micrometer 

(Ames). Permeation measurements for feed pressures above 10 atm were made 

every 24 h to capture the slow relaxations involved in plasticization. Previously it 

was shown how plasticization, as measured by changes in the diffusion or 

permeation coefficient, is a function of time and CO2 feed pressure.5,14 The CO2 

solubility in bulk polymer films was measured in a pressure-decay sorption 

apparatus.28 Dilation measurements of supported thin film samples were 

performed with high-pressure in situ spectroscopic ellipsometry.18 
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4.2.2 Sample Preparation for Supported Thin Films 

Silicon (100) wafers (Wafer World) were cut into 1 cm x 1 cm squares. 

The wafers were cleaned29 by initially soaking in a 50/50 (w/w) hydrochloric acid 

(EM Science)/methanol (EM Science) solution for 30 min. The wafers were then 

rinsed with excess deionized water (NANOpure II, Barnstead) and dried with 

nitrogen gas (Matheson Gas Products, >99.999%). The wafers were then soaked 

in 95% sulfuric acid (Mallinckrodt) for 30 min and subsequently rinsed with 

deionized water and dried with nitrogen gas. The native oxide thickness was 

measured for each wafer with spectroscopic ellipsometry (J. A. Woollam Co., 

Inc.) prior to coating with  polymer. The native oxide was between 1.5 and 2.0 nm 

thick for all of the samples. 

  To prepare the supported thin films, the polyimide was initially dissolved 

in 2-methyl-4-pentanone (Aldrich, 99+ %). The solution was then spin-coated 

onto the silicon wafers by using a photoresist spinner (Headway Research, Inc.). 

The concentration of the solution was adjusted in order to achieve films of the 

desired thickness at a spin rate of 3000 rpm. The thin films were heat treated 

under vacuum at their respective temperatures for 24 h. 

4.2.3 Ellipsometry 

A M-44 spectroscopic ellipsometer (J. A. Woollam, Co., Inc.), set up in 

the rotating analyzer configuration, was used for all of the experiments. The angle 

of incidence for all measurements was 70° from the vertical. The experiments 

were performed in a specially designed high-pressure ellipsometry cell. The 

details of the cell design can be found elsewhere.18,23 The wavelength range for 
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the experiments was 410-750 nm. Detailed descriptions of the theoretical aspects 

of ellipsometry can be found elsewhere.30,31 

After loading the samples in the high-pressure cell, CO2 (Air Products, 

>99.9999%) was charged to the cell using a manual pressure generator (High-

Pressure Equipment Co.). Pressure was controlled with a strain gauge pressure 

transducer (Sensotec). The cell was heated using four cartridge heaters (Omega) 

that were inserted in the top of the cell. The cell was allowed to reach thermal 

equilibrium for 30 min before scans were taken. Measurements were made 

approximately every 15 min between pressure increments. The nominal Fickian 

equilibration times were less than 30 s, so the films were in a relaxation-

controlled state when the dilation measurements were made. 

The thickness and refractive index of the swollen films were extracted 

from the ellipsometry data by assuming a four layer optical model. The model 

consists of a CO2 atmosphere, a swollen polymer layer, a SiO2 native oxide, and a 

silicon substrate. Literature values were used for the refractive index of the CO2 

atmosphere,32 the SiO2 native oxide,33 and the silicon substrate.34 The fitting 

parameters for the swelling experiments were the thickness and refractive index 

of the swollen polymer film, and the offset in the ellipsometric angle, ∆, due to 

window birefringence. The refractive index of the swollen polymer film was 

modeled using a Cauchy dispersion relationship,31 ...)( 2 ++=
λ

λ BAn . 
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4.3 RESULTS 

4.3.1 Polymer Film Solubility 

Thermal treatments of polyimide films can significantly change their 

solubility properties.35 Table 4.1 shows how the solubility of the polymers in 

NMP at 120 °C changed with annealing temperature. When annealed at 220 °C, 

the 6FDA-DAM:DABA 2:1 film is completely soluble in NMP. In contrast, when 

annealed at 295 °C, the 6FDA-DAM:DABA 2:1 film becomes insoluble and more 

amber colored. To investigate this peculiar change in solubility with increased 

 

Table 4.1 Polyimide Solubility for Various Thermal and Chemical Treatments.  

Polymer Esterification

Thermal 

Treatment 

 (°C) 

Solubility 

in NMP at 

120°C after 

5 days 

6FDA-DAM None 295 Soluble 

6FDA-DAM:DABA 2:1 None 220 Soluble 

6FDA-DAM:DABA 2:1 None 295 Gelled 

 

annealing temperature, a 6FDA-DAM film was also annealed at 295 °C. After 

annealing, the 6FDA-DAM film remained completely soluble and colorless. 

Therefore, it appears that the changes in solubility are associated with the 

presence of the DABA moiety. IR spectra of the 2:1 with free acid groups did not 

show any differences with respect to annealing temperature, suggesting that there 
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is no chemical reaction occurring without deliberate esterification.36 Changes in 

film color with annealing are typically attributed to the formation of charge 

transfer complexes (CTC), between the electron-donating diamine moieties and 

the electron-accepting imide moieties.37 

4.3.2 Permeation and Sorption Isotherms for Bulk Free-Standing Films 

The permeability (PA), of a gas molecule “A” through a dense polymeric 

membrane is defined as the flux (nA), normalized by the transmembrane partial 

pressure (∆pA) and membrane thickness (l), 

 

 
A

AA p
n

∆
=

lP  (4.1) 

 

Permeability values are typically reported in Barrers 










⋅⋅
⋅

= −

s Hg cm cm
cm cc(STP)10Barrer 1 2

10 . 

According to the well-known solution-diffusion mechanism, the 

permeability can be written as the product of the diffusion coefficient, DA, and the 

solubility coefficient, SA 

 

 AAA SD=P  (4.2) 

 

The solubility coefficient, SA, is related to the condensability of the 

penetrant, the polymer-penetrant interactions, and the free volume in the glassy 

polymer. The average diffusion coefficient, DA, is a measure of the mobility of the 
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penetrant between the upstream and downstream faces of the membrane. It 

depends on the packing and motion of the polymer segments and on the size and 

shape of the penetrating molecules.   

Similar in form to the Doolittle equation that describes the fluidity of 

simple hydrocarbon liquids,38 Cohen and Turnbull developed an expression for 

the diffusion coefficient of hard spheres in a glass39 

 

 








 −
=

fv
vAD *exp γ  (4.3) 

 

where A and γ are constants, v* is the critical volume of gap opening to allow a 

diffusive jump, and vf is the average free volume per sorbed molecule in the glass. 

In this paper, it is shown how the CO2 partial molar volume is affected by 

plasticization and how the CO2 diffusion coefficient increases as a result, 

consistent with Equation 4.3.  

Heat treatment of aromatic polyimides is an effective approach for 

reducing CO2 plasticization in high-pressure membrane separations. Polyimides 

tend to become more colored with thermal treatments, presumably showing the 

formation of charge transfer complexes and physical aging.16 Figures 4.2 and 4.3 

show the effect of annealing temperature and covalent crosslinking of the 6FDA-

DAM:DABA 2:1 polyimide on the CO2 permeation isotherms. The “plasticization 

pressure” may be defined as the pressure at which there is a minimum in the 

isotherm. High-temperature thermal treatments generally increase the 

plasticization pressure for both the films with free acid groups and those that are
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Figure 4.2 CO2 permeation isotherms at 35 oC for bulk uncrosslinked (free acid) 
films annealed at 130 oC, 220 oC, and 295 oC. 
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Figure 4.3 CO2 permeation isotherms at 35 oC for bulk crosslinked (CHDM) 
films annealed at 100 oC, 220 oC, and 295 oC. 
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crosslinked, but covalent crosslinking offers somewhat better plasticization 

resistance than a simple heat treatment at 220°C, and much better resistance to 

organic solvents. Crosslinking the 2:1 polymer with 1,4-butanediol offers even 

better resistance to CO2 plasticization.26   

The solubility coefficient, SA, for gas sorption in glassy polymers is often 

described by the dual mode model,40  

 

 
AA

AHA
AD

A

A
A pb
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p
CS

+
+==
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'

 (4.4) 

 

where CA is the concentration, pA is the partial pressure, kDA is the Henry’s Law 

constant, C’HA is the Langmuir capacity constant, and bA is the Langmuir affinity 

constant. The CO2 sorption isotherms in Figures 4.4 and 4.5 show that thermal 

annealing of the 6FDA-DAM:DABA 2:1 films with free carboxylic acid groups 

tends to decrease the CO2 sorption, especially at high pressures. Surprisingly, the 

sorption curves for the 220 °C and 295 °C treatments are not too different, despite 

the fact that the solubility of these films in organic solvents (THF, NMP etc.) is 

very different (Table 4.1).  

The dual mode sorption parameters for CO2 are shown in Table 4.2. For 

the films with free acid groups, higher temperature thermal annealing decreases 

the Langmuir capacity constant, CH
’, which is consistent with an accelerated 

physical aging process, where the free volume decreases by a diffusive 

mechanism.41 The Henry’s law sorption coefficient, kD, is also reduced
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Figure 4.4 CO2 sorption isotherms at 35 oC for bulk uncrosslinked (free acid) 
films annealed at 130 oC, 220 oC, and 295 oC. 
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Figure 4.5 CO2 sorption isotherms at 35 oC for bulk crosslinked (CHDM) films 
annealed at 100 oC, 220 oC, and 295 oC. 
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significantly with higher temperature annealing, reflecting the lower sorption at 

high pressures, where plasticization effects are observed. 

 

Table 4.2 CO2 Dual Mode Sorption Parameters from Ellipsometry* and 
Pressure-Decay** Measurements. 

Thermal 
Treatment 

(°C) 
kD

* CH
’* kD

** CH
’** b 

130 Free Acid 2.06 15.9 2.23 54.2 0.454 

220 Free Acid 1.80 20.0 1.77 46.6 0.689 

295 Free Acid 1.13 21.0 1.74 42.4 0.896 

100 CHDM 1.73 14.4 1.82 31.1 0.51 

220 CHDM 1.49 10.5 1.36 37.0 0.58 

295 CHDM 1.02 25.1 0.814 59.9 0.29 
kD [cm3(STP)/cm3 polymer atm], CH

’ [cm3(STP)/cm3 polymer], and b [1/atm] 

 

The CHDM monoesters (i.e. crosslinkable polymer with pendant 

cyclohexanedimethanol groups) show different sorption behavior with respect to 

the annealing temperature. Similar to the untreated polymer, the Henry’s law 

sorption coefficient, kD, is also significantly reduced with heat treatment, but it 

has a greater temperature dependence than is seen for the films with free acid 

groups. On the other hand, the Langmuir capacity constant, CH
’, increases with 

increased annealing temperatures for the CHDM monoester samples, indicating 

an increase in unrelaxed free volume within the films with crosslinking. 
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4.3.3 Dilation of Supported Thin Films 

The dilation of glassy polymers is complicated by the different sorption 

mechanisms of hole-filling and dissolution. Various theoretical studies have been 

reported42,43 along with experimental characterization by dilatometry44 and optical 

interferometry.2,22 Optical interferometry gives the product of the film thickness 

and the refractive index, thus requiring a known relationship between refractive 

index and thickness. Ellipsometry offers the advantage in that thickness and 

refractive index are determined independently.30,31  

The dilation and consolidation isotherms are shown in Figures 4.6 and 4.7. 

It is clear that increasing the annealing temperature leads to lower dilation at 

pressures below 80 atm, but above this pressure the swelling is very similar for all 

three films, for a given polymer composition. For the desorption isotherms, large 

hysteresis is observed, reflecting the slow chain relaxations that are characteristic 

of glassy polymers. All of the polyimides studied here have Tgs of approximately 

360 °C. Hysteresis in the sorption/desorption curves indicates that the CO2 has not 

induced a glass transition up to 80 atm, contrary to the results observed for 

PMMA,23 even though the CO2 sorption is roughly twice as high as that of 

PMMA. Therefore, other techniques such as creep compliance45 should be 

utilized to determine the CO2-induced Tg. 

In the study of high-pressure CO2 sorption and dilation in PMMA, several 

researchers have assumed that an inflection point (i.e., upturn) in the swelling 

isotherm corresponded to the isothermal glass transition.3,4 However, it’s clear 

from Figures 4.6 and 4.7 that for an unconditioned polymer there can be an
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Figure 4.6 CO2 dilation isotherms at 35 oC for thin uncrosslinked (free acid) 
films annealed at 130 oC, 220 oC, and 295 oC. 
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Figure 4.7 CO2 dilation isotherms at 35 oC for thin crosslinked (CHDM) films 
annealed at 100 oC, 220 oC, and 295 oC. 
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inflection in the swelling isotherm without a glass transition. Interestingly, for the 

uncrosslinked films treated at 130 °C and 220 °C, the pressures at which the 

inflection occurs (and the isotherms diverge from each other), 12 atm and 30 atm, 

respectively, corresponds to the respective plasticization pressures in the 

permeation isotherms (Figures 4.2 and 4.3). Similar results are seen for the 

CHDM monoester films. At 90 atm, the three thermally annealed uncrosslinked 

samples all have similar swelling, indicating that CO2 may disrupt the physical 

interactions (e.g. charge transfer complexes) promoted by thermal annealing. CO2 

can act as a Lewis acid and have favorable interactions with the polar polyimide.46 

The desorption isotherms for these samples are also quite similar, though the 

higher the treatment temperature, the greater the hysteresis. 

4.3.4 Estimation of CO2 Sorption from Refractive Index for Supported Thin 
Films 

The solubility of gases in polymers can be measured by the pressure-decay 

method or by gravimetric means. The sorption can also be estimated from the 

refractive index of the solvent-laden polymer. A major advantage of using 

spectroscopic ellipsometry is that both dilation and sorption can be estimated 

simultaneously.  

The refractive index isotherms of an uncrosslinked and a crosslinked film 

annealed at 220 °C are shown in Figures 4.8 and 4.9. For both films, as the 

pressure is increased the refractive index initially increases as the microvoids are 

filled with CO2 and the polymer plus sorbed CO2 shows a higher density. Once 

these voids are saturated, the refractive index decreases with increasing CO2 

pressure as the polymer becomes less dense with the increased sorption of CO2
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Figure 4.8 Refractive index of CO2-swollen uncrosslinked (free acid) 
polyimides at 35 oC (both films annealed at 220 oC). 
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Figure 4.9 Refractive index of CO2-swollen crosslinked (CHDM) polyimides at 
35 oC (both films annealed at 220 oC). 
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into the polyimide. The sharp drop in the index around 75 atm likely arises in part 

to excess CO2 sorbed onto/into the polymer due to compressibility effects, as was 

observed for PMMA.23 At 35 °C, this critical sorption of CO2 should only occur 

over a small pressure range. After exposure to high-pressure CO2 (100 atm), the 

film contracts as the CO2 pressure is decreased, but does not reach its pre-

conditioned state. The result of this partial relaxation of the polymer chains (i.e., 

excess free volume) is a lower refractive index, as shown in Figures 4.8 and 4.9.  

The procedure for estimating sorbed CO2 mass fractions from the 

Clausius-Mosotti equation has been described previously.18,47 The CO2 density 

and refractive index in the polymer were assumed to be 1.0 g/cm3 and 1.233, 

respectively.48 Since the CO2 density and refractive index are linearly correlated,48 

the values chosen do not have  a significant effect on the calculated concentration 

by the Clausius-Mosotti method. Figures 4.10 and 4.11 show a comparison of the 

ellipsometric and pressure-decay sorption measurements for the films treated at 

220 °C, with and without crosslinking.  

The sorption via Henry’s law mechanism (characterized by kD) agrees 

reasonably well between the pressure-decay and ellipsometric techniques as seen 

in Table 4.2. The offset in total sorption shown in Figures 4.10 and 4.11 for both 

films primarily reflects differences in the Langmuir sorption capacity. The 

amount of unrelaxed free volume in a glassy polymer is dependent on the polymer 

structure and the thermal history. Aging effects in glassy polymers are more 

significant in thin films, as it is envisioned that the film densifies by a mechanism 

of diffusion of free volume to the free surface of the film. The characteristic path
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Figure 4.10 CO2 sorption at 35 oC by ellipsometric (optical) and pressure-decay 
techniques for uncrosslinked (free acid) films annealed at 220 oC. 
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Figure 4.11 CO2 sorption at 35 oC by ellipsometric (optical) and pressure-decay 
techniques for crosslinked (CHDM) films annealed at 220 oC. 
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length for this diffusion determines the amount of aging at a given time.41 The 

films used for the ellipsometry experiments were approximately 120 nm thick, 

whereas the films used for the pressure decay sorption were approximately 50,000 

nm thick. The characteristic aging time scales as the film thickness squared, so 

there will be significant differences in the aging of the two films via this aging 

mechanism. Thus, lower CHs for the thin films relative to the thicker bulk films 

are expected. Table 4.2 shows the dual mode sorption parameters for the pressure 

decay and optical sorption measurements, respectively. The thin films have 

significantly lower CHs than the thick films. In general, both techniques give 

consistent trends regarding the effect of heat treatment and chemical crosslinking 

on the sorption of CO2 in the membranes.  The Langmuir affinity constants (b) 

were not fit for the ellipsometry data because of insufficient data points in the 

low-pressure region.  They were assumed to be the same as those for the bulk 

films. 

4.4 DISCUSSION 

CO2-induced plasticization in polyimide membranes can be reduced 

through simple thermal annealing.16 Both the physical and the chemical properties 

of polyimides can be altered with heat treatments as shown by the change in the 

solubility of the polyimide films in NMP. There are several factors that could 

contribute to this change in solubility. From Table 4.1, it appears that the changes 

in solubility are associated with the presence of the DABA moiety. The COOH 

groups may dimerize to form physical crosslinks. Furthermore, it is known that 

polyimide solubility is related to the electron delocalization, which is affected by 
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the packing density (steric effects) and the presence of electron-withdrawing 

groups.49 Typically in the solid-state, intermolecular charge transfer complexes 

(CTC) dominate over intramolecular CTC via π-bonding overlap between donor 

and acceptor moieties.50 Since the torsional angle of the nitrogen-phenyl bond is 

an important parameter in controlling the formation of charge transfer 

complexes,37 the meta-connected DABA without the bulky methyl groups on the 

aromatic ring may be sterically more favorable for overlapping the diamine 

moieties (electron donors) with the dianhydride moieties (electron acceptors). 

However, electron-withdrawing groups on the diamine moiety (i.e., COOH) 

usually disrupt charge transfer complexes. It’s likely the heat treatment at 295°C 

makes the normally soluble 2:1 polyimide insoluble due to a combination of the 

aforementioned effects.  In addition, the lower CO2 sorption at high pressures for 

the films annealed at higher temperatures is also likely due to these changes to the 

polymer chain interactions.    

Increasing the annealing temperature also results in better resistance to 

plasticization in the permeation isotherms for both the uncrosslinked and the 

crosslinked films. Since the permeation is directly related to the solubility of CO2 

in the films, it is useful to examine the effects of annealing temperature and 

chemical crosslinking on the CO2 sorption isotherms. As seen in Table 4.2 and 

Figure 4.4, the CO2 sorption for the uncrosslinked polyimides decreases with 

increasing annealing temperature. This appears to occur in part due to faster 

physical aging with increasing annealing temperature, where free volume is 
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believed to diffuse out of the film. This increased aging is consistent with the 

decreases in CH’ with annealing temperature.  

Crosslinking with CHDM appears to markedly change the contribution of 

the sorption from hole filling and matrix dilation modes relative to the situation 

for the polymers with free acid groups. While both the crosslinked and the 

uncrosslinked films show similar trends in terms of how kD is affected by 

annealing temperature, the crosslinked films show an increase in CH’ with 

increased annealing temperature. An increase in CH’ suggests that the unrelaxed 

free volume in the polymer is increasing, resulting in a larger contribution of 

“hole-filling” to the total CO2 sorption. This is consistent with the permeation 

results in Figure 4.3, where the annealing at 295 ºC increases the permeability 

(due to increased free volume) with greater “dual mode” behavior, reflected by 

sharper decreases in permeability with increasing feed pressures (below 10 atm). 

This increase in free volume may arise from the insertion of crosslinking 

segments between the polymer chains that ultimately disrupt the chain packing. 

Free volume may also be created by the concomitant elimination of the large, 

bulky pendant CHDM groups that occurs during the transesterification 

crosslinking reaction.  

Overall, the effects of annealing temperature and chemical crosslinking on 

the CO2 sorption are small compared to the large effects seen in the permeation 

isotherms. Equation 4.2, therefore, suggests that the large changes in the 

permeation isotherms result from the effects that thermal annealing and chemical 

crosslinking have on the penetrant diffusion coefficient. Thus, both covalent 
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crosslinking and higher thermal annealing temperatures stabilize the CO2 

diffusion coefficient in the membrane, even when exposed to high-pressure CO2. 

The effects on the diffusion coefficient appear to be related to the dilation of the 

polymer. As seen in Figures 4.6 and 4.7, the dilation is reduced with increased 

annealing temperatures for both the uncrosslinked and the crosslinked films, and 

the pressures at which the dilation isotherms diverge correlate to the plasticization 

pressures in Figures 4.2 and 4.3. For the crosslinked films, increased annealing 

temperatures help drive the crosslinking reaction, which causes the polymer chain 

mobility to be more restricted. Restricting the chains causes the films to be more 

resistant to dilation, thus controlling the diffusion coefficient and providing 

stronger resistance to CO2-induced plasticization.  

We speculate that the local chain segmental mobility near a diffusing 

penetrant should be reflected by the penetrant partial molar volume in the 

polymer, since this is related to the amount of free volume added to the polymer 

by sorption of the penetrant. For the unidirectionally dilating film on the silicon 

substrate, the partial molar volume of CO2 in the polymer can be calculated by,51 
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The partial molar volumes are shown in Figures 4.12 and 4.13 for the 

films with free acid groups and the CHDM monoester annealed at various
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Figure 4.12 CO2 partial molar volume at 35 oC from ellipsometry data for 
uncrosslinked (free acid) films. 
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Figure 4.13 CO2 partial molar volume at 35 oC from ellipsometry data for 
crosslinked (CHDM) films. 
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temperatures. These values were calculated from the ellipsometry data. As the 

pressure increases the partial molar volumes increase, reflecting the saturation of 

the Langmuir sites (since pre-existing holes do not require as much dilation) and 

plasticization of the polymer. 

The diffusion coefficient of a penetrant in a dense polymeric membrane is 

envisioned to occur by molecules jumping through transient free volume openings 

arising from thermal fluctuations of the polymer chains. This dynamic free 

volume distribution is affected by the sorption of plasticizing components in a 

complex manner. The diffusion coefficient is dependent on a molecule’s size 

relative to the size and frequency of the transient gaps in the polymer matrix. 

Figures 4.12 and 4.13 show that higher temperature annealing generally leads to 

lower CO2 partial molar volumes at a given pressure.  

The dilation isotherms in Figures 4.6 and 4.7 show upward inflections at 

higher pressures, depending on the specific chemical or thermal treatment. The 

pressures at which the dilation curves diverge from each other (for increasing 

pressures) correspond to the plasticization pressures in permeation experiments 

(see Figures 4.2 and 4.3). It has been suggested by other researchers that a critical 

CO2 concentration of 37 ± 7 cm3(STP)/cm3 is required for plasticization of a 

series of glassy polymers in permeation tests at 25 °C.7 However, we find that the 

plasticization pressure is not well correlated with the CO2 concentration. Table 

4.3 shows the CO2 concentration and partial molar volume at the plasticization 

pressure for the membranes that have significant plasticization. These data 

suggest that the onset of plasticization may be more closely related to a threshold 
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value of the sorbed CO2 partial molar volume of ~29 ± 2 cm3/mol. The partial 

molar volume of CO2 in various organic liquids is ~ 46 cm3/mole.1 If 

plasticization is seen as a precursor to a solvent-induced glass transition at the 

measurement temperature, one might envision that reaching this critical partial 

molar volume allows for a specific magnitude of local segmental motion.  Such 

motion, although insufficient for true rubber-like large-scale rotational motion, 

may be adequate to allow for dramatically higher CO2 diffusion rates compared to 

the rigid, neat glassy matrix.   

 

Table 4.3 Plasticization Pressure, Concentration*, and Swelling for Various 
Membranes at the Onset of Permeation Plasticization. 

Thermal 
Treatment (°C) 

Plasticization 
Pressure 

(atm) 

Concentration 
cm3(STP)/cm3 

polymer 

CO2 Partial 
Molar Volume 

(cm3/mole) 
130 Free Acid 12 38 27 

220 Free Acid 30 73 28 

100 CHDM 12 33 28 

220 CHDM 36 64 31 
*At upstream face of membrane, based on optical sorption measurements 

 

For diffusion in rubbery polymers, Struk developed a model in which the 

diffusion coefficient is related to the partial molar volume,52 and this is consistent 

with our results for plasticized glassy polymers.  Additionally, Bohning and 

Springer showed that the sorbed CO2 partial molar volume is significantly 

increased by slow polymer relaxations when its value exceeds 30 cm3/mole in 

polysulfone and polyethersulfone.53 
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We hypothesize that the excessive mobility facilitated by the sorbed CO2 

in the normally well-packed regions (Henry's law) causes an increase in the CO2 

diffusion coefficient.  In calculating the CO2 partial molar volume it's assumed 

that all of the dilated volume is occupied by CO2. In reality, it's likely that some 

of this dilation is caused by the increased polymer segmental mobility (vibrational 

and rotational).  Therefore, it seems quite reasonable that the plasticization 

pressure should correlate with some threshold of the sorbed penetrant partial 

molar volume since this parameter incorporates the excess polymer occupied 

volume due to the increased mobility. This is consistent with the observations of 

Sanders where plasticization in a series of polymers was correlated with the 

mobility of side groups on the polymer chain, and not main-chain parameters such 

as the glass transition.8 

For these rigid polyimides, restricted mobility due to crosslinking 

suppresses increases in segmental mobility facilitated by the sorbed CO2. These 

effects are similar to those seen in ionomers, where the rigidifying effects of ionic 

clusters increases as the rigidity of the matrix polymer increases.54 For rubbery 

polymers such as poly(dimethylsiloxane), the effect of crosslinking on CO2 

swelling can be modeled with the Flory expression,55 
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where a is the penetrant activity in the vapor phase, Φ2 is the volume fraction of 

penetrant in the polymer, χ is the Flory-Huggins polymer-penetrant interaction 
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parameter, V2 is the penetrant molar volume, and υe/V0 is the crosslink density in 

the pure polymer (moles/cm3).  

The maximum degree of crosslinking (υe/V0) in the polyimide is 3.9 x 10-4 

mole/cm3, based on the available DABA units. Figure 4.14 shows the effect of 

crosslinking on CO2 swelling in PDMS, versus the experimental data of Fleming1 

where υe/V0 = 1.24 x 10-4. The effect of crosslinking is estimated from Equation 

4.6, where χ is a function of pressure56 and V2 = 46 cm3/mole, for values of 

swelling below 25%.1 There is a negligible effect of crosslinking on the CO2-

induced swelling of PDMS, whereas the effect of crosslinking on swelling for the 

polyimides is very significant, as shown in Figure 4.7.  

High-pressure CO2 permeation through lightly crosslinked PDMS has also 

shown plasticization effects.57 However, the magnitude of this plasticization is 

fairly small and partially due to an upturn in the CO2 sorption isotherm at ~ 27 

atm at 35°C. The pressure dependence of the permeability represents a balance 

between hydrostatic compressive forces that decrease free volume and 

plasticizing effects that increase free volume. Plasticization effects on the CO2 

permeability in glassy polymers are much greater because the diffusion 

coefficient is very sensitive to changes in the segmental mobility, whereas a 

rubbery polymer behaves more like a viscous liquid, which already has great 

mobility even in the absence of CO2. 
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Figure 4.14 Effect of crosslinking on CO2 dilation at various pressures with 
rubbery PDMS at 35 oC (crosslinking densities:  νe/V0 = 1.2 x 10-4, 
4.8 x 10-4, 1.4 x 10-3 mole/cm3). 
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4.5 CONCLUSIONS 

The CO2-induced plasticization of 6FDA-DAM:DABA 2:1 polyimide 

films at 35 °C was characterized by comparing the swelling, sorption, and 

permeation responses to thermal annealing and covalent crosslinking. In situ 

spectroscopic ellipsometry is effective at simultaneously measuring the sorption 

and swelling in thin (~120 nm) polyimide films. Hysteresis in the swelling 

isotherm indicates that a glass transition was not induced by exposure to high-

pressure CO2 up to 80 atm.  

Increased annealing temperatures resulted in better CO2 permeation 

plasticization and organic solvent resistance for the films with free acid and 

crosslinkable ester groups. For the untreated membranes, the CO2 permeability 

decreases with increased annealing temperatures. However, for the CHDM 

monoester, the CO2 permeability increases as the polymer becomes more highly 

crosslinked, presumably due to chain-packing disruptions introduced by the 

crosslinking agents and the concomitant loss of bulky CHDM pendant groups in 

the crosslinking reaction. As the monoester becomes more highly crosslinked, 

sorption in the Henry’s law mode decreases and sorption in the Langmuir mode 

increases, consistent with the free volume interpretation of the permeability data.  

Increased annealing temperatures and chemical crosslinking of the 

polyimide films rigidifies the chains, which reduces the dilation of the polymer 

and hence controls the CO2 diffusion coefficient. The local chain segmental 

mobility appears to be reasonably correlated with the sorbed CO2 partial molar 
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volume, since the polymer swelling is normalized by the sorbed concentration. 

The plasticization pressure in permeation is approximately related to a threshold 

value of the sorbed CO2 partial molar volume of ~ 29 ± 2 cm3/mol in these 

polymers.  These results suggest that plasticization (increases in the CO2 diffusion 

coefficient) is caused by excessive polymer swelling, which can be controlled by 

rigidifying the polymer chains through annealing and crosslinking. 

The thin films characterized with spectroscopic ellipsometry show lower 

CO2 sorption than the bulk films measured by pressure decay. There appears to be 

significantly greater physical aging for the thin films, as unrelaxed free volume 

elements are envisioned to leave the film by a diffusive mechanism.  Ellipsometry 

enables the simultaneous measurement of swelling and sorption at length scales 

on the order of that of the permselective layers on asymmetric hollow fiber 

membranes.  This technique can be used to probe thin polymer films under 

exposure to compressed fluids, which are beyond the resolution capabilities of 

more traditional dilation and sorption characterization techniques.  Future work 

will focus on quantifying the effects of film thickness on plasticization with 

respect to sorption, diffusion, and swelling. 
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Chapter 5 

Relaxation Dynamics of CO2 Diffusion, Sorption, and Polymer 
Swelling for Plasticized Polyimide Membranes 

 
Reprinted with permission from: 

 
Wind, J. D.; Sirard, S. M.; Paul, D. R.; Green, P. F.; Johnston, K. P.; Koros, W. J. 
Macromolecules, 2003.  Copyright 2003 American Chemical Society. 

 

The CO2 permeability, solubility, and dilation of 6FDA-DAM:DABA 2:1 

polyimide membranes exposed to pure CO2 at 40 atm and 35 °C were investigated 

over long times (up to 20 days). Swelling and sorption measurements were 

performed on 120 nm films with in situ spectroscopic ellipsometry.  The sorption 

measurements by ellipsometry are compared with sorption into thick films (40-70 

µm) by the pressure-decay technique. There is a strong correlation between the 

CO2 diffusion coefficient and the film swelling.  Solid-state covalent crosslinking 

of the membranes with 1,4-cyclohexanedimethanol and thermal annealing of the 

polymer films with free acid groups leads to significantly improved ability to 

maintain a relatively constant CO2 diffusion coefficient over long times. 

Annealing at temperatures between 100 °C and 295 °C leads to similar sorption 

behavior, but significantly different diffusion and swelling. Relaxation functions 

were fit to the permeation, sorption, and swelling data to quantify the 

relationships between these parameters. There is a correlation between the 

permeation and swelling relaxation times and the magnitude of the increase in 
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each parameter due to the relaxations with respect to the annealing temperature of 

the film. However, the relaxation times in the thin film swelling are an order of 

magnitude faster than in the permeation through thick films.  Crosslinking tends 

to slow down the polymer chain relaxations while decreasing the polymer 

swelling and stabilizing the CO2 diffusion coefficient under high CO2 feed 

pressures.  Spectroscopic ellipsometry allows for rapid measurement of swelling 

and sorption of thin films on the length scale of the permselective skin of practical 

asymmetric membranes (0.1 µm). 

5.1 INTRODUCTION 

Membrane applications could be expanded considerably (e.g. natural gas 

purification, propylene/propane,1 butadiene/butane,2 and aromatic/aliphatic3 

separations) if they can be made more stable and robust. In natural gas 

separations, high partial pressures of CO2 and condensable hydrocarbons can 

result in unstable and unpredictable membrane performance and increased losses 

of methane to the permeate stream (i.e., lost revenue) due to declines in 

permselectivity. In membrane separations, plasticization is generally defined to be 

an increase in the permeability of a penetrant molecule due to increased polymer 

chain segmental mobility facilitated by the presence of other penetrant 

molecules.4 A penetrant’s diffusion coefficient in a glassy polymeric membrane 

depends on the size and shape of the diffusing molecule and on the polymer free 

volume and segmental mobility of the polymer chains.  Slow polymer chain 

relaxations can have a significant impact on the membrane transport properties 

(both equilibrium and polymer relaxation-controlled permeability).  
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Since glassy polymers are non-equilibrium materials, the CO2 

permeation,5 sorption, and dilation isotherms can all show hysteresis, (i.e., non-

reversibility with respect to CO2 pressure). This hysteresis is problematic for 

membranes, since the performance can be significantly altered by an operational 

upset (e.g., feed pre-treatment failure and subsequent exposure to heavy 

hydrocarbons), even if it is only for a short duration. Field tests on cellulose 

acetate membranes have shown significant performance declines over an eight 

month operating period.6 Though cellulose acetate is the dominant membrane 

material for natural gas separations, it is very susceptible to plasticization.7  

The time dependence of permeation8-11 and sorption/swelling12,13 have 

been investigated for various polymers, but the relationships between all of these 

parameters and the polymer physical properties have not been reported. Wessling 

et al. has shown exponential relaxations for permeation9 and dilation12 on the 

same polyimide (6FDA-MDA), but an explicit relationship between the two 

processes was not developed.  They have also looked at the relationship between 

the long-term kinetics of sorption and dilation, but this was on different polymers 

than the other studies.8 Moreover, the longest time scales considered were 2 days 

and the highest pressures were 20 bar. Bohning and Springer13 observed 

significant differences in the short-term and long-term values of the partial molar 

volume of CO2 and N2O in polysulfone and polyethersulfone for sorbed partial 

molar volumes exceeding ~ 30 cm3(STP)/mole. This is consistent with the sorbed 

CO2 partial molar volume where plasticization is seen in permeation experiments 

with the polyimides used in this study.14 No long-term dependence was observed 
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for CH4 sorption in these polymers, consistent with the fact that CH4 is not a 

significant plasticizing agent.   

The objective of this paper is to understand how the time dependence of 

CO2 diffusivity, solubility, and membrane swelling are coupled in a plasticized 

membrane, and how the membrane structure may be tailored by thermal annealing 

and crosslinking to minimize plasticization effects. To achieve this, the polymer 

structure was systematically varied to develop a quantitative and physical 

description of the coupling of the permeation, sorption, and dilation with respect 

to the polymer structure. 

The kinetics of CO2 permeation and sorption in both uncrosslinked and 

crosslinked free-standing 6FDA-DAM:DABA 2:1 polyimide films were 

measured over long times of up to 25 days at 40 atm CO2 pressure and 35 °C. 

Furthermore, dilation kinetics were measured on supported thin films (~ 120 nm) 

with in situ spectroscopic ellipsometry. The thickness of these films is on the 

order of that of the permselective skin in asymmetric membranes. Although the 

transport properties and polymer relaxations may be expected to be different for 

thin films versus bulk polymers, few studies have investigated submicron thin 

films. Comparisons of the permeation, sorption, and dilation kinetics are made to 

assess the effects of thermal annealing and chemical crosslinking on the CO2 

diffusivity and to determine its importance in controlling membrane 

plasticization. Relaxation functions are fit to the kinetic curves for permeation, 

sorption, and swelling to quantify the effects of thermal annealing and chemical 

crosslinking on the slow, long-term polymer chain relaxations. 
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5.2 EXPERIMENTAL 

The experimental details for most of the material preparation were 

reported elsewhere.14 The polymer structures of the 6FDA-DAM:DABA 2:1 

polyimide (untreated and 1,4-cyclohexanedimethanol (CHDM) monoester) are 

shown in Figure 5.1. The CHDM monoester must be annealed at temperatures 

greater than ~ 160 °C for crosslinking to occur. The cast films used for 

permeation and sorption measurements were 40-60 µm thick.  

 To quantify the time-dependent effects of plasticization on the CO2 

permeability, the CO2 feed pressure at 35 °C was increased to 40 atm over a four-

hour period and the permeability was recorded over a period of up to 25 days. The 

relative permeability (Pt/P0) is defined as the permeability at any time normalized 

by the permeability at effective time zero (i.e., after the four hour pressure ramp). 

The permeation lag time for these membranes is less than 1 h, so the changes in 

the permeability are due to polymer chain relaxations and not to Fickian transient 

mass uptake after the four-hour initial period. 

The kinetic swelling measurements were made on supported thin films (~ 

120 nm) with in situ spectroscopic ellipsometry, as reported previously.14 The 

nominal Fickian half-times for CO2 diffusion are less than 10 s for these films, for 

a typical CO2 diffusion coefficient of 1 x 10-7 cm2/s, so the increases in film 

swelling were also driven by polymer chain relaxations. The films were exposed 

to a CO2 pressure of 40 atm and the film swelling was monitored over a 24 h 

period. Kinetic sorption measurements were made on the free-standing films 

using the pressure decay method15 and on the supported thin films using the
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Figure 5.1 Polymer Structures (6FDA-DAM:DABA 2:1):  free acid and CHDM 
modified. 
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Clausius-Mosotti equation based on refractive index measurements from the 

ellipsometry data.14 

5.3 RESULTS 

5.3.1 Permeation 

Plasticization is often associated with protracted polymer chain relaxations 

that tend to increase permeabilities and reduce the separation efficiency for glassy 

polymeric membranes, producing unpredictable long-term performance. Figures 

5.2 and 5.3 show the effects of thermal annealing and crosslinking on the 

relaxation-controlled permeation at 40 atm feed pressure and 35 °C. For the films 

treated at 100 °C and 130 °C, the initial permeability was chosen as the 

permeability measured at 8 atm feed pressure (below the plasticization pressure), 

since the films showed significant increases in the permeability even within the 

four-hour time period it took to increase the pressure to 40 atm. 

 For both the polymer with free acid groups and monoesterified with 

CHDM (i.e., crosslinkable), higher annealing temperatures led to higher stability 

in the presence of CO2. At the low temperature treatments, both membranes were 

quite unstable. With a 220 °C treatment, the untreated film was completely 

soluble in tetrahydrofuran (THF) and showed a more significant increase in the 

CO2 permeability over time than the insoluble, crosslinked membrane annealed at 

the same temperature. For a 295 °C treatment, both films (crosslinked and with 

free acid groups) were insoluble in NMP and showed good stability against CO2 

plasticization. 
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Figure 5.2 Relaxation-controlled permeation (35 oC; 40 atm) of 6FDA-
DAM:DABA 2:1 uncrosslinked (free acid) bulk films annealed at 
130 oC, 220 oC, and 295 oC.  Lines are fits from relaxation functions 
(Equations 5.2-5.3). 
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Figure 5.3 Relaxation-controlled permeation (35 oC; 40 atm) of 6FDA-
DAM:DABA 2:1 crosslinked (CHDM) bulk films annealed at 100 
oC, 220 oC, and 295 oC.  Lines are best fits to the relaxation functions 
(Equations 5.2-5.3). 
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5.3.2 Swelling 

The kinetic dilation experiments in Figures 5.4 and 5.5 show that the films 

continue to swell over long times. This underscores the importance of 

experimental time scales in assessing polymer properties under conditions of 

plasticization. It is difficult to compare the absolute time scales of the relaxation-

controlled permeation, sorption, and swelling because in the swelling experiments 

the films are very thin and supported on a substrate. Contrary to Fickian behavior, 

the characteristic times cannot be scaled on the basis of the square of the film 

thicknesses due to the complex nature of the relaxations. Furthermore, in the 

permeation experiment, there is a concentration gradient across the film so the 

plasticization effects (e.g, polymer relaxations, changes in free volume) and the 

relaxations may be different than if the pressure is isotropic, as it is in the sorption 

and dilation experiments. Nevertheless, there are some important observations 

regarding the coupling of the CO2 permeability and the polymer swelling, namely 

the asymptotic limits of swelling and permeation, along with the kinetics of 

approaching this asymptote. 

Increased annealing temperatures for both the free acid-containing 

polymer and CHDM-crosslinked films lead to better stability, both in permeation 

and swelling. There is a direct correlation between the asymptotic values of 

permeability and swelling at 40 atm with respect to annealing temperature for 

both polymers.  Moreover, the kinetic trajectory at which the swelling approaches 

this asymptotic value is related to the polymer’s resistance to plasticization. The
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Figure 5.4 Relaxation-controlled swelling (35 oC; 40 atm) of 6FDA-
DAM:DABA 2:1 uncrosslinked (free acid) thin films annealed at 
220 oC and 295 oC.  Lines are fits from relaxation functions 
(Equations 5.2-5.3). 

 

0

3

6

9

12

15

0 5 10 15 20 25 30

Sw
el

lin
g 

(%
)

Time (h)

220 °C

295 °C

Free Acid



 159

 
 

 

Figure 5.5 Relaxation-controlled swelling (35 oC; 40 atm) of 6FDA-
DAM:DABA 2:1 crosslinked (CHDM) thin films annealed at 100 
oC, 220 oC, and 295 oC.  Lines are fits from relaxation functions 
(Equations 5.2-5.3). 
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films annealed at 130 °C and 100 °C are much less resistant to plasticization, 

presumably because they do not have crosslinks16 or strong intermolecular 

interactions14 acting to retard swelling. Therefore, they reach their pseudo steady-

state values very quickly. This is directly analogous to the permeability behavior 

shown in Figures 5.2 and 5.3, where the membranes annealed at low temperatures 

become unstable very quickly and the amplitude of this instability is large. 

Thermal annealing and/or crosslinking are effective in suppressing these 

instabilities, leading to more robust membrane performance in the presence of 

aggressive feed streams. Not only is the absolute final magnitude of the 

“permeability creep” suppressed, but also the time to reach this ultimate creep is 

protracted by annealing and/or crosslinking. A quantitative analysis of the 

relaxation phenomena describes the time scales and magnitude of the relaxation 

processes occurring with permeation, sorption, and swelling, as shown later in this 

Chapter. 

5.3.3 Sorption by Pressure Decay 

Figure 5.6 shows the kinetic sorption at 40 atm for the CHDM monoester 

annealed at 100 °C and 295 °C. The annealing temperature does not have a large 

impact on the equilibrium CO2 concentrations or the kinetic path taken to reach 

these equilibrium values. This is quite different from the permeation and swelling 

behavior, where the films annealed at higher temperatures have much more stable 

CO2 permeabilities and do not swell as much. At higher pressures, the time taken 

to reach equilibrium for the thick films can be quite protracted, but the amount of 

excess gas sorbed as a result of these relaxations is small in comparison to the
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Figure 5.6 Relaxation-controlled sorption of 6FDA-DAM:DABA 2:1 
crosslinked (CHDM) bulk films (annealed at 100 oC and 295 oC) as 
measured by pressure-decay at 35 oC and 40 atm.  Lines are fits from 
relaxation functions (Equations 5.2-5.3). 
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corresponding non-Fickian swelling and permeability increases. Since the long-

term sorption does not depend strongly on the annealing temperature for the 

CHDM monoester, it appears reasonable to assume that the increases in CO2 

permeability are caused by increases in the film swelling from polymer chain 

relaxations that are facilitated by the sorbed CO2. 

5.3.4 Sorption from Refractive Index 

The CO2 sorption in the glassy polymer can be estimated from the 

refractive index of the swollen film using the Clausius-Mosotti equation.14,17,18 

For the polyimides studied here, this technique gives a reasonable estimate of the 

sorption isotherms.14 Figure 5.7 shows the long-term sorption at 40 atm for the 

CHDM monoester, annealed at 100 °C and 295 °C.  The optical technique for the 

thin films shows much different behavior than that for the pressure-decay 

measurements of bulk films. 

Both chain relaxation-induced swelling and dissolution of CO2 in the 

polymer cause decreases in the swollen film refractive index. The film annealed at 

295 °C appears to have much more sorption over long times, but it is likely that 

this result arises from the protracted swelling of the film, due to increased 

segmental mobility, not from large amounts of CO2 sorption, considering the film 

annealed at 100 °C and the pressure-decay sorption data in Figure 5.6. It could be 

that some of the assumptions in the empirical Clausius-Mosotti model, such as a 

constant molar refractivity for the components, may be too simplistic to 

accurately model the subtleties of this complex relaxation-based dilation and 

residual sorption behavior. In addition, the Clausius-Mosotti model is quite
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Figure 5.7 Relaxation-controlled sorption of 6FDA-DAM:DABA 2:1 
crosslinked (CHDM) supported thin films annealed at 100 oC and 
295 oC as measured from ellipsometry at 35 oC and 40 atm. 
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sensitive to the film refractive index, where small errors (~1 %) in the refractive 

index can propagate to larger errors (~10 %) in the calculated sorption (although 

the error in both the thickness and the refractive index determined using the 

ellipsometer is less than 1 %). It has been shown for other glassy polymers (100 

µm melt extruded films of polysulfone and polyethersulfone) that over long times 

the film can continue to swell without much additional sorption.13 The same 

behavior is observed here (assuming the thin supported films behave in the same 

way as the thicker bulk films), but the optical technique is unable to show this 

completely because of some correlation between swelling and the calculated 

sorption.  However, differences in the relaxation-controlled sorption between the 

ultra-thin supported films and the thicker bulk films cannot be ruled out.  Future 

work will focus on quantifying the effects of film thickness on the long-term 

sorption behavior.  This is a very important issue since the thicknesses of 

permselective skins of practical asymmetric membranes are also ultra-thin (~0.1 

µm). 

5.4 DISCUSSION 

Figure 5.8 shows the diffusion coefficient at the upstream face of the 

membrane for the CHDM film treated at 100 and 295 °C. The diffusion 

coefficient is calculated from the permeability and sorption coefficient, 

determined from the pressure-decay measurement (D = P/S, where P is the 

permeability and S is the sorption coefficient). As noted earlier, the 100 °C 

sample is uncrosslinked and the 295 °C sample is crosslinked and insoluble in 

THF and NMP. Crosslinking leads to very stable diffusion coefficients, because
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Figure 5.8 Relaxation-controlled CO2 diffusion coefficient at 35 oC and 40 atm 
for 6FDA-DAM:DABA 2:1 crosslinked (CHDM) films annealed at 
100 oC and 295 oC.  The curves highlight the trends in the data. 
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the segmental mobility is controlled by the crosslinking and the film swelling is 

reduced significantly due to the decreased mobility. Increases in the permeability 

for the crosslinked membrane (Figure 5.3) appear to be primarily due to increases 

in the sorption. For the uncrosslinked monoester (annealed at 100 °C where there 

is insufficient mobility for the crosslinking reaction to occur), increases in the 

permeability (Figure 5.3) are mainly due to strong increases in the CO2 diffusion 

coefficient, since Figure 5.6 shows only moderate (~ 8 %) increases in sorption 

over time.  

It has been suggested that a penetrant’s diffusion coefficient in rubbery 

polymers is related to its partial molar volume in the polymer.19 In another study, 

we found that the plasticization pressure in permeation experiments correlated 

with a sorbed CO2 partial molar volume of 29 ± 2 cm3/mole for these polyimides 

(based on ellipsometry data), since an increase in the segmental mobility results in 

an upturn in the swelling, and hence, an increase in the partial molar volume.14  

When analyzing the time dependence of the sorbed CO2 molar volume, it 

is necessary to analyze the apparent molar volume instead of the partial molar 

volume20  
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The apparent molar volume of a sorbed penetrant refers to the average 

volume occupied per mole, as opposed to the differential volume change that is 

characterized by the partial molar volume. For the kinetic data (at constant 
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pressure) considered here, changes in the apparent molar volume can be used to 

characterize changes in sorption and swelling for various polymer structures. The 

apparent molar volume is a good way to compare the effect of CO2 sorption on 

different polymers, because the swelling is normalized by the penetrant 

concentration. In the apparent molar volume calculation, the volume change in the 

swollen polymer upon sorption of CO2 is attributed to volume occupied by the 

CO2; however, increased occupied volume by the polymer segments due to 

increased mobility (rotational, vibrational etc.) facilitated by the sorbed CO2 may 

also contribute to the swelling.  

Figure 5.9 shows the CO2 apparent molar volumes for the CHDM 

monoester annealed at 100 and 295 °C, for sorption based on the refractive index 

data. Crosslinking causes a lower CO2 molar volume for two main reasons, I) 

higher starting polymer free volume14 with higher Langmuir sorption which leads 

to lower swelling than sorption via a dissolution mechanism (Henry’s law)21 and 

II) restricted polymer mobility that limits swelling. 

For the film annealed at 100 °C, the molar volume does not change 

appreciably over time because the swelling reaches its asymptotic values quickly 

because the swelling is not retarded by crosslinks. The film annealed at 295°C 

shows an increase in the apparent molar volume over time as the film swells more 

slowly, but it remains much lower than that of the film annealed at 100 °C. 

In order to quantify the effects of chemical crosslinking and thermal 

annealing on the long-term relaxation of the polymer chains, the sorption, 

dilation, and permeation kinetics were fit to a semi-empirical model12,22 that
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Figure 5.9 Long-term apparent molar volume at 35 oC and 40 atm as 
determined from ellipsometry data for crosslinked (CHDM) 6FDA-
DAM:DABA 2:1 films annealed at 100 oC and 295 oC.  
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accounts for the Fickian diffusion and the considerably slower relaxation 

phenomena: 
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where Y(t) is the measured quantity (e.g. sorption, thickness, or permeation), φF is 

the Fickian contribution to (Y(t) - Y0)/(Y∞ - Y0), and φR(t) is the relaxational 

contribution. Furthermore, φR(t) can be calculated as follows 
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Equations 5.2 and 5.3 were fit to the experimental data by varying τR to 

minimize the mean square error between the experimental and calculated data.  

The Fickian fraction, φF, was held constant since the Fickian contribution to the 

kinetic data occurs too rapidly to capture with our experimental setup.   

Table 5.1 shows the effect of covalent crosslinking and thermal annealing 

on the relaxation times for the CHDM films annealed at 100 °C and 295 °C. 

Interestingly, the relaxation time, based on the swelling kinetics, increases by an 

order of magnitude when the annealing temperature is increased from 100 °C to 

295 °C. This marked increase is consistent with the chains being more rigid due to 

crosslinking, making it more difficult for the chains to relax the strains imposed 

by the penetrant molecules and hence leading to better plasticization resistance. 
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Moreover, the more rigid chains appear to show less ultimate swelling as well.  

Table 5.1 also shows that the relaxation times based on the pressure decay 

sorption kinetics do not show a significant change with annealing temperature. 

  

Table 5.1 Sorption*, Permeation, and Swelling Relaxation Times for CHDM 
Monoester Annealed at 100 and 295oC. 

Annealing 
Temperature (°C) Sorption (h) Permeation (h) Swelling (h) 

100 6.8 16 0.57 
295 5.8 47 5.3 

*pressure-decay technique 

 

However, the relaxation times based on the permeation kinetics do show a 

significant increase, similar to the swelling kinetics. This result suggests that the 

effects of covalent crosslinking and annealing temperature on the swelling 

behavior correlate with the effects on the permeation behavior. 

The relaxation times for the permeation kinetics in Table 5.1 are 

systematically larger than the times derived from the swelling kinetics. There are 

a couple of possible reasons for the difference in relaxation times. First, the 

swelling kinetics experiments were performed on thin films (~120 nm) whereas 

the permeation kinetics were for much thicker films (~50,000 nm). Simulations 

and experiments have shown that thin films can often have lower glass transition 

temperatures (Tg) than the corresponding bulk films.23,24 Others have attributed 

the origin of this lower Tg to a region of increased mobility at the free surface that 

arises from an increase in configurational freedom of the polymer chains.23,25 
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When the film becomes sufficiently thin, the length scale associated with this 

region of increased configurational entropy becomes comparable to the total film 

thickness and can affect the observed film properties (i.e., finite size effects 

become important).  Typically for supported thin films, deviations for the neat 

polymer Tg occur at film thicknesses below 40-50 nm.  However in the presence 

of a solvent, the length scales at which confinement affects other properties, such 

as permeation, sorption, and dilation are unknown.  Thin films, an order of 

magnitude thicker than those used in this study, have been shown to plasticize at 

lower CO2 pressures than thick films.26 Therefore, it is reasonable to expect that 

the thin films used in the swelling experiments will have faster relaxation times 

relative to the thicker films used in the permeation experiments.  

An additional reason for the increased relaxation times in the permeation 

measurements is likely due to the concentration gradient that exists in these 

experiments as opposed to the swelling experiments, where the pressure is 

isotropic around the film. With a concentration gradient, the observed relaxation 

time is composed of the sum of relaxation times for polymer chains exposed to 

different CO2 concentrations within the film. It appears that lower CO2 

concentrations may lead to longer effective relaxation times since the polymer 

chain mobility is lower. For example when the polymer with free acid groups was 

annealed at 220 °C and exposed to 40 and 92 atm CO2 in separate experiments, 

the swelling relaxation times were 3.3 and 1.6 h, respectively. Near the 

downstream face of the membrane, the relaxations are negligible due to the low 
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CO2 concentrations. This gradient, coupled with the possible thin film effects, 

likely explains the differences in the permeation and dilation relaxation times.    

The permeation, sorption, and dilation isotherms of glassy polymers all 

show hysteresis. This behavior is typical for glassy polymers that are exposed to 

plasticizing penetrants, where the polymer is unable to rapidly relax back to its 

unconditioned state once the plasticizer is removed. This is particularly damaging 

to a membrane operation, where an “operational upset” (e.g. feed pre-treatment 

failure) can expose the membrane to plasticizing components, and the effect of 

this will be seen for periods well beyond just the exposure time. The permeation 

and sorption kinetics show that heat treatment and covalent crosslinking are 

effective at minimizing instabilities in the CO2 diffusion coefficient, both in terms 

of the amplitude and time scales of this disturbance.  Therefore, crosslinking 

makes the membrane operation more stable over wider operating conditions and 

the membranes are better able to sustain operation under upset conditions. 

5.5 CONCLUSIONS 

The time dependence of CO2-induced polymer chain relaxations has been 

investigated through measurements of the permeation, sorption, and swelling 

kinetics of polyimide membranes. The permeability and swelling can be stabilized 

by simple thermal annealing of the 6FDA-DAM:DABA 2:1 with free carboxylic 

acid groups. These COOH groups were also esterified with 1,4-

cyclohexanedimethanol and crosslinked at sufficiently high annealing 

temperatures. Crosslinking presumably increases the rigidity of the chains, 
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leading to a significant increase in the stability of the CO2 permeability and a 

decrease in the sorbed CO2 apparent molar volume.  

The magnitudes of the relaxation-induced increases in swelling and CO2 

diffusion can be correlated with respect to the polymer annealing temperature. 

Moreover, relaxation times derived from the kinetic data increase with increased 

crosslinking. Furthermore, analogous trends are observed between the relaxation 

times determined from the permeation kinetics and those determined from the 

swelling kinetics, with respect to annealing temperature. However, the swelling 

relaxation times are faster than the permeation relaxation times.  This difference is 

likely due to the presence of a concentration gradient in the permeation 

experiment and increased chain mobility at the free surface. This mobility at the 

free surface is a more significant factor in determining the polymer relaxations for 

the much thinner films used in the swelling experiments than for the bulk films 

used in the permeation and pressure-decay sorption experiments. The permeation 

relaxations in ultra-thin asymmetric membranes may be accelerated due to these 

thin-film effects. 

Pressure-decay sorption measurements indicate that polymer film swelling 

(without corresponding levels of CO2 sorption) is responsible for the 

plasticization observed in permeation experiments. Thus, sorption is not the best 

indicator of the long-term membrane plasticization resistance. Swelling of the 

polymer causes an increase in the CO2 diffusion coefficient. Crosslinking and 

thermal annealing reduce swelling to stabilize the CO2 diffusion coefficient, thus 

making the membrane performance more robust and predictable.  
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Since thin films plasticize at lower pressures than thick films, and we have 

correlated plasticization with polymer swelling, it is natural to expect that the 

dynamics of permeation and swelling would be affected by the film thickness.  

Spectroscopic ellipsometry can be used to obtain rapid kinetic measurements on 

length scales that are on the order of that of the selective skin in asymmetric 

hollow fiber membranes.  An understanding how the plasticization-induced 

instabilities depend on the film thickness and polymer structure is of great 

fundamental and practical interest. 
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Chapter 6 

Structure of End-Grafted Polymer Brushes in Liquid and 
Supercritical Carbon Dioxide: A Neutron Reflectivity Study 

 
Reprinted with permission from: 

 
Sirard, S.M.; Gupta, R.R.; Russell, T.P.; Watkins, J.J.; Green, P.F.; Johnston, K.P. 
Macromolecules 2003, 36, 3365-3373.  Copyright 2003 American Chemical 
Society.  

 

Neutron reflectivity was used to characterize the structure of end-grafted 

deuterated-poly(dimethyl siloxane) (d-PDMS) brushes on SiOx wafers exposed to 

liquid and supercritical carbon dioxide (CO2).  The solvent quality was tuned 

continuously over a large range from ideal gas conditions to a near-Θ solvent by 

varying temperature and CO2 density.  Two distinct regions were seen in the 

segment density profile as a function of distance from the surface: (i) an inner 

concentrated region near the substrate where the segment density is high due to 

the strong attractive short and long-ranged interactions between the d-PDMS and 

the SiOx substrate and the attractive intra- and interchain interactions, and (ii) an 

outer solvated region that is dilute in polymer due to solvation by CO2.  In the 

outer solvated region, the well-defined block profile at the worst solvent 

conditions changes to a more parabolic profile with improving solvent quality.  

The thickness and volume fraction profiles for the outer solvated region change 

much more with solvent quality than has been seen in previous studies with 

incompressible solvents, due to the high asymmetry in the intermolecular 
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interactions, as well as the large compressibility and free volume differences 

between the polymer segments and the solvent. 

6.1 INTRODUCTION 

Liquid and supercritical carbon dioxide (CO2) have emerged as 

alternatives to toxic organic solvents.1 Not only is CO2 essentially nontoxic, but it 

is abundant, inexpensive, and nonflammable.  Furthermore, the critical 

temperature of CO2, 31.1 oC, is not far from room temperature and its solvent 

quality can be tuned markedly with small variations in pressure and temperature. 

The tunable solvation properties of CO2 offer many potential advantages in the 

synthesis, processing, and separation of colloidal dispersions, such as water-in-

CO2 emulsions and microemulsions,2,3 polymer latexes,4 and dispersions of 

inorganic metals and metal oxides.5 Since CO2 has no dipole moment and has a 

low polarizability per volume (i.e., weak van der Waals interactions), many 

nonvolatile compounds are insoluble in CO2. A significant challenge in the design 

of CO2-based stabilizers is to provide sufficient solvation by CO2 such that steric 

repulsive forces overcome attractive van der Waals forces between surfaces.  It 

has been found that polymers with low surface tension, and hence low cohesive 

energy density, are most effective as CO2 stabilizers.  “CO2-philic” stabilizers 

include fluoroacrylates, fluoroethers, siloxanes, polypropylene oxides, 

polycarbonate copolymers, acetylated sugars, and some hydrocarbons.6-12 

McClain et al.,13 showed with small angle neutron scattering (SANS), that 

poly(1,1-dihydroperfluorooctyl acrylate) (PFOA) has a positive second virial 

coefficient (A2) in CO2 at 65 oC and 340 bar, whereas Chillura-Martino et al.14 
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found a negative A2 for PDMS at the same conditions.  However, Melnichenko et 

al.15 showed that CO2 is a good solvent for PDMS at higher CO2 densities.    

One of the most clearly defined methods for stabilizing dispersions is to 

terminally attach polymers onto the surfaces of the particles.16 Surfaces 

containing dense end-grafted polymers will repel each other in a sufficiently good 

solvent when the stabilizing layers are thick enough to screen the attractive van 

der Waals forces between the particle cores.  If the monomer density becomes 

sufficiently large in an end-grafted polymer layer, the polymer chains will stretch 

away from the surface and form a polymer brush.  Chains immersed in a good 

solvent will have the tendency to maximize energetically favorable contacts with 

the solvent molecules and avoid contacts with neighboring chains.  Therefore, the 

equilibrium brush structure and height will be determined by a balance between 

the interactions that promote stretching and the associated loss of chain 

conformational entropy.17 

The structures of polymer brushes exposed to incompressible liquid 

solvents have been investigated with scaling analysis,18 self-consistent field 

theory (SCF),19,20 simulation,21,22 and experiment.23-25 There is a general 

consensus that the concentration profile is parabolic for a brush on a non-

interacting surface in a good solvent.  When the chains are grafted to a repulsive 

or noninteracting surface, there exists a depletion of segments near the grafting 

surface.  Simulation and experimental studies often show an exponential decay in 

the concentration profile near the brush/solvent interface.        
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There has been recent progress in probing polymer brushes in solvents 

with techniques such as ellipsometry,26 SANS,27 and neutron reflectivity.23-25,28,29 

Neutron reflectivity (NR) is a particularly useful technique for probing polymer 

brushes because it is nondestructive, with a depth resolution of ~1 nm.30,31 

Furthermore, contrast can be manipulated easily by using isotopic labeling.30,31 In 

general, experimentally determined brush structures in conventional liquid 

solvents have shown good agreement with predictions from theory19,20 and 

simulations.21,22 For example, NR results by Karim et al., for the swelling and 

density profiles of end-grafted polystyrene brushes in cyclohexane and toluene at 

various solvent qualities were in good agreement with SCF predictions.23  

While advances have been made in understanding brushes exposed to 

incompressible solvents, few studies have investigated the behavior of polymer 

brushes in supercritical solvents, where the solvent quality is a strong function of 

solvent density.  Peck and Johnston32 combined SCF theory with lattice fluid 

theory (LFSCF), to include effects of compressibility, to model the structure and 

interactions between short terminally attached chains in a supercritical solvent.  

Meredith and Johnston33 used LFSCF to examine the structure of high molecular 

weight adsorbed copolymers and end-grafted stabilizers as a function of solvent 

quality in a supercritical fluid.  They concluded that as the solvent density is 

lowered, adsorbed and end-grafted chains collapse as the solvent gains entropy by 

expanding away from the chains and into bulk solution.  Furthermore, they 

predicted that flocculation of two coated surfaces occurs at the upper critical 

solution density (UCSD) of the stabilizer in bulk solvent.  The results were 
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corroborated by Monte Carlo simulations for the structure and interactions of end-

grafted chains in a compressible solvent34 as well as in stability studies of poly(2-

ethylhexyl acrylate) emulsions in supercritical CO2.35 Other experimental studies 

on stabilizer structure in supercritical fluids have focused on the formation and 

structure of block copolymer and surfactant micelles.3,36-38  Measurements of the 

interfacial structure of chemically end-grafted brushes in supercritical solvents 

have not been reported previously, despite their importance in numerous 

applications.   

The primary objective of this work is to tune the solvent quality of a 

supercritical fluid with temperature and pressure to manipulate the chain 

extension and segment density profile of an end-grafted homopolymer brush.  

Deuterated-poly(dimethyl siloxane) (d-PDMS) was end-grafted onto silicon 

wafers to form dense brushes.  In-situ neutron reflectivity experiments were used 

to measure the thickness and volume fraction profiles of the brushes as a function 

of temperature and CO2 density (or solvent quality).  The range in solvent quality 

is enormous from nonsolvent conditions to a near-Θ solvent, as the density of 

CO2 ranges from ~0 to 0.92 g/cm3.  As a function of solvent quality, we 

demonstrate that hydrogen bonding and Hamaker forces between the substrate 

and chains along with attractive intra- and interchain interactions that act to 

collapse the chains compete with the solvation forces that act to stretch the chains, 

leading to two distinct regimes in the brush concentration profile. The major 

differences in the brush profiles relative to those in incompressible solvents are 

explained in terms of the large asymmetry in the intermolecular forces, the 
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compressibility of the solvent and the long-range Hamaker forces between the 

surface and chains.  The results are compared with previous theory32,33 and 

simulation34 of brushes in compressible solvents with emphasis on the brush 

structure at densities near the previously determined UCSD39 and Θ-density15,40 

(ρΘ) for the free polymer in solution.  

6.2 EXPERIMENTAL 

6.2.1 Materials 

d-PDMS (Mw = 16000, Mw/Mn = 1.28) with a mono-functional silanol end 

group was purchased from Polymer Source.  The d-PDMS films were  spin-

coated onto silicon (100) wafers (Wafer World) from heptane solutions. 

6.2.2 Sample Preparation 

The wafers were cut into 2 in. x 2 in. squares and were initially cleaned41 

by soaking in a 50:50 (w/w) hydrochloric acid/methanol (EM Science) solution 

for 30 min.  The wafers were then rinsed with excess deionized water 

(NANOpure II, Barnstead) and dried with nitrogen gas (Air Products, > 

99.9999%).  The wafers were then soaked in 95% sulfuric acid (Mallinckrodt, 

analytical grade) for 30 min and subsequently rinsed with deionized water and 

dried with nitrogen gas. 

Prior to coating the d-PDMS, the native oxides on the silicon wafers were 

characterized with a spectroscopic ellipsometer (J.A. Woollam).  The native oxide 

was between 1.2 and 1.5 nm thick for all of the samples.  Thick d-PDMS films 

were spun onto the wafers using a photoresist spinner (Headway Research, Inc.).  

The concentration of the d-PDMS/heptane solution and the spinning speed were 
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adjusted to control the film thickness.  The coated wafers were annealed under 

vacuum at 125 oC for 5 days to graft the d-PDMS according to the reaction shown 

in Figure 6.1.  After annealing, the d-PDMS coated wafers were rinsed with 

excess amounts of pure heptane to remove any nonattached polymer.  The 

thickness of the end-grafted d-PDMS brushes were measured with the 

ellipsometer (assuming nd-PDMS = 1.42).  To ensure that all the d-PDMS chains 

were attached to the substrate, samples were soaked in heptane for an additional 2 

h, dried with nitrogen gas, and placed under vacuum overnight at room 

temperature.  No significant change in the brush thickness was seen after this 

additional soaking. 

6.2.3 Neutron Reflectivity 

The NR experiments were performed on the SURF time-of-flight 

reflectometer at ISIS-Rutherford Appleton Laboratory, UK.  The experiments 

were performed in a stainless steel high-pressure NR cell that has been described 

elsewhere.42,43 The cell was heated with cartridge heaters and CO2 was charged to 

the cell using a computer controlled syringe pump (ISCO Products Inc.).   

The principles of NR have been detailed elsewhere.30 The NR profiles 

were obtained as a function of the neutron momentum transfer normal to the 

substrate: 

 

 )sin()2( θ
λ
π

=k    (6.1) 
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Figure 6.1 Grafting Reaction.  R = Si(CD)3. 
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where λ is the neutron wavelength and θ is the grazing angle of incidence.  k was 

varied between 0.004 and 0.087 Å-1 for all the experiments.  The experiments 

were performed at temperatures of 25 oC and 65 oC and at CO2 fluid pressures up 

to 200 atm.  Figure 6.2 shows the state of the pure CO2 with respect to the 

pressure/temperature regimes used in this study.  For each temperature, NR 

profiles were initially collected at atmospheric pressure and then in ascending 

pressure steps.  The time for collecting the NR profiles was between 40-70 min at 

each pressure.  After each pressure change, NR profiles were collected after 

waiting approximately 15 min.  The modification of the neutron spectrum due to 

the presence of high-pressure windows and the CO2, was taken into account when 

calculating the reflectivity.  Spectroscopic ellipsometry measurements on the d-

PDMS brush showed that the thickness of the brush, after exposure to the same 

CO2 pressures and temperatures as in the NR experiments, was the same within 

experimental error to the initial brush thickness.  This result suggests that the 

chain extension is reversible and not trapped in a meta-stable state.   

NR is sensitive to variations in the neutron scattering length densities 

(NSLD) normal to the substrate.  To fit the data, a multi-layered model was 

constructed consisting of silicon substrate, native oxide (SiOx), and d-PDMS 

brush layers as well as a CO2 atmosphere.  The pure component NSLD for each 

layer was calculated from the following equation30 
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Figure 6.2 Pressure-Temperature phase diagram for pure CO2.  () is the 
liquid-vapor saturation curve and the (↑) represent the 
pressure/temperature paths used in this study. 
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where bi is the sum of the neutron scattering lengths of the atoms comprising 

component i, ρi is the mass density of component i, Nav is Avogadro’s number, 

and Mwi is the molecular weight of component i.  Literature values were used for 

the bi’s.44 The d-PDMS brush was broken down into two regions consisting of an 

inner polymer-concentrated region near the substrate and an outer solvated region.  

The polymer volume fraction for the concentrated region was assumed to be 

constant as a function of distance from the grafting plane and was modeled using 

a step-function.  The outer solvated region was discretized into 100 layers of 

equal thickness in which the polymer volume fraction varied with distance, z, 

from the grafting plane.  Thus, the complete model for the PDMS brush is 

 

 CRz φφ =)(                                     0 ≤ z ≤ hCR (6.3a) 

 

 αφφ ))(1()( 2

h
hz

z CR
o

−
−=       hCR < z ≤ ht (6.3b) 

 

where φCR is the polymer volume fraction in the inner concentrated region, hCR is 

the thickness of the inner concentrated region, φo is the polymer volume fraction 

at the interface between the concentrated region and the solvated region, h is the 

thickness of the outer solvated region of the brush, and ht is the total thickness of 

the brush.  The thicknesses of the concentrated and solvated regions were 

summed to get the total brush thickness at each condition. 
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The profiles were fit using a multi-layer recursion method to calculate the 

total reflectance and reflectivity for the model as described in detail elsewhere.30 

The main fit parameters are the φo, h, and α in Equation 6.3 for the solvated 

region, the hCR and NSLD of the polymer-concentrated region, the interfacial 

roughness (described using an error function representation30), and ∆k/k.  The 

best-fit to each reflectivity profile was determined by varying the fit-parameters in 

order to minimize the χ2 error function. 

6.3 RESULTS 

6.3.1 Brush Characterization at Ambient Pressure 

The initial dry thickness of the brushes without CO2 was determined with 

both NR and spectroscopic ellipsometry.  NR gave a dry thickness of 10.5 nm for 

the brush used in the 25 oC experiment and 9.4 nm for the brush used in the 65 oC 

experiment.  Ellipsometry gave a dry thickness of 10.4 nm and 9.6 nm for the 

brushes used in the 25 oC and 65 oC experiments, respectively.  

The end-grafted polymers were characterized with several parameters as 

given in Table 6.1.  For d-PDMS, the mass of polymer per unit area, Γ, can be 

calculated using Equation 6.4 

 

 Γ [mg/m2] = 0.1γ[Å]ρd-PDMS[g/cm3] (6.4) 

 

where ρd-PDMS is the density of pure d-PDMS and γ is defined as 

 
 ∫=
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dzz
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Table 6.1 Characterization Parameters for d-PDMS Brushes. 

Characterization
Parameters 25 oC 65 oC 

ho (nm) 10.5 9.4 
Γ (mg/m2) 10.0 9.2 
D (nm) 1.63 1.70 
σ (chains/ nm2) 0.376 0.346 
σ*=σπRg

2 13.7 12.6 
Ω = (a/D)2 9.41x10-2 8.65x10-2 
ho/D 6.44 5.53 
ho/Rg 3.09 2.76 

 

The distance between grafting points, D [in Å], is 
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 Γ
=

wM
D  (6.6) 

 

Furthermore, the graft density, Ω, and the overlap concentration, σ*, can be 

calculated as follows: 

 

 
2







=Ω

D
a  (6.7) 

 
 2* gRσπσ =  (6.8) 

 

where a is the size of a d-PDMS monomer (~5 Å),45 σ is the number of chains per 

unit area, and Rg is the unperturbed radius of gyration for d-PDMS (~3.4 nm).15 

The end-grafted d-PDMS in this study is clearly in the brush regime, i.e. σ* >> 1, 
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due to excluded volume interactions.  Further evidence of the brush regime is 

given by the large values of ho/D and ho/Rg, where ho is the dry thickness of the 

brush. 

6.3.2 Neutron Reflectivity in CO2  

The experimental NR profiles for the d-PDMS brushes exposed to CO2 at 

different pressures are shown in Figures 6.3 and 6.4.  Qualitatively, it is evident 

from the reduction in the separation distance of successive minima that the 

effective thickness of the PDMS at the surface is increasing, which means that the 

d-PDMS chains are extending into the CO2 as the pressure is increased.  The 

NSLD profiles corresponding to the best-fits of the NR profiles are shown in 

Figures 6.5 and 6.6.  Initially, the polymer volume fraction profiles of the d-

PDMS brushes were modeled as a function of distance from the grafting plane by 

Equation 6.3b, where φo was the volume fraction of d-PDMS at the grafting plane 

(z = 0), and h was the thickness of the brush.  The use of this model is motivated 

by previous experiments23 and SCF calculations.19,20 For infinitely long chains, 

SCF calculations predict that α = 1 for a good solvent and α = ½ for a Θ-

solvent.19,20,23 Equation 6.3b alone, however, did not give sufficiently good fits to 

the data at higher CO2 pressures.   
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Figure 6.3 Neutron reflectivity profiles for d-PDMS in CO2 at 25 oC.  For 
clarity, the profiles are offset by various orders of magnitude.  
Starting from the bottom and moving upwards, the profiles 
correspond to CO2 pressures of 1.0, 35.2, 123.7, 164.0, and 197.7 
atm. ( ) experimental profiles, () best-fit profiles.   
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Figure 6.4 Neutron reflectivity profiles at 65 oC.  Starting from the bottom and 
moving upwards, the profiles correspond to CO2 pressures of 1.0, 
70.5, 96.3, 137.1, 191.5 atm.  ( ) experimental profiles, () best-fit 
profiles.   
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Figure 6.5 NSLD profiles for d-PDMS in CO2 at 25 oC.   
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Figure 6.6 NSLD profiles for d-PDMS in CO2 at 65 oC 
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The above observation is not surprising as it is well known that PDMS 

adsorbs strongly to SiOx surfaces.46-50 Furthermore, CO2 is worse than a Θ-solvent 

at the pressures studied.15 Interactions between monomer segments of PDMS are 

stronger than those between a monomer and CO2.  Based on each of these factors, 

one would expect a larger PDMS segmental density near the substrate.  Good fits 

were achieved at all of the conditions with the inclusion of a polymer-

concentrated layer in the model (Equation 6.3a).  Figure 6.7 shows reflectivity 

profiles generated using three different NSLD profiles (Figure 6.8) with an 

equivalent brush thickness at 65 oC and 137 atm along with the experimental data 

at this condition.  The profile with the polymer-concentrated region (solid line) 

gives a superior fit to the experimental data over the entire k-range relative to the 

other profiles. 

6.3.3 Chain Extension 

The total thickness of the d-PDMS brushes as a function of CO2 pressure 

at both 25 oC and 65 oC is shown in Figure 6.9.  The total brush thickness is 

determined by summing the thicknesses of the concentrated and solvated regions, 

which are determined from the detailed theoretical fit to the reflectivity profiles.  

The d-PDMS chains extend over 100% from their initial thickness at both 

temperatures.  Increasing CO2 pressure leads to higher CO2 densities, better 

solvent qualities and thus greater extension. 
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Figure 6.7 R*k4 vs k.  ( )  experimental data at 65 oC and 137.1 atm, () best-
fit.  The lines are generated from the respective NSLD profiles in 
Figure 6.8. 
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Figure 6.8 NSLD profiles used to generate reflectivity profiles in Figure 6.7. 
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Figure 6.9 Total d-PDMS brush thickness vs CO2 pressure.  ( ) 25oC, ( ) 65 
oC. 
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The chain extension at 25 oC is greater than at 65 oC as shown in Figure 

6.9.  At a given pressure, the density of CO2 at 25 oC is markedly higher than at 

65 oC, resulting in better solvent quality.  However, if the chain extension is 

plotted versus solvent density as in Figure 6.10, a different trend is observed.  

These data indicate that at a given CO2 density, the relative chain extension at 65 
oC is higher than at 25 oC.    

Figure 6.10 also shows the UCSD for the CO2/PDMS (Mn = 10000 g/mol) 

system at 25 oC (0.908 g/ml) and 65 oC (0.793 g/ml)39  as well as ρΘ (i.e., the 

UCSD for infinite molecular weight) at 50 oC (0.972 g/ml) and 65 oC (0.950 

g/ml).15,40 In Figures 6.9 and 6.10, we see that the chains at 65 oC extend into the 

solvent with an increase in pressure and density.  Despite this improvement in 

solvent quality, the solvent conditions remain in the poor solvent regime at all 

densities examined.  For example, in Figure 6.10, the highest density examined at 

65 oC is lower than both ρΘ and the UCSD.  The poor solvent regime is also 

consistent with the fitted α values (Equation 6.3) which vary between 0.20-0.30 at 

the highest densities, whereas SCF theory predicts that α = ½ for infinitely long 

chains in a Θ-solvent. 

In Figures 6.9 and 6.10, we see similar trends in the chain extension at 

both 25 oC and 65 oC for pressures and densities below the UCSD.  However, the 

highest densities examined at 25 oC are above the UCSD and very near ρΘ.  

Interestingly, the thickness of the brush at 25 oC begins to increase more sharply 

in this high-density region.  Based on the work of Melnichenko et al.,15,40 the 

highest densities examined at 25 oC are near but still below ρΘ  and hence the CO2
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Figure 6.10 Percent change in brush thickness vs CO2 density.  ( ) 25oC, ( ) 
65 oC.  From left to right the vertical lines represent the (---) UCSD 
at 65 oC, (---) UCSD at 25 oC, (−  −) ρΘ at 65 oC, and (−  −) ρΘ 
at 50 oC. 
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is still in the poor-solvent regime.  This is also consistent with our fitted α values 

at 25 oC, which reach a value ~0.40 at the highest densities examined. 

6.3.4 Interfacial Structure 

An interesting feature in the NSLD profiles is the presence of a distinct 

region of concentrated polymer near the oxide surface.  As seen in Figures 6.5 and 

6.6, the NSLD profiles at the lowest pressures are concentrated in polymer 

throughout the thickness of the brush due to minimal solvation.  When the CO2 

pressure is increased at both temperatures, the outer region of the brush becomes 

solvated and begins to extend into the CO2 whereas the brush remains 

concentrated in polymer near the oxide surface.  At the highest pressures, the 

contrast between the NSLD of the outer solvated region and the concentrated 

region becomes greater and the regions become more distinguishable.  At the 

lowest pressures, there still appears to be a concentrated region, but the contrast 

between the concentrated region and the outer region of the brush is much 

smaller.  This smaller contrast is due to the fact that at the lowest pressures the 

solvent densities are so low that the brush is essentially exposed to a nonsolvent.  

Therefore, the brush resides in a collapsed state due to insufficient solvation, 

resulting in a high monomer concentration throughout the thickness of the brush. 

Figure 6.11 shows the breakdown of the total brush thickness into 

individual components consisting of the thickness of the outer solvated region and 

the thickness of the inner concentrated region.  Interestingly, we see that the 

thickness of the outer solvated region follows the same trend as the total brush 

thickness, whereas the thickness of the concentrated region initially decreases 
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Figure 6.11 Thickness of solvated and concentrated regions of d-PDMS brush vs 
CO2 density. ( ) represent the outer solvated region of the brush at 
25 oC, ( ) represent the polymer-concentrated region at 25 oC, ( ) 
represent the solvated region of the brush at 65 oC, and ( ) represent 
the polymer-concentrated region at 65 oC. 
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with increasing density and then becomes relatively constant.  Another interesting 

feature is that the concentrated region at 25 oC is ~25% thicker than at 65 oC. 

The NSLD profiles in Figures 6.5 and 6.6 can be converted readily to 

volume fraction profiles.  In general, the mixture NSLD for a binary d-

PDMS/CO2 system is 

 

 2))()(1()()()()( COPDMSdPDMSdPDMSdmix NSLDzNSLDzzNLSD −−− −+= φφ  (6.7) 

 

where (NSLD)mix(z) is the mixture NSLD at a distance z from the grafting plane, 

(NSLD)d-PDMS and (NSLD)CO2 are the pure component NSLD’s for d-PDMS and 

CO2 respectively, and φ(z)d-PDMS is the volume fraction of d-PDMS at a distance z 

from the grafting plane.  Typically, the pure component NSLD value for an 

incompressible solvent is taken as the NSLD value of the solvent at the 

temperature where the scan is taken.  Our system is more complicated since it is 

well known that the molar volume of CO2 within the polymer can be much 

different than the molar volume of the bulk CO2 at the system temperature and 

pressure.  Therefore, the (NSLD)CO2 at each temperature and pressure is 

calculated such that the resulting volume fraction profile gives the same grafted 

amount of polymer (see Equation 6.4) as the solventless case.  This approach 

ensures conservation of mass.  The volume fraction profiles are shown in Figures 

6.12 and 6.13 for both temperatures. 

The volume fraction profiles indicate very concentrated brushes at the 

lowest CO2 pressures.  As the CO2 pressure and thus density are increased, the 
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Figure 6.12 Volume fraction profiles for d-PDMS brush at 25 oC.   
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Figure 6.13 Volume fraction profiles for d-PDMS brush at 65 oC.   
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polymer volume fraction profiles for the outer regions of the brush become 

diluted and take a parabolic shape at both temperatures.  In addition, we observe a 

region near the substrate that remains concentrated in polymer at all of the 

pressures.  At 25 oC, this concentrated region has a d-PDMS volume fraction 

between 0.90-0.95, whereas at 65 oC the concentrated region has a d-PDMS 

volume fraction between 0.78-0.90.  In addition, a small depletion in the polymer 

volume fraction is observed very near the substrate at both temperatures.  This 

depletion is likely due to entropic repulsion at the substrate and/or roughness at 

the polymer/substrate interface.  The volume fraction profiles also show that the 

outer solvated regions of the brushes generally have a lower volume fraction at 25 
oC than at 65 oC.  This increased dilution is due to the markedly higher CO2 

densities and hence better solvent qualities at 25 oC. 

The CO2 molar volumes corresponding to the calculated pure component 

(NSLD)CO2’s used in constructing the volume fraction profiles are plotted vs the 

bulk CO2 molar volume in Figure 6.14.  The CO2 molar volumes are calculated 

from the pure component (NSLD)CO2 by solving Equation 6.2 for MwCO2/ρCO2.  

The calculated pure component (NSLD)CO2’s correspond to liquid-like CO2 molar 

volumes even when the bulk CO2 molar volumes are much larger.  The CO2 

contracts as it dissolves in the polymer brush. 

6.4 DISCUSSION 

Lower critical solution temperature (LCST) type phase separation between 

polymers and supercritical fluid CO2 is driven by an increase in entropy.  

Analogously, in a compressible CO2 solvent, entropy is gained when CO2 
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Figure 6.14 CO2 molar volume corresponding to the calculated pure component 
(NSLD)CO2 used in constructing the volume fraction profiles vs bulk 
CO2 molar volume. ( ) 25 oC, ( ) 65 oC.  The lines highlight the 
trends in the data. 
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expands away from the grafted chains into the bulk to increase its volume.33 The 

driving force for this expansion becomes smaller as the bulk CO2 density 

increases, e.g. above the UCSD.  Furthermore, the energy of interaction between 

monomer and CO2 increases and becomes closer to that between two monomers 

as the CO2 density increases. Therefore, at high CO2 density the d-PDMS brush is 

more solvated, with a lower segment volume fraction in the outer solvated region, 

and extends further into CO2.  At CO2 densities below the UCSD, the entropic 

gains for the CO2 expansion away from the chains and into the lower-density bulk 

solvent become more important resulting in chain collapse.  Here there is 

insufficient solvation to screen the attractive intra- and interchain interactions. 

The relative extension at 65 oC is greater than at 25 oC as shown in Figure 

6.10.  Attractive dipole-dipole monomer-monomer interactions become less 

important as temperature is increased at constant density whereas solvation of 

monomer by CO2 due to van der Waals interactions is relatively constant.  This 

trend likely explains the increase in the relative chain extension.  Similar behavior 

was observed by Luna-Barcenas et al. using Monte Carlo simulations, where they 

found that the mean square end-to-end distance of a single chain in a supercritical 

fluid also increased when raising temperature at constant density.51 Temperature 

effects on the attractive monomer-monomer interactions are also the likely reason 

for smaller thickness and volume fractions for the polymer-concentrated regions 

at the higher temperature.  In addition, temperature effects on solvent quality have 

been observed in recent SANS experiments on semi-dilute bulk PDMS/CO2 

solutions.15,40 Melnichenko et al. reported that ρθ increased from 0.87 g/ml to 0.97 
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g/ml when the temperature was decreased from 80 oC to 50 oC.15,40 Thus, they 

find that the solvent quality at a given CO2 density is better for higher 

temperatures. 

We observe two distinct regions in the NSLD and volume fraction profiles 

for the end-grafted brushes, as shown schematically in Figure 6.15.  First, there 

exists a polymer-concentrated region near the oxide where the d-PDMS volume 

fraction changes little with pressure from 1 atm to the highest pressure studied 

near ρθ.  CO2 penetrates this region very little. The second region observed in our 

profiles is the outer solvated portion of the brush, which is relatively dilute and 

extends progressively further out into the CO2 as the solvent quality is improved.  

Furthermore, the volume fraction profiles in this portion of the brush evolve from 

step-function profiles at the lowest CO2 densities to more parabolic profiles at the 

highest CO2 densities. 

While most studies of chemically end-grafted brushes are done on 

noninteracting or repulsive substrates, there are a few examples of theoretical,52 

simulation,22,53 and experimental23,25 studies that have examined the structure of 

end-grafted brushes on interacting surfaces.  For example, Chakrabarti et al.53 

used Monte Carlo simulations to determine the volume fraction profiles of end-

grafted brushes on attractive substrates.  They studied the effect of both short-

range (contact type) and long-range attractive interactions.  For the case of short-

range interactions in a good solvent, they found that the monomer density profile 

decays monotonically in the vicinity of the grafting plane, whereas far away from 

the wall the profile was parabolic and similar to the nonadsorbing case.  For the
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Figure 6.15 Effect of CO2 density on chain extension and interfacial structure.  A 
polymer-concentrated region and a solvated region are observed in 
the brush structure. 
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case of long-range interactions (attractive square-well potential) in a good solvent, 

Chakrabarti et al. found a concentrated region of polymer with a constant volume 

fraction throughout the range of the attractive potential.  Outside the potential 

range, the profile had a parabolic decay similar to the non-adsorbing case.  

Overall, their results show good agreement with SCF calculations.52,53   

Similarly to simulations53 that include a long-range attraction between the 

surface and the brush, our results show two distinct regions in the brush volume 

fraction profiles.  Previous molecular dynamics22 and experimental studies have 

also observed this behavior.25 Perahia et al.25 determined the volume fraction 

profiles of weakly end-grafted polystyrene brushes on silicon in equilibrium with 

a solution of unbound polymer.  They concluded that away from the grafting 

surface the brush profile is determined solely by solvation forces, whereas near 

the grafting surface the interaction of the polymer with the surface strongly 

influences the profile.25 Despite the fact that our results also show two distinct 

regions in brush structure, we will demonstrate some significant differences in the 

details of our structure and in the relevant intermolecular forces. 

For our system, it is known that CO2 will adsorb onto silica surfaces,54,55 

but it has been reported that CO2 only weakly interacts with surface silanols.56 In 

contrast, it has been demonstrated that PDMS strongly interacts with silica 

surfaces via mechanisms such as those shown in Figure 6.16.46-48,50  There are two 

key ways that PDMS could interact with SiOx surfaces.  First, from Table 6.1, 

there are ~0.3-0.4 chains/nm2.  A fully hydroxylated SiOx surface contains ~4.6 

silanols/nm2.57 Thus, d-PDMS is only bonded to ~7-8% of the available silanol 
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Figure 6.16 Interaction mechanisms for PDMS with SiOx surface. 
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groups, leaving many unreacted silanols to form hydrogen bonds with the oxygen 

groups in the d-PDMS backbone.  Secondly, long-range Hamaker interactions 

between the substrate and the brush also attract the d-PDMS chains to the SiOx 

surface.   

In order to study the long-range van der Waals interaction, the Hamaker 

constant (using Lifshitz theory)58 was calculated for a PDMS sphere, with a radius 

corresponding to the area/chain (see Table 6.1), interacting with a silica surface.  

The van der Waals interaction energy remains on the order of ~kT and has a 

substantial influence at distances of 3 - 4 nm away from the substrate.  Thus, the 

interfacial structure observed for the d-PDMS brushes is governed by several 

different interactions including strong hydrogen bonding with surface silanols, 

long-range van der Waals attractive interactions with the substrate, attractive 

intra- and interchain interactions, and solvation of the chains by CO2.   

As seen for previous studies in incompressible solvents,22,25,53 the solvated 

region of our brush becomes more parabolic with improved solvent quality.  

Despite this similarity, major differences are evident.  In our system, the solvent 

quality is varied over an enormous range from an ideal gas (nonsolvent) to a near-

Θ solvent.  At the lowest pressures, the brush is in a concentrated, fully collapsed 

state.  As the CO2 pressure is initially increased, the concentrated region shrinks 

markedly as CO2 pulls segments into the outer solvated region.  In contrast, the 

thickness of the concentrated region changes very little with temperature in the 

previous studies in incompressible solvents.   
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The volume fraction and thickness of our outer solvated region also 

change much more with solvent quality than for the previous studies.  In previous 

studies involving incompressible UCST-type solvents, it is observed that the 

brush profiles are only weakly dependent on temperature in the poor-solvent 

regime while remaining significantly swollen with solvent relative to the fully 

collapsed state.23,29 The greater variation for our compressible system results from 

the ability to change pressure and temperature, independently, and the larger 

adjustability of the solvent quality.  In essence, the solvent quality becomes much 

poorer for CO2 than for these liquid solvents, leading to greater collapse.  The 

balance of the effects of the various interactions on the brush structure changes 

much more dramatically due to the enormous change in solvent quality, the 

presence of profound density differences between the chain region and the 

surrounding solvent, the presence of an LCST instead of an UCST, and a strong 

long-ranged Hamaker interaction from the surface.  The LCST is manifested by 

the large volume expansion from the region in the chains to the outer bulk 

solvent. The long-range Hamaker interaction attracts polymer chains from low-

density regions away from the substrate to higher density regions towards the 

substrate.  Thus, the chains do not remain as swollen with solvent as in the case of 

the studies in incompressible solvents.  This ability to perturb the structure is 

magnified by the large compressibility and free volume for our system and by the 

high asymmetry in the segment-substrate, segment-segment, and segment-CO2 

interactions.  The high asymmetry arises from the unusually low polarizability per 

volume for CO2, that is, its weak solvent strength and van der Waals forces 
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relative to PDMS.  At much higher CO2 densities, beyond our experimental limit, 

this asymmetry will be reduced, the compressibility will be lower, and the brush 

profile may be expected to become closer to that observed in incompressible 

solvents. 

Experimental measurements of the structure of end-grafted brushes in 

highly compressible solvents have not been reported previously.  However, Monte 

Carlo simulations and LFSCF theory have been used to explore the structure and 

interactions of end-grafted polymers in supercritical fluids.32-34 Qualitatively, the 

behavior of the chain extension in this study, as a function of solvent density, is in 

rough agreement with theory and simulation.  In contrast, whereas the shapes of 

the profiles change markedly with density in Figures 6.12 and 6.13, they change 

little in the simulations over the range of bulk solvent densities studied.  

Simulations generally found that the segment density profiles were parabolic with 

an exponential tail, even at densities in the poor-solvent regime.34 These 

differences in the chain distributions are likely due to the shorter chains, use of a 

noninteracting surface, and the smaller σ* values used in the simulations.     

The understanding of brush conformation in this study provides insight 

into colloid flocculation in compressible solvents.  Many previous studies of the 

polymeric stabilization of colloidal dispersions in conventional liquid solvents 

have suggested that colloids will flocculate at the Θ-temperature.16 In supercritical 

fluids, the relationship between the density where flocculation occurs, the critical 

flocculation density (CFD), and the ρΘ is somewhat uncertain.  For example, 

various simulation and theoretical studies in supercritical fluids predict that 
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surfaces and colloids with adsorbed and grafted stabilizers will flocculate at the 

UCSD for the bulk stabilizer/solvent system.33,59 The UCSD is the critical density 

for finite molecular weight polymer corresponding to the entropically-driven 

LCST.  These studies focused on symmetric systems where a segment on the 

polymer chain was equivalent to a solvent molecule.  This prediction is in 

agreement with experiment for emulsions stabilized with PFOA.35 PFOA has a 

low cohesive energy density making it fairly symmetric with CO2.  Other studies 

with grafted PDMS stabilizers were unable to achieve stable dispersions at 

solvent densities well above the UCSD but below ρΘ .39  The higher cohesive 

energy density for PDMS makes it less symmetric with CO2, complicating the 

physics. 

The present study of the structure of the d-PDMS/silicon substrate sheds 

light into the density effect on colloid stability.  As expected, the d-PDMS 

brushes extend further into the solvent with increased CO2 pressures and thus 

densities at both temperatures, as solvent quality is a strong function of density. 32 

Furthermore, at 25 oC the chain extension increases sharply in the vicinity of the 

UCSD and ρΘ.  Therefore, better stabilization may be expected well above the 

UCSD.  Consequently, it may be expected that the above PDMS-grafted silica 

colloids would have become stable at densities approaching ρΘ (well above the 

limitation of the experimental apparatus).39   The PDMS system is not as 

symmetric with CO2 as PFOA.6 Therefore, simulation should be performed in the 

future on asymmetric systems to relate the CFD toρΘ.    
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The brush profiles indicate that the ability of CO2 to pull the chains into 

the outer solvated regions is somewhat limited relative to the earlier studies in 

incompressible solvents.  The presence of an attractive surface reduces the d-

PDMS brush thickness, at a given CO2 solvent quality, relative to a noninteracting 

surface.53  This attraction is one reason that PDMS chains do not provide steric 

stabilization for silica colloids even in cases above the UCSD where, in the 

absence of a surface, the chains are soluble in CO2. 

6.5 CONCLUSIONS 

High-pressure neutron reflectivity was used to measure the chain 

extension and segment density profiles of end-grafted d-PDMS brushes exposed 

to liquid and supercritical CO2.  The solvent quality was tuned continuously over 

an enormous range from ideal gas conditions to a near-Θ solvent by varying 

temperature and CO2 density.   At 25 oC, the chain extension increases sharply as 

the CO2 density is increased above the UCSD to densities near ρΘ. 

Two distinct regions are observed in the brush structures.  An inner 

concentrated region of d-PDMS is observed near the grafting surface due to 

attractive intra- and interchain interactions, hydrogen bonding between d-PDMS 

and surface silanols, and long-range attractive van der Waals interactions between 

the d-PDMS and the SiOx substrate.  In contrast, the outer region of the brush 

becomes solvated and extends as the CO2 density is increased.  The volume 

fraction profiles for the solvated region evolve from block profiles to more 

parabolic profiles as the solvent quality is improved.  The thickness and volume 

fraction profiles for the brushes change much more with solvent quality than for 
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previous studies in incompressible solvents.  This greater variation arises from the 

large adjustability of the solvent quality due to the compressible nature of the 

solvent, large density (free volume) differences between the brush region and the 

solvent, the presence of an LCST instead of an UCST, the high asymmetry in the 

segment-substrate, segment-segment, and segment-CO2 interactions, and the 

effect of this asymmetry on the long-ranged interactions between the substrate 

and the compressible solvent.  The unusually large width of the inner 

concentrated brush region where solvation is minimal limits the chain extension 

and may explain limitations in steric stabilization observed for silica colloids in 

CO2 with PDMS stabilizers at solvent densities above the UCSD.        
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Chapter 7 

Spectroscopic Ellipsometry of Grafted Poly(dimethylsiloxane) 
Brushes in Carbon Dioxide 

Spectroscopic ellipsometry was used to characterize the chain extension 

and optical properties of end-grafted deuterated poly(dimethylsiloxane) (d-

PDMS) brushes on SiOx wafers exposed to liquid and supercritical carbon dioxide 

(CO2).  The brush properties were manipulated by tuning the CO2 solvent quality 

over a large range from ideal gas conditions (nonsolvent) to a near-Θ solvent by 

varying temperature and CO2 density. The chain extension determined by 

ellipsometry, for an average value of the pure component refractive index of CO2 

in the film (average nCO2 model), is in good agreement with that determined from 

neutron reflectivity. The d-PDMS chains extend into the CO2 and the brush 

refractive index decreases as the solvent density is increased, especially at 

densities above the upper critical solution density for bulk PDMS in CO2. 

7.1 INTRODUCTION 

Liquid and supercritical carbon dioxide (CO2) have gained considerable 

attention in recent years as viable alternatives to organic solvents.1,2 CO2 has mild 

critical points:  Tc = 31 oC and Pc = 73.8 bar1 and is considered a “green solvent” 

since it is nontoxic and nonflammable.  Compressed CO2 has liquid-like densities 

and gas-like viscosities and diffusivities, and near the critical point, small changes 

in temperature and/or pressure cause large changes in the density, viscosity, and 

optical properties of CO2.  Thus, CO2 is a tunable solvent with unique properties 
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that can be used advantageously in advanced materials processing involving 

microelectronics, nanotechnology, and biomaterials. 

CO2 has been used successfully in the synthesis, processing, and 

separation of colloidal dispersions, such as water-in-CO2 emulsions3 and 

microemulsions,4 polymer latexes,5 and dispersions of metal oxides6 and metal 

nanoparticles.7  The modification of polymeric materials via impregnations, 

extractions, and foaming has also been demonstrated with CO2 due to its effective 

ability to plasticize polymers.8,9  Furthermore, CO2 is being explored as a 

potential solvent in microelectronics, as shrinking device dimensions present new 

processing demands.  For example, CO2 has been used as a solvent in coating,10 

developing,11 and stripping photoresist films.1  Supercritical CO2 cleaning1 and 

drying12,13 processes are also being developed for resist systems in order to 

prevent image collapse due to the destructive capillary forces normally present 

when drying liquid-rinsed systems.  The direct patterning of low-k dielectric films 

with CO2
14,15 as well as the deposition of device-quality copper films into high-

aspect-ratio features (sub-100 nm) from supercritical CO2
16 have also been 

demonstrated.    

Many of the above mentioned CO2-based applications require the use of 

polymeric and low molecular weight stabilizers at interfaces.  CO2 has no 

permanent dipole moment and has weak van der Waals interactions, due to its low 

polarizability per volume. Consequently, polymers with low cohesive energy 

densities, such as fluoroacrylates, fluoroethers, and siloxanes are most effective as 

stabilizers at moderate pressures in CO2.17,18  In addition, various hydrocarbon-
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based stabilizers have been explored including polypropylene oxide, branched 

methylated hydrocarbons, polycarbonate copolymers, and acetylated sugars.19-24 

Developing stabilizers for the interface between CO2 and dispersed phases 

requires an understanding of how compressible solvents affect the structure of 

adsorbed and end-grafted polymers.  Few studies have probed the effects of 

solvent quality on the interfacial structure of polymeric stabilizers in compressible 

solvents.  Peck and Johnston combined lattice fluid theory, in order to account for 

compressibility effects, with self-consistent field theory (LF-SCF) to model the 

structure and interactions between short end-grafted chains in a supercritical 

solvent.25 Meredith and Johnston extended the LF-SCF approach to investigate 

the structure of high-Mw, end-grafted homopolymers and adsorbed copolymers as 

a function of solvent quality in a supercritical solvent.26  Furthermore, Monte 

Carlo simulations have also examined the structure and interaction of end-grafted 

and adsorbed homopolymer chains in compressible solvents.27,28 These 

simulations were performed on symmetric systems where the chain segments and 

solvent molecules had equal volume and energy parameters.27,28 

Recently, we reported the first experimental measurements on the 

structure of end-grafted polymer brushes in CO2.29 In these experiments, neutron 

reflectivity was used to determine the chain extension and segment density profile 

of deuterated poly(dimethylsiloxane) (d-PDMS) brushes.  The chains extended 

further into the solvent as the solvent density increased, especially at CO2 

densities near the PDMS/CO2 upper critical solution density (UCSD) and Θ-

density (ρΘ).29  These experiments provided valuable insight into the effects of 
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temperature and solvent density on the brush structure and allowed detailed 

comparisons with the previous simulation and theoretical studies of brushes in 

compressible solvents as well as with previous studies in incompressible solvents.  

Neutron reflectivity is an informative and nondestructive technique, with a 

resolution of ~ 1 nm, making it ideal for characterizing polymer brushes.30 

However, it would be desirable to develop complementary techniques that would 

allow much greater numbers of experiments to be performed. 

The main objective of this work is to develop a convenient, fast, and 

readily available technique, spectroscopic ellipsometry, to characterize the chain 

extension of an end-grafted polymer brush exposed to a compressible solvent.  d-

PDMS was end-grafted onto silicon wafers to form dense brushes.  The chain 

extension was manipulated by tuning the CO2 solvent quality with temperature 

and pressure.  Ellipsometric scans were taken over a large range of solvent 

qualities, from ideal gas conditions to a near-Θ solvent.  Different methods for 

extracting the swollen brush thickness and refractive index from the ellipsometric 

data are discussed and the results are compared with our previous neutron 

reflectivity results.29 These results will aid in the design of CO2-based stabilizers 

as well as in the modeling of steric interactions in compressible solvents.          

7.2 EXPERIMENTAL 

7.2.1 Materials 

d-PDMS (Mw = 16000; Mw/Mn = 1.28) with a monofunctional silanol 

end group was purchased from Polymer Source.  The d-PDMS films were spin 

cast onto silicon (100) wafers (Wafer World) from heptane solutions. 
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7.2.2 Sample Preparation 

The silicon wafers were cut into 1 cm × 1 cm squares and were cleaned by 

soaking in a 50:50 (w:w) hydrochloric acid:methanol (EM Science) solution for 

30 min.  The wafers were then rinsed with excess deionized water (NANOpure II, 

Barnstead) and dried with nitrogen gas (Praxair).  The wafers were then soaked in 

95% sulfuric acid (Mallinckrodt, analytical grade) for 30 min and subsequently 

rinsed with deionized water and dried with nitrogen gas.  This cleaning procedure 

produced very hydrophilic wafers (static water contact angles < 10o). 

Prior to spin casting the d-PDMS, the native oxides on the silicon wafers 

were characterized with spectroscopic ellipsometry.  The native oxide was 

between 1.5 and 2.0 nm thick for all of the samples.  Thick d-PDMS films were 

spun onto the wafers using a photoresist spinner (Headway Research, Inc.).  The 

concentration of the d-PDMS/heptane solution and the spinning speed were 

adjusted to control the film thickness.  The coated wafers were annealed under 

vacuum at 125 oC for 3 days to end-graft the d-PDMS via a condensation reaction 

of surface silanol groups with HO-(Si(CD3)2-O)n-R .  After annealing, the d-

PDMS-coated wafers were rinsed with excess amounts of heptane to remove any 

nongrafted polymer.  The thickness of the d-PDMS brushes was measured with an 

ellipsometer.  To ensure that all of the d-PDMS chains were grafted to the 

substrate, samples were soaked in heptane for an additional 2 h, dried with 

nitrogen gas, and placed under vacuum overnight at room temperature.  No 

significant change in the brush thickness was seen after this additional soaking. 
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7.2.3 Spectroscopic Ellipsometry 

An M-44 spectroscopic ellipsometer (J. A. Woollam Co., Inc.) set up in 

the rotating analyzer configuration was used for all of the experiments.  The 

principles of spectroscopic ellipsometry have been detailed elsewhere.31,32  The 

experiments were performed in a custom made high-pressure ellipsometry cell, 

similar to the one described elsewhere.33,34 The angle of incidence, θ, for all 

measurements was 76o from the vertical and the wavelength range was 410-750 

nm. 

Once a sample was loaded into the cell, CO2 (Air Products, >99.9999%) 

was charged to the cell using a manual pressure generator (High-Pressure 

Equipment Co.).  Pressure was controlled with a strain gauge pressure transducer 

(Sensotec).  At a given temperature, ellipsometric scans were initially taken at 

atmospheric pressure and then in ascending pressure steps.  Typically, 15-20 min 

were allowed for equilibration after a pressure change.  The cell was heated with 

4 cartridge heaters (Omega) that were inserted at the top of the cell.  Temperature 

was controlled with a PID controller (Omega).  The cell was allowed to reach 

thermal equilibrium for at least 75 min at each temperature. 

7.2.4 Optical Model 

A 4-layer optical model was used to fit the ellipsometric data.  The model 

consists of a CO2 atmosphere, a swollen d-PDMS brush, a native oxide (SiOx), 

and a silicon substrate.  Literature values were used for the wavelength dependent 

refractive indices of the CO2 atmosphere,35,36 the native oxide,37 and the silicon 

substrate.38 The fit parameters were the brush thickness, θ, and the delta (∆)-offset 
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due to window birefringence.33 For simplicity, the refractive index of the brush 

was assumed to be constant as a function of wavelength.  The best-fits were 

determined by minimizing a mean square error function.33 

7.3 RESULTS AND DISCUSSION 

7.3.1 Brush Characterization at Ambient Conditions 

The initial dry thicknesses of the brushes without CO2 was 12.7 nm for the 

brush used in the 25 oC experiment and 10.4 nm for the brush used in the 65 oC 

experiment.  The dry thicknesses were determined using spectroscopic 

ellipsometry, assuming a d-PDMS refractive index of 1.42.  The end-grafted 

polymers can be characterized by several parameters that are given in Table 7.1. 

 

Table 7.1 Characterization Parameters for d-PDMS Brushes. 

Characterization
Parameters 25 oC  65 oC 

ho (nm) 12.7 10.4 
Γ (mg/m2) 12.7 10.4 
D (nm) 1.45 1.60 
σ (chains/ nm2) 0.478 0.391 
σ*=σπRg

2 17.4 14.2 
Ω = (a/D)2 1.20x10-1 9.79x10-2 
ho/D 8.78 6.51 
ho/Rg 3.74 3.06 

 

  For d-PDMS, the mass of polymer per unit area, Γ, can be calculated 

using Equation 7.1 

 
 Γ [mg/m2] = 0.1γ[Å]ρd-PDMS[g/cm3]     (7.1) 
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where ρd-PDMS is the density of pure d-PDMS.  Assuming the d-PDMS volume 

fraction is constant as a function of distance from the grafting surface (φd-PDMS = 

1), γ reduces to 

 

 h=γ  (7.2) 

 

where h is the brush thickness.  The distance between grafting points, D (in Å), is 
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Furthermore, the graft density, Ω, and the overlap concentration, σ*, can be 

calculated as follows 
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D
a  (7.4) 

 
 2* gRσπσ =  (7.5) 

 

where a is the size of a d-PDMS monomer (~5 Å),39 σ is the number of chains per 

unit area, and Rg is the unperturbed radius of gyration for d-PDMS (~3.4 nm).40 

The end-grafted d-PDMS in this study is clearly in the brush regime, i.e., σ* >> 1, 

due to excluded volume interactions. 
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7.3.2 Chain Extension:  Model 

Ellipsometry has been used to study a variety of polymer thin film 

phenomena such as adsorption,41 diffusion,42 and glass transition temperatures43 

as well as solvent-induced dilation33,34 and glass transitions of polymer thin 

films.34,44 In spectroscopic ellipsometry, the ellipsometric angles, Ψ and ∆, are 

collected as a function of wavelength.  Ψ and ∆ are related to the total reflection 

coefficients and the phase change in the wave as it moves from the top of the film 

to the bottom of the film.32 The total reflection coefficients and the phase change 

depend on the angle of incidence, wavelength, film thickness, and the optical 

constants of the ambient, film(s), and substrate.   

For a single polymer film on a substrate with a thickness between 50-5000 

nm, spectroscopic ellipsometry can determine independently both the polymer 

film thickness and refractive index.  However, difficulties arise when analyzing 

ultra-thin films with a thickness < ~20 nm.  The ∆ angle contains the “phase” 

information and very small changes in film thickness produce measurable changes 

in ∆.32 Changes in Ψ are related to changes in the reflected intensity, which is 

relatively unaffected by the presence of an ultra-thin nonabsorbing film.32 Thus, 

while ellipsometry is sensitive to ultra-thin films, it is difficult to determine both 

the thickness and refractive index of these films independently.  However, when 

the optical constants for an ultra-thin film are known, ellipsometry is quite 

effective in determining film thickness. 

For our system, correlations exist between the brush thickness and 

refractive index.  We exposed the end-grafted d-PDMS brushes to CO2 and 
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collected in-situ ellipsometric scans at different temperatures and pressures.  

When fitting the ellipsometric data at each condition, a range of swollen brush 

refractive indices, An, between 1.25-1.42 were assumed and an “equivalent” brush 

thickness, heq, was extracted for each assumed index.  The next step is to develop 

models to estimate a unique brush refractive index, n, in order to determine a 

unique brush thickness, h, from the ellipsometric data, based on previous neutron 

reflectivity data.29   

When the d-PDMS chains are exposed to CO2, they swell and extend into 

the solvent.  A “mixture” refractive index for the swollen brush, nmix, may be 

determined with the Lorentz-Lorenz refractive index mixing rule: 
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where φd-PDMS and nd-PDMS are the volume fraction and pure component refractive 

index of the d-PDMS, respectively, and φCO2 and nCO2 are the volume fraction and 

pure component refractive index of CO2.  Furthermore, a “mixture” thickness, 

hmix, may be determined by Equation 7.7 
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where ho is the experimentally measured initial dry thickness of the brush (see 

Table 7.1).  Here it is assumed that the polymer mass/area does not change as the 

brush swells unidirectionally.   

As seen from Equations 7.6 and 7.7, for a given φCO2 (or φd-PDMS), a 

“mixture” brush thickness and refractive index can be calculated.  To determine 

the experimental chain extension from the ellipsometric data, heq is plotted vs An 

and hmix is plotted vs nmix.  The experimental brush thickness, h, and refractive 

index, n, are determined from the intersection of the curves.  In order to calculate 

nmix, we used a value of 1.42 for nd-PDMS.  The appropriate value for nCO2 is more 

complicated due to the compressible nature of the CO2.  Clearly, the density of 

CO2 in a liquid polymer film will be higher than the bulk CO2 density.45,46 At each 

condition, a variable nCO2 was regressed at each pressure and temperature by 

forcing the normalized experimental thickness (h/Ω) from ellipsometry to 

correspond exactly with previous neutron reflectivity measurements29 at the same 

conditions.  Based on the regressed variable nCO2 values discussed in the section 

below on optical properties, two models were developed for nCO2 in order to 

determine h from ellipsometry without requiring neutron reflectivity data at each 

condition.  

In the simplest model, a single nCO2 was chosen at all pressures at a given 

temperature using the neutron reflectivity measurements as a guide.  This model 

is useful for interpolating and extrapolating data over a small range of pressures.  

However, it is not obvious how to choose this value without the neutron 

reflectivity data.  
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A second model was developed in which h may be determined from 

ellipsometry without relying on neutron reflectivity data.  The rationale for this 

model comes from results presented in plots of nCO2 versus density in the section 

below on optical properties.  For this independent approach at 25 oC, the value of 

nCO2 used at each pressure was determined by averaging the corresponding bulk 

nCO2 with a value corresponding to compressed, saturated liquid CO2 (nCO2 = 

1.218).35 We term this approach the average nCO2 model.  Further details 

concerning this model are given in the optical properties section below. 

Previous measurements of the structure of d-PDMS exposed to 

compressed CO2 showed that 2 regions existed in the segment density profile.29 

The ellipsometric measurements aren’t sensitive to the fine details of the segment 

density profile due to the long wavelength of the probe beam relative to the small 

thickness of the brush.  Therefore, we fit the data assuming the segment density of 

the brush was constant as a function of distance from the grafting surface.  

Furthermore, we assumed that the refractive index of the brush was constant as a 

function of wavelength.  Adding a detailed structure to the profile would only add 

more adjustable parameters. 

7.3.3 Chain Extension:  Results 

Example plots of hmix vs nmix and heq vs An at 25 oC and 32.8 atm and at 65 
oC and 96 atm are shown in Figures 7.1 and 7.2.  There are 3 curves for the model 

thicknesses corresponding to the variable nCO2, average nCO2, and single nCO2 

models as described previously.  Again, the experimental thickness, h, is 

determined by the intersection of the curves at each temperature and pressure.  At 



 235

 
 
 

Figure 7.1 hmix or heq vs nmix or An at 25 oC and 32.8 atm.  ( ) experimentally 
determined heq’s, (− − −) hmix determined by variable nCO2 method, (-
--) hmix determined by single nCO2 model, and (-  -) hmix determined 
by average nCO2 model. 
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Figure 7.2 hmix or heq vs nmix or An at 65 oC and 96 atm.  ( ) experimentally 
determined heq’s, (− − −) hmix determined by variable nCO2 method, (-
--) hmix determined by single nCO2 model, and (-  -) hmix determined 
by average nCO2 model. 
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25 oC and 32.8 atm, h is determined as 15.7 nm using the variable nCO2 method 

(nCO2 = 1.124) and as 15.0 nm using the single nCO2 model (nCO2 = 1.213).  The 

average nCO2 model also gives an h of 15.7 nm (nCO2 = 1.118).  At 65 oC and 96 

atm, we find that h is 17.8 nm using the variable nCO2 method (nCO2 = 1.103) and 

16.8 nm using the single nCO2 model (nCO2 = 1.122).  The average nCO2 model 

gives an h of 17.6 nm (nCO2 = 1.108).  The experimental Ψ and ∆ as well as the 

model fits are shown in Figures 7.3 and 7.4 for the same conditions as in Figures 

7.1 and 7.2.  The excellent fits in Figures 7.3 and 7.4 were generated using the 

brush thickness and refractive index at the intersection of the experimental data 

with the model data derived from the variable nCO2 in Figures 7.1 and 7.2. 

The experimental brush thicknesses determined by the single and average 

nCO2 models as a function of CO2 pressure at 25 and 65 oC, are shown in Figures 

7.5 and 7.6.  Previous results determined with neutron reflectivity29 are also 

shown.  Since the solvent quality is a strong function of density in compressible 

fluids, it is useful to look at the chain extension as a function of solvent density, as 

shown in Figures 7.7 and 7.8.  The previously reported UCSDs47 for the 

PDMS(10000 g/mol)/CO2 system at 25 oC (0.908 g/ml) and at 65 oC (0.793g/ml) 

as well as the ρΘ40,48 at 50 oC (0.972 g/ml) and at 65 oC (0.950 g/ml) are also 

given in Figures 7.7 and 7.8. 

Figures 7.5-7.8 show that the chains extend into the solvent as the CO2 

pressure and density increases.  Furthermore, on the absolute thickness scale, the 

chain extension as determined by ellipsometry is generally greater than that 

determined with neutron reflectivity.  This is due to the fact that the brushes in the 
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Figure 7.3 (Ψ,∆) vs wavelength at 25 oC and 32.8 atm.  ( ) and ( ) represent 
experimental Ψ’s and ∆’s, respectively.  () are the model fits. 
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Figure 7.4 (Ψ,∆) vs wavelength at 65 oC and 96 atm.  ( ) and ( ) represent 
experimental Ψ’s and ∆’s, respectively.  () are the model fits. 
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Figure 7.5 Brush thickness vs CO2 pressure at 25 oC.  ( ) thickness determined 
from average nCO2 model, ( ) thickness determined from single 
nCO2 model, and (×) thickness determined from neutron reflectivity 
(Reference 29).  Lines highlight the trends in the data. 
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Figure 7.6 Brush thickness vs CO2 pressure at 65 oC.  ( ) thickness determined 
from average nCO2 model, ( ) thickness determined from single 
nCO2 model, and (×) thickness determined from neutron reflectivity 
(Reference 29).  Lines highlight the trends in the data. 
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Figure 7.7 Brush thickness vs CO2 density at 25 oC.  ( ) thickness determined 
from average nCO2 model, ( ) thickness determined from single 
nCO2 model, and (×) thickness determined from neutron reflectivity 
(Reference 29).  Lines through the data points highlight the trends in 
the data.  From left to right the vertical lines represent the (  −)  
UCSD at 65 oC, (  −)  UCSD at 25 oC, (− − −) ρΘ at 65 oC, and (− 
− −) ρΘ at 50 oC. 

10

15

20

25

30

35

0 0.2 0.4 0.6 0.8 1

h 
(n

m
)

CO
2
 Density (g/ml)



 243

Figure 7.8 Brush thickness vs CO2 density at 65 oC.  ( ) thickness determined 
from average nCO2 model, ( ) thickness determined from single 
nCO2 model, and (×) thickness determined from neutron reflectivity 
(Reference 29).  Lines through the data points highlight the trends in 
the data.  From left to right the vertical lines represent the (  −)  
UCSD at 65 oC, (  −)  UCSD at 25 oC, (− − −) ρΘ at 65 oC, and (− 
− −) ρΘ at 50 oC. 
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ellipsometry experiments are initially slightly thicker than the ones in the neutron 

reflectivity experiments.29  Based on Figures 7.7 and 7.8, the CO2 solvent quality 

is essentially in the poor solvent regime, where brush thickness scales linearly 

with graft density, Ω49 

 

 ΩNh ~  (7.8) 

 

Therefore, the normalized brush thickness, h/Ω, is a more appropriate property for 

comparing the data.  The normalized brush thickness is plotted vs CO2 density in 

Figures 7.9 and 7.10 for both temperatures.  Good agreement is seen between the 

normalized brush thicknesses determined with neutron reflectivity and 

ellipsometry for the average nCO2 model for both temperatures, with the exception 

of the point at 65 oC and 0.5 g/ml.  In light of the upward concavity observed in 

Figure 7.9, it is likely that the uncertainty in the brush thickness as determined by 

neutron reflectivity is large at this condition.  The agreement between the 

normalized thicknesses determined with neutron reflectivity and with ellipsometry 

using the single nCO2 model is reasonable with the exception of the highest 

densities scanned at both temperatures.  At these densities, the single nCO2 values 

used for each temperature are below the respective bulk values.  When this 

occurs, the hmix vs nmix and heq vs An curves fail to intersect, hence making it 

impossible to extract an experimental h and n.  Therefore, the average nCO2 model 

is preferable to the single nCO2 model. 
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Figure 7.9 Normalized Thickness (h/Ω) vs CO2 density at 25 oC.  ( ) thickness 
determined from average nCO2 model, ( ) thickness determined 
from single nCO2 model, and (×) thickness determined from neutron 
reflectivity (Reference 29).  Lines through the data points highlight 
the trends in the data.  From left to right the vertical lines represent 
the ( −)  UCSD at 65 oC, ( −)  UCSD at 25 oC, (− − −) ρΘ at 65 
oC, and (− − −) ρΘ at 50 oC. 
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Figure 7.10 Normalized Thickness (h/Ω) vs CO2 density at 65 oC.  ( ) thickness 
determined from average nCO2 model, ( ) thickness determined 
from single nCO2 model, and (×) thickness determined from neutron 
reflectivity (Reference 29).  Lines through the data points highlight 
the trends in the data.  From left to right the vertical lines represent 
the ( −)  UCSD at 65 oC, ( −)  UCSD at 25 oC, (− − −) ρΘ at 65 
oC, and (− − −) ρΘ at 50 oC. 
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Figures 7.5-7.10 indicate that the d-PDMS chain extension is more than 

100% at the highest densities studied for both temperatures.  Furthermore, at 25 
oC, the chain extension increases sharply as the CO2 density is increased above 

the UCSD and into the near-Θ regime.  The extension of the chains with 

increasing solvent density is qualitatively similar to previous simulations and 

theoretical studies of grafted chains in compressible solvents.26,27  

In a near- or supercritical fluid, the solvent quality is a strong function of 

solvent density.  For a compressible CO2 solvent, there exists a net entropy gain 

when CO2 expands away from the grafted chains and into the bulk to increase its 

volume.28  This entropy gain arises from the difference in compressibility between 

polymer and solvent.  At high CO2 densities above the UCSD and ρΘ, the entropic 

driving force is small and the well-solvated chains extend into the CO2 solvent.  

As the CO2 density is lowered, the entropic driving force increases and eventually 

the entropic gains for the CO2 expanding away from the chains offsets the 

enthalpic penalties due to lost CO2-chain interactions.  This situation is analogous 

to an entropically-driven lower critical solution temperature (LCST) type phase 

separation.  Thus, at CO2 densities below the UCSD and ρΘ, CO2 expands away 

from the d-PDMS and the chains collapse.  For the general case of a brush 

attached to a noninteracting surface, the chain collapse is not due to an attractive 

interaction with the grafting surface, but rather to insufficient solvation and hence 

screening of the attractive intra- and interchain interactions.  However, for the 
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PDMS/silica system in this study, strong polymer-substrate attractive 

interactions29,50,51 aid the chain collapse. 

The chain extension observed for the d-PDMS changes much more with 

solvent quality than has been observed in previous studies of brushes exposed to 

incompressible UCST-type liquid solvents.52,53 According to Figures 7.7-7.10, the 

CO2 density is below ρΘ and hence in the poor solvent regime for all conditions 

studied, yet we still observe large changes in the chain extension.  Typically, for 

brushes exposed to incompressible UCST-type solvents, little change is seen in 

the extension and structure of the brushes in the poor solvent regime.  The greater 

variability in our system arises from the compressible nature of our solvent.  The 

ability to tune the solvent quality with both temperature and pressure leads to 

greater adjustability of the solvent quality and to greater collapse of the d-PDMS 

chains since we are able to achieve much poorer solvent qualities with CO2 than 

seen in the previous studies with incompressible liquid solvents. 

7.3.4 Optical Properties 

The experimental pure component nCO2 values determined by the variable 

nCO2 method are shown in Figures 7.11 and 7.12 as a function of bulk CO2 density 

for both temperatures.  In this method, nCO2 is regressed by comparing the 

ellipsometry data with the neutron reflectivity data.  From the variable nCO2 and 

neutron reflectivity data, a single nCO2 was chosen, as shown by the horizontal 

lines in Figures 7.11 and 7.12, for the purpose of calculating h in Figures 7.5-7.10.  

The average nCO2 model described previously was motivated by observing the 

behavior of the regressed variable nCO2 in Figures 7.11 and 7.12.  Typically for
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Figure 7.11 Pure component nCO2 vs bulk CO2 density at 25 oC.  ( ) nCO2’s 
determined from variable nCO2 method, (×) nCO2’s determined from 
average nCO2 model, (---) nCO2 determined by single nCO2 model, and 
() bulk nCO2 values. 
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Figure 7.12 Pure component nCO2 vs bulk CO2 density at 65 oC.  ( ) nCO2’s 
determined from variable nCO2 method, (×) nCO2’s determined from 
average nCO2 model, (---) nCO2 determined by single nCO2 model, and 
() bulk nCO2 values. 
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incompressible liquid solvents, the pure component refractive index used in 

Equation 7.6 is the bulk refractive index of the solvent at the measurement 

temperature.  It is well-known that compressible CO2 at low bulk density is much 

denser when dissolved in a liquid polymer.45,46  According to the variable nCO2 

values, at low solvent densities, nCO2 of the dissolved CO2 is well below that of 

CO2 at the highest density studied, but is above that of bulk CO2.  Thus, in the 

average nCO2 model we chose to take the average of the nCO2 at the bulk density 

and at a fixed density in the high-pressure, relatively incompressible region.  At 

25 oC, we chose to average the bulk nCO2 with the nCO2 at the highest density 

scanned since it is in this relatively incompressible region.  The activity of CO2, 

αCO2, at this density is ~1.03 and nCO2 = 1.218 at this condition.  From Figure 

7.12, it is observed at 65 oC that the nCO2 from the variable nCO2 method 

approaches the bulk value at a similar value of CO2 activity, i.e., αCO2 ~ 1.04.  

Thus at 65 oC, we chose to average the nCO2 at this activity (nCO2 = 1.157) with the 

nCO2 at the corresponding bulk density as described above.  The variable nCO2 and 

average nCO2 increase with increasing CO2 density for both temperatures and 

approach the bulk nCO2 as the density increases above ~0.5-0.8 g/ml.  When CO2 

is sufficiently compressed at high bulk densities, it becomes more like an 

incompressible solvent.   

For each temperature, the trends in the experimental swollen brush 

refractive index, n, are similar for all methods as shown in Figure 7.13.  In 

general, the brush refractive index decreases as the CO2 density increases since 

CO2 has a lower refractive index than d-PDMS and increasing the density
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Figure 7.13 Swollen brush refractive index (n) vs CO2 density.  ( ) n 
determined from single nCO2 model at 25 oC, ( ) n determined from 
variable nCO2 method at 25 oC, (×) n determined from average nCO2 
model at 25 oC, ( ) n determined from single nCO2 model at 65 oC, 
( ) n determined from variable nCO2 method at 65 oC, and (+) n 
determined from average nCO2 model at 65 oC.  Lines through data 
points highlight the trends.  From left to right the vertical lines 
represent the ( −)  UCSD at 65 oC, ( −)  UCSD at 25 oC, (− − −) 
ρΘ at 65 oC, and (− − −) ρΘ at 50 oC 
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increases the CO2 sorption in the brush.  Generally, the brush refractive index, n, 

determined by the variable nCO2 method and the average nCO2 model are lower 

than the one determined by the single nCO2 model.  This is consistent with the 

trend seen in the brush thickness determined by the 3 methods.   

The n determined at 65 oC is lower than that determined at 25 oC, despite 

the chain extension being larger at 25 oC.  This result is due to the fact that the 

nCO2’s used at 65 oC are lower than those used at 25 oC as shown in Figures 7.11 

and 7.12.  From Equation 7.6, for a given volume fraction of CO2 (where the 

chain extension would be the same for the same initial brush thickness), the nmix 

for the brush at 65 oC will be lower than at 25 oC due to the lower nCO2.   

The average nCO2 model works well for the d-PDMS/CO2 system for the 

range of solvent qualities studied.  All of the CO2 densities scanned at both 25 and 

65 oC are below ρΘ and hence in the poor solvent domain, although the highest 

density scanned at 25 oC is in the near-Θ regime.  It is expected that this model 

will be most successful for brushes in poor solvents based on the simplifying 

assumptions.  For example, we assume that the brush volume fraction (or 

refractive index) is constant as a function of position from the grafting surface.  

This is a good assumption for brushes in poor solvents, but the profile is expected 

to become more parabolic at better solvent qualities.29 In addition, as the optical 

contrast between the CO2 solvent and the brush becomes smaller, the method 

becomes much more sensitive to errors.  This is observed in our experimental 

plots of heq vs An, where the slope becomes much steeper at higher CO2 densities 

(better solvent qualities) due to the reduced contrast that arises from the larger 
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bulk nCO2 and the decreased swollen brush n (see Figure 7.13).  At these high CO2 

densities, small changes in the nCO2 in Equation 7.6 can cause larger changes in 

the determined h.  Thus, extrapolating this method to analyze brushes in the good 

solvent regime remains uncertain.  However, for PDMS, the pressures required to 

enter the good solvent domain are well-beyond the pressure limitations of the 

experimental apparatus. 

7.4 CONCLUSIONS 

A method was presented for determining the CO2-induced chain extension 

of ultra-thin, end-grafted d-PDMS brushes using spectroscopic ellipsometry.  The 

ellipsometric data were successfully combined with optical mixing rules to 

determine both the swollen d-PDMS brush thickness and refractive index.  These 

properties may be obtained independently of neutron reflectivity data, by utilizing 

an average nCO2 model.  In this model, the difference between the pure 

component nCO2 in the film and the bulk nCO2 decreases as the density of bulk CO2 

increases and the bulk compressibility decreases.  The solvent quality was tuned 

over a large range from an ideal gas (nonsolvent) to a near-Θ solvent, as the 

solvent density ranged from ~0-0.92 g/ml.  As the CO2 density increased, the 

chains extended into the solvent and the brush refractive index decreased, 

especially at densities above the UCSD.   

Overall, ellipsometry provides a convenient and nondestructive means for 

analyzing brushes in CO2, allowing for rapid data collection at numerous state 

points.  It is expected that the method presented for determining the chain 

extension and optical properties will work best for brushes exposed to poor 
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solvents where the optical contrast is the greatest.  For longer polymers that form 

thicker brushes, it may be possible to determine the thickness and refractive index 

independently without requiring a model for nCO2.  Measurements of chain 

thickness will aid in the design of CO2-based stabilizers and in the modeling of 

steric interactions. 
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Chapter 8 

Steric Stabilization of Silica Colloids in Supercritical Carbon 
Dioxide 

Silica colloids were sterically stabilized in supercritical CO2 by end-

grafting poly(1H, 1H-dihydroperfluorooctyl methacrylate) (PFOMA) onto the 

particle surfaces.  Turbidity versus time measurements were used to determine the 

CO2 density below which the colloids flocculated, that is the critical flocculation 

density (CFD).  The CFD was determined as a function of stabilizer molecular 

weight and temperature, as the solvent density was lowered.  All of the CFDs 

occurred above the upper critical solution density for the corresponding finite 

molecular weight stabilizer in bulk CO2 and corresponded more closely with the 

estimated Θ-density.  The CFDs decreased (greater stability) when temperature 

was increased or the PFOMA molecular weight was decreased.  The latter result 

suggests that at lower solvent densities, the shorter chains experience better 

solvation, and hence provide greater steric repulsion than the longer chains.  For 

the highest molecular weight stabilizers, the colloids become unstable slightly 

above the Θ-density, likely due to chain contraction from long-ranged van der 

Waals forces with the particle surface. 

8.1 INTRODUCTION 

Compressed carbon dioxide (CO2) has emerged as a leading alternative to 

toxic organic solvents since it is abundant, non-toxic, non-flammable, and the 

critical points are relatively mild:  Tc = 31 oC, Pc = 73.8 bar.1-3 Furthermore, due 
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to its compressible nature, large variations in the solvent strength of supercritical 

CO2 can be achieved with small changes in pressure and/or temperature.  Many 

novel colloidal phenomena have been undertaken using CO2 as the solvent 

including the formation and stabilization of water-in-CO2 emulsions and 

microemulsions,4,5 nanoparticles,6-8 silica suspensions,9,10 and latexes formed by 

dispersion polymerization.11,12 Furthermore, several applications using CO2 in 

semiconductor device fabrication are being developed.13  For example, Bessel et 

al. recently demonstrated the feasibility of a CO2-based chemical mechanical 

planarization (CMP) process by using a CO2-etchant solution to etch and remove 

copper metal.14 The “mechanical” aspects of a CO2-based CMP process will 

require the dispersion and stabilization of inorganic slurries in CO2.9,10    

A great challenge in forming dispersed phases in CO2 is obtaining 

sufficient solvation of steric stabilizers to overcome attractive van der Waals 

forces between surfaces.  Carbon dioxide has no permanent dipole moment and 

has a low polarizability per volume (i.e., weak van der Waals interactions) 

causing many nonvolatile compounds to be insoluble.  In order to effectively use 

CO2 in a number of potential environmentally responsible processes, surfactants 

and polymers have to be developed to transport and stabilize insoluble 

dispersions.  It has been found that polymers with low surface tension, and hence 

low cohesive energy densities, such as fluorocarbons, fluoroethers, and siloxanes 

are most effective as CO2 stabilizers at low to moderate pressures.15,16 Recently, 

several hydrocarbon-based stabilizers have been explored including 
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polypropylene oxides, branched methylated hydrocarbons, polycarbonate 

copolymers, and acetylated sugars.17-21  

Previous experimental colloidal studies in liquid and supercritical CO2 

observed critical flocculation densities (CFDs) where small changes in pressure 

resulted in sharp decreases in the colloid stability.9,10,22 In order to theoretically 

probe colloid stability in compressible solvents, Peck and Johnston combined 

lattice fluid theory, accounting for compressibility effects, with self-consistent 

field theory (LF-SCF) to model the structure and interactions between short end-

grafted chains in a supercritical solvent.23  Meredith and Johnston extended the 

LF-SCF24,25 approach to look at higher Mw homopolymers and co-polymers and 

also used Monte Carlo simulations26 to examine the effects of solvent quality on 

the interaction energy between surfaces containing end-grafted polymers in a 

compressible solvent.  These simulations were performed on symmetric systems 

where the chain segments and solvent molecules had equal volume and energy 

parameters.  Both theory and simulation concluded that the interaction energy 

between surfaces coated with grafted polymer chains became attractive at solvent 

densities corresponding to the upper critical solution density (UCSD) for the finite 

Mw stabilizer-solvent system.24-26 At solvent densities above the UCSD, the chains 

were well-solvated and the interaction energy between surfaces containing the 

end-grafted stabilizers was repulsive.  At densities below the UCSD, solvent was 

expelled from the chains resulting in chain collapse and subsequent flocculation 

of the surfaces.  This concept of the relationship between the bulk stabilizer phase 

behavior and the CFD is shown in Figure 8.1. 
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Figure 8.1 Proposed relationship between bulk phase behavior for the finite Mn 
stabilizer and the colloidal CFD for a) ρCO2 > UCSD and b) ρCO2 < 
UCSD.  I.  Phase diagram; II. Bulk phase behavior; III. Colloidal 
stability/flocculation. 
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Experimental confirmation of the relationship between the CFD and the 

stabilizer UCSD for compressible solvents has been mixed.  In prior experimental 

studies, extraneous variables existed that made a direct comparison to theory and 

simulation difficult.  Often these systems were physisorbed and dynamic in 

nature9,22 and the presence of free polymer often led to unusual stability 

behavior.9  In other studies, the CFD did correspond closely to the UCSD, but it 

was difficult to determine whether the stabilizers were in the infinite molecular 

weight limit.22  In this limit, the UCSD corresponds to the Θ-density (ρΘ).  One 

study that investigated a model system was Yates et al.,10 where poly(dimethyl 

siloxane) (PDMS) homopolymers were end-grafted onto silica particles.  The 

silica particles could not be dispersed in pure CO2, even at CO2 densities well 

above the UCSD for the finite Mn PDMS.  Several explanations were given for 

the discrepancy between experiment and predictions from theory and simulation, 

such as weak tail-solvent interactions and/or strong chain-substrate interactions.  

It was also suggested that the stability of these dispersions may correlate with the 

ρΘ instead of the UCSD.  A Θ-point correlation has been suggested in other 

stabilization studies in conventional liquid solvents using stabilizers with both 

UCST and LCST behavior.27,28 Interestingly, recent neutron reflectivity results 

showed that the CO2-induced extension of PDMS chains end-grafted on silica 

substrates is limited by strong short and long-ranged attractive interactions 

between the chains and the substrate.29 Thus, these stability issues remain 

unresolved for compressible solvents.  The ability to relate colloidal stability to 
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the bulk phase behavior of a polymeric stabilizer would be useful for predicting a 

priori which polymers/surfactants will be effective stabilizers and at what 

conditions flocculation will occur.  Furthermore, these correlations will aid in the 

design of stabilizers for supercritical solvents.   

The main objective of this work is to understand the relationship between 

CFDs for a model polymer stabilized colloidal dispersion in supercritical CO2 and 

the bulk phase behavior of the stabilizing polymer (i.e., UCSD and ρΘ).  Poly 

(1H,1H-dihydroperfluorooctyl methacrylate) (PFOMA) was end-grafted onto 

silica particles and the stability and dynamics of these model polymer-grafted 

colloids were measured as a function of temperature, CO2 density, and stabilizer 

Mn.  The PFOMA-grafted silica particles offer several advantages over previous 

colloidal systems9,22 used to probe steric stabilization in CO2 since these particles 

are hard, relatively monodisperse, and well-defined since the stabilizers are 

covalently attached and unable to migrate along the surface.  Furthermore, the 

molecular weight was varied over a much wider range.  The CFDs of the 

silica/CO2 dispersions are compared with the UCSD for the finite Mn PFOMA 

homopolymers in CO2 as well as the estimated ρΘ.  PFOMA stabilizers with Mns 

spanning several orders of magnitude were grafted in order to achieve significant 

variations in the bulk phase behavior.  Correlations between the CFDs and the 

bulk phase behavior (UCSD and ρΘ) are analyzed in terms of previous studies of 

stabilizer conformation by neutron reflectivity,29 second virial coefficients by 

SANS,30,31 and with previous simulations and theory23,25,26 on the stabilization of 

colloidal dispersions in compressible solvents. 
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8.2 EXPERIMENTAL 

8.2.1 Epoxy-terminated PFOMA Synthesis 

2-bromopropionyl bromide (BPB) (Aldrich) and glycidol (Aldrich) were 

distilled under vacuum.  1H,1H-dihydroperfluorooctyl methacrylate (FOMA) 

(SynQuest) was passed through a neutral alumina column, stored over CaH2, and 

then vacuum distilled before use.  Chloroform, pyridine (Junsei) and 

trifluorotoluene (TFT; Aldrich) were distilled over CaH2 before use.  Copper (I) 

Bromide (99.999+%, Aldrich), 2,2’-bipyridine (BIPY; Aldrich), 1,1,2-

trichlorotrifluoroethane (Freon-113; Aldrich), and methanol were used as 

received. 

1,2-epoxypropyl 2-bromopropionate was prepared by reacting glycidol 

with BPB in the presence of pyridine as a base.  In a 250 mL round-bottom flask, 

10 g (0.135 mol) of glycidol, 11 g (0.139 mol) of pyridine and 15mL of 

chloroform were chilled to 0 oC. 28 g (0.13 mol) of BPB in 30mL of chloroform 

was added dropwise over 1 h under a nitrogen atmosphere.  The reaction solution 

was stirred at room temperature for 15 h, and then washed three times with water.  

The organic phase was dried over magnesium sulfate and chloroform was 

removed by evaporation.  The resulting liquid was distilled under reduced 

pressure at 68 oC. 

Epoxy-terminated PFOMA was synthesized by atomic transfer radical 

polymerization of FOMA in TFT using 1,2-epoxypropyl 2-bromopropionate as an 

initiator.  In a typical polymerization, 0.035g (0.244 mmol) of CuBr and 0.115g 

(0.736 mmol) of BIPY were charged to a 50 mL round-bottom flask equipped 
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with a stirring bar.  The flask was sealed with a rubber septa and the contents of 

flask were placed under vacuum for two hours.  The flask was then back-filled 

with nitrogen.  7 mL of TFT, 0.05g (0.24 mmol) of 1,2-epoxypropyl 2-

bromopropionate, and 9.5 g (20.3 mmol) of FOMA were degassed and added to 

the flask via a syringe.  A pre-degassed reflux condenser was attached to the flask 

and the system was purged with nitrogen.  The reaction proceeded at 110 oC for 5 

h under a nitrogen atmosphere.  After cooling the reaction mixture to room 

temperature, the product was diluted with Freon-113 and passed through an 

activated alumina column to remove the catalyst.  The polymer was precipitated 

into methanol, collected, and dried under vacuum.  The structure of epoxy-

terminated PFOMA is given in Figure 8.2.  The molecular weight was determined 

with 1H NMR by taking the ratio of 1,1-dihydro protons (2H, at 4.5 ppm) in the 

fluoroalkyl group to the methylene proton (1H, at 2.6 ppm) in the epoxy group.  

8.2.2 Phase Behavior   

Initially, the epoxy-terminated PFOMA was purified by dissolving in 

Freon-113 and stirring with activated carbon overnight.  The PFOMA/Freon-

113/activated carbon mixture was filtered 3 times to remove the carbon.  The 

Freon-113 was then evaporated and the resultant PFOMA was dried overnight 

under vacuum. 

Phase behavior was collected by first dissolving PFOMA, at the desired 

concentration, in CO2 with constant stirring in a variable volume view cell.  The 

temperature was controlled by immersing the cell in a water bath.  The pressure 

was lowered at a constant rate, -6.8 atm/min, and the cloud point pressure at a
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Figure 8.2 Epoxy-terminated PFOMA. 
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given temperature and concentration was determined as the pressure at which the 

piston was no longer visible.  The range in pressure from the observation of slight 

turbidity to the cloud point pressure was typically within 1 atm. 

8.2.3 Silica Particle Synthesis 

Silica particles were synthesized using the Stober method.32,33 Deionized 

water (Barnstead; Nanopure), ethanol (Aaper), ammonium hydroxide (EM 

Science), and tetraethoxysilane (Fluka) were added in predetermined amounts in 

order to control the particle size.32  The solution was stirred for 24 h and then 

centrifuged and dried overnight under vacuum. 

8.2.4 PFOMA Grafting 

Ethanol and deionized water were added to make a 95/5 (w/w) solution.  

The ethanol/water solution was added to the silica particles and sonicated until all 

of the particles were dispersed.  3-aminopropyldimethylethoxysilane (Gelest) was 

added to the suspension to make a final solution that was 4.5 wt. % with respect to 

the silane.  The mixture was sonicated for 15 min, gently stirred for 15 min, 

centrifuged, and then annealed at 110 oC for 20 min.  The silica particles were 

then twice redispersed in ethanol and centrifuged.  The clean silane-coupled 

particles were dried overnight under vacuum. 

The silica particles were re-suspended in ethanol by sonication.  PFOMA 

in 2 times excess (based on the number of reactive sites on the silica surface, ~4.6 

OH-/nm2)34 was dissolved in Freon-113.  The silica/ethanol mixture was added to 

the PFOMA/Freon-113 solution.  The mixture was sonicated for 20 min and then 

the ethanol and Freon were subsequently evaporated.  The PFOMA/silica was 
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heated to ~120 oC for 24 hours under vacuum in order to react the epoxy end-

groups on the PFOMA with the amine groups on the silica surface.  The silica 

particles were then twice redispersed in Freon-113 and centrifuged.  The grafted 

particles were again dried overnight under vacuum.  A similar procedure was used 

to graft PFOMA onto the native oxides of silicon (100) wafers.  The wafers were 

initially cleaned using a procedure described elsewhere.29 

8.2.5 Isobaric Turbidity Measurements 

The PFOMA-grafted silica particles were placed in a high-pressure 

variable volume view cell equipped with sapphire windows for turbidity 

measurements, as described elsewhere.9  Carbon dioxide (Matheson; >99.99%) 

was charged to the cell using an automated syringe pump (ISCO) to make a .04-

.06 wt % silica mixture.  The silica was dispersed in the cell by stirring with a 

Teflon-coated stir bar.  Temperature was controlled using heating tape and a PID 

temperature controller (Omega).  When operating at 35 oC, the cell was 

pressurized to ~340 atm and the silica dispersion was stirred for 1 h prior to any 

measurements.  At 50 oC, the cell was pressurized to ~367 atm and the dispersion 

was again stirred for 1 h prior to any measurements.   

At a given pressure, turbidity vs time scans were collected at a wavelength 

of 640 nm for 15 min.  The turbidity of a dispersion, τ, is a measure of light 

attenuation caused by scattering35 
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where L is the path length and I and I0 are the measured intensity and the initial 

intensity, respectively.  The stability of the dispersion was determined by taking 

the initial slope of the turbidity versus time plot at a given pressure, as described 

elsewhere.9,10,22 At each condition the silica/CO2 mixture was stirred for 5-10 min 

prior to taking measurements and the τ vs time scans were performed in duplicate 

and the slopes were averaged. 

8.2.6 Dynamic-Pressure Turbidity Measurements 

For the dynamic-pressure τ stability measurements, the sample loading 

and initial pressurization and stirring were the same as described for the isobaric 

stability measurements.  At 35 oC, τ was measured as a function of time while 

decreasing the pressure from 272 to 68 atm at a constant rate of -6.8 atm/min.  At 

50 oC, τ vs time scans were collected by decreasing the pressure from from 299 to 

95 atm at the same rate. 

8.3 RESULTS 

8.3.1 Silica Synthesis and PFOMA Grafting 

The silica particle sizes were characterized with transmission electron 

microscopy (TEM) and dynamic light scattering (DLS).  An average particle 

diameter of 295 nm was determined from TEM as shown in Figure 8.3.  The bare 

silica particles were dispersed in ethanol for the DLS measurements and the 

average diameter was determined to be 270 nm. 

The PFOMA was end-grafted onto both silicon wafers and silica particles.  

Table 8.1 shows the dry thickness, as measured by ellipsometry, for 3 different 

PFOMA Mns that were end-grafted onto the silicon wafers.  After performing the
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Figure 8.3 TEM image of bare (ungrafted) silica particles synthesized by the 
Stober method.   
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grafting reaction, the wafers which were initially hydrophilic (water contact angle 

< 10o) become hydrophobic (water contact angle > 90o).  In addition, ellipsometry 

and XPS clearly show the presence of a film that is stable to prolonged exposure 

to a good solvent.  The dry brush thickness determined with ellipsometry clearly 

increases with increasing PFOMA Mn, ranging from 4 to 17 nm.  After 

performing the PFOMA grafting reaction on the silica particles, the particles 

could be dispersed and stabilized in a fluorinated solvent, Freon-113, for days.  

DLS on silica particles dispersed in Freon-113 containing grafted 5k, 50k, and 

100k PFOMA gave average particle diameters of 175, 207, and 201 nm, 

respectively. 

 

Table 8.1 Characterization of End-Grafted PFOMA on Silicon Wafers. 

Mn (g/mol) Dry Thickness 
(nm) 

5000 4 
50000 10 
100000 17 

 

8.3.2 Phase Behavior 

The cloud point pressures for epoxy-terminated PFOMA at 35 and 50 oC 

are shown in Figures 8.4 and 8.5 for various polymer concentrations and Mns.  

The PFOMA Mns differ by a couple of orders of magnitude.  For both 

temperatures, the phase boundaries are shifted to higher pressures for larger Mns.  

Furthermore, the pressures required to dissolve the PFOMA at 35 oC are lower 

than those required at 50 oC.  However, if cloud point densities are plotted instead
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Figure 8.4 Pressure/Concentration phase diagrams for epoxy-terminated 
PFOMA in CO2 at 35 oC. 
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Figure 8.5 Pressure/Concentration phase diagrams for epoxy-terminated 
PFOMA in CO2 at 50 oC. 
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of pressures, it is observed that lower densities are required to dissolve a given 

PFOMA Mn at the higher temperature.  Others have observed similar temperature 

trends for polymer phase behavior in CO2.36,37 

The UCSP or UCSD corresponds to the maximum in the pressure/density-

concentration phase diagram.  The UCSD phase boundary is analogous to the 

entropically-driven lower critical solution temperature (LCST) type phase 

separation.  As seen in Figures 8.4 and 8.5, the phase boundary is relatively flat.  

Table 8.2 lists the UCSDs for each temperature and PFOMA Mn.  For a given Mn, 

the UCSD decreases as the temperature increases.  Furthermore, at a given 

temperature, the UCSD increases as the PFOMA Mn increases.  The UCSD for 

the 5k PFOMA is noticeably lower than the UCSDs for the higher Mn polymers, 

whereas the difference between the UCSD for 50k and 100k PFOMA is much 

smaller.  This indicates that the PFOMA may be approaching the infinite 

molecular weight limit at these higher Mns.  In this limit, the UCSD corresponds 

to the ρΘ.  Thus, ρΘ may be estimated by extrapolating the UCSDs to infinte 

molecular weight as shown in Figure 8.6.  The ρΘ determined by this method is 

0.81 g/ml at 35 oC and 0.78 g/ml at 50 oC.  Similar to the trend in the UCSD, ρΘ 

decreases as the temperature is increased.  The ρΘ’s agree well with 

measurements reported by others for the ρΘ of a non-epoxy terminated PFOMA 

homopolymer, using a sensitive laser technique,37 where ρΘ was determined as 

~0.80 g/ml and ~0.77 g/ml at 35 and 50 oC respectively.37 
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Figure 8.6 PFOMA/CO2 UCSD versus 1/Mn.  Lines are best-fits used to 
extrapolate ρΘ. 
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Table 8.2 CFD, UCSD, and ρΘ for PFOMA-Grafted Silica Particles and 
PFOMA Homopolymers in CO2. 

Mn 
(g/mol) 

T 
(oC) 

CFDa 

(g/ml) 
UCSD 
(g/ml) 

ρΘ 
(g/ml) 

5000 35 0.80 0.787 0.81 
50000 35 0.83 0.804 0.81 
100000 35 0.83 0.812 0.81 
5000 50 0.77 0.755 0.78 
50000 50 0.80 0.773 0.78 
100000 50 0.80 0.780 0.78 

aDynamic-pressure turbidity 

 

8.3.3 Critical Flocculation Densities 

Previous studies involving latexes,38 emulsions,37 and inorganic 

particles9,10 dispersed in CO2 have observed, upon lowering the solvent density, a 

sharp decrease in the stability of the dispersions at a given CO2 density.  This 

density is known as the CFD and is similar to the critical flocculation temperature 

(CFT) observed in conventional liquid solvent/colloidal systems.  Typically, the 

CFD is determined by suspending the colloidal particles in CO2 at a given 

temperature and pressure and measuring τ as a function of time.  The stability of 

the dispersion is related to the initial slope of the τ vs time plot, i.e. 

 

 
1
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−

→

∝
tdt

dstability τ  (8.2) 

 

Figure 8.7 shows a plot of log(|dτ/dt|) vs CO2 density for the silica 

particles stabilized with 50k end-grafted PFOMA at 35 oC and with 100k PFOMA
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Figure 8.7 Log(|dτ/dt|) versus CO2 density.  ( ) 50k PFOMA end-grafted silica 
particles at 35 oC and ( ) 100k PFOMA end-grafted silica particles 
at 50 oC.  The CFD is determined as density at intersection of best-fit 
lines between “stable” and “unstable” regimes. 
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at 50 oC.  For both the 50k and 100k PFOMA-grafted particles, there is a CO2 

density whereby small decreases in the density result in an increase in the |dτ/dt| 

by ~1.5 to 2 orders of magnitude.  Thus, the CFD can be extracted from Figure 

8.7 by the intersection of the best fit lines through these “stable” and “unstable” 

regimes.   

The isobaric τ measurements are challenging in the poor solvent regime 

where it often becomes difficult to re-suspend the particles and accurately 

measure dτ/dt due to very rapid particle flocculation and settling.  An alternative 

method for measuring the CFDs of the particles is to measure τ as a function of 

time, while slowly decreasing the pressure and hence CO2 density.  In the good 

solvent regime, τ will decrease slightly with time as the pressure is slowly 

decreased due to particle settling since the silica particles are denser than the CO2 

solvent.  At the CFD, an increase in τ is observed due to the dependence of τ on 

particle concentration and particle size, i.e.27,39 

 
 pp NV 2~τ  (8.3) 

 

where Np is the particle number concentration and Vp is the particle volume.  

Thus, if 2 particles flocculate to essentially form a single, larger particle then Np 

decreases by a factor of 2 and Vp increases by a factor of 2.  According to 

Equation 8.3, the particle flocculation should cause a net increase in τ.  This 

dynamic approach for determining the CFD is advantageous since it is a 

continuous measurement, it is much more rapid than the above isobaric method, 
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and it avoids the difficulties associated with re-dispersing particles in the poor 

solvent regions.   

Dynamic-pressure τ measurements at 35 and 50 oC are shown in Figures 

8.8 and 8.9 for the silica particles end-grafted with 5k, 50k, and 100k PFOMA.  In 

Figures 8.8 and 8.9, τ is multiplied by (ρSiO2 - ρCO2) in order to correct for particle 

settling from the increasing density difference as the CO2 pressure is lowered.  

The CFD is determined by the intersection of tangent lines through the settling 

and flocculation regimes as in Figure 8.7.  Table 8.2 lists the CFDs determined 

from Figures 8.8 and 8.9.  Excellent agreement within 1-2% is observed between 

the CFDs determined from Figures 8.7-8.9.   

As seen in Table 8.2, the CFDs decrease with decreasing PFOMA Mn.  

Similar to the trends in the PFOMA homopolymer UCSDs, the CFDs for the 50k 

and 100k grafted particles are similar, whereas the CFD for the 5k grafted silica is 

noticeably lower.  In addition, for a given PFOMA Mn, the CFD is reduced when 

increasing the temperature.  Others have also reported a similar temperature 

dependence on the CFD for other dispersions in CO2.9,22,37 For all of the PFOMA 

grafted particles, the CFD occurs at a larger density than the corresponding 

UCSD.  Furthermore, the CFD for the 50k and 100k PFOMA grafted silica 

particles are larger than the estimated ρΘ.  However, the CFD for the 5k grafted 

particles corresponds closely but is slightly below ρΘ. 

8.4 DISCUSSION 

Silica particles dispersed in CO2 without stabilizers will coagulate due to 

the attractive core-core van der Waals interactions.  However, the particles may
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Figure 8.8 Dynamic-Pressure τ measurements for silica particles in CO2 at 35 
oC.  (◊) particles end-grafted with 100k PFOMA, ( ) particles end-
grafted with 50k PFOMA, and ( ) particles end-grafted with 5k 
PFOMA.  From left to right, the vertical lines correspond to the 
CO2/PFOMA UCSD for 100k, 50k, and 5k PFOMA respectively. 
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Figure 8.9 Dynamic-Pressure τ measurements for silica particles in CO2 at 50 
oC.  (◊) particles end-grafted with 100k PFOMA, ( ) particles end-
grafted with 50k PFOMA, and ( ) particles end-grafted with 5k 
PFOMA.  From left to right, the vertical lines correspond to the 
CO2/PFOMA UCSD for 100k, 50k, and 5k PFOMA respectively. 
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be kinetically stabilized in CO2 when a stabilizer is either physically or covalently 

attached to the particles and the solvent quality is sufficiently good.  Thus, for 

silica particles containing covalently end-grafted homopolymers dispersed in 

CO2, the total interaction energy, ΦTotal, is comprised of the attractive core-core 

van der Waals interactions, ΦvdW, an osmotic term, and an elastic term:40,41 

 

 elsosmvdWTotal Φ+Φ+Φ=Φ  (8.4) 

 

The osmotic term, Φosm, accounts for the balance between chain-chain and chain-

solvent interactions. The repulsive elastic term, Φels, accounts for the entropy loss 

upon compression of the stabilizers.  The potential energy of attraction for 2 

spheres of equal radius is given by Equation 8.5 as a function of the distance 

between the particle surfaces42 
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where r is the particle radius, d is the center line distance of separation between 

particle surfaces, and A is the Hamaker constant.  The Hamaker constant for 2 

identical silica particles interacting across a solvent media may be estimated using 

a simplification of Lifshitz theory43 
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where ε is the dielectric constant, h is Plank’s constant, and υe is the maximum 

electronic ultraviolet adsorption frequency (typically assumed to be 3×1015 s-1).43 

Figure 8.10 shows the attractive ΦvdW potential for 3 different silica particle sizes 

at 2 different CO2 densities (pure component properties used in the calculations 

can be found elsewhere10,44). 

In order to prevent flocculation, ΦTotal should be greater than -3/2 kT (the 

energy associated with Brownian motion).  In general, Φosm should be greater than 

ΦvdW to prevent flocculation of the silica particles.  In good solvents, Φosm is 

repulsive and counteracts the attractive ΦvdW.  In contrast, Φosm is attractive in 

poor solvents, aiding particle flocculation.  It is important to note that particles 

may aggregate even though Φosm is repulsive if the repulsive contribution is too 

weak or too short range to screen the attractive core-core interactions (i.e., 

coagulation occurs).27 Therefore, in order to achieve kinetically stable dispersions 

with polymeric stabilizers, several criteria have to be satisfied including i) 

sufficiently good solvent quality to screen inter- and intrachain interactions, ii) the 

interaction between the stabilizing moiety and the particle surface must not be too 

strong, and iii) the stabilizers should have sufficient coverage and be long enough 

to screen the long-range attractive van der Waals interactions between the particle 

cores.10,45 

Previous LFSCF theory,23,25 Monte Carlo simulations,26 and experiments29 

have examined the effect of solvent quality on the structure of end-grafted chains 

exposed to a compressible solvent.  All of these studies show that the structure
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Figure 8.10 ΦvdW versus particle separation distance calculated with Equations 
8.5 and 8.6.  (---) represents silica particles with 175 nm diameters, 
(− −) 210 nm particles, and () 295 nm particles.  For each pair of 
curves at a particle size, the  potential on the left is for a CO2 density 
of 0.83 g/ml and the potential on the right is for a CO2 density of 
0.77 g/ml.  The horizontal line is the threshold potential for 
flocculation. 
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and extension of the chains are strong functions of solvent density.  For 

compressible solvents, there is a net entropy gain when the solvent expands away 

from the chains and into the bulk solvent.  At high solvent densities above the 

stabilizer UCSD and ρΘ, this entropic driving force is small and the chains are 

well solvated and extend into the solvent.46 As the solvent density is lowered, the 

entropic driving force increases and eventually offsets the enthalpic penalties due 

to lost solvent-chain interactions.  Thus, the solvent expands away from the 

stabilizers and the chains collapse due to insufficient solvation and screening of 

inter- and intrachain interactions.  This situation is analogous to an entropically-

driven lower critical solution temperature (LCST) type phase separation (see 

Figure 8.1).  Monte Carlo simulations of surfaces with end-grafted stabilizers in a 

compressible solvent predicted that flocculation of the surfaces would occur at the 

UCSD for the finite molecular weight stabilizer.26  These simulations were 

performed in the absence of van der Waals forces between the surfaces and on 

symmetric systems where the solvent and chains had equal energy and volume 

parameters. 

We are interested in how the stability of a polymer stabilized colloidal 

dispersion is related to the bulk phase behavior of the stabilizer.  From Table 8.2, 

we observe that at higher temperatures the colloids are stable to lower CO2 

densities.  Previous studies of the stabilization of latexes,22 emulsions,37 and 

inorganic colloids9 in liquid and supercritical CO2 using adsorbed homopolymer 

and block copolymer stabilizers also found that higher temperatures lowered the 

CFDs.  Increased temperatures and hence higher thermal energies decrease the 



 287

relative importance of attractive inter- and intrachain interactions.  Luna-Barcenas 

et al. highlighted this using Monte Carlo simulations where they found that the 

mean-square end-to-end distance of a single polymer chain in a supercritical fluid 

increased at constant solvent density when increasing temperature.47  

Furthermore, temperature effects on the solvent quality of supercritical 

CO2/polymer solutions have been shown.  Neutron reflectivity showed that the 

extension of end-grafted PDMS chains in CO2 was greater at higher temperatures 

for a given solvent density.29 SANS experiments by Melnichenko et al. showed 

that ρΘ for PDMS in CO2 decreased from 0.97 to 0.87 g/ml when the temperature 

was increased from 50 to 80 oC.48,49 We find a similar trend for the bulk phase 

behavior of PFOMA in CO2 where the UCSDs and ρΘ decrease as temperature is 

increased, as shown in Table 8.2.  Similar trends have been observed for the 

temperature effects on the CO2 phase behavior of a structurally similar stabilizer, 

PFOA.22 Thus, the lower CFDs result from the improved CO2 solvent quality for 

PFOMA at the higher temperature which leads to greater chain extension and 

repulsive osmotic interactions at lower densities. 

The data in Table 8.2 indicate that the CFDs for the dispersions occur at 

densities above the corresponding UCSD.  A Θ-point correlation between 

flocculation has been suggested for various colloidal systems stabilized with 

polymers in solvents with both UCST and LCST behavior.27 Table 8.3 gives a 

sampling of results from other colloid stability studies in liquid and supercritical 

CO2.  In these previous studies, the CFD always occurs at densities higher than 
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the UCSD.  Furthermore, the CFDs typically occur nearer to ρΘ.  Our CFDs for 

the model polymer grafted particles also correspond more closely with ρΘ. 

 

Table 8.3 CFD, UCSD, and ρΘ for Various Stabilizer/Colloidal Systems in 
CO2. 

Stabilizer T 
(oC) 

Mn * 10-3 

(g/mol) 
CFD 

(g/ml) 
UCSD 
(g/ml) 

ρΘ 
(g/ml) 

(CFD-UCSD) 
*102 (g/ml) 

(CFD-ρΘ) 
*102 (g/ml) 

PDMSa 25 10 Unstable 
ρ < 0.99 0.91 - > 8 - 

PDMSa 65 10 Unstable 
ρ < 0.93 0.79 0.95 > 14 - 

PS-b-
PFOAb 45 4.5-b-24.5 0.83 0.79 0.80 4 3 

PS-b-
PFOAc 45 4.5-b-24.5 0.80 0.79 0.80 1 0 

PFOAc 65 1200 0.75 0.74 0.75 1 0 
aReference 10 
bReference 9 
cReference 22  
 

As seen in Table 8.3, attempts to stabilize silica particles using end-grafted 

PDMS stabilizers were unsuccessful, even at densities well above the UCSD for 

the finite molecular weight polymer.  Furthermore, neutron reflectivity results 

showed that the segment density profiles of PDMS brushes end-grafted to a silica 

surface and exposed to CO2, contained a concentrated regime near the substrate 

due to strong attractive interactions between the PDMS and the substrate.29  

However, the solvated portion of the brush extended sharply into the CO2 in the 

vicinity of ρΘ.  Melnichenko et al. have also observed with SANS that free PDMS 

chains in CO2 expand beyond their unperturbed Rg at either a Θ-pressure or Θ-

temperature.48,49  At 65 oC and 340 bar, well below PΘ ~ 447 bar, Chillura-

Martino et al. showed that attractive forces are dominant for PDMS in CO2 as a 
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negative second virial coefficient (A2) was determined from SANS.31  All of these 

results suggest that better stabilization of PDMS-grafted silica particles may be 

expected at densities above ρΘ.   

In light of the results in Tables 8.2 and 8.3, there is increasing evidence 

that the limit for steric stabilization of colloidal dispersions in supercritical CO2 

will be the Θ-point for the free polymer in bulk solution, analogous to what has 

been found previously for dispersions in conventional liquid solvents.27  One of 

the novelties of supercritical fluids is that this transition can be induced with 

changes in pressure and/or temperature.  Previous Monte Carlo simulations 

suggested a correlation between the CFD and the UCSD for the finite molecular 

weight polymer.26  However, these simulations were only performed on 

symmetric systems where the volume and energy parameters were equivalent.  

Some degree of asymmetry will likely exist in most real polymer/CO2 systems, 

thus simulations should be performed in the future on asymmetric systems to 

relate the CFD to ρΘ. 

The CFDs in Table 8.2, show an interesting molecular weight dependence.  

The CFD at both temperatures for the highest Mns are relatively constant, whereas 

the CFD for the lowest Mn is significantly lower.  According to Napper, for 

sufficiently high molecular weights the flocculation condition is independent of 

the stabilizer molecular weight.27 It is usually assumed that higher molecular 

weight polymers are better stabilizers since they can form thicker steric layers and 

impart a longer range repulsion to counteract the attractive core-core interactions.  

Consequently, it is not uncommon to observe coagulation in better than Θ-
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solvents when low molecular weight stabilizers are used.27 In these cases, the 

range of steric repulsion is not long enough to screen the attractive van der Waals 

forces between particles.  However, enhanced stabilization with low molecular 

weight stabilizers have been reported in worse than Θ-solvents.50 

From Figure 8.10 we see that for 175 nm particles, the attractive potential 

reaches a value of -3/2 kT at a separation distance of ~11-12 nm.  From Table 8.1, 

the 5k PFOMA has a dry thickness of ~4.3 nm, giving a minimum overlap 

separation of 8.6 nm.  As the brush is exposed to increasing CO2 densities, 

significant chain extension is expected due to the improved solvent quality.  In 

fact, spectroscopic ellipsometry shows that the chains have extended to a length 

of ~7-9 nm at 35 oC and 68 atm (still well below the UCSP in Figure 8.4).  Thus, 

assuming the thicknesses on the wafers are good estimates of the stabilizer 

thickness on the particles, the steric layer should have sufficient range to 

counteract the attractive core-core potential. 

There are several explanations for the observed Mn dependence on the 

CFD in Table 8.2.  First, asymmetry between the segment-segment, segment-

surface, and segment-solvent interactions could inhibit the chain extension of the 

high Mn stabilizers due to long ranged van der Waals interactions with the silica 

surface, similar to what was observed previously with PDMS, resulting in 

flocculation at densities slightly higher than ρΘ.29  A second explanation of the Mn 

dependence could be due to the variation of A2 with molecular weight.  The Θ-

point for a polymer/solvent mixture corresponds to the condition where A2 

vanishes.27 Interestingly, experiments show that A2 is molecular weight 
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dependent, i.e, A2 ~ M-δ, where δ ~ 0.2-0.3 for high molecular weight polymers in 

good and marginal solvents.51 Furthermore, δ is found to increase as M becomes 

smaller.  Yamakawa et al., reported numerous A2 measurements for polystyrene 

(PS) and poly(methyl methacrylate) covering a large range of molecular weights 

and solvent conditions in conventional liquid UCST-type solvents.52,53 They 

found a strong molecular weight dependence of A2 for low molecular weight 

(~103 g/mol) polymers where A2 increased significantly as molecular weight was 

decreased.  Thus, the temperature at which A2 vanished decreased with decreasing 

molecular weight.  The data were explained quantitatively using the Yamakawa 

theory which takes into account the effects of chain-ends.52-54 According to the 

theory, A2 is composed of 2 contributions, one which does not include the effects 

of chain-ends and vanishes at the Θ-condition (i.e., TΘ for infinite molecular 

weight), and another contribution which includes chain-end effects/interactions 

and is nonvanishing at the Θ-condition and increases with decreasing molecular 

weight.52,54 Both theory and experiments show that chain-end effects become 

appreciable for low molecular weight polymers.   

Therefore, two cases can be envisioned concerning colloid stabilization in 

CO2 using low molecular weight stabilizers: i) if the low Mn stabilizers are too 

short to screen the attractive van der Waals interactions, then better stabilization 

will be achieved with longer chains since they win the trade-off between solvation 

and screening length; ii) if the low Mn stabilizers are thick enough to screen the 

attractive core-core potential, then based on the molecular weight dependence of 

A2, the shorter chains may provide stabilization at lower densities than the longer 
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chains due to increased solvation and repulsion.  The results in this study would 

correspond to case ii.  Little work has been done on measuring the molecular 

weight dependence of A2 for polymers in supercritical CO2.  McClain et al., did 

show that A2 for PFOA in CO2 (good solvent conditions) increased with 

decreasing molecular weight, where A2 ~ M-0.4, for M between 105-106 g/mol.30,31 

In light of the results presented in this paper, it would be interesting to determine 

how A2 varies with M for lower Mn oligomers in CO2. 

8.5 CONCLUSIONS 

Turbidity versus time measurements were used to determine the stability 

of silica particles sterically stabilized with end-grafted PFOMA.  The particles are 

stable to flocculation at high solvent densities for all stabilizers, but exhibit a CFD 

upon lowering the CO2 density.  For all molecular weights, the CFDs decreased 

with increasing temperature.  Higher temperatures decrease the relative 

importance of attractive intra- and interchain interactions and improve the CO2 

solvent strength, leading to greater stabilizer extension and repulsive interactions 

at lower solvent densities.   

At a given temperature, the CFD decreased as the PFOMA Mn was 

decreased for the range of Mns studied.  This is likely related to the behavior of 

the second virial coefficient (A2) which is known to increase (become more 

repulsive) with decreasing molecular weight, especially for oligomers.  Hence, the 

lower Mn PFOMA wins the trade off between solvation (favoring short chains) 

and screening length (favoring long chains), allowing the particles to remain 

stable at lower CO2 densities.  All of the CFDs occurred above the UCSD for the 
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corresponding finite-Mn stabilizer in bulk CO2, instead corresponding more 

closely with the ρΘ (i.e., the UCSD for infinite Mn).  There is increasing 

experimental evidence9,10,22,29,31,49 that the limit for polymeric stablilization of 

colloidal dispersions in compressed CO2 will be closer to the Θ-condition (ρΘ for 

infinite molecular weight) than the UCSD for the finite-Mn stabilizer.  However, 

for the high molecular weight stabilizers, the observation that the CFD is still 

slightly higher than the ρΘ  indicates unusual behavior in compressible 

supercritical fluids.  Asymmetry between the segment-segment, segment-surface, 

and segment-solvent interactions could lead to chain contraction from long-

ranged van der Waals forces with the particle surface.29 
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Chapter 9 

Conclusions and Recommendations for Further Study 

 

9.1 CONCLUSIONS 

9.1.1 Ellipsometric Analysis of the Interaction of CO2 with Polymer Thin 
Film Coatings 

Spectroscopic ellipsometry was successfully developed to analyze thin 

films exposed to high pressure fluids.  Excellent fits to the ellipsometric data were 

achieved for numerous polymers and inorganic thin films when pressure-induced 

birefringence was accounted for in the optical models.  The window corrections 

were tested by measuring the thickness of a thermally grown SiO2 layer under 

different temperatures (T) and CO2 pressures (P).  The measured thickness of the 

oxide was the same within experimental error to the thickness determined at 

ambient conditions, with the exception of the P-T regions where the isothermal 

compressibility of CO2 becomes large.  In these P-T regions, large excess 

adsorption of CO2 occurs and the ellipsometer is able to detect this wetting layer.  

The measured maximum thickness of this adsorbed CO2 layer was approximately 

2 nm at 35 oC and 1 nm at 50 oC, consistent with previous estimates.1,2 

Ellipsometry was successfully used to make the first measurements of the 

dilation, sorption, and optical properties of nano-scale polymer thin films exposed 

to supercritical fluids.  The CO2-induced dilation of uncrosslinked PDMS films, 

with a dry thickness ~120 nm, was measured as a function of T and P.  Dilation 
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up to 112% was observed at 25 oC and 120 atm.  In addition, the sorption of CO2 

in the polymer film may be estimated by applying the Clausius Mosotti equation 

to the measured film thickness and refractive index.  Thus, ellipsometry offers the 

rare opportunity to measure dilation and sorption simultaneously.  The swelling 

and sorption for the PDMS thin films exceed the values reported for bulk PDMS 

at the same conditions and may be attributed to excess CO2 at the free interface as 

well as the effects of film confinement and the compressible CO2 on the packing, 

conformation, and mobility of the polymer chains, especially at the interfaces 

(i.e., finite-size effects are important).   

Differences between the dilation of glassy poly(methyl methacrylate) 

(PMMA) thin films and bulk PMMA were also observed.  Anomalous maxima in 

the dilation isotherms and corresponding minima in the refractive indices are 

observed in the regions of P and T where the compressibility of CO2 exhibits a 

maximum. This behavior has not been observed in bulk films.  The 

maxima/minima were observed at 35 and 50 oC and the amplitude and breadth of 

the maxima/minima follow the trends in the isothermal compressibility of CO2.  

The swelling maxima are insensitive to changing the substrate from gallium 

arsenide (GaAs) to a more hydrophilic SiOx substrate.  The effective excess 

thickness increases proportionally with increasing initial film thickness for the 

range studied, 85-325 nm.  The observed anomalous maxima are consistent with 

inhomogeneties in concentration at the free surface of the film that extend to the 

substrate, essentially the onset of a phase separation (foaming) driven by the 

increased compressibility of the system. 
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The pressure where the maximum thickness of adsorbed CO2 occurs on 

the oxide substrate is lower than the pressure where the maxima occur in the 

dilation isotherms.  This difference in pressure reflects the different interactions 

involved between the SiOx-CO2 and the PMMA-CO2 systems as well as the 

different mechanisms involved for the sorption of CO2 into the soft polymer film 

versus adsorption onto the hard surface.  The PMMA dilation isotherms displayed 

dual-mode behavior at the lowest CO2 pressures.  Glass transition pressures (Pg) 

were extracted from these isotherms through the onset of hysteresis between the 

initial dilation isotherms and the subsequent consolidation isotherms.  The 

measured Pg’s agree well with previously measured Pg’s for bulk films.3             

9.1.2 CO2 Gas Separation Membranes 

The CO2-induced plasticization of 6FDA-DAM:DABA 2:1 polyimide 

films at 35 oC was characterized by comparing the dilation, sorption, and 

permeation responses to different thermal and chemical crosslinking treatments.  

In-situ spectroscopic ellipsometry was successfully used to simultaneously 

measure the dilation and sorption in thin (~120 nm) polyimide films.  Higher 

annealing Ts resulted in better CO2 permeation plasticization resistance.  For the 

uncrosslinked membranes, the CO2 permeability decreases with increased 

annealing T.  However, for membranes crosslinked with cyclohexanedimethanol 

(CHDM), the CO2 permeability increases as the polymer becomes more highly 

crosslinked due to chain-packing disruptions and the loss of bulky CHDM 

pendant groups.  Furthermore, sorption in the Henry’s law mode decreases and 

sorption in the Langmuir mode increases, consistent with an increase in free-
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volume.  The thin films show lower CO2 sorption than the bulk films, due in part 

to increased physical aging in the thin films where unrelaxed free volume diffuses 

out of the film, hence drastically lowering the Langmuir sorption. 

Higher annealing Ts and chemical crosslinking of the polyimide films 

restricts and rigidifies the chains, which reduces the dilation and controls the CO2 

diffusion coefficient.  The plasticization pressure from the permeation 

measurements correlate to a threshold value of the sorbed CO2 partial molar 

volume of 29 ± 2 cm3/mol.  These results suggest that plasticization, or increases 

in the CO2 diffusion coefficient, is caused by excessive polymer swelling, which 

can be controlled by rigidifying the polymer chains through annealing and 

chemical crosslinking. 

The time dependence of the CO2-induced polymer chain relaxations were 

also investigated through measurements of permeation, sorption, and dilation 

kinetics of the polyimide membranes.  The magnitudes of the relaxation-induced 

increases in dilation and CO2 diffusion can be correlated with respect to the 

polymer annealing T.  Moreover, relaxation times derived from the kinetic data 

increase with increased crosslinking.  Analogous trends, with respect to annealing 

T, are observed between the relaxation times determined from the permeation and 

dilation kinetics.  However, the dilation relaxation times are faster than the 

permeation relaxation times.  This is likely due to the presence of a concentration 

gradient in the permeation experiments as well as the increased chain mobility for 

the thin films in the dilation experiments.  Pressure-decay sorption measurements 

indicate that polymer film swelling (without corresponding levels of CO2 
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sorption) is responsible for the plasticization observed in permeation experiments. 

Thus, sorption is not the best indicator of the long-term membrane plasticization 

resistance. Crosslinking and thermal annealing reduce swelling to stabilize the 

CO2 diffusion coefficient, thus making the membrane performance more robust 

and predictable. 

9.1.3 Structure of End-Grafted Polymer Brushes 

High-pressure neutron reflectivity was used to measure the chain 

extension and segment density profiles of end-grafted deuterated poly(dimethyl 

siloxane) (d-PDMS) brushes exposed to liquid and supercritical CO2.  At 25 oC, 

the chain extension increases sharply as the CO2 density is increased above the 

UCSD and near the Θ-density (ρΘ).  Two distinct regions were observed in the 

brush structure.  A concentrated region of d-PDMS is observed near the grafting 

surface due to attractive intra- and interchain interactions, hydrogen bonding 

between d-PDMS and surface silanols, and long-range attractive van der Waals 

interactions between the d-PDMS and the SiOx substrate.  In contrast, the outer 

region of the brush becomes solvated and extends as the CO2 density is increased.  

The volume fraction profiles for the solvated region evolve from block profiles to 

more parabolic profiles as the solvent quality is improved.  The brush structures 

change much more with solvent quality than for previous studies in 

incompressible solvents.  This greater variation arises from the large adjustability 

of the solvent quality due to the compressible nature of the solvent, large free 

volume differences between the brush region and the solvent, the presence of an 

LCST instead of an UCST, the high asymmetry in the segment-segment, segment-
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substrate, and segment-CO2 interactions, and the effect of this asymmetry on the 

long-ranged interactions between the substrate and the compressible solvent. 

Spectroscopic ellipsometry was also used to characterize the chain 

extension and optical properties of end-grafted deuterated poly(dimethylsiloxane) 

(d-PDMS) brushes on SiOx wafers exposed to compressed CO2.  The 

ellipsometric data were successfully combined with optical mixing rules to 

determine both the swollen d-PDMS brush thickness and refractive index.  The 

chain extension determined by ellipsometry, for an average value of the pure 

component refractive index of CO2 in the film (average nCO2 model), is in good 

agreement with that determined from neutron reflectivity. In this model, the 

difference between the pure component nCO2 in the film and the bulk nCO2 

decreases as the density of bulk CO2 increases and the bulk compressibility 

decreases.  Overall, ellipsometry provides a convenient and nondestructive means 

for analyzing brushes in CO2, allowing for rapid data collection at numerous state 

points.  It is expected that the method for determining the chain extension and 

optical properties will work best for brushes exposed to poor solvents where the 

optical contrast is the greatest.   

9.1.4 Colloid Stability 

Silica colloids were sterically stabilized in supercritical CO2 by end-

grafting poly(1H, 1H-dihydroperfluorooctyl methacrylate) (PFOMA) onto the 

particle surfaces.  Turbidity versus time measurements were used to determine the 

critical flocculation densities (CFDs) of the silica particles.  The particles were 

stable to flocculation at high CO2 densities, but exhibit a CFD upon lowering the 
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CO2 density.  The CFDs decreased with increasing temperature, since higher 

temperatures decrease the relative importance of attractive intra- and interchain 

interactions and improve the CO2 solvent strength, leading to greater stabilizer 

extension and repulsive interactions at lower solvent densities. 

The CFDs decreased with decreasing PFOMA Mn for the range of Mns 

studied.  This is likely related to the behavior of the second virial coefficient (A2) 

which is known to increase (become more repulsive) with decreasing molecular 

weight, especially for oligomers.  Alternatively, for the high Mn stabilizers, chain 

contraction from long ranged van der Waals interactions with the particle surface 

may lead to flocculation above ρΘ.  All of the CFDs occurred above the UCSD for 

the corresponding finite-Mn stabilizer in bulk CO2, instead corresponding more 

closely with ρΘ.  There is increasing experimental evidence4-8 that the limit for 

polymeric stabilization of colloidal dispersions in compressed CO2 will be the Θ-

condition. 

9.2 RECOMMENDATIONS 

9.2.1 Thickness Effects in CO2 Gas Separation Membranes 

Chapters 4 and 5 showed the importance of thermal and chemical 

treatments on the stability of polyimide membranes to CO2-induced plasticization.  

These results also highlighted the importance of film thickness in the sorption and 

relaxation behavior of the membranes.  These data indicate that there can be 

significant aging and chain mobility differences between thin films and bulk 

films.  Membrane experiments are typically performed on micro-scale films 

whereas permselective skins in industrially important asymmetric hollow fiber 
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membranes are usually on the order of ~120 nm.  There is increasing evidence 

that the behavior observed in micro-scale films does not extrapolate to thinner 

films.9-12  

In order to effectively design membranes for CO2 separations, experiments 

should be performed on thinner films.  A systematic study of how film thickness 

effects the permeation, sorption, and dilation of the polyimide membranes is 

recommended.  Data for the permeation and sorption of the bulk polyimide is 

already given in chapters 4 and 5.  The dilation of bulk polyimide could be 

measured using a cathetometer technique as described elsewhere.13  Dilation and 

sorption data for thin, 120 nm polyimide films are given in Chapters 4 and 5.  

Equilibrium and kinetic ellipsometric measurements should also be performed on 

polyimide films with a range of film thicknesses (~60-1000 nm).  Permeation 

measurements for these thin films could be done using asymmetric hollow fiber 

membranes.  These experiments would contribute to the overall understanding of 

how sorption, dilation, and diffusion processes are coupled in a plasticized gas 

separation membrane and how film confinement effects the membrane’s stability 

to plasticization.  Furthermore, these experiments will also provide valuable 

insight into the mechanisms that influence the thickness dependent glass 

transitions that have been observed previously for thin films.14-16 

9.2.2  CO2-Induced Glass Transition in Polymer Thin Films 

Deviations in the glass transition temperatures for polymer thin films have 

been shown to deviate from the bulk value when the polymer films are 

sufficiently thin.9,14 The origins of the film thickness dependence of the glass 
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transition temperature is not well understood.  For freely standing films, the glass 

transition temperature is always reduced when the film becomes very thin, 

whereas for supported films the deviations may be positive or negative, depending 

mainly on the strength of the polymer-substrate interactions.9 

Recently, CO2 has been used in a variety of microelectronics processes 

including the spin-coating, developing, drying, stripping, and cleaning of 

photoresist films.17-19 CO2 is advantageous in many of these processes since it is a 

“green” solvent, it has low surface tension, and its solvent strength can be easily 

tuned.  However, CO2 is highly effective at plasticizing polymers and inducing 

glass transitions at moderate T and P.3  Most of the previous experimental work 

on the glass transitions of polymer thin films has been conducted on solventless 

homopolymer systems, where temperature is the only variable.  Experiments that 

reveal more systematic information about the vitrification process and other 

conditions under which it may be manipulated would further the understanding of 

this confinement phenomenon.  In Chapter 3, we showed evidence of a CO2-

induced glass transition in supported PMMA thin films (h > 85 nm) by observing 

the change in curvature in the consolidation isotherm and the onset of hysteresis 

in the dilation isotherms.11  The CO2-induced glass transitions for these thin films 

agreed with previous measurements on bulk PMMA.3 Determining the effect of 

film thickness on the CO2-induced glass transition of thinner PMMA films (h < 

85 nm) could be performed using similar methods as presented in Chapter 3.  

These measurements would provide great fundamental insight and have important 

implications for CO2-based microelectronics processes.           
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Appendix 

Neutron Reflectivity Program 

 

The following FORTRAN program was used to fit the neutron reflectivity 

profiles in Chapter 6.  The theory describing the reflection of neutrons from a film 

is given in Chapter 1.  This program requires the input of a model and then 

calculates a reflectivity profile.  The generated reflectivity profile can be fit to an 

experimental profile by adjusting the physical properties in the model, such as 

film thickness, NSLD, and interfacial roughness, while minimizing a mean-square 

error function.  

 

 

 
C**************************************************************** 
C     PROGRAM: PSH/PSD bilayer                  
C     Purpose: for fitting reflectivity data from a generic         
C              lamellar multilayer. Can specify layer asymmetry,    
C              identity of block at substrate, and symmetric or     
C               antisymmetric boundary conditions.             
C            
C     Inspired by MLAYER3 (Spiros Anastasiadis and Alain Menelle)   
C     A modified version of Peter Lambooy's program F.  The         
C     modifications are a change in the parameterization and the    
C     addition of a routine to calculate an appropriate b/V         
C     profile.                                                      
C                                                                   
C     Meaning of:                                                   
C      FA  = 0 parameter fixed                                      
C      FA  = 1 parameter to be varied                               
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C      There are NO SLAVE PARAMETERS. FA=1,0 only.                  
C                                                                   
C      Parameterization of profile:  (all distances in angstroms) 
C                                                                   
C     a(1) = Multiplier                                             
C     a(2) = dlambda/lambda                                         
C     a(3) = dtheta/theta                                           
C     a(4) = PDMS B/V                                   
C     a(5) = Polymer/CO2 Roughness                                    
C     a(6) = Polymer/SiO2 Roughness        
C     a(7) = SiO2 Thickness        
C     a(8) = Silicon/SiO2 Roughness        
C     a(9) = PDMS Thickness         
C     a(10) = Volume Fraction PDMS at Concentrated/Solvated Interface   
C     a(11) = Number of Steps         
C     a(12) = Polymer/Polymer Roughness 
C     a(13) = Alpha 
C     a(14) = Concentrated/Solvated Roughness 
C     a(15) = Concentrated Region B/V 
C     a(16) = Concentrated Region Thickness                                                       
C 
****************************************************************** 
      PROGRAM pshpsd 
      IMPLICIT NONE 
      INTEGER DMAX,PMAX,MMAX 
      PARAMETER (DMAX = 1000) 
      PARAMETER (PMAX = 500) 
      PARAMETER (MMAX = 40) 
      REAL CHIMIN 
      PARAMETER (CHIMIN = 0.1) 
      REAL X(DMAX),Y(DMAX),SIG(DMAX),R(DMAX) 

           
REALA(PMAX),AMIN(PMAX),AMAX(PMAX),ASTEP(PMAX),A_NEW,
A_UP,ADOWN 

      REAL K0,NOL,CHISQ,OLDCHISQ,STORE,BGR 
      INTEGER 
I,J,K,N,NDATA,LISTA(MMAX),MFIT,FA(PMAX),MAXITT,ITT 
      REAL XMIN,XMAX, DTHICK, zlayr(330) 
      REAL POS(20000),BV(20000),POSMAX 
      LOGICAL MODIFIED, DONE 
      CHARACTER*45 ADESC(pmax)      
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      COMPLEX BOVERV(330) 
  
C NAME OF THE THEORETICAL FUNCTION: TESTF 
  
      EXTERNAL REFL 
C 
C Read model parameters 
C 
      open(unit=7,file='paramin.txt') 
 read(7,*) xmin, xmax, maxitt 
      read(7,*) k0, nol, BGR 
C read parameters: starting value, fit flag, min, max, step   
      write (*,*) 'xmin' 
 do i=1,16,1 
      read(7,*) A(i), FA(i),AMIN(i),AMAX(i),ASTEP(i) 
C write(*,*) A(i),FA(i), AMIN(i),AMAX(i),ASTEP(i) 
      enddo 
  close(unit=7) 
      nol=a(11)+2 
  
  
C Read experimental data 
C Only data with Xmin < X < Xmax is selected 
  
      open(unit=4,file='test.txt') 
 I=1 
 100  READ (4,*,END=110,ERR=110) X(I),Y(I),SIG(I) 
      IF ((X(I).ge.Xmin).and.(X(I).le.Xmax)) I=I+1 
      GOTO 100 
 110  NDATA=I-1 
      WRITE (*,*) 'NR OF DATA POINTS READ IN :',NDATA 
 close(unit=4) 
  
C prepare parameters for the fitting: 
C make list of fit parameters 
      MFIT=0 
      DO I=1, 16 
        IF (FA(I).EQ.1) THEN 
          MFIT=MFIT+1 
          LISTA(MFIT) = I 
        ENDIF 
      ENDDO 
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      WRITE (*,*) 'NR OF PARAMETERS TO BE FIT:',MFIT 
 
C Calculate initial reflectivity 
C 
      CALL REFL(X,A,R,NDATA,K0,NOL,Y,SIG,OLDCHISQ,BGR,DONE) 
      open(unit=2,file='paramout.txt') 
 WRITE (2,*) 'Initial ChiSquared: ', OLDCHISQ 
C 
C Vary parameters 
C 
      IF (MFIT.EQ.0) GOTO 300 
      DO ITT=1, MAXITT 
        MODIFIED = .FALSE. 
        DO J=1, MFIT 
          I = LISTA(J) 
          A_NEW = A(I) 
          A_UP  = A(I)+ASTEP(I) 
          ADOWN = A(I)-ASTEP(I) 
C try A+ASTEP 
          IF (A_UP.LE.AMAX(I)) THEN 
            A(I) = A_UP 
            DO K=1, 3*INT(nol)+3 
              IF (FA(K).GT.1) A(K)=A(FA(K)) 
            ENDDO 
            CALL REFL(X,A,R,NDATA,K0,NOL,Y,SIG,CHISQ,BGR,DONE) 
            IF (CHISQ.LT.OLDCHISQ) THEN 
              MODIFIED = .TRUE. 
              OLDCHISQ = CHISQ 
              A_NEW = A_UP 
            ENDIF 
          ENDIF 
C try A-ASTEP 
          IF (ADOWN.GE.AMIN(I)) THEN 
            A(I)=ADOWN 
            DO K=1, 3*INT(nol)+3 
              IF (FA(K).GT.1) A(K)=A(FA(K)) 
            ENDDO 
            CALL REFL(X,A,R,NDATA,K0,NOL,Y,SIG,CHISQ,BGR,DONE) 
            IF (CHISQ.LT.OLDCHISQ) THEN 
              MODIFIED = .TRUE. 
              OLDCHISQ = CHISQ 
              A_NEW = ADOWN 
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            ENDIF 
          ENDIF 
          A(I) = A_NEW 
        ENDDO 
        IF (.NOT.MODIFIED) GOTO 300 
      ENDDO 
C 
C Write final result 
C 
300   WRITE (2,*) ' ' 
      write (*,*) 'ndata= ',ndata 
      open(unit=3,file='reflectivityout.txt') 
 DO I=1, NDATA 
        WRITE (3,*) X(I), R(I), R(I) 
      ENDDO 
 close(unit=3) 
      write (2,*) 'Itteration', ITT, 'Chi-Squared =', CHISQ 
      DO I=1, 16, 1 
         write (2,50) fa(i), a(I), '=', adesc(i) 
      ENDDO 
  
50    format (i5, f12.6, A4, A45) 
  
      write (2,*) 'Final ChiSquared: ', CHISQ 
 close(unit=2) 
C 
C Write b/V profile 
C 
      done = .true. 
      call REFL(X,A,R,NDATA,K0,NOL,Y,SIG,CHISQ,BGR,DONE) 
  
      END 
  
C**************************************************************** 
C     SUBROUTINE REFL 
C 
C 
C     THIS PROGRAM CALCULATES THE REFLECTIVITIES FOR 
C 
C     A SEQUENCE OF LAYERS. THE INTERFACES MAY BE ROUGH. 
C 
C Written by P. Lambooy to fit Reflectivity data from NIST and Argonne 



 314

C to an N layer model, after the example of MLAYER3 by A. Menelle 
C 
C**************************************************************** 
  
      SUBROUTINE  REFL(X,A,R,NDATA,K0,NOL,Y,SIG,CHISQ,BGR,DONE) 
      IMPLICIT NONE 
      INTEGER DMAX,PMAX 
      PARAMETER (DMAX = 1000) 
      PARAMETER (PMAX = 500) 
      INTEGER I,NDATA 
      REAL 
X(DMAX),A(PMAX),R(DMAX),Y(DMAX),SIG(DMAX),NOL,CHISQ 
      REAL C,K0,DLALA,DTHETA,TKS(330),RGS(330),BGR 
      COMPLEX BOVERV(330) 
      LOGICAL DONE 
  
      C      = A(1) 
      DLALA  = A(2) 
      DTHETA = A(3) 
      call lamel(a,boverv,tks,rgs,nol,done) 
      call layers(X,R,NDATA,k0,C,dlala,dtheta,nol,BoverV,tks,rgs) 
      CHISQ=0.0 
      DO I=1, NDATA 
        R(I)  = R(I)  + BGR 
        CHISQ = CHISQ + ((Y(I)-R(I))/SIG(I))**2 
      ENDDO 
      RETURN 
      END 
  
C**************************************************************** 
C    SUBROUTINE LAMEL  - Paul Mansky, Oct. 1995, IBM Almaden 
C                                                                      
C    This routine generates composition and b/V profiles for lamellar 
C    films. 
C**************************************************************** 
      SUBROUTINE LAMEL(a,boverv,tks,rgs,nol,done)                   
      IMPLICIT NONE                                                   
      INTEGER  PMAX 
      PARAMETER (PMAX=500) 
      REAL a(pmax), tks(330),rgs(330),tks1(330),tks2(330)   
      COMPLEX BOVERV(330) 
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      REAL BVPSH, BVPSD, BVPBMAH, BVPBMAD, BVAIR, 
BVSIO,nol,bvsi,aexp 
 REAL phia, phis,totalt,dthick,pi,average,bvco2,mexp,mexp1,mexp2 
 REAL jcount(330),jcount2(300),jcount1(300) 
      REAL phistot(100), phimtot(100),phimh(100),phisd(100),zlayr(100) 
      REAL JM1,fromsi(330), fromair(330),air(330)  
 INTEGER NINTFS, i, j, k, l, m, n                                
      parameter (bvpsd=6.2)                                          
      parameter (bvpbmah=0.5)                                            
      parameter (bvpbmad=4.8)                                            
      parameter (bvsio=3.07)                                            
      parameter (pi=3.1415927)  
      parameter (bvsi=2.1)                                               
      logical done 
 bvco2=1.25    
 tks(nol-2)=a(16) 
     tks(nol-1)=a(7) 
 tks(nol)=10000 
 do i = 1,nol-3,1 
 tks(i) = a(9)/(nol-3) 
 tks1(i)=i*a(9)/(nol-3) 
 tks2(i)=a(9)-tks1(i) 
 jcount1(i)=a(10)*((1-((tks2(i))/a(9))**2)**a(13)) 
 boverv(i)=jcount1(i)*a(4)+(1-jcount1(i))*bvco2 
 enddo 
 rgs(1)=a(5) 
 rgs(nol-2)=a(14) 
 rgs(nol-1)=a(6) 
 rgs(nol)=a(8) 
 do i = 2,nol-3,1 
 rgs(i) = a(12) 
 enddo 
 boverv(nol-2) = a(15) 
 boverv(nol-1) = bvsio 
       boverv(nol)=bvsi                                                  
  if (done) call profile(nol,a,boverv,tks,rgs,phistot,phimtot, 
     1   phimh,phisd,zlayr) 
      do i=1,nol,1 
         boverv(i)=boverv(i)*1e-06 
      enddo                                                             
      return                                                           
      end                
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C**************************************************************** 
C * SUBROUTINE LAYERS 
C * 
C * Convolutes the theoretical reflectivity with the 
C * instrumental resolution G  (k), where G is a normalised Gaussian 
C * with HWHM = dk.          dk 
C * 
C * Integration is from -5 dk to 5 dk in steps of di: 
C * 
C *                        
C *    di = min( dk/2 , pi/4dmax ) 
C * 
C * 
C * with dmax the largest thickness in the model. 
C * 
C**************************************************************** 
  
      SUBROUTINE 
LAYERS(Kexp,R,NDATA,k0,C,dlala,dtheta,nol,BoverV,t,rg) 
  
      IMPLICIT NONE 
  
      INTEGER I,J,NDATA 
      INTEGER DM 
      PARAMETER (DM=900) 
      REAL C,dlala,dtheta,nol,k0,dmax 
      REAL t(330),rg(330),GAUSS,FRESNEL 
      REAL Kexp(NDATA),R(NDATA),di(DM),dk(DM),dk1,dk2 
      REAL Kgrid(6000),Rgrid(6000),pi 
      COMPLEX BoverV(330) 
      PARAMETER (pi=3.1415927) 
  
C 
C Calculate the resolution dk and the integration step di 
C 
      dmax = t(1) 
      DO I=2, INT(nol) 
        IF (t(I).gt.dmax) dmax = t(I) 
      ENDDO 
      IF (dmax.eq.0.0) dmax = 1.0 
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      DO I=1, NDATA 
        dk1   = Kexp(I)*dlala 
        dk2   = k0*dtheta 
        dk(I) = SQRT(dk1*dk1 + dk2*dk2) 
        di(I) = min(dk(I)/2,0.25*pi/dmax) 
      ENDDO 
C 
C Create a grid with Kgrid and Rgrid values 
C 
      Kgrid(1) = Kexp(1) - 5*dk(1) 
      Rgrid(1) = FRESNEL(Kgrid(1),nol,BoverV,t,rg) 
      J = 1 
      DO I=1, NDATA 
        DO WHILE (Kgrid(J).LT.(Kexp(I)/2 + Kexp(I+1)/2)) 
          J = J + 1 
          Kgrid(J) = Kgrid(J-1) + di(I) 
          Rgrid(J) = FRESNEL(Kgrid(J),nol,BoverV,t,rg) 
        ENDDO 
      ENDDO 
      DO WHILE (Kgrid(J).LT.(Kexp(NDATA) + 5*dk(NDATA))) 
        J = J+1 
        Kgrid(J) = Kgrid(J-1) + di(NDATA) 
        Rgrid(J) = FRESNEL(Kgrid(J),nol,BoverV,t,rg) 
      ENDDO 
C 
C Perform the convolution 
C 
      DO I=1, NDATA 
        R(I) = 0.0 
        J=1 
        DO WHILE (Kgrid(J).LT.(Kexp(I) - 5*dk(I))) 
          J = J+1 
        ENDDO 
        DO WHILE (Kgrid(J).LT.(Kexp(I) + 5*dk(I))) 
          R(I) = R(I) + Rgrid(J) * 
     1           GAUSS(dk(I),Kexp(I)-Kgrid(J)) * (Kgrid(J)-Kgrid(J-1)) 
          J=J+1 
        ENDDO 
        R(I) = C * R(I) 
      ENDDO 
      RETURN 
      END 
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C**************************************************************** 
C     REAL FUNCTION GAUSS: Normalised Gaussian 
C**************************************************************** 
      REAL FUNCTION GAUSS(dk,k) 
  
      IMPLICIT NONE 
      REAL dk,k,pi 
      PARAMETER (pi=3.1415927) 
        GAUSS = EXP(-log(2.0)*(k/dk)**2) * SQRT(log(2.0)/pi) / dk 
      RETURN 
      END 
  
C**************************************************************** 
C * 
C *  FUNCTION FRESN 
C * 
C *  This routine calculates optical reflection of neutrons of a 
C *  thin-film/substrate system. 
C *  Input parameters are wavelength, angle of incidence, film 
C *  thickness and complex refractive indices of the three media. 
C * 
C *  Multiple reflection and interference effects are taken into 
C *  account using Fresnel coefficients for a multiple layer system. 
C * 
C *  Formulas are adapted from 
C *  T. Russell, Materials Science Reports 5 (1990) 171-271 
C *  S. Anastasiadis e.a. Phys.Rev.Lett. 62, 1855 (1989) 
C * 
C *  Definitions: 
C * 
C *  optical density:        
C *          N = 1 – lambda^2/2pi * b/v 
C * 
C *  wave vector transfer: 
C * 
C *       K = Ko  SIN(theta) 
C *                 
C * 
C *  NB: in data file and SRS program : K = 2 Ko SIN(theta) 
C *                                             
C * 
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C * 
C *  critical wave vector Kc is approximated by: 
C *                         
C *                                   
C *       Kc * Kc  = 2 (1 - N) = 4 pi * b/v 
C *                                 
C * 
C * 
C * 
C * 
C * Version 15 jan 1992 Peter Lambooy 
C * 
C * Parameterisation: 
C * 
C * 
C *              SIGMA(nol)      SIGMA(nol-1)  ......     SIGMA(1) 
C * 
C *        SUBSTR   |    d (nol-1)  |     d (nol-2)  ...... |   AIR 
C *                          |                    |                            | 
C *         b               |    b              |     b                     | 
C *        ---(nol)      |   ---(nol-1)  |    ---(nol-2)  ...... | 
C *         V              |    V             |     V                    | 
C * 
C                                                Z ----> 
C * 
C * SIGMA (S) is HWHM of a Gaussian smearing 
C * 
C * Gs (Z) = exp(-Z*Z/(2*S*S))/SQRT(2*pi)/S 
C * 
C **************************************************************** 
  
      REAL FUNCTION FRESNEL(k,nol,BoverV,d,SIGMA) 
  
      IMPLICIT NONE 
  
      REAL pi 
      PARAMETER (pi =3.1415927) 
      COMPLEX i 
      PARAMETER (i = (0,1)) 
  
      INTEGER j 
      REAL    k,nol,d(330),SIGMA(330),gexp 
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      COMPLEX kvec(0:330),Ampl,r(330),gcexp 
      COMPLEX BoverV(330), bovervco2 
 bovervco2 = 1.25e-6 
 kvec(0) = k 
C SNELLIUS' LAW 
C FRESNEL REFLECTION COEFFICIENTS 
C N.B. SIGMA(j) DENOTES THE GAUSSIAN HALFWIDTH BETWEEN 
C THE jth and (j-1)th LAYERS 
  
  
      DO j = 1, INT(nol) 
        kvec(j) = SQRT( (k*k) - (4.0*pi*(BoverV(j)-bovervco2))) 
        gexp = EXP(-2.0*kvec(j-1)*kvec(j)*SIGMA(j)*SIGMA(j)) 
        r(j) = gexp * (kvec(j-1) - kvec(j)) / (kvec(j-1) + kvec(j)) 
      ENDDO 
  
      Ampl = r(nol) 
      DO j = INT(nol)-1, 1, -1 
        gcexp = CEXP(2.0*i*kvec(j)*d(j)) 
        Ampl = ( r(j) + Ampl*gcexp ) / ( 1 + r(j)*Ampl*gcexp ) 
      ENDDO 
  
      FRESNEL = CABS(Ampl)**2 
  
      RETURN 
      END 
  
C **************************************************************** 
C * SUBROUTINE PROFILE 
C * 
C * Purpose: to calculate b/V profile for a stack of slabs 
C * 
C * Author: P. Lambooy 
C **************************************************************** 
      SUBROUTINE PROFILE(nol,A,boverv,tks,rgs,phistot,phimtot, 
     1   phimh,phisd,zlayr) 
  
      IMPLICIT NONE 
  
      INTEGER I,J,K 
      REAL A(500),H(330),Z(330),POS(20000),BV(20000) 
      REAL phistot(500),phimtot(500),phimh(500),phisd(500),zlayr(500) 
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      REAL nol,tks(330),rgs(330),POSMAX,AR,X,Y,rboverv(330),erfc 
  
      complex boverv(330) 
  
      do i=1, int(nol), 1 
         rboverv(i)=real(boverv(i))-1.25 
      enddo 
  
C Build a series of step functions from the slabs 
      Z(1) = 0 
      H(1) = rboverv(1) 
      DO I=2, int(nol) 
        Z(I) = Z(I-1) + tks(I-1) 
        H(I) = rboverv(I) - rboverv(I-1) 
      ENDDO 
  
C Make the Profile 
      POSMAX = int(Z(int(nol)))+200 
      POS(1) = -100 
      BV(1)  = 1.25 
      POS(2) = -99 
      BV(2)  = 1.25 
      K = 2 
      DO I=3, POSMAX 
        X = I - 100 
        Y = 0 
        DO J = 1, int(nol), 1 
          AR = 0.7071*(X-Z(J))/RGS(J) 
          IF (AR.LT.10.0) Y = Y + H(J)*(1-0.5*ERFC(AR)) 
          IF (AR.GE.10.0) Y = Y + H(J) 
        ENDDO 
C check for redundancy 
        IF ((Y.EQ.BV(K)).AND.(BV(K).EQ.BV(K-1))) THEN 
          POS(K) = X 
        ELSE 
          K = K + 1 
          POS(K) = X 
          BV(K)  = Y+1.25 
        ENDIF 
      ENDDO 
  
      POSMAX = K 
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      open(unit=1,file='bovervout.txt') 
 do i=1, posmax 
         write (1,900) pos(i), bv(i) 
      enddo 
  close(unit=1) 
   
      open(unit=10,file='what.txt') 
 do i=1, nol-2 
         write(10,910) zlayr(i), phistot(i), phimtot(i), phimh(i), 
     1        phisd(i) 
      enddo 
 close(unit=10) 
  
900   format(f8.1,f8.3) 
910   format(f8.1,4(f8.3)) 
  
      RETURN 
      END 
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