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The Effect of Synthesis Route and ortho-Position Functional Group on 

Thermally Rearranged Polymer Thermal and Transport Properties 

 

David Finley Sanders, Ph.D. 

The University of Texas at Austin, 2013 

 

Supervisor:  Benny D. Freeman and Donald R. Paul 

 

This dissertation discusses the effect of synthesis route and ortho-position group 

on the thermal and transport properties of thermally rearranged polymers. Thermally 

rearranged polymers are polybenzoxazoles formed via the solid state rearrangement of 

ortho-functional polyimides. In this study, polymers were derived from 3,3'-dihydroxy-

4,4'-diamino-biphenyl and 2,2'-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride 

(HAB-6FDA). These HAB-6FDA polymers were synthesized using chemical and 

thermal imidization, and hydroxyl, acetate, propanoate, or pivalate ortho-position groups 

were considered. In these polymers, gas permeability increases as a function of 

conversion for all samples. The polyimide synthesis route does not affect the thermal or 

transport properties. However, the precursor ortho-position group strongly influences the 

thermal and transport properties of TR polymers. Additionally, it was determined that an 

increase in gas diffusivity was the primary cause of increased permeability as a function 

of thermal rearrangement. 
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Chapter 1: Introduction1 

The gas separation membrane market has grown significantly since its beginnings 

in the 1970’s (approximately), and continued growth is expected in the coming years as 

technology improves and applications expand [1].  Previously, several review articles and 

monographs have chronicled overall progress in the field as well as specific progress in 

applications and materials science [1-9].  The background discussion for this thesis 

summarizes current commercial membrane materials, emerging membrane materials, 

membrane terminology and equations, and major membrane materials challenges. A 

more detailed discussion of applications can be found in the previously mentioned 

reviews. 

1.1 MEMBRANE HISTORY 

The first recorded description of semi-permeable membranes was in 1748 when 

Jean Antoine (Abbé) Nollet reported that a pig bladder (i.e., a natural membrane) was 

more permeable to water than to ethanol [10-12].  Later, in 1831, a related observation 

regarding gas transport through balloons prepared from natural rubber, which is largely 

cis-poly(isoprene), was made by John Kearsley Mitchell [13].  After filling a series of 

these balloons with hydrogen and letting them rise to the ceiling of his lecture room, the 

balloons descended from the ceiling over time.  Mitchell hypothesized that the hydrogen 

was somehow passing through the walls of these rubber balloons [13].  Further 

experiments showed that various gases passed through the same material at different 

                                                 
1 Portions of this section were adapted from Sanders, D.F., Smith, Z.P., Guo, R., Robeson, L.M., McGrath, 
J.E., Paul, D.R., and Freeman, B.D., Energy efficient polymeric gas separation membranes for a sustainable 
future: A review. Polymer, submitted; Copyright Elsevier. D. F. wrote sections of the paper and compiled 
and edited the document. Z. P. Smith, R. Guo, and L. M. Robeson authored portions of the document and 
provided input. B. D. Freeman, J. E. McGrath, and D. R. Paul supervised the writing of this document, 
provided technical expertise, and edited the manuscript. 
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rates, a critically important concept that foreshadowed the commercial development of 

polymeric gas separation membranes in the late 1970’s [3]. 

Adolph Fick’s laws of diffusion, derived in analogy with Fourier’s law of heat 

conduction and Ohm’s law of electrical conduction, provided the fundamental 

mathematical framework for mass transfer across nonporous membranes [14], and Sir 

Thomas Graham published a seminal paper in 1866 setting forth the basic principles 

underpinning the solution-diffusion model, which is understood to govern gas transport in 

all nonporous polymeric gas separation membranes [15].  In this model, gas is 

transported through a nonporous polymer film or membrane by dissolving into the face of 

the membrane exposed to high gas pressure, diffusing through the polymer, and 

desorbing from the face of the membrane exposed to low pressure [16].  The middle step, 

diffusion through the polymer, is the rate-limiting step for gas permeation in all polymer 

membranes used today.  The rate-limiting step in diffusion is the local scale segmental 

dynamics of the polymer chains that lead to the opening and closing of transient gaps 

(i.e., free volume elements) in the polymer; the gas molecules execute Brownian motion 

(i.e., diffusion) through these free volume elements.  Thus, the local segmental motions 

of polymer chains and the packing of polymer chains are two critically important 

variables in gating the diffusion of small gas molecules through polymers. 

1.2 NATURAL GAS PURIFICATION 

This research focuses on the development of new membrane materials for CO2 

removal from natural gas. Natural gas is often a complex mixture of methane, carbon 

dioxide, ethane, higher hydrocarbons, hydrogen sulfide, inert gases, and trace 

components of many other compounds, such as BTEX aromatics (benzene, toluene, 

ethylbenzene, and xylenes) [2].  The actual composition of natural gas varies depending 
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on the well, and delivery of gas to the U.S. national pipeline grid requires that all natural 

gas be treated, at least to some degree.  This treatment is designed to prevent pipeline 

corrosion as well as adjust the heating value and dew point of the fuel to a standard level.  

U.S. pipeline specifications require that natural gas contains less than 2% CO2, 4 ppm 

H2S, and 7 lb/MMscf water [17].  Moreover, it must have a heating value of 950-1050 

Btu/scf and a dew point of -20°C or less [7].   

Removal of CO2 and H2S (i.e., acid gases) from natural gas is a growing area for 

membrane technology.  In 2008, it was estimated that the worldwide market for natural 

gas separation equipment was approximately $5 billion/yr, and membrane technology 

accounted for approximately 5% of this market, but this market share is expected to grow 

if membrane technology continues to improve [2].  Membrane separation competes most 

directly with amine absorption, which has existed since the 1930’s and is commonly used 

for acid gas separations [18].  The capital costs, energy consumption, plant footprint, and 

maintenance costs of amine absorption have encouraged the development of membrane 

systems and membrane/absorption hybrid systems for natural gas purification [19].  The 

first membranes for natural gas purification were developed in the early to mid-1980’s.  

W.R.  Grace (now part of UOP) and Separex (now part of UOP) developed spiral-wound 

membranes, and Cynara (now part of Cameron) developed hollow-fiber membranes 

based on cellulose acetate [2].  These cellulose acetate membranes are still widely in use 

today, but polyimides and other materials have gained some traction in this field over the 

past 15 – 20 years [2].  These membranes can be configured a variety of ways, but the 

number of membrane modules, compressors, and the configuration of these systems often 

depends on the desired flowrate [2, 7, 20]. The development of new membrane materials 

could greatly increase the attractiveness of membranes in this separation, offering a lower 

energy alternative to the commonly used amine absorption technology. 
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1.3 DISSERTATION GOALS 

In 2007, Park et al. presented a novel class of membranes for the separation of 

CO2 from natural gas known as TR polymers [21]. TR polymers are polybenzoxazoles 

prepared by solid state thermal rearrangement of polyimides with ortho-position 

functional groups to obtain a polymer membrane. Polybenzoxazole gas separation 

properties previously remained unexplored due to their lack of solubility in common 

solvents. Park’s research, which circumvented the insolubility of these polymers by 

preparing soluble precursors that could be processed to form membranes and then 

subsequently thermally rearranged to insoluble polybenzoxazoles, opened the door to a 

wide range of studies on this family of gas separation materials. 

Altering functional groups on the backbone of a polymer chain can alter the 

transport properties, but these changes are not always consistent across families of 

polymers [3]. Park’s work explored various TR structures and showed that the gas 

separation performance does indeed vary from one structure to another. This research 

focuses on the fundamental properties of gas transport in TR polymers, including the 

changes in diffusivity and solubility as a function of TR conversion. This dissertation also 

discusses the effect of TR polymer synthesis route and the effect of ortho-position 

functional group on TR polymer transport properties. The results of this study will help to 

better understand the unique characteristics of these polymers and develop an ideal 

synthesis method for gas separation applications which can be paired with the large 

number of structure/property studies in the literature. Four major subjects will be 

discussed in this dissertation: the thermal properties of TR polymers as a function of 

synthesis route and ortho-position, permeability and selectivity of TR polymers as a 

function of synthesis route and ortho-position functional group, fractional free volume of 
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TR polymers as a function of ortho-position functional group and conversion, and TR 

polymer pure gas diffusivity and solubility as a function of thermal rearrangement. 
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Chapter 2: Background2 

This chapter provides background information for understanding the results of the 

thesis and framing these results within the current state of membrane literature. A short 

review of equations and terminology in membranes is provided, followed by a discussion 

of common materials-related challenges faced in membrane research. In addition, the 

benefits and shortcomings of both commercially available and emerging membrane 

materials are discussed to show other relevant membrane materials in addition to TR 

polymers. Finally, a short discussion is provided on the effect of synthesis route and 

ortho-position functional group in polyimides and TR polymers. 

2.1 EQUATIONS AND TERMINOLOGY 

The equations and terminology discussed below illustrate basic concepts used to 

describe gas transport in polymers and evaluate membrane material performance.  

Detailed derivations and discussion of these equations are available elsewhere [1-5].  

Membrane performance is often characterized by gas throughput and separation 

efficiency and these properties are most commonly expressed by permeability and 

selectivity coefficients.   

                                                 
2Adapted from Sanders, D.F., Smith, Z.P., Guo, R., Robeson, L.M., McGrath, J.E., Paul, D.R., and 
Freeman, B.D., Energy efficient polymeric gas separation membranes for a sustainable future: A review. 
Polymer, submitted. D. F. wrote sections of the paper and compiled and edited the document. Z. P. Smith, 
R. Guo, and L. M. Robeson authored portions of the document and provided input. B. D. Freeman, J. E. 
McGrath, and D. R. Paul supervised the writing of this document, provided technical expertise, and edited 
the manuscript. 
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2.1.1 Permeability Coefficient 

For a pure gas permeating through a polymer film or membrane, gas permeability, 

PA, is defined as the trans-membrane pressure difference, p2-p1, and thickness normalized 

steady-state gas flux, NA [6]:  

  (2.1) 

where l is the membrane thickness, p2 is the upstream pressure, and p1 is the downstream 

pressure.  Unlike flux, which depends upon l and Δp, PA is typically viewed, to a first 

approximation, as being a material property that is much less dependent than flux on 

membrane thickness and Δp.  For gas mixtures permeating through polymers, Δp is taken 

to be the partial pressure difference of the component of interest, and for non-ideal gases, 

Δp can be replaced by the fugacity difference across a membrane or film [7]. 

Typically permeability coefficients are expressed in Barrer, where [1]: 

  (2.2) 

Each polymer has a different permeability coefficient for each gas, and the faster 

permeation of some gases relative to others provides the basis for the use of polymers to 

separate gas mixtures.  The range over which permeability can vary in different polymers 

is enormous.  For example, oxygen permeability in poly(acrylonitrile) (PAN), a high 

barrier polymer, is 2.8x10-4 Barrer [8].  At the other end of the scale, a polymer based 

upon an indan-containing poly(diphenylactylene) derivative has an oxygen permeability 

of 18,700 Barrer, which is believed to be the highest oxygen permeability among 

nonporous polymers [9].  Thus, oxygen permeability values span nearly 8 orders of 

magnitude in these two examples, and there are polymers, such as dry poly(vinyl 

alcohol), that are more than an order of magnitude less permeable than PAN [10].  This 

)( ,1,2 AA

A
A pp

lNP
−

=

cmHg s cm
cm (STP)cm 10Barrer  1 2

310−

=



 10 

enormous range of gas permeabilities in polymers illustrates the extraordinary sensitivity 

of gas permeability to polymer material structure. 

Using the solution-diffusion model, the gas permeability coefficient can be 

written as the product of a gas solubility coefficient, Sa, and a concentration-averaged, 

effective diffusion coefficient, Da [11]:  

  (2.3) 

The diffusion coefficient is commonly expressed in cm2/sec, and solubility is often 

expressed in cm3(STP)/(cm3 polymer atm) or cm3(STP)/(cm3
 polymer cmHg) .   

Penetrant size has a significant effect on diffusion coefficients, with larger gases 

generally having lower diffusion coefficients [11].  In polymers of interest for gas 

separations, gas diffusion coefficients can range from approximately 10-4 cm2/s for 

helium diffusion in poly(1-trimethylsilyl-1-propyne),  PTMSP, which is among the most 

permeable polymers known, to approximately 3x10-9 cm2/s for CH4 in polycarbonate [11, 

12].  Diffusion coefficients are also sensitive to polymer chain flexibility and the free 

volume in the polymer, which gauges the amount of packing defects, gaps between 

polymer chains and other structural features that give rise to openings within a polymer 

large enough to permit penetrant diffusion. 

The solubility coefficient in Equation 2.4 is defined as the ratio of the 

concentration of gas in a polymer, C, to the pressure of gas, p, contiguous to the polymer 

[1]:  

  (2.4) 

Solubility depends mainly on gas molecule condensability (as characterized, for 

example, by gas critical temperature, Lennard-Jones potential well depth, normal boiling 

point, enthalpy of vaporization, etc.) and, to a lesser extent, on gas-polymer interactions 

aaa SDP  =
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[11].  Polymer morphological features, such as crystallinity and liquid crystallinity, can 

also influence gas solubility in polymers [13-16]. 

2.1.2 Selectivity 

A common parameter characterizing the ability of a polymer to separate two gases 

(e.g., A and B) is the ideal selectivity,  [17]:  

  (2.5) 

By combining Equations 2.4 and 2.5, permeability selectivity can be written as a product 

of solubility and diffusivity selectivity: 

  (2.6) 

Like permeability, the ideal selectivity is often treated as a material property of a 

polymer. 

Another measure of the ability of a membrane to separate a particular gas mixture 

is the separation factor, , where xA is the concentration of gas A in the feed and yA is 

the concentration of gas A in the permeate [17]:  

  (2.7) 

This value is less commonly reported in the membrane materials literature 

because it depends more sensitively on the operating conditions (e.g., upstream and 

downstream pressure and feed gas composition) than .  Thus, the separation factor 

is not a material property of the polymer being used as the membrane.  However, when 

the upstream pressure is much greater than the downstream pressure, the separation factor 

becomes equal to the ideal selectivity.  This relationship can be shown by recognizing 

that the mole fraction of component A produced in the permeate, yA, is related to the flux 

of A and B as follows:  
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  (2.8) 

An analogous relation may be written for component B.  Substituting Equation 

2.8 into Equation 2.7 and using the definition of permeability in Equation 2.1 to solve for 

flux, the following expression is obtained: 

  (2.9)  

Therefore, when the upstream pressure, p2, is much greater than the downstream 

pressure, p1, . However, in a mixed gas environment, the observed 

selectivity may differ from pure gas selectivity due to plasticization and competitive 

effects, which will be discussed later.   

2.1.3 Fractional Free Volume 

Free volume is among the most important structural variables influencing gas 

transport properties in polymers.  The Cohen-Turnbull model predicts that diffusion 

coefficients increase strongly as free volume increases [18]. This relationship is shown in 

Equation 2.10 where A is a constant related to a geometric factor, molecular diameter, 

and gas kinetic velocity, v* is related to the size of the gas molecule,  is an overlap 

factor between 0.5 and 1, and FFV is the fractional free volume of the polymer [11, 18-

20].   

  (2.10) 

 In gas separation polymers, free volume is often quantified using the concept of 

fractional free volume (FFV), which is defined as the void space between polymer chains 

that is available to assist in molecular transport [21].  Free volume can be generated by 
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inefficiencies in polymer chain packing in the solid state and by molecular motion of 

polymer chain segments, which effectively open gaps in the polymer matrix on a 

transient basis that allow penetrant molecules to diffuse through the polymer [22]. 

Fractional free volume is calculated as the difference between the experimental 

specific volume (i.e., reciprocal of polymer density) and the theoretical volume occupied 

by the polymer chains [23, 24]:  

  (2.11) 

where V is the measured experimental specific volume of the polymer in cm3/g, and V0 is 

the theoretical occupied volume of the polymer chains in cm3/g.  V0 is typically estimated 

using group contribution theory described by Bondi, where VW is the van der Waal’s 

volume of groups comprising the polymer chain [23-25]: 

  (2.12) 

As seen in Figure 2.1a, which presents an example of a relationship between 

fractional free volume and diffusion coefficients in a systematic series of polysulfones of 

varying chemical structure, there is often a good correlation between FFV and diffusion 

coefficients.  Due to uncertainties associated with estimating occupied volume 

increments with various families of polymers, correlations of FFV with gas diffusion 

coefficients often work best when restricted to polymers with similar backbone structures 

[26].  Because gas solubility typically depends weakly on free volume, gas permeability 

coefficients often correlate well with FFV, and many studies report strong correlations of 

permeability with FFV as seen in Figure 2.1b [27]. 
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Figure 2.1    (a) Oxygen diffusion coefficient in polysulfones of varying fractional free 
volume [19]. (b) Oxygen permeability for many families of polymers 
including poly(1-trimethylsilyl-1-propyne (PTMSP), 6F containing 
thermally rearranged polymer (TR 450-1), polymer of intrinsic 
microporosity (PIM-1), polycarbonate (PC), poly(2,6-dimethyl-1,4-
phenylene oxide) (PPO), Vectra® (a commercial polyester liquid crystalline 
polymer), and various polymers from [28-30].  

5.5 6 6.5 7
10-8

10-7

D
O
(c

m
2 /s

)

1/FFV

2

A

10-5

10-3

10-1

101

103

2 3 4 5 6 7 8 9 10

O
2 P

er
m

ea
bi

lit
y 

(B
ar

re
r)

1/FFV

PTMSP
TR 450-1
PIM-1

Vectra®

PC

PPO

B



 15 

2.2 CHALLENGES IN MEMBANE SCIENCE AND LIMITS OF TECHNOLOGY 

2.2.1 Permeability/Selectivity Tradeoff (The Upper Bound) 

The polymer used to make a membrane is crucial to separation performance. 

Thus, structure/property studies related to membrane separation have been a significant 

area of research since the early 1980’s [2-4, 31, 32]. The key factors in membrane 

transport performance are flux, permeability, and selectivity.  Inherent in this 

relationship, which is based on the solution-diffusion model, are both diffusion and 

solubility coefficient selectivities, which were introduced previously. 

The flux is governed by the choice of the polymer (permeability) and its 

achievable dense layer thickness.  The selectivity is also determined by the choice of 

polymer and the ability to achieve “pinhole-free” membranes.  As thickness is a process 

fabrication parameter, permeability and selectivity of the polymer are key material 

properties for polymer studies. 

Considerable numbers of structure-property studies have identified polymer 

structural components that yield high permeability, and a number of these studies have 

defined structural characteristics desirable for gas separation [31, 32].  Specifically, 

polymers offering the best combinations of  and Pi are generally glassy and have rigid 

structures that exhibit poor chain packing [32].  In essence, these polymers offer the size 

distribution of free volume elements required for approaching molecular sieving 

characteristics. 

Since the advent of commercial membrane gas separation systems, structure-

property data on polymeric membranes has significantly increased in the literature.  It 

became apparent that a balance (trade-off relationship) existed between selectivity and 

permeability [33-36].  A concept emerged in the literature called the “upper bound” 

where log-log plots of selectivity versus permeability of the more permeable gas 

ijα
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demonstrated that virtually all the data points were below a well-defined line [31, 37].  

An example is shown in Figure 2.2.  This relationship was found to be valid for gas pairs 

chosen from the common gases of He, H2, O2, N2, CO2, and CH4.  The “upper bound” line 

has the following form [31, 32]: 

  (13) 

where PA  is the permeability of the more permeable gas, n is the slope of the upper bound 

line, and k is a constant for a specific gas pair termed the front factor.  The value of the 

upper bound slope was shown to correlate with kinetic diameters determined from zeolite 

data, which gave a better fit than other gas diameter data in the literature [31, 38].  An 

empirical analysis demonstrated a linear relationship between 1/n and the difference in 

the gas diameters (dj – di) [31].  An example of the upper bound relationship for CO2/CH4 

from the 1991 publication is shown in Figure 2.2 [31]. 

The upper bound analysis is based on homogeneous membranes utilizing data 

from studies where the permeability and selectivity data were determined on the same 

films using the same measurement methods.  Data from different studies or different film 

preparation methods would not be accurate enough to provide reliable data for the 

analysis.  Surface modified films, laminates of different films, phase separated polymer 

blends, polymers containing particulates (such as zeolites) and phase separated block 

copolymers would not be relevant for this analysis as specific combinations could be 

fabricated whereby the upper bound can be surpassed based on heterogeneous membrane 

models [39].  Specifically, a film laminate of a low permeability polymer with a high 

permeability polymer (both comprising values on or near the upper bound relationship) 

can yield laminate film values well above the upper bound based on the series resistance 

model. 

n
BAA kP /α=
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Figure 2.2   Experimental Data for CO2/CH4 separation demonstrating an empirical 
upper bound for glassy (●) and rubbery (□) polymers from 1991. Adapted 
from [31]; copyright Elsevier. 

The upper bound relationship is an empirical correlation based on experimental 

data, but a theoretical analysis by Freeman [40] yielded good agreement with the 

observed empirical results.  This theory allowed for the prediction of both the upper 

bound slope and the front factor.  Freeman identified the upper bound slope predicted 

from activation energy theory as:  
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The value of  has modest variation compared to dB – dA and, 

therefore, gave reasonable agreement between theory and experimental observations.  

The value of the front factor, k, required a more complex analysis, yielding the following 

relationship: 

  (2.15) 

where SA  and SB represent the gas solubilities.  The linear free energy relationship 

between the activation energy of diffusion, Edi and D0i [40-42]:  

  (2.16) 

was employed to determine values of a and b, where a is 0.64 and b has values of 9.2 and 

11.5 for rubbery and glassy polymers, respectively [25].  The parameter, f, was 

determined from the following expression relating activation energy of diffusion with the 

diameter of the penetrant molecule [40, 43]: 

  (2.17) 

Values of c and f are adjustable and relate to a specific polymer.  Freeman 

observed the best match between the empirical upper bound lines and the theory was 

attained with f =12,600 cal/mole [40].  The solubility constant for gases may be 

correlated with the gas critical temperature, Tc, boiling point, Tb, or Lennard-Jones 

temperature (ε/k) by the following equations [25]: 

  

  (2.18) 

  

where m, x and y have unique values for each polymer.  These relationships appear to 

work well for a wide variety of polymers (specifically aliphatic and aromatic polymers), 
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except for the polymer class of perfluorinated polymers where the slope values are 

different [32].  For this analysis, Freeman chose the Lennard-Jones solubility relationship 

with y = -9.84 cm3(STP)/(cm3 polymer cmHg) [40].  The comparison of the empirical 

upper bound results with the predicted results are shown in Figure 2.3 for comparison of 

the front factor k. 

 

Figure 2.3   Comparison of the front factor k from the experimental data with the 
prediction values.  The parameter f was set to 12,600 cal/mol.  The units of 
βA/B are (cc(STP)-cm/cm2-sec-cmHg)-1/n  (βA/B = k-1/n)  (note i = A and j = B 
relative to the discussion from reference [40]; Adapted from [44]; Copyright 
Elsevier). 

The upper bound observation for gas separation has been also proposed for other 

transport processes including fuel cell membranes and water desalination using similar 

log-log plots [45-48].  For fuel cell membranes, an empirical upper bound was observed 
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with experimental data plotted as proton conductivity versus water sorption for proton 

exchange membranes.  For water desalination, experimental water/salt selectivity versus 

water permeability was plotted and compared with theoretical considerations.   

As more data on polymer gas separation characteristics beyond what was utilized 

in the 1991 analysis became available, a revised compilation was published [32].  As 

would be expected, some shifts in the upper bound resulted.  However, most of these 

shifts were minor and involved changes in the front factor while the upper bound slope 

values remained virtually unchanged.  Significant shifts in the front factor are primarily 

due to recent data on perfluorinated polymers that did not exist in 1991.  The solubility 

relationship for perfluorinated polymers for gases is different than that for aliphatic and 

aromatic polymers as discussed above [49].  The gas pairs where significant shifts were 

noted for perfluorinated polymers primarily involved helium as the fast gas.  Without the 

inclusion of the perfluorinated polymer data, the upper bound relationships noted in 1991 

showed minor changes for all gas pairs of interest.  The results of the recent data on 

O2/N2 separation compared with the initial 1991 publication are illustrated in Figure 2.4 

showing a minor shift in the empirical upper bound resulting from intensive optimization 

of structure-property relationships.  An illustration of the deviation of perfluorinated 

polymer data, involving He as the fast gas, from data obtained with other polymeric 

structures is given in Figure 2.5. This figure illustrates that perfluorinated polymers 

exhibit a unique upper bound relationship relative to their aliphatic and aromatic 

counterparts. 
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Figure 2.4   The upper bound correlation for O2/N2 separation. Adapted from [32]; 
copyright Elsevier. 
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Figure 2.5   The upper bound correlation for He/H2 membrane separation. Open circles 
are for perfluoropolymers and filled circles are hydrocarbons. Adapted from 
[32]; copyright Elsevier. 

The permeability database from the recent upper bound paper [32] was also used 

to correlate gas permeability data in a different format.  The data show that as the 

permeability of one gas (from the list of common gases) increases, the permeability for 

other gases also increases [44].  This result is a consequence of the diffusion coefficient 

of the gases being related to the free volume of the polymer.  The solubility ratio of the 

gases is also predicted to be in a tight range for the myriad of polymers available [31].  

The database covers over ten orders of magnitude in permeability values that form a 

linear log-log relationship for all gas pairs (chosen from He, H2, O2, N2, CO2 and CH4).  

In this correlation, log Pi is plotted against log Pj yielding a linear relationship for all gas 
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pairs over the experimental permeability range.  The value of i and j are chosen such that 

n>1 in the relationship: 

  (2.19) 

A representation of the above analysis is shown in Figure 2.6 for the gas pair 

CO2/N2.  Alentiev and Yampolskii reported similar correlations [50].   

 

 

Figure 2.6   Permeability correlation for CO2/N2.  Reprinted with permission from [44]; 
copyright Elsevier. 

The value of kc in Equation 2.19 is correlated with the Freeman theory developed 

for the upper bound relationship and gives an excellent fit of the experimental data with 
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validity of the theory and provides a means for determination of kinetic diameters for the 

common gases of interest that represent an improvement over the values employed 

previously based on the zeolite based data of Breck [38].  These updated gas diameter 

values are recorded in Table 2.1 along with the kinetic diameter values from Breck for 

comparison. 

Table 2.1  Breck kinetic diameter and correlation diameters for common gases 

Gas Breck Kinetic Diameter Å [38] Correlation Diameter Å [44] 

He 2.6 2.644 
H2 2.89 2.875 

CO2 3.3 3.325 

O2 3.46 3.347 

N2 3.64 3.568 

CH4 3.8 3.817 

 

The upper bound relationship is based on data in the temperature range of 25-35 

ºC.  In a recent publication [51], it was noted that the upper bound shifts with temperature 

and the Freeman theory was utilized to predict the shift for a number of gas pairs of 

interest. 

Group contribution methods have been applied to ascertain the specific structural 

features of aromatic polymers that lead to optimizing permeability and separation.  Two 

approaches from separate groups were published by Park and Paul [52] and by Robeson 

et al. in a similar time frame [53, 54].  While both approaches superficially appeared to 

be quite different, close observation show they were actually quite similar and allowed 
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for predicting both permeability and selectivity of aromatic polymers with good accuracy.  

The resulting group contribution predictions allowed for a quantitative determination of 

the effect of many structural variables including linking groups, iso versus para 

substitution, aromatic group substitutions, alkyl versus halide substitution and symmetry 

around the main chain.  A much larger (and unpublished) analysis was employed in the 

industrial laboratory approach [53, 54] to circumvent the synthesis of large numbers of 

polymers for experimental analysis. 

2.2.2 Physical Aging 

While the permeability/selectivity tradeoff is a widely recognized challenge, there 

are other significant material challenges, such as physical aging, that affect a polymer’s 

industrial viability.  Many polymers used in gas separations are glassy materials [55, 56].  

Glassy polymers are non-equilibrium materials having excess free volume due to kinetic 

constraints on polymer segmental motion that prevent such materials from coming 

completely to equilibrium properties (e.g., specific volume) once they are below their 

glass transition temperature.  However, even in the kinetically constrained glassy state, 

polymers undergo at least local scale segmental motions, and these motions act to 

gradually increase the density of the polymer (and, therefore, reduce its free volume) 

towards the thermodynamic equilibrium value [57].  Physical aging slows over time for 

two reasons: (1) as the excess free volume gradually decreases, the driving force for 

physical aging is diminished, and (2) as free volume is reduced, polymer chain mobility 

decreases, which decreases segmental motions available to assist in reorganizing the 

polymer chains.  Physical aging reduces gas permeability and alters other physical 

properties of polymers (e.g., specific volume, enthalpy, entropy, etc.) [58-65].  The 

observed decrease in permeability, usually accompanied by an increase in selectivity, is 
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seen as a reduction in membrane flux over time.  Recently, it has become widely 

recognized that physical aging also depends on the thickness of the polymer under study, 

particularly when the thickness becomes of the order of less than 1 micron. Gas 

separation membranes are often believed to be on the order of approximately 0.1 microns 

thick, making the effects of thickness on aging a relevant field of study [59]. 

Equation 2.20 presents the most common framework used to describe physical 

aging [57, 59] 

  (2.20) 

where the rate of change in the specific volume, V, of a polymer with time depends on 

the departure of the polymer’s specific volume from its equilibrium value, V∞, and the 

characteristic timescale for relaxation of the specific volume towards equilibrium, τ.  The 

characteristic relaxation time is related to the mobility of the polymer chains, and it is 

typically taken to be a function of the specific volume of the polymer and temperature 

[59].  Additionally, the dependence of physical aging on sample thickness is typically 

accounted for by allowing τ to vary with thickness, suggesting that molecular mobility of 

polymer chains near free interfaces may be greater, at least initially following the 

beginning of an aging experiment, than that of polymer chains in bulk polymer [59].  The 

fractional free volume is directly related to a polymer’s specific volume, as discussed in 

Section 1.  Therefore, as a polymer ages and fractional free volume decreases, gas 

permeability also decreases, albeit at slower and slower rates as time goes on, due to the 

self-retarding nature of physical aging.  Because the losses in permeability and 

densification due to physical aging come from relaxation of the polymer matrix, they are 

thermally reversible, so losses in permeability (i.e., increases in density) can be restored 

by heating the polymer above its Tg [66]. 

τ
)( ∞−−

=
VV

dt
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Because of the relationship between free volume and physical aging, the aging of 

high free volume polymers has been a point of interest in the literature.  In particular, the 

aging of PTMSP, one of the most permeable polymers known, has been widely studied 

[67-72].  Many of these studies have documented a rapid loss in gas permeability as a 

function of time, but the permeability of PTMSP films is also affected by contaminants, 

such as vacuum pump oil, which has led to discrepancies in these measurements in the 

literature.  In a study accounting for this contamination, PTMSP films with thicknesses of 

approximately 100 μm still showed significant physical aging [69].  Permeabilities of 

CH4, O2, and N2 decreased by more than 20% over roughly 200 days.  These films were 

first preconditioned in methanol, increasing the initial free volume, which increases the 

driving force for physical aging [69].  In contrast, Pfromm and Dorkenoo found no loss in 

permeability in an 85 μm PTSMP film that was not pretreated with methanol; however, 

thin films with thicknesses of 1 and 3 μm showed 76% and 38% losses in N2 

permeability, respectively [72].  These results show the complexity of physical aging and 

the importance of membrane preparation conditions in physical aging studies. 

However, physical aging is not restricted to only high free volume glassy 

polymers; it occurs in any glassy material.  For example, thin films of glassy polyimides, 

such as 6FDA-DAM, underwent an order of magnitude decrease in permeability over 

1000 hours [63].  The rate of physical aging is often characterized by a parameter, r, 

which is defined as follows [69]: 

  (2.21) 

In Equation 2.21, the higher the value of r, the more rapid the physical aging in a 

material.  A rough correlation between the rate of physical aging and the fractional free 

volume has been observed for a number of polymers; a basic form of this correlation is 

TPtd
Vdr
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presented in Figure 2.7, although the relationship is likely more complicated.  That is, 

higher free volume glassy polymers tend to age more rapidly than lower free volume 

polymers, all other factors (e.g., thickness) being equal. 

 

 

Figure 2.7   Effect of fractional free volume on the physical aging rate of selected 
polymers including crosslinked and uncrosslinked poly(1-trimethylsilyl-1-
propyne (PTMSP), and poly(2,6-dimethyl-1,4-phenylene oxide) (PPO).  
Aging rate is defined in Eq 19.  All films were approximately 400 nm thick. 
Adapted from Kelman et al. [69]; copyright Elsevier. 

The dependence of thickness on physical aging has become a growing area of 

study.  Physical aging rates increase substantially, as tracked both by gas transport and 

optical properties, as films approach sub-micron thicknesses [59-61, 64, 66, 73-84].  For 

example, in polysulfone, significant deviation from the aging behavior in bulk films is 
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seen once films become thinner than roughly 10 μm, while thicker films age at rates 

similar to bulk films [76].   

The physical aging of ultrathin films has also been examined.  The ultrathin 

regime encompasses polymer films thinner than 400 nm [59].  Figure 2.8 presents the 

impact of film thickness on oxygen permeability of Matrimid®, a commonly studied gas 

separation polymer.  The differences in oxygen permeability as a function of thickness at 

short aging times is attributed to rapid physical aging in the first hour after quenching the 

samples from above to below Tg to start the aging experiment, but before the samples 

could be prepared for permeability testing [59].  Even within the ultrathin regime, thinner 

samples generally have higher rates of physical aging, as judged by the slope of the 

permeability versus log aging time results in Figure 2.8.  Increased physical aging at such 

thicknesses is relevant because commercial membranes have effective thicknesses on the 

order of 100 nm.  At this thickness or thinner, physical aging can lead to a rapid loss in 

transport properties that would not be expected based on bulk properties. 
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Figure 2.8   The effect of film thickness on Matrimid® with PDMS coating O2 
permeability in ultrathin films.  Permeability measured at 35ºC and 2 bar.  
Adapted from Rowe et al.  [59]; copyright Elsevier.   

The thickness dependence of physical aging has interesting implications for gas 

separation membranes.  Historically, the effective thickness of the dense layer of 

asymmetric gas separation membranes is estimated by measuring gas flux and back-

calculating the thickness based on bulk permeability values.  However, because the 

calculated thickness of these dense layers is in the ultrathin regime, the bulk permeability 

may not be an accurate indicator of the permeability through the thin, dense skin of the 

membrane.  If so, then the true thickness of the separating layer of commercial gas 

separation polymers may, in fact, be substantially thinner than the often-quoted figure of 

approximately 100 nm. 
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2.2.3 Plasticization 

As the concentration of gas inside a polymer increases, the polymer can swell, 

which increases free volume and chain motion, which increases gas diffusion coefficients 

and decreases diffusion selectivity.  This phenomenon is known as plasticization.  

Plasticization often results in higher gas flux but lower mixed gas selectivities, 

particularly at high pressures [19, 85, 86].  One common signature of plasticization is an 

increase in permeability of a gas as the upstream partial pressure of that gas increases.  

However, strictly speaking, increases in permeability can be due to either increases in 

solubility, increases in diffusivity, or both, and plasticization is typically associated with 

increases in permeability driven by increases in gas diffusion coefficients as upstream 

pressure and, therefore, the concentration of gas dissolved in the polymer, increases [87].  

Another common symptom of plasticization is an increase in permeability of all 

components in a mixture and a loss in selectivity as upstream total pressure (or partial 

pressure of one or more components) increases [88].   

CO2 is a common gas used in plasticization studies [73, 74, 89-97].  Among gases 

of importance in gas separation applications, CO2 is often among the more soluble gases, 

and plasticization by CO2 is widely known and studied in relation CO2 removal from 

natural gas (i.e., methane) [98].  Many polymers sorb enough CO2 at accessible pressures 

to strongly plasticize, so it is a convenient penetrant for such studies. 

For glassy polymers that plasticize, gas permeability generally decreases with 

increasing feed (i.e., upstream) pressure until plasticization occurs, when gas 

permeability begins to increase with increasing pressure [91, 97, 99].  For CO2 in glassy 

polymers, typical plasticization pressures are 10 to 35 bar for polymers relevant to gas 

separations, and it has been suggested that the CO2 concentrations in such polymers are 

similar, ranging from 30 to 45 cm3(STP)/cm3 polymer, at the plasticization pressure [91].  
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Polymers that sorb less CO2 are often thought to be less prone to plasticization than those 

sorbing more CO2 at a given pressure, though this guideline should not be viewed as a 

universal rule.  Figure 2.9 presents the relative change in permeability with feed pressure 

for four polymers commonly studied in the gas separation literature.  The relative 

increase in permeability and plasticization pressure varies from polymer to polymer, 

highlighting the continuing need to explore plasticization in greater depth as new 

materials are developed. 
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Figure 2.9   Relative permeability increase (where PO is permeability at a feed pressure 
of roughly 1  bar) as a function of feed pressure for selected glassy polymer 
films.  Cellulose triacetate (CA-3.0) at 24ºC (●), Matrimid® at 22ºC  (■), 
tetramethyl bisphenol A polycarbonate (TM-PC) at 25ºC (X), and poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO) at 25ºC (♦) [91].   

In addition to a rapid increase in permeability with increasing feed pressure, 

polymers undergoing plasticization may also display a slow increase in permeability over 

timescales far exceeding those required to achieve steady state.  This behavior in 

Matrimid® polyimide is shown in Figure 2.10.  Despite an expected time lag of seconds 

or minutes, depending on film thickness, CO2 permeability continues to increase with 

time even after two hours. The effect of film thickness on these increases in permeability 

will also be discussed later [73].  This upward drift in permeability and related properties 
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has also been noted in other polymers.  For example, CO2 sorption in polyethersulfone at 

high pressures can continue to increase for more than six days without reaching 

equilibrium [100].  Cellulose acetate, which is widely known to plasticize in the presence 

of CO2, has shown approximately a 40% increase in CO2 permeability with time at 

constant feed pressure [101]. 

 

Figure 2.10  CO2 Permeability through Matrimid® films as a function of time after the 
feed pressure was set to 24.3 bar.  Films were previously held at 8.1 bar and 
16.2 bar .  182 nm (●) and 35 μm (■) thick films were considered at 35ºC 
[73].   

This change in permeability with time suggests that, when exposed to CO2, the 

properties of these glassy, nonequilibrium materials may change over time, presumably 

due to CO2 swelling-induced structural relaxation and solid state reorganization in the 

polymer [90, 101].  As polymers swell due to increased penetrant concentration, diffusion 
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coefficients can increase due to increasing free volume, increasing chain mobility, or both 

[91, 100].  These increases in D are often described as plasticization. In addition to 

changing diffusion coefficients, increased penetrant concentration at higher pressure can 

also influence permeability, solubility, selectivity, and mechanical properties.   

Glassy polymers undergoing plasticization may also show hysteresis in 

permeation properties, with transport properties at a given pressure being different 

depending on whether permeability was measured during pressurization or 

depressurization, but this phenomenon alone does not definitively identify plasticization.  

This effect has been observed in many different polymers, but the degree of hysteresis 

often varies from polymer to polymer [98, 101-104].  Figure 2.11 presents an example of 

CO2 permeability hysteresis in cellulose acetate.  In this case, CO2 permeability was first 

measured as a function of increasing feed gas pressure; then, the permeability was 

measured as the sample was held at the highest gas pressure considered; finally, gas 

permeability was measured as feed pressure was decreased [101].  Gas permeabilities 

measured as feed pressure was decreased are substantially higher than those measured 

while feed pressure was being increased.  When the sample was continuously exposed to 

the highest feed pressure considered (i.e., 30.4 bar), permeability gradually drifted 

upwards, reflecting a slow swelling of the polymer by the gas.  This hysteresis is the 

result of conditioning this glassy polymer by the CO2, where exposure to CO2 

presumably causes the polymer to dilate, increasing the free volume of the material; 

because the polymer is a nonequilibrium glass, changes in the free volume of the polymer 

due to such process history effects can be relatively long-lived [22].  This phenomenon of 

permeation hysteresis is, like physical aging, another manifestation of the nonequilibrium 

nature of glassy polymers used in most gas separation applications today. 
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Figure 2.11  CO2 Permeability as a function of feed pressure for cellulose acetate at 
35ºC.  (●) indicates permeability measurements made as feed pressure was 
increased, (▲) indicates measurements made while feed pressure was held 
constant at 30.4 bar, and (■) indicates permeability measurements made as 
feed pressure was decreased. Adapted from [101]; copyright Elsevier. 

Increasing CO2 permeability and plasticization of the polymer membrane can 

cause selectivity to decrease under mixed gas conditions in separations such as natural 

gas purification, which is typically represented as a CO2/CH4 separation [86, 88].  This 

decrease in selectivity is due to the CH4 permeability increasing more with increasing 

pressure than that of CO2, and it is typically thought to be a result of the free volume 

increases caused by CO2-induced plasticization, similar to the way CO2 plasticization has 

been shown to effect CO2/ethane and CO2/CH4 selectivity in various polymers [105]. A 

more rapid increase in CH4 than CO2 permeability as free volume increases is predicted 
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by the Cohen-Turnbull theory, which predicts an exponential dependence of diffusion 

coefficient on the required size of a free volume element for the molecule to pass through 

as seen in Equation 2.10 [18]. This decreasing selectivity has been observed in cellulose 

acetate, Matrimid®, and many other materials [101, 106].   

While this section has focused on plasticization caused by CO2, plasticization can 

be caused by any component or even impurities in a feed stream [93, 107].  Penetrants 

that exhibit higher sorption in polymers are more likely to cause plasticization and 

conditioning effects.  One practical example is the plasticization of membranes used for 

natural gas purification by higher hydrocarbon contaminants in the feed [108]. 

Recently, the plasticization behavior of films with thicknesses of about 200 nm 

was characterized.  These results were compared to those obtained using films with 

thicknesses ranging from 20 to 50 μm, and the thin films showed a much larger increase 

in permeability at the same CO2 concentration [73, 74].  These changes in permeability 

also occurred over a much shorter timescale in thin films.  While much is still unknown 

about this behavior, the discrepancies between thick and thin films behavior have been 

attributed to the difference in relaxation time distribution between thick and thin films 

[73, 74].  Plasticization and physical aging occur in both thin and thick films; however, as 

demonstrated in Figure 2.12, these effects are much more prominent in thin films [73, 

74].  In roughly the first 5 hours, the transport properties of the thin film are dominated 

by plasticization and permeability. However, at longer times, the transport properties are 

dictated by physical aging and permeability decreases.  Because the timescale for 

plasticization is longer and the effects of physical aging less dramatic in thick films, the 

same behavior is not seen in the thick film.  An understanding of plasticization in thin 

films and how it differs from widely studied thick films with thicknesses of 20-50 μm is 

interesting from a fundamental standpoint, but it also has practical ramifications because 
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commercial gas separation membranes have effective thicknesses in the hundreds of 

nanometers range [109]. 

 

Figure 2.12  Simultaneous physical aging and plasticization in 200 nm and 20 μm 
Matrimid® films which were aged 200 hours at 35ºC while being exposed to 
CO2 at 32.4 bar [73]. 

2.3  SELECTED COMMERCIALLY RELEVANT POLYMERS 

Over the last 30 years, polymer membranes have developed into a feasible 

industrial process for gas separations.  During this time, several polymers have been 

established as common gas separation membranes.  This section will highlight 

commercially relevant polysulfones (PSF), cellulose acetates (CA-DS, where DS is the 

degree of acetylation of the cellulose), poly(phenylene oxides) – particularly poly(2,6-

dimethyl-1,4-phenylene oxide) (PPO), aramids, and polyimides (PI).  In particular, the 

polysulfone section will focus on Bisphenol A based polysulfones and other 
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modifications of these polymers, such as brominated bisphenol-A polysulfone (TB-BisA-

PC) [110, 111].  The polyimides section will focus on Matrimid® and BPDA-ODA, while 

a later section will highlight new developments in polyimides.  For comparison, Table 2.2 

and Table 2.3 present pure gas permeabilities, pure gas selectivities, and free volume 

measured on thick films for these selected polymers. 
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 Table 2.2   Permeability of common gases and fractional free volume of representative 
commercially used polymers.   

Polymer CO2 H2 O2 N2 CH4 FFV 

Matrimid®,a,g 10 18 2.1 0.32 0.28 0.170 

CA-2.45b 4.8 12 0.82 0.15 0.15 - 

PSFc,g 5.6 14 1.4 0.25 0.25 0.144 

PPOd,g 61 61 16.8 4.1 4.3 0.183 

TB-BisA-PCe,h 4.2 - 1.4 0.18 0.13 0.092 

Selected Aramidf - 24.5 - - 0.1 - 
a

 O2, N2, CH4 at 35ºC, 2 bar (all pressures in these notes refer to feed pressure) from [78]; 
CO2 at 3.4 bar and 35ºC from [112]; H2 at 4.1 bar and 35ºC from [113] 
b cellulose acetate (2.45 degree of acetylation), 1 bar and 35ºC from [101] 
c polysulfone, CO2, CH4 at 10 bar and 35ºC; O2, N2, H2 at 1 bar and 35ºC from [114] 
d poly(2,6-dimethylphenylene oxide), data from [115] 
e CO2, CH4 at 20 bar and 35ºC; O2, N2 at 1 bar and 35ºC from [110] 
f selected aramid at 90ºC from [116] 
g FFV for Matrimid®, PSF, PPO bulk films from [117] 
h FFV for TB-BisA-PC bulk film from [110] 
 

Table 2.3  Common gas selectivities for commercially relevant polymers 

Polymer H2/CH4 H2/N2 CO2/CH4 CO2/N2 CO2/H2 O2/N2 N2/CH4 

Matrimid® 64 56 36 31 0.56 6.6 1.1 

CA-2.45 80 80 32 32 0.4 5.5 0.67 

PSF 56 56 22.4 22.4 0.4 5.6 1 

PPO 14 15 14 15 1 4.1 0.95 

TB-BisA-PC - - 32 23 - 7.8 1.4 

Selected 
Aramid 

245 - - - - - - 
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2.3.1 Polysulfones 

Polysulfones are characterized by diphenylene sulfone repeat units (–Ar–SO2–

Ar’–), and are regarded as among the most chemically and thermally durable 

thermoplastic polymers available [118].  Repeating phenylene rings create backbone 

rigidity, steric hindrance to rotation within the molecule and an electronic attraction of 

resonating electron systems between adjacent molecules.  These properties contribute to a 

high degree of molecular immobility, resulting in high rigidity (high Tg), high strength, 

good creep resistance, dimensional stability, and high heat deflection temperature [119].  

The basic repeat units of several commercially available polysulfones (Vitrex® PES, 

Udel® PSF and Radel®R) are illustrated in Figure 2.13.  A broad range of polysulfones 

can be prepared via nucleophilic aromatic (SNAr) polycondensation of an aromatic 

dihydroxy compound with a bis-(halophenyl) sulfone.  Detailed description of the 

synthesis of polysulfones can be found elsewhere [118]. 
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Figure 2.13  Chemical structures of several polysulfones 

Polysulfones are an important commercial membrane material for gas separations 

due to their excellent mechanical properties, a wide operating temperature range, fairly 

good chemical resistance, and easy fabrication of membranes in a wide variety of 

configurations and modules [118].  The first large-scale membrane separation process, 

developed by Monsanto Co. in the late 1970s, utilized asymmetric hollow fiber 

membranes of bisphenol A polysulfone coated with a thin layer of silicone rubber [120].  

The gas transport properties of commercial PSF and PSF variants, particularly the 

influence of various bridging moieties between the phenyl rings and the groups 

substituted on the phenyl rings on gas permeation properties, have been extensively 

studied [114, 121-128].  Symmetric bulky substitutions (e.g., methyl groups) on the 

phenyl rings significantly increase gas permeability, while asymmetric substitution of 

these same groups decreases gas permeability [129].  For example, replacing the 

isopropylidene bridging moiety with bulkier groups, like hexafluoro isopropylidene 

(-C(CF3)2-), makes the polymers much more permeable, mainly due to the enhanced free 

volume [121].  However, these large increases in CO2 permeability can also affect the 
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susceptibility of gas transport properties to plasticization by gases such as CO2.  A 

combination of hexafluoro isopropylidene groups and symmetric substitution led to the 

appearance of plasticization effects when CO2 pressure exceeded approximately 15.2 bar 

[128]. 

Polysulfone remains widely used for hydrogen and air separations [109].  Figure 

2.14 and Figure 2.15 present the gas separation performance of representative 

commercial polymers from Table 2.2.  Polysulfone has a higher H2 permeability than 

cellulose acetate and a lower H2 permeability than Matrimid®.  However, CA, Matrimid®, 

and PSF are all similar distances from the upper bound in Figure 2.14, showing that they 

trade off permeability for selectivity as expected.  As seen in Figure 2.15 for O2/N2 

separations, PSF falls below Matrimid® and the tetrabromo-bisphenol A-polycarbonate in 

overall performance as judged by distance from the upper bound line.  These polymers 

will be discussed in more detail in the following sections. 
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Figure 2.14  H2/N2 upper bound plot for representative common commercially relevant 
polymers in Table 2.2 [31, 32]. 
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Figure 2.15  O2/N2 upper bound plot for representative common commercially relevant 
polymers in Table 2.2 [31, 32].                                                                                                        

2.3.2 Cellulose Acetates 

Cellulose acetate (CA) and its derivatives were among the first generation of 

commercial membranes used for natural gas separation [109, 130-132].  In addition to 

desirable transport properties, the development of the asymmetric membrane concept by 

Loeb and Sourirajan, which greatly reduced the surface area necessary to achieve high 

gas productivity, led to the commercialization of cellulose acetate membranes, initially 

for use in desalination applications [133].  CA continues to be used in gas separations for 

removal of acid gases (CO2 and H2S) from natural gas as well as the separation of CO2 

from mixtures with hydrocarbons in enhanced oil recovery operations [134]. 
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CA polymers are produced by acetylation of cellulose with a source of acetate 

esters, typically acetic anhydride or acetic acid, and a catalyst such as sulfuric acid [135].  

In general, the family of CA polymers includes a spectrum of materials of varying 

degrees of acetylation of the hydroxyl groups on cellulose and will be referred to as 

CA-DS, where DS refers to the degree of acetylation, or degree of substitution (DS). The 

degree of substitution refers to the number of  –OH groups on each glucose unit that have 

been esterified by acetyl groups (i.e., 0 ≤ DS ≤ 3) [135].  Figure 2.16 shows the chemical 

structure of a cellulose repeat unit with all three hydroxyl groups esterified, commonly 

referred to as cellulose triacetate (CTA).  Cellulose acetates with specific degrees of 

substitution are commonly produced by converting CA to CTA and hydrolyzing acetates 

until the desired degree of substitution is reached.  CA polymers of varying DS are 

soluble in organic solvents because acetylation greatly reduces hydrogen bonding and 

membranes may then be manufactured using the phase inversion process [136].   

Although cellulose acetate has been used for nearly 30 years commercially, pure 

gas permeability and selectivity values position this polymer well below Robeson’s upper 

bound [31, 32].  As seen in Table 2.2, cellulose acetate with a DS of 2.45 has a pure gas 

CO2 permeability of 4.8 Barrer, which is less than half that of Matrimid®.  This 

permeability value is a function of the degree of acetylation in these polymers, and 

varying the degree of acetylation from 1.75 to 2.85 increases CO2 permeability from 1.84 

to 6.56 Barrer [101].  This increase is due to the replacement of polar hydroxyl groups 

with bulky acetate groups, which decreases polymer density and creates a higher free 

volume structure [101].  However, as seen in Figure 2.17, with a fairly high DS of 2.85, 

the CO2/CH4 selectivity is 33, significantly below 175, which is the selectivity value of 

the 2008 upper bound at a permeability of 6.56 Barrer.   
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Figure 2.16  Chemical structures of cellulose and cellulose triacetate (CTA). 

 

 

Figure 2.17  CO2/CH4 upper bound plot for representative common commercial 
polymers.  The data are from the same sources as those in Table 2.2 [31, 
32]. 
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membranes from cellulose acetate is also relatively well developed [138].  There are, 

however, several inherent limitations of CA membranes, which restrict its use in 

membrane gas separations.  One limitation of cellulose acetate is that it plasticizes in the 

presence of CO2.  Plasticization causes the CO2/CH4 selectivity of cellulose acetate to 

decrease in mixed gas environments.  For example, the CO2/CH4 selectivity decreased 

from 35 to 31 as CO2 partial pressure increased from roughly 4.1 bar to 12.7 bar in a 30% 

CO2 mixture [88].  This decrease in selectivity would reduce methane recovery in natural 

gas separations, but it is also accompanied by an increase in CO2 permeability, which 

would reduce the membrane area required for removing CO2 from a given amount of 

natural gas.  These changes, which vary with feed gas concentration, mean that the 

separation performance of cellulose acetate depends on feed composition and feed 

pressure [139]. 

2.3.3 PPO 

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) is a high performance engineering 

thermoplastic with good mechanical properties and thermo-oxidative stability because of 

a low barrier to rotation and resonance stabilization of the aromatic ether bond (–Ar–O–

Ar’–) [140, 141].  PPO was the first member of the family of poly(phenylene oxides) to 

be commercialized.  The material was discovered by Hay [142] over  50 years ago and 

was commercialized by General Electric [143] (now SABIC Plastics) and AKZO [144].  

PPO can be synthesized from substituted phenols via oxidative coupling polymerization 

which involves the room temperature oxidative C–O coupling of 2,6-dimethylphenol in 

the presence of stoichiometric amounts of oxygen.  This process is catalyzed by CuCl and 

an amine ligand such as pyridine as shown in Figure 2.18.  Care must be taken during the 

oxidative coupling of 2,6-dimethylphenol to avoid undesired C–C coupling that gives rise 
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to small dimeric molecules rather than high molecular weight polymers [118].  The 

C-O/C-C coupling selectivity and the molecular weight of polymers in oxidative coupling 

are both strongly dependent on the chemical structure of the phenol monomer, i.e., the 

substituents and the position of substitution [118].  Other synthetic methods, such as 

aromatic nucleophilic substitution (SNAr), electrophilic aromatic substitution using 

Friedel-Crafts catalysts, Ullman polycondensation, etc., have also been developed to 

synthesize high molecular weight PPOs [118].  Compared with those methods, catalytic 

oxidative polymerization is considered a much cleaner process because the reaction can 

be conducted at moderate temperatures, halogen-free monomers can be utilized, and the 

only by-product is water. 

 

Figure 2.18  Synthesis of PPO via oxidative coupling polymerization. 

PPO was the first commercialized aromatic polyether and is still being used in 

many industrial applications including gas separations [145].  As shown in previous 

upper bound plots, PPO displays relatively high permeabilities to light gases with 

moderate overall selectivities, which stems from its chemical and conformational 

structure of the aromatic ether bond.  The kinked ether linkage and the absence of polar 

groups suppress efficient chain packing and densification, resulting in a relatively large 

fractional free volume in PPO, as seen in Table 2.3.  The high free volume and the ease 

of rotation of the phenyl rings about the ether linkages contribute to high diffusivity and 

permeability, while the moderate gas selectivity comes in part from the absence of polar 
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moieties on the polymer backbone [146].  Therefore, most research on PPO has focused 

on their chemical modification with various functional groups to improve selectivity 

[125, 147-154].  For example, Monsanto developed a crosslinked PPO membrane which 

was first brominated PPO and then crosslinked [152].  This material was typically spun 

into hollow fibers which are coated with silicone rubber to repair defects [155].  The 

transport properties can be manipulated by altering the bromine content and degree of 

substitution [153, 154].  PPO has also been modified in various other ways to enhance 

gas transport properties, and it is often blended with impact polystyrene for commercial 

use [148-151].  In all cases, the membrane properties strongly depend on the extent of 

chemical modification and the location of substitution, i.e., on the ring or on the methyl 

groups.  Although the properties can be improved via chemical modification, there is still 

a need to develop an economic and efficient way to conduct such modifications in a 

controllable manner. 

2.3.4 Aramids 

Aromatic polyamides, or aramids, are generally produced from step 

polymerization or the polycondensation reaction of aromatic diamines with aromatic 

diacid chlorides.  Examples of aramids include poly(p-phenylene terephthalamide) (i.e., 

Kevlar®) and poly(m-phenylene isophthalamide) (i.e., Nomex®) [156].  Figure 2.19 

shows the chemical structures of isomeric phenylenediamines and aromatic diacid 

chlorides in commercial meta- and para-aramids. 



 51 

 

Figure 2.19  Chemical structures of phenylenediamines and aromatic diacid chlorides in 
commercial meta (PMPI) and para-aramids (PPPT). 

These polymers are commercially synthesized via low-temperature 

polycondensation, typically in a solution of diacid dichloride and phenylenediamine with 

a tertiary base present to scavenge the liberated hydrogen chloride [157].  The resulting 

polymer solutions from these polymerizations are often used directly to spin fibers [158, 

159].  The polycondensation reaction can also be conducted in a two-phase system, via 

so-called interfacial polymerization [160].  Interfacial polymerization usually produces 

polymers with a broad molecular weight distribution that are unsuitable for use as fibers 

[160].  However, crosslinked aramids synthesized via interfacial polymerization of 

trimesoyl chloride (TMC) with m-phenylene diamine (MPD) on a microporous 

polysulfone support have been commercially applied for many years as reverse osmosis 

(RO) membranes [161, 162]. 

The wholly aromatic structures of the aramid polymers give them excellent 

thermal and mechanical properties, which make them useful in technologies such as gas 

separations [159].  Aramids have been traditionally considered to be very efficient barrier 

materials; traditional aramids, such as PPPT and PMDI, have extremely low gas 
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permeabilities due to the high packing density (high cohesive energy) of the polymer 

chains [159].  Therefore, research efforts have been directed toward reducing the 

interchain hydrogen bonding, thus increasing the free volume via chemical modifications, 

to yield materials with better solubility (processibility) and improved gas permeability.  

Using this idea, aromatic polyamides with bulky substitutions on aromatic rings have 

been designed and synthesized to improve transport properties [163-167].   

Publications from DuPont in 1990 and 2001 discuss fiber spinning and properties 

of high performance aramids.  Theses aramids have the general structure shown in Figure 

2.20 and, as of 1990, were used to purify a hydrogen feed stream at Conoco’s Ponca City 

Refinery [116, 156, 168].  Such materials are now more widely used in a variety of 

hydrogen separation applications. 

 

Figure 2.20  General structure of aramids reported by Eikner et al.  [156]. 

These polymers have H2 permeabilities ranging from 4 to 40 Barrer and 

selectivities ranging from 75 to 600 for H2/CH4 for a 50/50 mixture of H2/CH4 at 90ºC 

[116].  The transport properties are superior to those of the commercial polysulfone 

UDEL-3500, and aramids also had higher yield stress and modulus than those 

polysulfones [116].  Despite their limited number of solvents, aramids can be prepared 

into spin dopes using a combination of organic and inorganic additives such as 

polyvinylpyrrolidone, polyvinylpyridine, LiCl, MgCl2 and others [116].   
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2.3.5 Polycarbonates 

Polycarbonates are polyesters of carbonic acid (especially derived from phosgene 

or diphenyl carbonate) that are tough engineering thermoplastics.  A commonly used 

commercial polycarbonate is based on bisphenol A (4,4’-isopropylidene diphenol).  

Conventionally, polycarbonate was produced via an interfacial phase-transfer catalyzed 

aqueous caustic process where alkali salts of bisphenol A (or its tetra-substituted variants) 

in aqueous solution are phosgenated in the presence of an inert solvent (cf., Figure 2.21) 

[169].  Phosgene-free solution or melt processes have been developed to produce 

polycarbonates via transesterification of diphenyl carbonate with bisphenol A. The melt 

transesterification process has found special commercial viability in recent years, largely 

due to its ability to eliminate the need for toxic phosgene [170]. 

A common modification to polycarbonates is the substitution of aromatic 

hydrogens with various functional groups as shown in Figure 2.21.  One of the bisphenol 

A polycarbonates of interest for gas separation applications is tetrabromo bisphenol A 

polycarbonate (TB-BisA-PC), where the four hydrogen atoms are symmetrically replaced 

by Br atoms in the benzene ring (X = Br in Figure 2.21) [110].  This material is believed 

to be a key material in gas separation membranes marketed by Innovative Gas Systems, 

formerly Generon [171, 172].  At the time it was reported, the O2/N2 selectivity of 7.5 

made TB-BisA-PC one of the most selective polymers available for air separations, and 

this high selectivity was coupled with a relatively good O2 permeability of 1.83 Barrer 

[110].  Among the tetra-substituted polycarbonates reported in the literature, TB-BisA-

PC has the highest Tg and density, and, as expected, the lowest free volume, diffusion 

coefficient, and gas permeability coefficients [110, 111].  These properties are a 

consequence of the introduction of stronger cohesive forces owing to polar halogens that 

may result in more dense packing and reduced rates local segmental motions believed to 
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be important in gas diffusion in polymers [110].  This enhanced chain packing 

contributes to increased O2/N2 selectivity in this polymer, making it more attractive for 

use as an air separation membrane. 

 

Figure 2.21 Interfacial polymerization of polycarbonates. Where X = CH3 is 
tetramethylbisphenol A PC (TM-BisA-PC), X = Cl is tetrachlorobisphenol 
A PC (TC-BisA-PC), X = Br is tetrabromobisphenol A PC (TB-BisA-PC) 

TB-BisA-PC is most likely a polyestercarbonate copolymer, which contains both 

ester linkages and carbonate linkages in the backbone of the polymer [173].  These 

polymers are generally prepared via a hybrid process of reacting the tetrabromo bisphenol 

A with a dicarboxylic acid or dicarboxylic acid halide and phosgene [173]. 

2.3.6 Polyimides 

In general, aromatic polyimides have high gas permeability and high intrinsic 

selectivity combined with desirable physical properties, which make them attractive 

membrane materials.  As of 2002, polyimides were reportedly used by Air Liquide, 

Praxair, Parker-Hannifin, and Ube for various gas separation applications [109].  

Aromatic polyimides are typically the polycondensation products of aromatic 

dianhydride and aromatic diamine monomers.  In a classic method of polyimide 

synthesis, a tetracarboxylic acid dianhydride is added to a solution of diamine in a polar 

aprotic solvent at relatively low temperatures (15-75 °C).  The resulting poly(amic acid) 

is cyclodehydrated to the corresponding polyimide by extended heating at elevated 
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temperatures (i.e., bulk solid-state thermal imidization or solution imidization), or by 

treatment with chemical dehydrating agents (i.e., chemical imidization) [174]. 

Matrimid® is a commercial aromatic polyimide, consisting of 3,3’-4,4’-

benzophenone tetracarboxylic dianhydride (BTDA) and diaminophenylindane (DAPI) 

[175-177].  DAPI (5(6)-amino-1-(4-aminophenyl)-1,3,3-trimethylindane) has an isomeric 

phenyl indane; therefore the polyimide formed is a mixture of 6-amino and 5-amino 

isomers, which are fully imidized during the manufacturing process [177].  The repeat 

unit structure of Matrimid® polyimide is shown in Figure 2.22.  The DAPI monomer has 

a bent phenylindane ring structure, which is centered about the carbon bridging the 

indane structure and the phenyl ring.  Four bulky groups (i.e., three methyl groups and 

one phenyl group) stretch out of the plane, which stiffen the polymer backbone (its Tg is 

greater than 300 °C), and disrupt efficient chain packing.  As a result of its isomeric 

composition and bulky nature, Matrimid® polyimide, along with 6F-containing 

polyimides, was one of the first aromatic polyimides truly soluble in common organic 

solvents [175, 178].   

 

Figure 2.22  Chemical structure of Matrimid® polyimide. 

Matrimid® was originally developed for use in the microelectronics industry 

[176], but it is also used in gas separation membranes [78, 90, 179, 180].  In addition, its 

mechanical strength and high Tg suit it better for more rigorous working environments, 

especially at high temperatures [181].  Furthermore, the good solubility of Matrimid® in 
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common organic solvents allows it to be solution processed, which is a requirement for 

fabrication into a gas separation membrane [181]. 

Matrimid® has the best combination of CO2 permeability and CO2/CH4 selectivity 

among the commercially relevant polymers listed in Table 2.3, as judged by distance 

from the 1991 upper bound.  With a pure gas CO2 permeability of 10 Barrer and a 

CO2/CH4 selectivity of 36, Matrimid® has a higher pure gas permeability and selectivity 

than polysulfone, TB-BisA-polycarbonate or cellulose acetate [112].  However, like 

cellulose acetate, Matrimid® plasticizes exposed to gas streams with highly condensable 

components such as CO2 [90, 91].  Plasticization results in increased CO2 and CH4 

permeabilities and a significant loss in CO2/CH4 selectivities.  Matrimid® CO2/CH4 

selectivity decreases by approximately 45% in a 55/45 mol% CO2/CH4 mixture as the 

total feed pressure increases from 5 to 50 bar [90].  This decrease in separation efficiency 

highlights the importance of characterizing mixed gas separation performance (rather 

than relying solely on pure gas permeation properties to judge a material’s performance) 

and the need for high performance polymers that maintain their separation characteristics 

in the presence of plasticizing components. 

Research efforts have been directed to modify the morphology of Matrimid® 

membranes via either thermal treatment (“annealing”) [90, 182, 183] or chemical 

crosslinking [89, 184, 185] to reduce or suppress plasticization, but these approaches 

often result in lower gas permeability.  Although Matrimid® is significantly more 

expensive than many other commercial polymers, such as polysulfone, the economic 

production of membranes with Matrimid® separating layers is facilitated by advances in 
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composite spinning technology, where a thin Matrimid® separating layer can be applied 

to a support material prepared from a more economical materials [186]. 

Another polyimide relevant to gas separations is BPDA-ODA, or Upilex® (Type 

R), which was developed by UBE Industries by polymerizing biphenyl tetracarboxylic 

dianhydride (BPDA) and 4,4'-oxydianiline (ODA) (cf., Figure 2.23) [187].  The 

commercialization of Upilex® is largely due to the successful development of BPDA, 

which can be readily produced by oxidative coupling of inexpensive phthalic acid esters 

with a palladium catalyst [188, 189].  Instead of using the conventional two-step process 

of solid-state thermal imidization of poly(amic acid) intermediates, the industrial 

synthesis of BPDA-ODA is based on a one-step high temperature solution 

polymerization in a phenolic solvent [187].  Solution polymerization of diamine and 

dianhydride at high temperature is accompanied by imidization.  High quality films and 

fibers can be produced from the polyimide-containing solution.  However, it should be 

noted that the final treatment of solution-cast films at high temperature (300 °C) 

completes the closure of imide rings that are not fully imidized during solution 

polymerization, similar to the process of high temperature thermal imidization in solid-

state.  The polyimides produced by such a process have an almost completely imidized 

structure and provide superior properties than those prepared by solid-state imidization of 

poly(amic acid)s.  For example, long term oxidative and hydrolytic stabilities and 

retention of electrical properties are substantially better [190]. 
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Figure 2.23  Chemical structure of BPDA-ODA polyimide. 

UBE has supplied gas separation systems since 1985 using polyimides similar to 

the Upilex® polyimides.  Due to their high thermal resistance (Tg of ~285 °C), BPDA-

ODA membranes can be operated at temperatures up to 100 °C [191].  The transport 

properties, particularly the sorption and diffusion of CO2 and water vapor, of BPDA-

ODA membranes have been reported in the literature [192, 193].  BPDA-ODA shows a 

relatively low Tg and free volume, and it has relatively low water sorption compared to 

other common polyimides [193].  Because of this low water solubility, permeability, 

solubility and diffusivity are independent of water activity.  Plasticization also does not 

occur in the presence of CO2 up to approximately 30.4 bar [192]. 

In 2010, Honeywell UOP patented a blend of polyethersulfone and polyimides for 

natural gas and air separations [194]. This blend, which is roughly 90% by weight 

polyimide, based on 3,3’-4,4’-diphenylsulfone tetracarboxylic dianhydride (DSDA) and 

3,3’-5,5’-tetramethyl-4,4’-methylene dianiline (TMMDA), and 10% polyethersulfone. 

This blend has a pure gas CO2 permeability of 18.5 Barrer and a CO2/CH4 selectivity of 

24.8. These transport properties place the blend well below the 2008 upper bound and 

show that there is commercial interest in a polymer with higher permeability and slightly 

lower selectivity than Matrimid® or cellulose acetate. 
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2.4  EMERGING MEMBRANE MATERIALS 

In recent years, membrane science has developed new classes of materials and 

continued to improve existing families of gas separation membranes.  The new classes of 

materials that will be highlighted in this review include thermally rearranged (TR) 

polymers, polymers of intrinsic microporosity (PIMs), polymerized room temperature 

ionic liquids (poly(RTIL)s), and perfluoropolymers.  This section will also continue to 

discuss polyimides, as modification of polyimides continues to be an active area of study 

for producing high performance polymers. Mixed matrix membranes, which are often 

prepared by physically blending carbon or inorganics into a membrane matrix, are 

beyond the scope of this review, but additional information can be found elsewhere [195, 

196]. 

2.4.1 Thermally Rearranged (TR) Polymers 

 Recently, Park et al. [28] reported a new family of polymeric membranes 

which were termed thermally rearranged (TR) polymers, for CO2/CH4 separations.  These 

materials exhibit high CO2 permeability, good CO2/CH4 permselectivity and excellent 

resistance to CO2 induced plasticization.  For example, the widely studied TR-1 polymer, 

based on a fluorinated diamine and dianhydride, exhibits a CO2 permeability of roughly 

2000 Barrer and a CO2/CH4 selectivity of roughly 40, with no evidence of plasticization 

up to 15.2 bar.  These TR polymers, which have polybenzoxazole (PBO) structures, are 

believed to be formed via molecular thermal rearrangement of aromatic polyimides 

containing hydroxyl groups ortho to the imide ring.  The general scheme of thermal 

rearrangement of an ortho-functional polyimide is shown in Figure 2.24.  Upon heating at 

high temperatures (generally > 400°C) in an inert atmosphere (such as N2 or Ar), 

aromatic poly(hydroxyimide)s thermally rearrange to PBOs with quantitative loss of 

carbon dioxide.  In addition to the extraordinary membrane performance resulting from 
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TR process, a noticeable advantage of the TR approach is that it circumvents the typical 

insolubility of PBOs by starting from a soluble precursor, which makes industrial 

processing such as hollow fiber spinning possible [197].   
 

 

Figure 2.24 General scheme of thermal rearrangement (TR) of poly(hydroxyimide)s. 
End groups are not shown. 

The exceptional combinations of permeability and selectivity in TR polymers 

have been attributed to an increase in fractional free volume and a narrowing of the free 

volume distribution [28].  Positron annihilation lifetime spectroscopy has been used to 

show that thermal rearrangement increases the average size of free volume elements and 

also makes the size distribution of these elements more uniform.  The conversion of the 

initial polyimide to the PBO structure and the resulting increase in free volume leads to 

both an increase in solubility and diffusivity [198, 199].  However, diffusivity provides a 

much larger contribution than solubility to gas permeability increases.  Thus, the rigid 

nature of the resulting PBO and large increase in fractional free volume after 

rearrangement are most likely critical to the large increases in permeability seen as a 

function of thermal rearrangement. 

Following initial publications, additional studies have continued to explore the 

structure-property relationship of TR polymers [200-203].  However, most research 

efforts and some earlier fundamental studies on imide-to-benzoxazole conversion [204-

206] require high temperature treatments (generally > 400 °C) to produce PBOs with 
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good separation properties, and thermal degradation may overlap with the TR process 

after long treatment times and result in poor mechanical properties of the TR membranes 

[198].  Therefore, high processing temperatures can reduce the mechanical properties of 

TR polymers.  Reducing the TR temperature can be achieved by lowering the Tg of the 

precursors by using a flexible bisphenol A type dianhydride.  Reductions in conversion 

temperature of up to 100 °C (from ~450 °C to ~350 °C) have been reported using this 

approach [207]. 

As next generation gas separation membranes, TR polymers have three major 

benefits: high combinations of permeability and selectivity, resistance to plasticization, 

and a high chemical resistance.  As shown in Figure 2.25, TR polymers often show 

transport properties well above the 2008 CO2/CH4 upper bound, making these polymers 

among the best materials known for natural gas processing [32].  The permeability, 

selectivity, and position relative to the upper bound can vary significantly depending on 

the nature of the polymer backbone, allowing the transport properties of these polymers 

to be tuned for specific applications [28]. 
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Figure 2.25  CO2/CH4 separation properties of various emerging polymer materials 
reported in the literature.  TR polymers (●) from [28, 198].  PIMs (■) from 
[208-210].  Perfluoropolymers (♦) from [124, 211-213].  Polyimides (▲) 
from [64, 83, 214-217].  Poly(RTIL)s (X) from [218-220]. 

Polyimides with large ortho-functional groups other than hydroxyl groups (via 

either chemical imidization or chemical derivatization of poly(hydroxyimide)s) showed a 

much higher permeability after TR process than the TR polymers derived from its 

poly(hydroxyimide) analogs [198, 221-223].  An increase in gas permeability as the size 

of the ortho-functional group increased was obtained with some loss in selectivity  [207]. 

This ortho-position group is lost during thermal rearrangement, resulting in a large 

increase in permeability as thermal rearrangement temperature increases.  Thus, the 
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nature of the ortho-position group of the TR polymer precursor can be used to tailor 

permeability and selectivity in TR polymers.   

TR polymers are promising candidates for high performance membrane materials 

for gas separations.  Their practical applications can be significantly advanced if the 

conversion temperature can be reduced to a more energy-efficient level and commercially 

available monomers can be used.  Additional studies are also necessary to continue 

examining effects of precursor structure and understand the effects of physical aging on 

TR polymer thin films. 

2.4.2 Polymers of Intrinsic Microporosity (PIMs) 

Among the many efforts to develop organic or organic–inorganic hybrid materials 

that mimic the structure of zeolites, one recent example is a family of non-network 

polymers featuring “intrinsic microporosity” (PIMs) introduced by Budd et al. [208, 224-

227].  The microporous structure in PIMs is due to the highly rigid and contorted 

molecular structures, which prevent efficient packing of the macromolecules in the solid 

state.  Two key features of PIMs are their kinked backbone (spiro-type structure) and 

highly restricted backbone rotational movements.  The microporosity of PIMs is termed 

“intrinsic” as it arises solely from their molecular structures and does not derive from the 

thermal or processing history of the material.  The synthesis of the most studied PIM-1 

and PIM-7 materials and a molecular model of PIM-1 are shown in Figure 2.26 [226].   
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Figure 2.26  Synthesis and chemical structures of PIM-1 and PIM-7 [226]. 

The molecular scaffold used to synthesize PIMs is generally derived from an 

aromatic tetrol and an activated halogen-containing aromatic monomer, which are 

assembled via double nucleophilic aromatic substitution (SNAr) reactions to form a 

dibenzodioxane.  The efficiency of the double substitution reaction strongly depends on 

the reactivity of the aromatic halides.  As shown, the spirocyclic feature of 5,5’,6,6’-

tetrahydroxy-3,3,3’,3’-tetramethyl-1,1’-spirobisindane renders the kinked (contorted) 

conformation, and the formation of ladder-like dibenzodioxane structure results in rigid 

backbones, contributing to the intrinsic microporosity.  Other PIMs (PIM-2 to PIM-6) 

were also prepared in a similar manner using different aromatic tetrols and polyfluorine-

containing aromatic compounds.  Although the aromatic tetrol in PIM-1 and PIM-7 is 
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commercially available, the activated aromatic halides, particularly the polyfluorine-

containing aromatics, are limited in commercial availability and are relatively expensive.  

Despite the various chemical structures reported in the literature, PIM-1 and PIM-7 were 

the only two PIMs originally reported to form films sufficient for membrane tests.  

Moreover, low molecular weights (and low yields) have been issues in the synthesis of 

PIMs, which can make film formation difficult and contribute to poor mechanical 

properties.  The first example of using PIMs as membrane materials was reported for 

PIM-1 in organo-selective pervaporation [225].  Membrane samples had a density in the 

range 1.06-1.09 g cm-3 and high specific surface areas (600-900 m2 g-1, by nitrogen BET).  

A promising combination of high flux and selectivity in pervaporative removal of 

phenols from aqueous solution was reported.  Later, as shown in Figure 2.25 and Figure 

2.27, gas separation properties were examined for PIM-1 and PIM-7; both of these 

materials showed transport properties above the 1991 Robeson upper bound and near the 

2008 upper bound for both CO2/CH4 and O2/N2 separations [208].  More recently, some 

PIM-based systems, i.e., PIM-polyimides, have been prepared via derivatizing the 

aromatic tetrol into bis(carboxylic anhydride) as the building monomer [209, 228, 229].  

These new PIM-polyimides showed relatively similar properties to original PIMs, and 

they offered additional structures that could be cast into freestanding films.  When 

compared with TR polymers for CO2/CH4 separations, PIMs, including PIM-polyimides, 

also exhibit high permeabilities but often lower selectivities.  On average, the PIMs form 

a tighter cluster than the TR polymers, showing less variation in permeability and 

selectivity across the range of chemical structures examined than TR polymers.  For 
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O2/N2 separations, as shown in Figure 2.27, PIMs also show generally lower selectivities 

at similar permeabilities when compared to TR polymers. 

 

Figure 2.27  O2/N2 separation performance for emerging materials plotted on the 1991 
and 2008 Robeson upper bound.  TR polymers (●) from [198, 200].  PIMs 
(■) from [208-210].  Perfluoropolymers (♦)from [49, 159, 211, 212]. 

Despite the relatively low selectivities compared to TR polymers, PIMs show 

permeability/selectivity combinations that put them at the forefront of currently available 

membrane materials.  In addition, these polymers do not need to be heat treated at the 

high temperatures necessary to form TR polymers.  The removal of this heat treatment 

step means that PIMs can be solution cast directly into their final form.  However, 

additional work is still necessary to further investigate mixed gas performance of PIMs, 
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assess the plasticization of these polymers at high CO2 partial pressures, and study the 

effect of contaminants on gas permeation properties.  Additionally, little information is 

currently available on physical aging at thicknesses of 1 micron or less, molecular 

weights, and mechanical behavior of PIMs. 

2.4.3 Perfluoropolymers 

Perfluoropolymers possess many unique properties that have made them suitable 

for numerous commercial applications, including automotive, aerospace, electronics, 

chemical, and medical industries [230].  The strong C–F bonds (485 kJ/mol) and the 

protective sheath of fluorine atoms around the carbon backbone result in the extremely 

high chemical resistance and thermo-oxidative stability for these polymers [231, 232].  

Early generations of perfluoropolymers, such as polytetrafluoroethylene (PTFE), 

however, did not attract much interest for gas separation membranes, largely due to the 

low gas permeability and poor processability associated with the semicrystalline nature 

and lack of solubility in common solvents [230].  A major breakthrough in the use of 

perfluoropolymers for gas and vapor separation membranes was the development of a 

new family of amorphous glassy perfluoropolymers, i.e., Teflon® AF, by DuPont in the 

late 1980s [233, 234].  Teflon® AF polymers are copolymers based on tetrafluoroethylene 

and 2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole, and the chemical structure of these 

completely fluorinated (i.e., perfluoro-) copolymers is shown in Figure 2.28.  The bulky 

dioxole monomer disrupts chain packing in these materials so, unlike 

poly(tetrafluoroethylene), the commercial grades of Teflon® AF are wholly amorphous.  

Therefore, high gas permeability and much improved processability, related to their high 

solubility in perfluorinated solvents, are obtained for these polymers.  Similarly, other 

amorphous perfluoropolymers were developed, such as Hyflon® AD (produced by 
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Solvay), and Cytop™ (by the Asahi Glass Company) [235-238].  The gas transport 

properties of these materials have been extensively studied [49, 231, 239-245].   

As seen in Figure 2.25 and Figure 2.27, for gas separations such as CO2/CH4 and 

O2/N2, perfluoropolymers show gas separation properties well below the 2008 upper 

bound.  However, one potential use for this class of polymers is the separation of nitrogen 

from natural gas.  This separation, simplified to N2 and CH4, would be helpful to improve 

the heating quality of natural gas.  Unfortunately, the physical properties, such as size and 

condensability, are similar for these two gases, making their separation difficult [11].  

Figure 2.29 shows the N2/CH4 separation performance of perfluoropolymers and other 

modern membrane materials.  Perfluoropolymers, along with TR polymers, exhibit 

performance near to the 2008 upper bound for this difficult separation [159, 211, 212].  

This improved performance for N2/CH4 separations is attributed to fluorinated polymers 

having high light gas solubility relative to hydrocarbon solubility [49, 246].  The low 

solubility of hydrocarbons in perfluoropolymers has been implicated in improved 

plasticization resistance for hydrocarbon-based separation (e.g., olefin/paraffin 

separations) [49].  The reason for the low solubilities of hydrocarbons in 

perfluoropolymers is not well-understood, and the details are discussed at length by 

Merkel et al.  [49]. 
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Figure 2.28  Chemical structure of commercial amorphous perfluoropolymers. 

 

Figure 2.29  N2/CH4 upper bound performance for various emerging membrane 
materials.  TR polymers (●) from [198, 200].  PIMs (■) from [208-210].  
Perfluoropolymers (♦) from [49, 159, 211, 212]. 

2.4.4 Polyimides 

Of the emerging polymers listed in this section, polyimides are among the most 

studied materials for gas separation polymers.  Although aromatic polyimides are used as 
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gas separation membrane materials today, the polyimide family encompasses a large 

number of structural variants, and many studies on polyimide gas separation membranes 

indicate that the separation properties can be tailored by using different dianhydride and 

diamine monomers.  Structure/property studies in the late 1980’s showed that restricting 

both chain mobility and chain packing can simultaneously increase permeability and 

selectivity in polyimides [35, 36].  In particular, polyimides with a hexafluoro substituted 

carbon (e.g., -C(CF3)2-) in the polyimide backbone have been the object of much 

research, as they tend to be considerably more gas-selective, particularly towards CO2 

relative to CH4, than other glassy polymers with comparable permeabilities.  The 

hexafluoro group in the dianhydride moieties (e.g., hexafluoroisopropylidene diphthalic 

anhydride (6FDA)) increases the stiffness of the polymer chain, and it frustrates chain 

packing due to the steric hindrance from the CF3 groups, which serve as molecular 

spacers and chain stiffeners in the polymer [247, 248].  The general structure of 6FDA-

based polyimides is shown in Figure 2.30.  These initial 6FDA-based polymers are 

labeled as “First Generation Polyimides” in Figure 2.31. 

 

Figure 2.30  General structure of 6FDA-based aromatic polyimides (Ar represents the 
aromatic moieties in the diamine). 

In addition to their relatively high cost, major drawbacks of 6FDA-based 

polyimides in gas separation are their tendency to plasticize and undergo physical aging 

[64, 83, 96].  There has been significant research to suppress plasticization and to retard 

the changes in the membrane performance caused by physical aging.  In this regard, 
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crosslinking may be an effective method for improving membrane stability, specifically 

referring to these two properties [96, 249].  Various curing techniques have been reported 

to crosslink the polyimides, i.e., thermal cure, UV irradiation, ion beam irradiation, or by 

reactions with added compounds [89, 95, 214, 250-254].  Examples of such cross-linked 

polymers are labeled as “Treated polyimides” in Figure 2.31, which highlights changes in 

polyimide transport properties as polyimide materials have advanced.  In Figure 2.31, 

“First Generation Polyimides” are those studied in the 1980’s, specifically high 

performance CF3-containing materials, while the “Current Generation Polyimides” are 

modern polyimides.  Both of these groups will be discussed more specifically in the 

following paragraphs. 

Current generation polyimides populate much of the area near the 2008 Robeson 

CO2/CH4 upper bound.  Of the 16 polymers highlighted as “close to the present upper 

bound” in Robeson’s analysis, 7 are polyimides [32].  The majority of these polyimides 

contain 6FDA dianhydride and bulky diamines.  For example, two of these polymers 

were made up of 6FDA and aromatic diamines containing three and four pendant methyl 

groups.  These bulky diamines help disrupt chain packing and increase free volume.  The 

6FDA-durene polymer, with four methyl groups, has a CO2 permeability of 678 Barrer 

and a CO2/CH4 selectivity of 20.2 [215].  The 6FDA-TMPD polymer, with three methyl 

groups, has a CO2 permeability of 556 Barrer and a CO2/CH4 selectivity of 22.7 [217].  

These polymers show relatively high selectivities at high CO2 permeabilities, putting 

them near the upper bound for CO2/CH4 separations.  Examples of these polymers are 

shown in Figure 2.31 as “Current Generation Polyimides.” 
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Figure 2.31  Robeson upper bound plot for CO2/CH4 separations.  First generation 
polyimides (+) from  [35].  Current generation polyimides (●) from [83, 
215, 217].  Treated polyimides (■) from [64]. 

Recently, highly soluble polyimides with very high gas permeabilities have also 

been reported [83, 209, 215, 217, 228, 255-257].  These polyimides tend to have common 

characteristics in their backbone structure featuring bulky side groups and/or non-

coplanar spatial configuration, which make them highly soluble and permeable due to 

lack of efficient chain packing (i.e., high free volume).  However, the synthesis of those 

polyimides is much more complicated than that of typical polyimides because it generally 

involves multiple steps of synthesis and purification to obtain monomers at high enough 

purity to produce high molecular weight polyimides.  A recent review of the design of 
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polyimide-based membranes for CO2 removal from natural gas can be found elsewhere 

[248]. 

2.4.5 Room Temperature Ionic Liquids 

Room temperature ionic liquids (RTILs) are defined as organic/inorganic salts 

having a melting point lower than 100 °C and are typically non-volatile and inflammable 

liquids [258].  Because of their unique chemical and physical properties, RTILs have 

attracted attention for various applications [259].  The use of RTILs as solvents for CO2 

capture has been an active research area for these materials due to their low vapor 

pressure, which makes them environmentally friendly [260].  In addition to being used as 

absorbents in CO2 capture, RTILs have been impregnated in porous materials to create 

supported ionic liquid membranes (SILMs).  The ethylmethylimidazolium dicyanamide 

([emim][dca]) polymer, shown in Figure 2.32, has a CO2 permeability of roughly 600, a 

CO2/N2 selectivity of 20 and a CO2/CH4 selectivity of 11 [261].  The CO2/N2 

permeabilities and selectivities were better than many common polymers as of 2004 

[261-263].  The ionic liquids that have been examined most in SILMs have an organic 

cation and either an organic or an inorganic anion, in particular, the 1-n-alkyl-3-

methylimidazolium cation with various anions [264]. The general structure of alkyl-

imidazolium ionic liquids with some typical anions is presented in Figure 2.32.  The CO2 

solubility of ionic liquids depends on the nature of their cations, anions, and substituents 

[261, 262, 265].   

An upper bound has been created for these SILMs, and future improvements are 

primarily expected in selectivity rather than permeability [264]; however, significant 

increases in selectivity without losses in permeability would be necessary for these 

polymers to perform near the upper bound.  For example, when compared to the most 
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recent 2008 upper bound, a polymer with a CO2 permeability of 600 would need a 

CO2/N2 selectivity of roughly 43 to lie on the upper bound, meaning a SLIM with the 

CO2 permeability of [emim][dca] would need double the selectivity to lie on the 2008 

upper bound [32].  These materials are also often tested at low trans-membrane pressures, 

such as 0.2 bar, for [emim][dca] discussed earlier, due to the stability of the impregnated 

film at higher pressures, but it has been suggested that such films could pressure 

differences as high as 3 bar [261]. These stability concerns helped lead to the 

development of a polymerized form of these room temperature ionic liquids. 

 

Figure 2.32  Chemical structures of alkyl-imidazolium type ionic liquids.  The cation is 
ethylmethylimidazolium ([emim]) and the anions, from left to right, are 
tetrafluoroborate ([BF4]), hexafluorophosphate ([PF6]), dicyanamide [dca], 
and bis(trifluoromethanesulfonyl)amide [CF3SO3] [261, 262]. 

 

Polymeric ionic liquids, or poly(ionic liquid)s (poly(RTIL)s), exhibited higher 

CO2 sorption capacity than the corresponding monomeric ionic liquids [220, 266-269].  

The chemical structures of common types of poly(RTIL)s and their monomers are shown 

in Figure 2.33.   
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Figure 2.33  Chemical structure of poly(RTIL)s with polystyrene or polymethacrylate 
backbone. Where R = H or alkyl substitution, X = anion (BF4

-, PF6
-, 

CF3SO3
-, etc.) 

  These poly(RTIL)s are film forming, so they permit the preparation polymer 

films containing high concentrations of ionic liquid groups.  The most studied 

poly(RTIL)s for CO2 absorption/separation are alkyl-imidazolium type polymers 

featuring alkyl-imidazolium salts tethered to a polystyrene or polyacrylate backbone.  

Poly(RTIL)s with a poly(ethylene oxide) backbone have also been synthesized via post-

modification of a PEO-like polymer with small molecule RTILs [269].  Poly(RTIL)s with 

short side chains of EO units were produced via direct reaction of ethylene oxide and 

RTILs followed by tethering to a polystyrene backbone [270, 271].  Generally, most of 

the imidazolium-type poly(RTIL)s with polystyrene or polyacrylate backbones have been 

synthesized from their corresponding vinyl RTIL monomers by conventional free radical 
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polymerization in bulk or in solution.  Such cationic poly(RTIL)s bearing a large variety 

of counter anions (X−), such as tetrafluoroborate (BF4−) and hexafluorophosphate 

(PF6−), have been reported.  In addition to linear poly(RTIL)s, crosslinked poly(RTIL)s 

were also synthesized via free radical polymerization of multi-functional acrylic or 

styrenic RTIL monomers.  A comprehensive review of the synthesis of various polymeric 

ionic liquids can be found elsewhere [259].   

Additional formulations of poly(RTIL)s have been made by combining 

poly(RTIL)s and RTILs.  These composites are formed by polymerizing RTILs in the 

presence of non-polymerizable RTILs [218, 219, 272].  These materials show no phase 

separation after permeation experiments performed at 2 bar, and the strong interaction 

between polymerized and “free” RTILs is anticipated to hold the “free” RTILs in place 

better than the typical capillary forces in SILMs [218].  Including these “free” RTILs into 

the polymer matrix increases the gas permeability due to increased diffusion through the 

unbound RTILs [218, 219].  For example, one poly(RTIL) showed a factor of 4 increase 

in permeability and a 20% increase in CO2/N2 selectivity with the incorporation of 20% 

“free” RTIL [219].  However, Figure 2.34 shows various poly(RTIL) and composites on 

the 2008 Robeson upper bound for CO2/N2, a separation widely studied using these 

materials [219], and many of these RTIL-based polymers show permeabilities much 

lower than TR polymers or PIMs with similar selectivities.  These poly(RTIL)s and 

composites currently in the literature seem to fall behind the state of the art for CO2/N2 

separations including TR polymers and PIMs; however their performance still makes 

them competitive relative to many families of polymers. 
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Figure 2.34  CO2/N2 separation properties of various emerging polymer materials.  TR 
polymers (●) from[198, 200].  PIMs (■) from [208-210].  
Perfluoropolymers (♦) from [49, 159, 211, 212].  Poly(RTIL)s (x) from [32, 
219, 220, 270, 272-274]. 

2.5 SYNTHESIS OF AROMATIC POLYIMIDES – PRECURSORS TO TR POLYMERS 

As mentioned previously, polybenzoxazoles can be formed by thermal 

rearrangement of ortho-functional polyimides. Polyimides for this purpose can be 

synthesized by reacting bis(aminophenol) compounds with an aromatic dianhydride 

through various synthesis routes. However, Park et al. investigated gas separation 

performance of only the solid state thermal imidization route [28].  

Imidization is most commonly performed by thermal imidization of a poly(amic 

acid) intermediate, but this intermediate can also be chemically imidized to obtain the 
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desired polyimide [275, 276]. In addition to these routes, an ester-acid intermediate can 

also be prepared. This ester-acid is more hydrolytically stable than the poly(amic acid) 

intermediate and can be thermally imidized after reaction with a diamine. Polyimide 

synthesis routes have been shown to affect physical properties, as discussed in the next 

section, and it is possible that these synthesis routes will also affect TR transport 

properties due to their highly glassy, non-equilibrium nature. 

As seen in Figure 2.24, these aromatic polyimides also contain functional groups 

ortho to the imide ring. In previous studies in the literature, this ortho-position group has 

largely been a hydroxyl group, except in the case of chemical imidization. The presence 

of acetic acid during chemical imidization causes the conversion of the ortho-position 

hydroxyl group into an acetate group [198]. This ortho-position group is lost during 

thermal rearrangement, and it is also possible that this ortho-position group loss 

influences the transport properties of the resulting TR polymer. This thesis explores the 

influence of synthesis route and ortho-position group on gas transport properties. Based 

on these studies, the ortho-position group has the largest influence on differences in 

transport properties of thermally and chemically imidized TR polymers. 

2.6 EFFECT OF SYNTHESIS ROUTE ON POLYIMIDE PROPERTIES 

The effect of the polyimide synthesis route on the transport and physical 

properties of polymers has been studied in various ways in the literature [277, 278]. Xu 

and Matsumoto studied the pure gas permeability of CO2 and CH4 in the 6FDA-4,4’-

ODA polyimide synthesized via chemical and thermal imidization [277]. The authors 

found that the chemically imidized sample had higher permeability and selectivity than 

the thermally imidized sample. However, the chemically imidized sample had an inherent 

viscosity of 2.37 dL/g compared to 0.442 dL/g for the thermally imidized sample, 
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proving that the two polymers had drastically different molecular weights, which may 

account for some of these differences. 

Xu, Koros, and Paul also studied the effect of synthesis routes on polyimides. 

This study focused on the 6FDA-DAM-DABA polyimide synthesized through chemical 

and thermal imidization for pervaporation [278]. In this case, the samples had very 

similar molecular weights. Flux and selectivity were very similar for the 6FDA-DAM 

polyimides synthesized via each route, but differences based on the synthesis route 

appeared in copolymers. In this case, the thermally imidized copolymer showed higher 

flux but lower selectivity. This result was attributed to the formation of some isoimide 

and to the presence of residual poly(amic acid) in the chemically imidized copolymers. 

These different synthesis routes have also resulted in physical property 

differences that have been investigated. Martinez-Richa et al. found that chemically 

imidized polymers exhibited a less ordered structure and, in this case, showed up to 15% 

isoimide [279]. Xie et al. showed that chemically imidized samples were generally more 

soluble and less thermally stable than thermally imidized samples [280]. This result was 

attributed to incomplete imidization.  

The work of Xu and Matsumoto and Martinez-Richa et al. suggest that the 

synthesis route affects the transport and physical properties of polyimides. However, the 

work by Xu, Koros, and Paul suggest that there is no difference in pure polyimides 

synthesized using various routes. Thus, the behavior may vary from polymer to polymer. 

Work published in 2010 by Han et al., done independently and concurrently with 

the work discussed in this dissertation, showed that different synthesis routes strongly 

influenced gas permeability in TR polymers [203]. The study was performed on a 

different polyimide than that used here, and it also showed that chemically imidized 

polymers had much higher permeabilities than polymers thermally imidized in solution. 
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The work of Han et al. also compared samples thermally imidized in the solid state from 

Park’s work with chemically and thermally imidized polyimides [28]. Interestingly, the 

solid state thermal imidization showed similar properties to the chemically imidized 

sample, and both had much higher permeabilities than the samples thermally imidized in 

solution. However, the work of Han et al. did not decouple the effect of synthesis route 

from the chemical ortho-position change in these polymers. 
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Chapter 3: Materials and Experimental Methods 

This section outlines the materials and experimental techniques used in this 

research. For synthesis methods, a typical example is given. 

3.1 POLYIMIDES AND TR POLYMERS3  

The majority of the research in this dissertation focuses on the HAB-6FDA 

polymer (formed by the reaction of 3,3'-dihydroxy-4,4'-diamino-biphenyl (HAB) and 

2,2'-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA)). The chemical 

structures of the monomers are shown in Figure 3.1. This structure was chosen due to the 

relatively high reactivity of HAB compared to other commercially available diamines. 

The high reactivity of HAB ensures a comparable molecular weight despite the varying 

synthesis route to give a better comparison of the effect of synthesis route on transport 

properties. The 6FDA dianhydride was chosen to increase polyimide solubility, but also 

due to its favorable performance in other polymeric gas separation membrane studies, 

including previous TR studies [1-3]. 

 

                                                 
3 Portions adapted with permission from Sanders, D.F., Guo, R., Smith, Z.P., Liu, Q., Stevens, K.A., 
McGrath, J.E., Paul, D.R., and Freeman, B.D., Influence of polyimide precursor synthesis route and ortho-
position functional group on thermally rearranged polymers: Thermal properties and free volume. In 
preparation. D. F. Sanders performed the majority of experiments and wrote and edited the manuscript. 
Z. P. Smith, R. Guo, Q. Liu, and K. A. Stevens provided experimental assistance. B. D. Freeman, J. E. 
McGrath, and D. R. Paul supervised this project and provided technical expertise. 
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Figure 3.1   Chemical structure of HAB diamine and 6FDA dianhydride used to 
synthesize HAB-6FDA polyimide. 

Five variations of the HAB-6FDA polyimide were prepared as precursors for TR 

polymers in this study to study the effects of synthesis route and ortho-position functional 

group. Figure 3.2 shows these structures and the general mechanism for the thermal 

rearrangement reaction. 

 

Figure 3.2  General mechanism of thermal rearrangement for structures including 
various ortho-position functional groups. 

 The five structures in Figure 3.2 include four different ortho-position functional 

groups and two different synthesis routes. HAB-6FDA polyimides containing hydroxyl 

(EA), acetate (Ac), propanoate (PrAc), and pivalate (PAc) ortho-position groups were 

synthesized using a thermal method with an ester-acid intermediate, which will be 
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described in more detail later. The Ac, PrAc, and PAc polymers were produced by a post-

imidization modification of the EA polymer [4]. These groups are lost during thermal 

rearrangement, and the polymers form the same polybenzoxazoles (PBO) structure 

despite varying ortho-position groups (c.f. Figure 3.2). These materials were chosen to 

determine the effect of increasing leaving group size on the transport properties of this 

TR polymer. 

 Chemical imidization was also used to prepare an HAB-6FDA polyimide (HAB-

6FDA-C). Chemical imidization is a common method for preparing polyimides, and it 

carried out using acetic anhydride and pyridine [5, 6]. The presence of acetic anhydride 

causes the conversion of ortho-position hydroxyl groups into acetate groups. Therefore, it 

is not possible to produce an HAB-6FDA polymer with hydroxyl functionality using 

conventional chemical imidization. This polymer, along with the EA and Ac polymers, 

was used to compare the effect of synthesis route on TR polymer transport properties. 

Both the C and Ac polymers have identical chemical structures, but they were produced 

through different synthesis routes. Therefore, these two polymers were used decouple the 

effects of synthesis route and ortho-position functional group on transport properties. The 

relationship between these two polymers and the EA polymer is shown in Figure 3.3. 
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Figure 3.3  Synthesis route relationships for HAB-6FDA-EA, HAB-6FDA-Ac, and 
HAB-6FDA-C. 

The acetate groups, or other non-hydroxyl ortho-position groups, are lost during 

thermal rearrangement, as shown in Figure 3.2, which can influence the transport 

properties of the resulting TR polymer [4]. The loss of these groups is believed to 

increase free volume and alter the free volume distribution of the resulting TR polymer. 

For example, TR polymers formed from acetate-containing polyimides have CO2 

permeabilities roughly three times higher than those formed from hydroxyl-containing 

polyimides after rearrangement at 400 ºC [4].  

 



 111 

 

Figure 3.4   Conversion of an ortho-functional polyimide to a PBO via thermal 
rearrangement where R represents the ortho-position group. [7]. The 
conversion of the ortho-position group to a hydroxyl group requires H2O, 
which is believed to be available in trace amounts in the polymer [8, 9]. 

 The relative size of these ortho-position groups (i.e., -OR in Figure 3.2) is given 

by the van der Waals volumes in Table 3.1. The van der Waals volume increases from the 

acetate to propanoate and is largest for the pivalate group. All of these ortho-position 

groups are significantly larger than the hydroxyl group, and their varying sizes are used 

to determine the effect of ortho-position group size on the transport properties of TR 

polymers. 
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Table 3.1  van der Waals volumes of the ortho-position groups studied. 

ortho-Position 
Group 

van der Waals Volume 
(cm3/mol) 

EA 8.00 
Ac 28.87 

PrAc 39.10 
PAc 59.55 

 

3.1.1 Synthesis of ortho-Functional Polyimides  

Chemical imidization was performed at the University of Texas at Austin, while 

ester-acid imidization was performed via collaboration with Dr. James McGrath at 

Virginia Tech. The following sections describe typical synthesis of the polymers used in 

this study. 

Both HAB and 6FDA monomers and NMP (1-methyl-2-pyrrolidone) solvent 

were purified before use. HAB and 6FDA monomers were purchased from Chriskev 

(Lenexa, KS). The HAB monomer was heated in the absence of light at 50 ºC at -30 inHg 

overnight. The 6FDA monomer was held at 30 ºC under vacuum for 30 minutes before 

dehydrated air was reintroduced, and the sample was heated at 200 ºC at -10 inHg and 

then 120 ºC under -30 inHg vacuum overnight to restore any anhydride rings that may 

have been hydrolyzed. NMP (>99%) was purchased from Sigma Aldrich and distilled 

before use. Other reagents including o-dichlorobenzene (o-DCB), triethylamine (TEA), 

ethanol, methanol, various anhydrides, and pyridine were purchased from Sigma Aldrich 

and used as received. 

3.1.1.1 Chemical Imidization 

HAB-6FDA-C was synthesized via conventional chemical imidization [7, 9]. 

Under a UHP nitrogen atmosphere, 20 mmol of purified HAB and 44 ml of distilled 
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NMP were added to a three neck flask and dissolved with a mechanical stirrer. After 

complete dissolution, 20 mmol of purified 6FDA was added along with another 44 ml of 

NMP. The reaction mixture was then placed in an ice bath overnight to form a poly(amic 

acid). The poly(amic acid) intermediate was chemically imidized by adding 8 mol of 

acetic anhydride and 8 mol of pyridine per mol of HAB, stirred overnight, and then 

heated to 60ºC 1 hour to complete imidization. 

The resulting polyimide was precipitated in methanol, vacuum filtered, and stirred 

in methanol for one day to extract any remaining solvent. Following extraction, the 

polymer was heated at 100ºC and 120ºC for one day each and 200ºC for two days to 

remove any remaining solvent. 

3.1.1.2 Thermal Imidization via Ester-Acid Intermediate 

 Hydroxyl-functional polyimides (HAB-6FDA-EA) were synthesized using the 

ester-acid method [4, 10].  A three neck flask was equipped with a condenser, dean stark 

trap, mechanical stirrer, and a nitrogen purge. 6FDA monomer (6.75 mmol), 225 ml of 

ethanol (7-10 mol per gram 6FDA), and 4 ml of TEA catalyst were added to the three 

neck flask, and a Dean-Stark trap was filled with ethanol. This solution was refluxed for 

approximately 1 hour until the Dean-Stark trap was drained, and a viscous ester-acid 

solution was formed.  

 HAB (6.75 mmol) was dissolved in a 12% (w/v) solution of NMP and o-DCB 

(4/1 v/v), and the Dean-Stark trap was drained and filled with o-DCB as an azeotroping 

agent. This solution was heated in an oil bath to 180ºC under a nitrogen atmosphere for 

24 hours to form the polyimide. The resulting polyimide was precipitated in the same 

manner as the chemically imidized polymer in Section 3.1.1.1. 
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3.1.1.3 Synthesis of Various ortho-Functional Polyimides by Chemical Modification of 
Hydroxyl-Functional Polyimides  

Polyimides with larger ortho-position groups (Ac, PrAc, and PAc) were 

synthesized via chemical modification of the ester-acid imidized polymer (EA) using 

reagents similar to those that cause the ortho-position acetate group to form during 

chemical imidization [4]. In a typical synthesis, a 7% (w/v) solution of HAB-6FDA-EA 

in NMP with 6 mol excess anhydride per repeat unit was added to a three-neck flask 

equipped with an N2
 purge, condenser, and mechanical stirrer. This mixture was stirred at 

110ºC for 24 hours to accelerate the modification. 

3.1.2 Thermal Rearrangement of ortho-Functional Polyimides4 

The EA, Ac, C, PrAc, and PAc samples were thermally rearranged at 350, 400, 

and 450ºC to study the effect of thermal rearrangement. Thermal rearrangement of film 

samples was performed at ambient pressure in a Carbolite Split-Tube Furnace (Carbolite, 

Watertown, WI, USA). A film sample, approximately 13 cm2
 in area, was placed between 

two ceramic plates separated by a stainless steel washer to allow the films to contract, but 

not curl, during thermal rearrangement. A nitrogen purge of 900 ml/min was used to 

maintain an inert atmosphere around the sample during thermal rearrangement. All 

thermal rearrangements in this study were performed by heating a sample, initially at 

ambient conditions, at a ramp rate of 5ºC/min to 300ºC, where the sample was held 

isothermally for one hour to ensure complete imidization [11]. As will be discussed later, 

some loss of ortho-position functionality can also occur during this hold.  The 

temperature was then increased at 5ºC/min to the target thermal rearrangement 

                                                 
4 Adapted from Sanders DF, Smith ZP, Ribeiro CP, Guo R, McGrath JE, Paul DR, and Freeman BD. 
Journal of Membrane Science 2012;409-410:232-241; Copyright Elsevier. D. F. Sanders performed the 
majority of experiments and wrote and edited the manuscript. Z. P. Smith, R. Guo, and C. P. Ribeiro 
provided experimental assistance. B. D. Freeman, J. E. McGrath, and D. R. Paul supervised this project and 
provided technical expertise. 
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temperature (350, 400, or 450ºC), where the sample was held for the desired amount of 

time (typically 30 minutes or one hour). The furnace was then cooled to ambient 

conditions at a rate no greater than 10ºC/min.  This protocol was used to expose the 

samples to thermal histories similar to those reported in previous studies of TR polymers 

[2, 3]. Thermal rearrangement, and the substantial accompanying mass loss, resulted in 

some shrinkage of the polymer film, but the resulting films were not cracked or curled 

and were suitable for subsequent transport and physical property characterization. 

3.1.3 Film Casting5  

Polymer films having thicknesses between 30 and 50 μm were cast from solutions 

of approximately 3 wt% solids. Solutions were filtered through a 5 μm 

polytetrafluoroethylene filter and cast onto a flat glass plate with a glass ring attached. 

Film thickness was controlled by the concentration of the solution and the amount of 

solution added to the casting ring. Solvent and drying temperature varied between 

polyimides due to solubility and solvent removal temperature.  

HAB-6FDA-C films were cast from DMAc (N-N-dimethylacetamide), while Ac 

and PAc films were cast from NMP. These films dried at 80ºC overnight in ambient 

atmosphere to remove the bulk of the solvent and then at 200ºC overnight under full 

vacuum to remove any residual solvent. EA samples were also cast from NMP, but the 

second drying step was increased to 260ºC under full vacuum to completely remove 

solvent. The mass loss from thermogravimetric analysis (TGA) due to solvent loss and 

thermal rearrangement could not be decoupled for the PrAc sample when using NMP and 

                                                 
5 Adapted from Sanders DF, Smith ZP, Ribeiro CP, Guo R, McGrath JE, Paul DR, and Freeman BD. 
Journal of Membrane Science 2012;409-410:232-241; Copyright Elsevier. Copyright Elsevier. D. F. 
Sanders performed the majority of experiments and wrote and edited the manuscript. Z. P. Smith, R. Guo, 
and C. P. Ribeiro provided experimental assistance. B. D. Freeman, J. E. McGrath, and D. R. Paul 
supervised this project and provided technical expertise. 



 116 

DMAc as a solvent, so this polymer was cast from methylene chloride and dried at 80ºC 

overnight in ambient and then at 200ºC under full vacuum overnight. Solvent removal 

was confirmed using thermogravimetric analysis. When the mass loss peak prior to 

thermal rearrangement was no longer visible, it was determined that there was a 

negligible amount of solvent remaining in the film. 

3.2 EXPERIMENTAL METHODS6 

3.2.1 Pure Gas Permeability 

Gas permeability coefficients of H2, CO2, O2, N2, and CH4 were measured using a 

constant volume, variable pressure method [12]. The gases were tested in the order listed 

to prevent conditioning of the polymer by CO2. The upstream pressure in the system was 

measured using a STJE 1000 psig pressure transducer (Honeywell Sensotec, Columbus, 

Ohio).  The film to be studied was mounted in a 47mm HP Filter Holder (Millipore, 

Billerica, MA). Membranes were masked with aluminum tape or a brass sheet and sealed 

with epoxy (Devcon, No. 145250, Danvers, MA) to provide a well-defined area. The 

sample area was measured by scanning the film and calculating the area using ImageJ 

(http://rsb.info.nih.gov/ij/index.html). Film thickness was measured using a Mitutoyo 

Depth Gauge. The downstream pressure was kept below 10 torr using a vacuum pump, 

and it was measured using a Baratron 626A 10 torr capacitance manometer (MKS, 

Andover, MA, USA). All data were recorded using National Instruments LabVIEW 

Software. Pure gas permeability coefficients were measured at feed pressures ranging 

                                                 
6Sections adapted from Sanders DF, Smith ZP, Ribeiro CP, Guo R, McGrath JE, Paul DR, and Freeman 
BD. Journal of Membrane Science 2012;409-410:232-241; Copyright Elsevier and Smith ZP, Sanders DF, 
Ribeiro CP, Guo R, Freeman BD, Paul DR, McGrath JE, and Swinnea S. Journal of Membrane Science 
2012;415-416:558-567; Copyright Elsevier. Copyright Elsevier. D. F. Sanders performed the majority of 
experiments and wrote and edited the manuscript. Z. P. Smith, R. Guo, and C. P. Ribeiro, S. Swinnea 
provided experimental assistance and technical expertise. B. D. Freeman, J. E. McGrath, and D. R. Paul 
supervised this project and provided technical expertise. 
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from approximately 3 to 16 atm. All measurements were made at 35ºC with UHP grade 

gases from Airgas (Radnor, PA, USA). 

3.2.2 Density Measurement 

Density was measured using an Ametek Two Column Density Gradient Column 

(Ametek TCI Division, Largo, Florida). Columns were prepared from solutions of water 

and calcium nitrate, and experiments were performed according to ASTM D1505-10 

[13]. Three small pieces (approximately 1 cm2) of each film were introduced into the 

column and allowed to equilibrate for 24 hours before measurement. Density was also 

measured using a Mettler Toledo benchtop density gradient kit (for AX/AT/AG balances, 

Mettler Toledo, Greifensee, Switzerland) with n-heptane as the reference fluid. This fluid 

was chosen because all four samples considered in this study exhibited very low 

n-heptane uptakes over the time scale of the density measurement. 

3.2.3 Thermogravimetric Analysis and Mass Spectrometry 

Thermogravimetric Analysis (TGA) was performed using a TA Instruments Q500 

(Newcastle, DE, USA). A UHP nitrogen purge (40 ml/min balance, 60 ml/min sample) 

was used to maintain an inert atmosphere during the TGA experiments. A 30 minute 

isothermal hold was used before experiments to ensure stability and remove any water 

that may be present. All samples were run under a nitrogen atmosphere with a heating 

rate of 5ºC/min unless otherwise noted. 

The evolved gas from the TGA was analyzed with a Pfeiffer Thermostar GSD-

320 mass spectrometer with a capillary temperature of 200 ºC to prevent any 

condensation. TGA-MS analysis was typically performed in two steps. The first step was 

a “bargraph” scan where masses of 10 to 100 amu were analyzed. This step was used to 

determine which masses were present due to thermal rearrangement. Once these masses 
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were identified, an “MID” scan was used to look specifically at these masses and provide 

a higher resolution scan.  

3.3 REFERENCES 

 
1. Koros, W.J. and Fleming, G.K., Membrane-based gas separation. Journal of 

Membrane Science, 1993. 83(1): p. 1-80. 
 
2. Park, H.B., Han, S.H., Jung, C.H., Lee, Y.M., and Hill, A.J., Thermally 

rearranged (TR) polymer membranes for CO2 separation. Journal of Membrane 
Science, 2010. 359(1-2): p. 11-24. 

 
3. Park, H.B., Jung, C.H., Lee, Y.M., Hill, A.J., Pas, S.J., Mudie, S.T., Van Wagner, 

E., Freeman, B.D., and Cookson, D.J., Polymers with cavities tuned for fast 
selective transport of small molecules and ions. Science, 2007. 318(5848): p. 254-
258. 

 
4. Guo, R., Sanders, D.F., Smith, Z.P., Freeman, B.D., Paul, D.R., and McGrath, 

J.E., Synthesis and Characterization of Thermally Rearranged (TR) Polymers: 
Influence of ortho-positioned functional groups of polyimide precursors on TR 
process and gas transport properties. Journal of Materials Chemistry A, 2013. 1: 
p. 262-272. 

 
5. Ghosh, M.K. and Mittal, K.L., Polyimides. 1996, New York: Marcel Dekker Inc. 
 
6. Wilson, D., Stenzenberger, H.D., and Hergenrother, P.M., Polyimides. 1990, New 

York: Chapman and Hall. 
 
7. Sanders, D.F., Smith, Z.P., Ribeiro, C.P., Guo, R., McGrath, J.E., Paul, D.R., and 

Freeman, B.D., Permeability, diffusivity, and free volume of thermally rearranged 
polymers based on 3,3'-dihydroxy-4,4'-diamino-biphenyl (HAB) and 2,2'-bis-(3,4-
dicarboxyphenyl) hexafluoropropane dianhydride (6FDA). Journal of Membrane 
Science, 2012. 409-410: p. 232-241. 

 
8. Guo, R., Sanders, D.F., Smith, Z.P., Freeman, B.D., and McGrath, J.E., Synthesis 

and characterization of thermally rearranged (TR) polymer membranes: The 
effects of ortho-positioned functional group of polyimide precursors. submitted, 
2012. 

 
9. Smith, Z.P., Sanders, D.F., Ribeiro, C.P., Guo, R., Freeman, B.D., Paul, D.R., 

McGrath, J.E., and Swinnea, S., Gas sorption and characterization of thermally 



 119 

rearranged polyimides based on 3,3'-dihydroxy-4,4'-diamino-biphenyl (HAB) and 
2,2'-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA). Journal 
of Membrane Science, 2012. 415-416: p. 558-567. 

 
10. Moy, T.M., DePorter, C.D., and McGrath, J.E., Synthesis of soluble polyimides 

and functionalized imide oligomers via solution imidization of aromatic diester-
diacids and aromatic diamines. Polymer, 1993. 34(4): p. 819-824. 

 
11. Ohya, H., Kudryavtsev, V.V., and Semenova, S.I., Polyimide membranes - 

applications, fabrications, and properties. 1996: Gordon and Breach. 
 
12. Lin, H.Q. and Freeman, B.D., Permeation and diffusion in Springer handbook for 

materials measurement methods, H. Czichos, T. Saito, and L. Smith, Editors. 
2011, Springer: Berlin. p. 426-444. 

 
13. ASTM D1505-10. Standard Test Method for Density of Plastics by the Density-

Gradient Technique, 2010. 
  



 120 

Chapter 4: Permeability, Diffusivity, and Solubility of Chemically 
Imidized HAB-6FDA7 

4.1 INTRODUCTION 

Pure gas permeability, diffusivity, and solubility in chemically imidized HAB-

6FDA (HAB-6FDA-C) were studied to determine the fundamental causes of permeability 

increases in TR polymers due to thermal rearrangement. The permeability, solubility, and 

free volume were measured as a function of thermal conversion, and the diffusivity was 

calculated using the solution-diffusion model to determine how the material and its 

transport properties changed as thermal rearrangement occurred. 

4.2 THERMAL REARRANGEMENT 

The thermal treatment conditions for samples used in gas permeability and 

density studies were established by first characterizing the thermal rearrangement process 

via TGA.  The thermal profile used in the TGA studies and results for several samples are 

presented in Figure 4.1a.  To mimic the thermal history applied to samples in the split 

tube furnace, samples in the TGA were heated from ambient conditions to 300ºC at a 

ramp rate of 5°C/min, and then the sample was held at 300ºC for one hour. This 

procedure ensures complete imidization of the sample before rearrangement [1]. 

Afterwards, temperature was increased to the desired thermal rearrangement temperature, 

T2, (350, 400, 425, or 450ºC) at a ramp rate of 5°C/min.  Then, the sample was held 

isothermally at the desired thermal rearrangement temperature, T2, for ten hours (i.e., 

t2=10 hours in Figure 4.1(a)).  
                                                 
7 Adapted from Sanders, D.F., Smith, Z.P., Ribeiro, C.P., Guo, R., McGrath, J.E., Paul, D.R., and Freeman, 
B.D., Permeability, diffusivity, and free volume of thermally rearranged polymers based on 3,3'-dihydroxy-
4,4'-diamino-biphenyl (HAB) and 2,2'-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA). 
Journal of Membrane Science, 2012. 409-410: p. 232-241.; copyright Elsevier. D. F. Sanders performed the 
majority of experiments and wrote and edited the manuscript. Z. P. Smith, R. Guo, and C. P. Ribeiro 
provided experimental assistance. B. D. Freeman, J. E. McGrath, and D. R. Paul supervised this project and 
provided technical expertise. 
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Figure 4.1  (a) Heating protocol for thermal rearrangement. (b) Mass loss during the 
thermal rearrangement protocol for HAB-6FDA polymers using the TGA 
where t2 = 10 hours and T2 is labeled on the corresponding curve. Time=0 is 
selected to be when T=200ºC. Vertical lines separate regions of acetate loss 
(X), thermal rearrangement (Y), and thermal degradation (Z).  The dashed 
line labeled “Theoretical Mass Loss” corresponds to the mass loss expected 
if the thermal rearrangement occurs as indicated in the Materials and 
Methods section. 
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Three features in Figure 4.1(b) provide information regarding the thermal 

rearrangement of HAB-6FDA. The first region, below approximately 95 minutes (labeled 

“X” in Figure 4.1(b)), shows a slight mass loss during the 300ºC hold. This mass loss is 

attributed to conversion of some of the ortho-position acetate groups to hydroxyl 

functionality, as shown in Figure 4.1, which is believed to be the precursor to the ultimate 

conversion of the ortho-position hydroxyl groups to the final PBO structure discussed in 

the materials and methods section [2]. This acetate conversion is believed to take place 

due to the presence of trace amounts of water in the polymer.  The acetic acid byproduct 

has been observed via 1H-NMR, and further details regarding this mechanism are 

reported elsewhere [3]. The second region (labeled “Y” in Figure 4.1(b)), at times longer 

than approximately 95 minutes, contains a substantial mass loss ascribed to thermal 

rearrangement of the ortho-functional polyimide to the associated PBO (cf., Figure 3.1) 

[4-6]. The magnitude of this mass loss depends on rearrangement temperature. The third 

region (labeled “Z” in Figure 4.1(b)), at times beyond approximately 150 minutes, shows 

a continuous, approximately linear mass loss that is more rapid at higher temperatures. 

This mass loss is believed to mark, at least in part, the onset of thermal degradation of the 

polymer when held for long periods of time at high temperatures. At treatment 

temperatures of 425 and 450ºC, the mass loss increases beyond the value expected if 

thermal rearrangement were the only mechanism for mass loss, so we assume that 

thermal degradation must occur either following or alongside thermal rearrangement at 

these temperatures. The resulting films were brittle after 10 hours, which we have taken 

as an indication that the polymer was undergoing thermal degradation.  The maximum 

mass loss labeled in Figure 4.1(b) (“Theoretical Mass Loss”), which is 24.3%, 

corresponds to the mass loss associated with complete conversion of the starting polymer 

to the final polybenzoxazole structure. Long heat treatment times, even at lower thermal 
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treatment temperatures of 350 and 400°C, which do not result in mass losses beyond that 

expected for complete thermal rearrangement (i.e., towards the right hand side of region 

“Z” in Figure 4.1(b)), also result in brittle films, which we speculate further supports the 

hypothesis that at least some thermal degradation is occurring. However, we cannot rule 

out the possibility that further rearrangement at these temperatures may also be 

contributing to the decrease in mechanical properties in these films. 

Based upon this TGA screening study, thermal treatment protocols were selected 

to ensure that samples used for permeation and density studies experienced minimal 

thermal degradation.  In these cases, samples large enough for permeation and density 

measurements were thermally rearranged in a split-tube furnace. The time that the 

samples were held at the desired rearrangement temperature was selected to be shortly 

after the rapid mass loss associated with thermal rearrangement, between approximately 

100 and 150 minutes in Figure 4.1(b), to minimize thermal degradation. The filled circles 

in Figure 4.2 denote the times chosen for thermal treatment at the desired rearrangement 

temperature for rearrangement temperatures of 350 (1 hr), 400 (1 hr), and 450°C (30 

min).  These protocols were selected so that transport property changes would be due 

principally to thermal rearrangement and not due to polymer degradation.  The mass loss 

results were used to estimate the conversion of the polyimide precursor to the final PBO 

TR structure because, if there is no significant thermal degradation, all mass loss should 

be due to thermal rearrangement. In this regard, Equation 4.1 was used to estimate the 

percent conversion of the polyimide precursor to TR polymer: 

  (4.1) 

Using Equation 4.1 and the TGA results, conversion was estimated for polymer 

films after undergoing the thermal treatments selected from TGA experiments, and the 

100
Loss Mass lTheoretica

Loss Mass ActualConversion % x=
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resulting values are recorded in Table 4.1. Conversions range from 39% to 76% and were 

consistent when measured in both the TGA and the furnace. Conversions higher than 

76% were not pursued to minimize thermal degradation.  

Table 4.1  Percent conversion of samples used to characterize HAB-6FDA TR polymer 
transport properties. 

Treatment Temperature 
(ºC) 

Treatment Time 
(min) Conversion (%) 

- - 0 
350 60 39 
400 60 60 
450 30 76 

 

 

Figure 4.2  TGA thermograms showing mass loss as a function of time that the sample 
was held at the rearrangement target temperature, T2. Values of T2 are 
given in the figure. Samples prepared at the conditions indicated by the 
filled circles were used for transport property characterization. 
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The loss of the acetate group, leaving a hydroxyl group in its place, likely occurs 

before the resulting hydroxyl groups undergo thermal rearrangement to reach the final 

benzoxazole structure. This conversion can be observed by the appearance of hydroxyl 

peaks in FT-IR measurements after thermal conversion [2].  This measure of conversion 

does not distinguish between loss of the acetate group and conversion of the resulting 

hydroxyl groups to benzoxazole structures. 

4.3 PURE GAS PERMEABILITY AND SELECTIVITY 

Pure gas permeabilities of CH4, N2, O2, CO2, and H2 were measured at pressures 

ranging from 3-16 atm at 35ºC. Table 4.2 presents pure gas permeability coefficients of 

HAB-6FDA polyimide and its partially converted TR analogs at a feed pressure of 10 

atm. Uncertainties were calculated using propagation of error. As conversion increases, 

permeability increases.  For example, CO2 permeability increases by nearly a factor of 

three after treatment at 350ºC for one hour, which corresponds to 39% conversion. After 

thermal rearrangement at 450ºC for 30 minutes, CO2 permeability increases by more than 

a factor of 30. The relative increase in gas permeability is highest for methane and lowest 

for hydrogen.  Thus, the extent of permeability increase with conversion is greater in 

molecules with larger kinetic diameters [7].  If a central feature of the TR conversion 

process is to increase average free volume, this trend is reasonable and consistent with 

previous reports on TR polymers [4]. 

For many separations, pure gas selectivity in TR polymers decreases as 

conversion increases, as reported previously by Park et al. for polymers imidized in the 

solid state from poly(amic acids) [8].  As shown in Table 4.3, the TR350 sample shows 

only a slight loss in gas selectivity compared to the polyimide precursor, except for 
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CO2/CH4, which shows an increase in selectivity.  This result may be due to a more 

favorable free volume distribution, which improves the separation performance of the 

polymer. 

Table 4.2  Pure gas permeability (Barrer) of HAB-6FDA polyimide and TR polymers 
at 10 atm and 35ºC. Uncertainties were estimated using the propagation of 
errors method [9]. 

Sample Conversion 
(%) CH4 N2 O2 CO2 H2 

HAB-
6FDA 0 0.313 ± 0.007 0.56 ± 0.01 3.18 ± 0.07 12.0 ± 0.3 37.8 ± 0.9 

TR350 39 0.77 ± 0.01 1.62 ± 0.03 8.9 ± 0.2 35.3 ± 0.6 95 ± 2 
TR400 60 5.6 ± 0.4 8.7 ± 0.6 39 ± 3 160 ± 10 290 ± 20 
TR450 76 18.2 ± 0.4 25.3 ± 0.6 100 ± 2 410 ± 10 530 ± 10 

 

Table 4.3 Pure gas selectivity of HAB-6FDA polyimide and TR polymers at 10 atm 
and 35ºC.  Uncertainties were estimated using the propagation of errors 
method [9]. 

Sample CO2/CH4 O2/N2 CO2/N2 H2/N2 

Polyimide 38 ± 1 5.7 ± 0.2 21.6 ± 0.7  68 ± 2 
TR350 46 ± 1 5.5 ± 0.2 21.7 ± 0.5 58 ± 2 
TR400 28 ± 3 4.5 ± 0.5 18.2 ± 0.2 33 ± 3 
TR450 22.4 ± 0.7 3.9 ± 0.1 16.1 ± 0.5 21.0 ± 0.6 

 

Figures 4.3 and 4.4 present permeability and pure gas CO2/CH4 selectivity as a 

function of conversion of the API to its PBO.  From these results, permeability becomes 

increasingly sensitive to conversion as conversion increases.  Selectivity seems to 

become less sensitive to conversion at higher conversions; for example, the selectivity 

decreases by 35% as conversion increases from 39 to 60%, while selectivity only 

decreases by 17% as conversion increases from 60 to 76%.  Based on this result, to 
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achieve high permeability/selectivity combinations, it may be of interest to consider 

polymers that rearrange to high conversion without significant thermal degradation. 

 

Figure 4.3     CO2 permeability as a function of TR conversion. 
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Figure 4.4     CO2/CH4 pure gas selectivity as a function of TR conversion. 

One way to determine whether permeability is simply being exchanged for 

selectivity in the TR conversion process is to compare the permeability and selectivity 

values on an upper bound plot.  Figure 4.5 presents Robeson’s 1991 and 2008 upper 

bounds for CO2/CH4 separation [10, 11]. Comparing the changes in permeability and 

selectivity with the upper bound lines, thermal rearrangement moves gas transport 

properties of the HAB-6FDA polymers across the 1991 upper bound and closer to the 

2008 upper bound, so thermal rearrangement improves the permeability/selectivity 

combinations of these materials. 
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Figure 4.5   Permeability/selectivity properties of HAB-6FDA polyimide and TR 
polymers compared with 1991 and 2008 upper bounds [10, 11].  

As shown in Figures 4.6-4.8, permeability was also measured at feed pressures 

ranging from approximately 3 to 16 atm. Permeability decreases with increasing pressure, 

most notably for more condensable gases such as CO2 and CH4.  This behavior is typical 

for glassy polymers [12].  No plasticization behavior was observed for CO2 up to 16 atm 

in these pure gas studies, and permeability decreased or was constant with increasing 

pressure, suggesting that no defects were introduced into the films during thermal 

rearrangement. 
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Figure 4.6 Permeability as a function of feed pressure for HAB-6FDA-TR350 at 35ºC. 

 

Figure 4.7 Permeability as a function of feed pressure for HAB-6FDA-TR400 at 35ºC. 
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Figure 4.8 Permeability as a function of feed pressure for HAB-6FDA-TR450 at 35ºC. 

The permeabilities of HAB-6FDA TR polymers reported in this study were nearly 

an order of magnitude lower than those of the APAF-6FDA based TR polymers reported 

by Han et al., which were also synthesized using chemical imdization [13]. Polymers 

containing many 6F linkages typically exhibit higher gas permeabilities than other 

polymers, such as those containing HAB [8, 14].  TR polymers explored by Han et al. 

were thermally rearranged at 450ºC for one hour, which would result in some thermal 

degradation in the HAB-6FDA polymers used in this study; therefore, identical heat 

treatment protocols were not pursued. The extent of conversion to the TR polymer was 

not reported by Han et al., so comparison of changes in permeability at fixed conversion 

is also not possible.  Han et al. also measured permeability at a lower upstream pressure 

and temperature than used in our studies. Lower pressure increases permeability due to 

dual-mode effects while lower temperature commonly decreases permeability in 

polymers due to restricted chain motion. These differences in measurement conditions 

also make a quantitative comparison of permeabilities difficult. 
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4.4 PERMEABILITY, DIFFUSIVITY, AND SOLUBILITY 

Permeability in dense polymer films can be described by the solution-diffusion 

model as shown in Equation 4.2 [15]: 

  (4.2) 

where P is the gas permeability, D is the diffusion coefficient, S is the solubility 

coefficient, and all are typically dependent on pressure in glassy polymer such as those 

considered in this study [2]. 

The permeability of HAB-6FDA polyimide and its corresponding TR polymers 

was measured, and, using solubility coefficients reported elsewhere [2], diffusivity values 

were calculated using Equation 4.2. Table 4.4 presents representative P, D and S values 

for CH4, N2, O2, CO2, and H2 at 10 atm and 35ºC. These results indicated that the 

increase in diffusivity with conversion is the dominant contribution to the observed 

increase in gas permeability. Solubility also increases as conversion increases, but not to 

the same extent as diffusion coefficients.  For example, diffusivity for all gases increases 

by approximately an order of magnitude, while solubility typically increases by 

approximately a factor of approximately two as conversion increases from 0 to 76%. 

SDP  x =
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Table 4.4  Permeability, Diffusivity, and Solubility for HAB-6FDA polyimide and TR 
polymers at 10 atm at 35ºC. Uncertainties were estimated using the 
propagation of errors method [9]. 

Gas Sample Permeability 
(Barrer) 

Solubility (cm3(STP)/ 
(cm3 polymer atm)[2]  

Diffusivity ×109 
(cm2/s) 

CH4 

Polyimide 0.313 ± 0.007 1.07 ± 0.08 2.2 ± 0.2 
TR 350 0.77 ± 0.01 1.65 ± 0.09 3.5 ± 0.2 
TR 400 5.6 ± 0.4 2.6 ± 0.1 17 ± 1 
TR 450 18.2 ± 0.4 2.8 ± 0.1 50 ± 2 

N2 

Polyimide 0.56 ± 0.01 0.44 ± 0.08 10 ± 2 
TR 350 1.62 ± 0.03 0.69 ± 0.08 18± 2 
TR 400 8.7 ± 0.6 1.11 ± 0.09 60 ± 6 
TR 450 25.3 ± 0.6 1.18 ± 0.09 160 ± 10 

O2 

Polyimide 3.18 ± 0.07 0.60 ± 0.08 40 ± 5 
TR 350 8.9 ± 0.2 0.94 ± 0.08 72 ± 6 
TR 400 39 ± 3 1.42 ± 0.09 210 ±  20 
TR 450 100 ± 2 1.52 ± 0.09 500 ±  30 

CO2 

Polyimide 12.0 ± 0.3 4.04 ± 0.09 22.6 ± 0.8 
TR 350 35.3 ± 0.6 5.18 ± 0.09 52 ± 1 
TR 400 160 ± 10 6.7 ± 0.1 180 ± 10 
TR 450 410 ± 10 7.0 ± 0.1 440 ±  10 

H2 

Polyimide 37.8 ± 0.9 0.21 ± 0.07 1400 ±  400 
TR 350 95 ± 2 0.25 ± 0.07 2800 ± 900 
TR 400 290 ± 20 0.35 ± 0.09 6000 ±  2000 
TR 450 530 ± 10 0.35 ± 0.08 11000 ± 3000 

 

Table 4.5 compares P, D, and S values for CO2 of the HAB-6FDA series of 

polymers with values from Matrimid® and cellulose acetate, materials similar to those 

used commercially for natural gas separation [16-19]. HAB-6FDA exhibits much higher 

CO2 permeabilities after thermal rearrangement while maintaining good CO2/CH4 

selectivity values. For example, the HAB-6FDA-TR400 sample has a CO2 permeability 

of 160 Barrer compared to 10 and 4.8 Barrer for Matrimid® and cellulose acetate, 

respectively. The CO2/CH4 selectivity is comparable for all samples, with the Matrimid® 

polyimide having the highest selectivity at 35, cellulose acetate following at 32, and the 
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HAB-6FDA-TR400 sample having a selectivity of 29. The permeability and selectivity 

values of TR polymer are tunable by thermal treatment temperature and time. The TR350 

sample has a selectivity of 45, higher than that of either Matrimid® or cellulose acetate 

polymers, and it has a CO2 permeability of approximately 35.3 Barrer, more than three 

times higher than that of Matrimid® polyimide and approximately 6 times higher than 

that of cellulose acetate. 

Table 4.5  Permeability, diffusivity, and solubility coefficients of HAB-6FDA 
polyimide and TR polymers compared to common polymers used in natural 
gas separations. Data are reported at 10 atm and 35ºC unless otherwise 
noted. a P from Vu, Koros, and Miller[19]; S from Moore and Koros[17] at 
3 atm.b Data from Puleo, Paul, and Kelley[18] at 1 atm. 

Sample 
PCO2 

[Barrer] 
PCO2/PCH4 

DCO2×109 
(cm2/s) 

S 
(cm3gas(STP)/ 

(cm3polymer(atm))[2]  
Matrimid® 
polyimidea 10 36 42 1.8 

Cellulose acetateb 4.8 32 77 0.46 
Polyimide 12 40 23 4.05 

TR350 35.3 45 52 5.18 
TR400 160 29 180 6.7 
TR450 410 24 440 7.0 

 

The changes in selectivity as conversion increases can also be interpreted within 

the framework of the solution-diffusion model.  Because permeability depends upon 

solubility and diffusivity, permeability selectivity can be separated into solubility 

selectivity and diffusivity selectivity.  Table 4.6 presents pure gas diffusivity and 

solubility selectivity for CO2/CH4 at 35ºC and 10 atm. From these results, solubility 

selectivity decreases as thermal treatment temperature increases, but diffusivity 

selectivity reaches a maximum at a treatment temperature of 350ºC. This maximum in 

selectivity may reflect a more favorable cavity size and free volume distribution for this 
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gas pair. Table 4.6 also shows the solubility and diffusivity selectivities of Matrimid® and 

cellulose acetate polymers. In general, the HAB-6FDA-TR polymers show lower 

solubility selectivities and higher diffusivity selectivities than Matrimid® and cellulose 

acetate polymers, so these TR polymers are more effective at separating gases based on 

size, but less effective at separating based on solubility differences. 

Table 4.6 CO2/CH4 diffusivity and solubility selectivity of HAB-6FDA polyimide and 
TR polymers. Data are reported at 10 atm and 35ºC unless otherwise noted.  
aP from Vu, Koros, and Miller [19], S from Moore and Koros [17] at 3 atm. 
bData from Puleo, Paul, and Kelley [18] at 1 atm. 

Sample PCO2/PCH4 DCO2/DCH4 SCO2/SCH4 
Matrimid® Polyimidea 36 2 15.3 

Cellulose Acetateb 32 4 8.2 
Polyimide 38 12 3.8 

TR350 46 14 3.1 
TR400 28 11 2.6 
TR450 22 9 2.5 

 

Table 4.7 shows that a maximum in CO2/CH4 selectivity occurs for the TR350 

sample. This maximum also occurs for all gas pairs containing methane, but for gas pairs 

not including methane, no maximum is observed. These data suggest that the cavity size 

and free volume distribution in these TR polymers are favorable for separations involving 

methane. As expected, the selectivities shown in Table 4.7 are also highest for gas pairs 

with the largest difference in kinetic diameter. For higher treatment temperatures, such as 

450ºC, both diffusivity and solubility selectivities are approximately 25% lower than in 

HAB-6FDA polyimide, so decreases in permeability selectivity are due to diffusivity and 

solubility increasing more for CH4 as a function of conversion than for CO2.  
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Table 4.7  Pure gas methane permeability selectivities for HAB-6FDA polyimide and 
TR polymers at 10 atm and 35ºC. Uncertainties were estimated using the 
propagation of errors method [9]. 

Sample N2/CH4 O2/CH4 CO2/CH4 H2/CH4 
Polyimide 1.77 ± 0.05 10.1 ± 0.3 38 ± 1 120 ± 4 

TR350 2.11 ± 0.04 11.6 ± 0.3 46 ± 1 123 ± 3 
TR400 1.6 ± 0.2 6.9 ± 0.7 28 ± 3 51 ± 5 
TR450 1.39 ± 0.04 5.5 ± 0.2 22.4 ± 0.7 29.3 ± 0.8 
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4.5 FRACTIONAL FREE VOLUME 

Fractional free volume was estimated using Equation 4.3 [20]: 

  (4.3) 

where Vo is the so-called occupied volume of the polymer chains [21, 22]. V is the 

specific volume, which is the inverse of the density of the polymer. Vo is determined 

using a group contribution method as follows: 

  (4.4) 

where Vw is the van der Waal’s volume of molecular groups comprising the polymer 

backbone [21, 22].  

Previously, density of TR polymers was measured using a density determination 

kit for an analytical balance [8]. In this method, based on Archimedes’ principle, the 

polymer sample was weighed in air and in water, and the density of the polymer was 

inferred from the difference of the sample weight in air and in water [8].  In this study, 

density was measured using: (1) a density gradient column and (2) a density 

determination kit and an analytical balance. However, for the analytical balance method, 

n-heptane was used as the auxiliary liquid to minimize any artifacts that might arise due 

to water uptake by the sample. This hydrocarbon, a much larger molecule than water, was 

not sorbed to a measurable extent in the samples during the measurements. 

Table 4.8 presents density values obtained using the density gradient column 

method.  These results may be influenced by any water sorbed by the samples during the 

measurement, as water uptake could potentially alter the overall density of a sample.  

Density determination using the density kit and an analytical balance provides more 

flexibility in the choice of the liquid used for the measurement, and a fluid that does not 

interact with the polymer can be more easily chosen.  However, this method is generally 
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less precise than the density gradient column method, yielding density values accurate to 

approximately ±0.01 g/cm3 rather than approximately ±0.0003 g/cm3 in the case of the 

density gradient column. 

Table 4.8 Density of HAB-6FDA polyimide and TR polymer density using density 
gradient column without corrections for water uptake. Uncertainties were 
calculated as the standard deviation of at least three repeat measurements. 

Sample Density (g/cm3) 
Polyimide 1.4255 ± 0.0004 

TR350 1.4404 ± 0.0002 
TR400 1.4010 ± 0.0003 
TR450 1.3586 ± 0.0002 

 

The density of the TR350 sample, as measured by the density gradient column, is 

higher than that of the polyimide, while densities of TR polymers rearranged at higher 

temperatures are lower than that of the initial polyimide. This higher density measured in 

the column is attributed to an increased presence of hydroxyl groups from monomers that 

lost ortho-position acetate groups, but did not go undergo thermal rearrangement to form 

the final benzoxazole. The presence of these hydroxyl groups may influence the water 

uptake by the polymer and alter the measured density. 

The equilibrium water uptake of HAB-6FDA polyimide and its TR polymers are 

recorded in Table 4.9. Both the polyimide and TR400 sample show relatively low water 

uptake values of 0.5%, while the TR350 and TR450 samples show much higher water 

uptakes of 2.9% and 2.1% respectively. The increased water uptake in the TR350 sample 

is consistent with an increased number of hydroxyl groups present from the conversion of 

ortho-position acetate groups to ortho-position hydroxyl groups. These hydroxyl groups 

would make the polymer more hydrophilic and increase water uptake. As TR conversion 

increases further, a decrease in hydroxyl group concentration is observed by FT-IR as 
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these groups are converted to benzoxazole structures, and free volume increases [2]. The 

increased free volume of the structure could assist in increasing water uptake [23]. 

Table 4.9  Equilibrium water uptake in HAB-6FDA polyimide and TR polymers. 
Uncertainties were calculated as the standard deviation of at least three 
repeat measurements. 

Sample Water Uptake (% mass) 
Polyimide 0.5% ± 0.2% 

TR350 2.9% ± 0.4% 
TR400 0.5% ± 0.4% 
TR450 2.1% ± 0.8% 

Two limits on the effect of water uptake on density are provided by the so-called 

additive volume uptake and constant volume uptake models [24]. In the additive volume 

uptake model, water and polymer mix according to the principle of volume additivity, 

with the partial molar volume of water being equal to that of pure water. In the constant 

volume water uptake model, water sorbs into a polymer with no change in volume. As 

reported by Rowe et al., polysulfone and Matrimid® polyimide each showed 

approximately 70% additive volume water uptake and 30% constant volume water uptake 

over a range of relative humidities [24]. Therefore, in this study, these proportions of 

additive volume and constant volume water uptake were used to correct density 

measurements from the density gradient column for water uptake. Using this 

approximation, corrected densities from the density gradient column are listed in Table 

4.10 and shown alongside measurements made using a benchtop density measurement kit 

with n-heptane as the reference liquid. Table 4.10 shows that there is relatively good 

agreement between the two techniques after corrections are made for water uptake. 

Density values from the two measurement techniques are plotted against each other in 

Figure 4.9 to give a visual comparison. This agreement suggests that the water uptake 
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during density gradient column measurements is significant, especially in the TR350 

sample, and should be accounted for in density values obtained using this method. 

Table 4.10  Densities using the density gradient column with corrections for water 
uptake and the density determination kit using n-heptane as a reference 
liquid. Uncertainties were calculated as the standard deviation of at least 
three repeat measurements. 

Sample Method Density (g/cm3) 
Polyimide Column 1.4211 

TR350 Column 1.4176 
TR400 Column 1.3968 
TR450 Column 1.3422 

Polyimide Density Kit 1.407 ± 0.009 
TR350 Density Kit 1.398 ± 0.009 
TR400 Density Kit 1.400 ± 0.009 
TR450 Density Kit 1.34 ± 0.01 
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Figure 4.9  Comparison of densities from the density gradient column (DGC) and 
density determination kit using n-heptane.  Density values obtained using 
the DGC were corrected for water uptake by the method described in Rowe 
et al., assuming that 70% of the water uptake resulted in swelling of the 
polymer film via an additive mixing model and 30% of the water uptake 
sorbed into the polymer without changing the volume of the polymer sample 
[24]. 

The occupied volume of each polymer sample was estimated using the group 

contribution method [21, 22], modified as shown in Equation 4.5 to account for partial 

conversion of the polyimide to the TR polymer:   

  (4.5) 

where VO,TR is the occupied volume of TR polymer chains (cm3/g), VO,PI is the occupied 

volume of polyimide chains (cm3/g), and c is the fractional mass conversion, calculated 

as the actual mass loss measured by TGA divided by the theoretical mass loss needed to 
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achieve 100% conversion of the polyimide precursor to the TR polymer. The relevant van 

der Waal’s volumes were obtained from the literature [21, 22, 25, 26]. This approach 

requires the structure of the remaining polyimide to be known. Based on previous 

discussion in this work and elsewhere, the ortho-position acetate groups can be converted 

to hydroxyl groups prior to final conversion to benzoxazole structures [2]. However, we 

do not have a quantitative estimate of the number of acetate and hydroxyl groups in 

partially converted samples because they become insoluble, making quantitative 

determination difficult. Fortuitously, the occupied volume of the acetate and hydroxyl 

containing polymers differ by less than 2%, so this lack of complete information 

regarding the structure has a negligible impact on free volume calculations. In the 

calculations described below, any unconverted functional groups are assumed to be 

acetate groups. 

The calculated fractional free volume values are presented in Table 4.11.  

Qualitatively consistent with the trends observed in transport properties, fractional free 

volume increases from 15% in the polyimide to nearly 20% in the TR450 sample.  

However, the transport properties would suggest a larger increase in free volume.  Figure 

4.10 presents CO2 permeability coefficients as a function of fractional free volume for the 

HAB-6FDA polyimide and its TR polymers, several other polyimides, and a general 

trend for a wide range of polymers [7]. 

Table 4.11  Fractional Free Volume (FFV) of HAB-6FDA polyimide and TR polymers. 

Sample Conversion (%) 
FFV 
(%) 

HAB-6FDA 0 15.0% 
TR350 39 15.1% 
TR400 60 16.3% 
TR450 76 19.6% 
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Figure 4.10  CO2 permeability at 35°C and 10 atm feed pressure as a function of free 
volume for HAB-6FDA polyimide and TR polymers (filled circles) and 
various polyimides (open circles) [7]. The dashed line is the best fit slope 
for a wide range of polymers [7]. 

CO2 permeability in the HAB-6FDA polyimide and its related TR polymers is 

more sensitive to changes in FFV, brought about by thermal rearrangement, than 

expected based on results for other polymers. This result qualitatively supports the 

finding by Park et al. that, in addition to increasing fractional free volume, thermal 

rearrangement changed the free volume distribution, resulting in large cavities separated 

by narrow necks [4]. This free volume distribution appears to be favorable for higher gas 

permeabilities than other families of polymers with similar fractional free volumes.  
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Chapter 5: Influence of Polyimide Precursor Synthesis Route and 
ortho-Position Functional Group on Thermally Rearranged (TR) 
Polymer Properties: Thermal Rearrangement and Free Volume8 

5.1 INTRODUCTION 

This chapter presents fundamental characterization of the effects of differences in 

synthesis routes and ortho-position groups on TR polymer properties. This 

characterization is achieved by studying a thermally imidized polymer, a chemically 

imidized polymer, and a thermally imidized polymer that was subsequently reacted with 

various dianhydrides to have acetate, propanoate, and pivalate ortho-position groups. 

These materials are discussed in chapter 3 and are illustrated in Figures 3.2 and 3.3. 

In this chapter, TGA with mass spectrometry (MS) will be used to examine the 

thermal properties and byproducts of thermal rearrangement. A heating rate of 5 ºC/min 

is used for the hydroxyl, acetate, propanoate and pivalate-containing HAB-6FDA 

polymers. The propanoate group provides an additional chemical structure to help 

elucidate the effects of ortho-position group size on the properties of TR polymers. 

Comparisons of thermal rearrangement and degradation are also analyzed by isothermal 

holds at temperatures where thermal rearrangement occurs.  

In chapter 4, the percent conversion of the polyimide precursor to the thermally 

rearranged PBO was estimated by assuming that the final structure of partially converted 

TR polymers consisted of only the original ortho-functional polyimide and its 

corresponding PBO [1]. In this chapter, the influence of various assumptions regarding 

the structure of partially converted TR polymers on the calculated percent conversion is 
                                                 
8 Adapted from Sanders, D.F., Guo, R., Smith, Z.P., Liu, Q., Stevens, K.A., McGrath, J.E., Paul, D.R., and 
Freeman, B.D., Influence of polyimide precursor synthesis route and ortho-position functional group on 
thermally rearranged polymers: Thermal properties and free volume. In Preparation. D. F. Sanders 
performed the majority of experiments and wrote and edited the manuscript. Z. P. Smith, R. Guo, Q. Liu 
and K. A. Stevens provided experimental assistance. B. D. Freeman, J. E. McGrath, and D. R. Paul 
supervised this project and provided technical expertise. 
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also reported. Using this percent conversion, the free volume of these polymers was 

analyzed to determine whether the size of the ortho-position functional group can be 

related to the free volume of the resulting TR polymer. Pure gas transport properties as a 

function of conversion will be reported separately to examine the effect of ortho-position 

group on gas transport properties at various conversion conditions [2]. 

5.2 THERMAL REARRANGEMENT OF TR POLYMERS WITH VARYING SYNTHESIS ROUTE 
AND ORTHO-POSITION GROUP 

The thermal behavior of HAB-6FDA based polymers with varying ortho-position 

groups and synthesis routes was studied to determine the influence of these variables on 

thermal rearrangement. Mass spectrometry (MS) has been used in previous studies to 

determine the thermal rearrangement products of hydroxyl and acetate-functional 

polyimides [3, 4]. The major byproducts of this rearrangement are CO2 and products 

related to ortho-position group loss (cf., Figure 3.2). Representative TGA-MS results are 

shown in Figure 5.1. The results for HAB-6FDA-C are very similar to those of the HAB-

6FDA-Ac sample and have been reported previously [4]. The PrAc figure has been 

omitted, as many of the same trends are seen in the Ac sample. Rearrangement products 

for this sample will be discussed in the text.  
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Figure 5.1 TGA-MS plots for HAB-6FDA EA, Ac, and PAc samples. Parts A, C, and E 
are for species that evolve during rearrangement and, in some cases, during 
thermal degradation as well.  Parts B, D, and F are for species that evolve 
mainly during thermal degradation. Dotted lines represent the mass loss of 
the sample.  Scans were performed at 5 ºC/min under a nitrogen atmosphere. 

All TGA-MS results show thermal rearrangement occurring at temperatures 

between 300 and 450 ºC. CO2 (i.e. 44 amu) is the major byproduct, which is consistent 

with previous reports on TR polymers and Figure 5.1 [3]. The Ac plymer also shows an 
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additional loss, at mass number 41/42, corresponding to ketene (cf., Figure 5.1C). Ketene 

is present from the thermal degradation of acetic acid, which is formed by conversion of 

ortho-position acetate groups io ortho-position hydroxyl groups prior to thermal 

rearrangement [4, 5]. Despite being synthesized via different routes, the TGA/MS results 

for the Ac sample are identical in fragments detected and curve shape to those previously 

reported for HAB-6FDA-C, so these two polymers appear to thermally rearrange via a 

similar mechanism [4]. That is, the route used to synthesize the ester-containing 

polyimide precursor does not appear to influence the thermal rearrangement and 

degradation of the material in samples having the same ortho-postion group, which is 

acetate in this case.  

As shown in Figure 5.1E, the PAc sample has additional peaks at 39, 41, 42, and 

58 amu during thermal rearrangement. These peaks are consistent with isobutylene, 

which could be formed by high temperature degradation of pivalic acid [6]. Additional 

rearrangement peaks at 41 and 51-57 amu were identified for the PrAc sample (data not 

shown), and these fragments likely correspond to thermal degradation products of the 

propanoate group as it is converted to hydroxyl functionality. Peaks other than CO2 are 

not seen in the EA sample (Figure 5.1A) because the ortho-position group is already in 

the hydroxyl form. As shown in Figure 5.1B, mass numbers 19, 20, 51, and 85 

correspond to thermal degradation products coming from the degradation of CF3 groups 

and the polymer backbone [4]. These degradation products were observed in all of the 

HAB-6FDA samples considered in this study. 

As explained above, thermal rearrangement fragments other than CO2 (44 amu) 

are present only in HAB-6FDA polymers with non-hydroxyl ortho-position groups and 

can be directly related to reasonable thermal degradation products of these groups for the 

PAc and Ac samples. This evidence supports the hypothesized ortho-position group loss 
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and thermal rearrangement shown in Figure 3.2 and our previous studies [1]. The 

common degradation products also suggest thermal rearrangement of these various ortho-

functional polyimides results in the formation of the same PBO. 

The CO2 peak in the TGA-MS for the EA and PAc samples are also much sharper 

than the CO2 peak in the Ac and PrAc sample. The sharp peak in the EA polymer is 

believed to result from more rapid conversion, which results in decreasing CO2 intensity 

before degradation. In the PAc polymer, the pivalate group is more thermally stable than 

the acetate or propanoate groups. The higher temperature at which the pivalate groups are 

lost may allow thermal rearrangement to occur more rapidly, resulting in a narrower 

temperature range over which rearrangement occurs. The broad peak in the TGA-MS for 

the acetate-containing polymers is due to the concurrent conversion of acetate functional 

groups to hydroxyl groups and thermal rearrangement to PBO [1, 4], and similar behavior 

is seen in the PrAc polymer. This similarity is reasonable due to the similarities between 

the Ac and PrAc structures. 

TGA ramps of TR polymers typically show a two-stage mass loss [3, 4, 7-12]. As 

shown by TGA-MS, the first stage is associated with thermal rearrangement, and the 

second stage is attributed to thermal degradation. In cases where the polyimide does not 

undergo thermal rearrangement, only the degradation region is seen [13, 14]. As shown in 

Figure 5.1, the first stage mass loss begins between 275 and 350 ºC depending on the 

sample. This mass loss is ascribed predominantly to thermal rearrangement.  The second 

stage of mass loss began at temperatures in the range of 450-500 ºC for samples in this 

study.  Thus, the TGA/MS results in this study are consistent with literature reports for 

similar materials. 

As shown in Figure 5.2, TGA results show identical thermal behavior with 

roughly 1% variation over the entire temperature range studied for the C and Ac 
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polymers, so the synthesis route used to obtain the acetate-containing polymer structure 

does not markedly influence the mass loss of these polymers. Compared to the PAc and 

EA polymers, both the C and Ac polymers undergo a relatively gradual mass loss once 

temperature increases past 300 ºC. This result agrees well with previous studies on 

chemically imidized HAB-6FDA, where this gradual mass loss is largely due to the 

conversion of acetate groups to hydroxyl groups, and this process overlaps the onset of 

thermal rearrangement [4]. Similar behavior is seen for the propanoate-containing 

polymer, HAB-6FDA-PrAc, but a larger overall mass loss is observed due to the larger 

ortho-position group lost during thermal rearrangement. 

 

Figure 5.2  TGA scans at 5 ºC/min under N2 atmosphere for HAB-6FDA with various 
functional groups. A) complete scan up to 800 ºC. B) Scan focusing on the 
region between 250 and 550 º C. 

Both the Ac and PrAc polyimides show a significantly larger mass loss than PAc 

and EA polyimides at 400 ºC (e.g., approximately 10-15% mass loss for Ac and PrAc and 

2% mass loss for EA and PAc), which signifies a lower thermal rearrangement 

temperature and less thermally stable ortho-position groups in the Ac and PrAc samples. 
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The ortho-position group is lost before thermal rearrangement occurs, which contributes 

to the early mass loss, and polyimides with a lower Tg rearrange at lower temperatures [1, 

7, 11, 15]. 

 The Tg values for the polymers in this study are shown in Table 5.1. The EA 

sample has the highest Tg, at roughly 314ºC, most likely due to hydrogen bonding from 

the ortho-position hydroxyl groups.  The Ac, PrAc, and PAc samples all lack the 

hydroxyl functionality and have lower Tg values than the EA sample. The PAc sample 

has the bulkiest ortho-position group, which likely is a barrier to rotation and gives it the 

highest Tg among these larger ortho-position groups. The Ac and PrAc polymers have 

similar sized ortho-position groups, but the longer side chain in the PrAc polymer results 

in a slightly lower Tg. This behavior is typical for polymers with long or bulky side 

chains [16]. 

Table 5.1  Tg of HAB-6FDA based polyimides. a Data from reference [1].  b Data from 
reference [4]. 

Synthesis 
Route o-Position Group Tg (ºC) 

EAa -OH 314 
Aca -OCOCH3 280 
Cb -OCOCH3 267 

PrAc -OCOCH2CH3 262 
PAca -OCOC(CH3)3 288 

 

In contrast to the Ac and PrAc samples, the EA and PAc samples exhibited less 

than 1% loss at 350 ºC, but mass loss increased substantially above 400 ºC where the 

bulk of the thermal rearrangement occurred. The higher rearrangement temperature of EA 

is attributed to the relatively high Tg shown in Table 5.1. Thermal rearrangement begins 

only when the sample reaches its Tg. Above its Tg, the chains have sufficient mobility to 
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undergo the molecular motion to bring about rearrangement [15]. The more substantial 

mass loss above 400 ºC in the EA sample is likely caused by the absence of a bulky 

ortho-position group. Without such a group, the polyimide can directly convert to the TR 

polymer, and the broad mass loss region observed in the Ac and PrAc polymers is not 

present. A well-defined plateau is also present between thermal rearrangement and 

degradation in the EA polymer (cf., Figure 5.2B), which suggests more complete 

rearrangement.  

The pivalate ortho-position group (i.e., sample PAc) is more stable than the 

acetate or propanoate group, as shown by the lack of mass loss in the PAc sample until 

the temperature exceeded 400 ºC (cf., Figure 5.2B). When this group is lost and the 

corresponding hydroxyimide is formed, the elevated temperature may allow for more 

rapid rearrangement. This rapid rearrangement results in a steep mass loss, similar to that 

of the EA polymer but with a much larger magnitude due to the bulky pivalate ortho-

position group. For example, the mass loss at the shoulder of these curves (roughly 450 

ºC for EA and 475 ºC for PAc) is approximately 13% for EA and 25% for PAc. No clear 

plateau region is present in the PAc polymer, but a shoulder can be seen at roughly 475 

ºC. Significant mass loss occurs between 450-475 ºC for PAc, where thermal degradation 

is also beginning. Thus, full rearrangement in the Pac sample likely does not occur before 

degradation, especially at a 5 ºC/min ramp rate. The substantial differences in thermal 

behavior between the polymers synthesized via the ester acid route (EA, Ac, PrAc, PAc) 

and the similarities in thermal behavior between both acetate-containing polyimides (Ac 

and C) imply that the ortho-position group is the dominant influence on thermal 

rearrangement, rather than the imidization route used. 

While these TGA and TGA/MS ramps provide information about the thermal 

rearrangement and byproducts of these polymers, they provide no information about how 
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thermal rearrangement occurs when a sample is held at a prescribed temperature over a 

longer period of time. Information on the rate of mass loss during the thermal 

rearrangement protocol used to prepare samples for free volume and other studies was 

collected by using the TGA to study samples at the same thermal history that they are 

exposed to in the furnace (i.e., a hold at 300 ºC hold and subsequent heating to the final 

target temperature for rearrangement). Once the rearrangement temperature was reached 

in the TGA, the sample was held isothermally for 10 hours. Results from these 

experiments are shown in Figure 5.3. 
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Figure 5.3  TGA scan of HAB-6FDA-EA, Ac, C, PrAc, and PAc. Samples were heated 
to 300 ºC at 5 ºC/min and held for 1 hour before being heated at 5 ºC to the 
desired temperature (given in the figure) and held for 10 hours. The dashed 
lines show the mass loss expected if the ortho-position group converted to a 
hydroxyl group (“ortho-position conversion”) and if the polyimide precursor 
fully converted to the TR polymer shown in Figure 1 (“full rearrangement”).  
In Figure 6B, the dotted lines represent the chemically imidized sample (C), 
and the solid lines represent the acetate-containing sample modified from 
the ester-acid route (Ac). 

The curves in Figure 5.3 show the same time and temperature regions discussed 

previously [11]. For each material, there is a first region during the isothermal hold at 300 

ºC, labeled “X”, where a relatively gradual mass loss occurs, except in the case of PAc 
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(cf., Figure 6D), in which case there is very little mass loss. The mass loss in this region 

is most noticeable for the PrAc and Ac samples (cf., Figures 5.3B and 5.3C) and likely 

corresponds to some ortho-position loss and perhaps a small amount of TR conversion.  

These results provide additional evidence that acetate and propanoate ortho-position 

groups are less thermally stable than pivalate groups, and the lower Tg values lead to 

lower rearrangement temperatures. The EA sample (cf., Figure 5.3A) has only a hydroxyl 

ortho position group and is held slightly below its Tg, which results in minimal mass loss 

in this region. The PAc sample, which has a more thermally stable pivalate ortho-position 

group, shows almost no mass loss during the 300 ºC hold. 

The second region, labeled “Y” and occurring between roughly 100 and 200 

minutes in Figure 5.3, is associated mainly with thermal rearrangement. The Ac and PrAc 

samples show an abrupt mass loss at approximately 100 min followed by a slower, 

broader mass loss, which is attributed to the concurrent loss of ortho-position acetate or 

propanoate groups and conversion to PBO [1, 11].  

In region Y of Figure 5.3D, the PAc sample exhibits only a broad mass loss at 350 

ºC between 100 and 200 minutes, with no sharp mass loss. Therefore, the pivalate ortho-

position group is likely still relatively stable at this temperature and prevents widespread 

thermal rearrangement. As the heat treatment temperature reaches 400, where mass loss 

for the PAc sample begins in Figure 5.2B, more mass loss in region Y of Figure 5.3D is 

observed. When the temperature reaches 450ºC, a sharp mass loss region appears, so the 

pivalate group can be rapidly lost, and the PBO can be formed at this temperature. 

The EA sample (cf., Figure 5.3A) has only a broad mass loss in region Y at 350 

ºC, which supports the observation from Figure 5.2 and chapter 4 that only a small 

amount of thermal rearrangement can occur at this temperature [1]. However, between 

100 and 200 min in Figure 5.3A at 400 and 450 ºC, a rapid mass loss occurs.  This mass 
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loss approaches theoretical conversion, so the thermal rearrangement apparently occurs 

nearly quantitatively in the hydroxyl-containing EA sample, most likely because there is 

no ortho-position group to be lost before conversion. 

The mass loss in the third region of the plots in Figure 5.3, labeled “Z”, at times 

above roughly 150 minutes, has been attributed mainly to slow thermal degradation over 

long times [11]. At higher temperatures, this degradation is more apparent for all samples 

because the mass loss decreases below levels expected for full conversion of the 

polyimide precursor to the PBO. The mass loss is less apparent at lower temperatures, but 

samples were noticeably more brittle when removed from the TGA, potentially consistent 

with some thermal degradation [11]. However, continued rearrangement at these 

temperatures may also result in more brittle films. 

Figure 5.3B also shows a comparison between the thermal behavior of HAB-

6FDA-C and HAB-6FDA-Ac, two polymers with the same chemical structure 

synthesized via different routes. The dashed lines represent the chemically imidized 

sample (C), and the solid lines represent the acetate-containing sample obtained by 

modifying the ester-acid route polyimide as shown in Figure 3.3 (Ac). These two 

polymers show essentially identical thermal rearrangement behavior. Thus, the ortho-

position group apparently has a larger impact on thermal rearrangement behavior than the 

polyimide synthesis route. 

Samples for density and free volume characterization were rearranged in the tube 

furnace at 350 or 400 ºC for 1 hour or 450 ºC for 30 minutes, and they are referred to by 

sample name and rearrangement temperature. For example, EA-350 is an EA sample 

rearranged at 350ºC for 1 hour, and EA-PI is the unconverted EA polyimide. Heat 

treatment times were chosen to minimize thermal degradation in the chemically imidized 

samples [11]. The mass loss of a sample, relative to the mass loss expected if the TR 
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process proceeds as shown in Figure 3.2, has been used in previous literature reports to 

approximate the percent conversion of polyimide to the resultant PBO [4, 11]. Other 

techniques to measure conversion, such as NMR or other solution-based analytical 

methods, were not possible on the partially rearranged samples because they were 

insoluble after rearrangement [1, 11]. However, there is some uncertainty when 

calculating the percent conversion based on mass loss because the exact chemical 

structure of the partially converted TR polymer is not well characterized. For example, 

when the ortho-position group is lost, hydroxyimide moieties are formed before 

conversion to the final PBO [1]. Therefore, the partially converted TR structure may 

contain a combination of the original ortho-position polyimide, the hydroxyimide, and 

the PBO. 

 Several methods were explored in an effort to determine the amount of the 

original ortho-position polyimide, hydroxyl polyimide, and TR polymer in partially 

converted samples, but none of them were able to accurately determine the relative 

amounts of these structures. Solid-state NMR has been used previously, but the broad 

peaks did not allow a quantitative determination of the concentrations of these functional 

groups [3]. Titration with acetic anhydride, which could potentially be used to determine 

the fraction of hydroxyl groups [17], was not possible due to steric effects in the insoluble 

sample. Quantitative FT-IR could not be used to determine the structure due to the 

overlapping and shifting peaks during thermal rearrangement. Elemental analysis was 

also used to determine the ratio of carbon to nitrogen atoms, but the accuracy of the 

technique was not within the bounds necessary to accurately determine the composition 

of a partially converted TR polymer.  

Due to these experimental constraints, two boundaries, representing the extremes 

of what might occur, are discussed regarding the extent of TR conversion and the 



 160 

resulting values of fractional free volume. In the first limit, which is referred to as the o-

pos assumption, any ortho-position group undergoing thermal rearrangement is assumed 

to convert completely to the PBO. Therefore, only the original ortho-position polyimide 

and PBO structures remain in partially converted samples. In the second limit, which is 

referred to as the OH assumption, each ortho-position group undergoing reaction is 

presumed to convert to a hydroxyl group (i.e., with loss of the acetate, pivalate, etc. 

linkages). Then, if the sample mass loss is above and beyond that which could be 

explained by conversion of ortho-position groups exclusively to hydroxyl groups, any 

further mass loss is ascribed to hydroxyimides undergoing thermal rearrangement to form 

PBO structures. In this case, only the original ortho-position polyimide and 

hydroxyimide structures, or hydroxyimide and PBO structures remain. Equations 5.1-5.6 

below will further clarify these assumptions. These assumptions do not impact the EA 

polymer because it is already in the hydroxyimide form. In the calculations of conversion 

to be described below, an implicit assumption is that only original polyimide, 

hydroxyimide, and PBO exist in the final structure, so no thermal degradation reactions 

(i.e., chemical reactions that lead to structures other than hydroxyimide or PBO) are 

presumed to occur. 

From a quantitative perspective, if all polyimides with ortho-position groups that 

underwent reaction were converted to PBO units (i.e., the o-pos assumption), the 

fractional conversion of ortho-position groups (cPBO), on a mass basis, would be: 

  (5.1) 

where Δmexp is the experimental mass loss in the film, and Δmmax,o-pos→PBO is the 

hypothetical maximum mass loss from the original sample if all ortho-position groups 

PBOposo
PBO m

m
c

→−∆

∆
=

max,
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were converted to PBO units. The hypothetical maximum mass loss is calculated as 

follows:  

  (5.2) 

where mo is the original sample mass, Mo-pos is the repeat unit molecular weight of the 

polyimide with original ortho-position functionality, and MPBO is the repeat unit 

molecular weight of the polybenzoxazole. The calculation of cPBO according to Equation 

5.1, when multiplied by 100 to put it on a percentage basis, is equivalent to percent 

conversion previously reported for TR polymers [4, 11]. This method of estimating the 

extent of the thermal rearrangement correlated well with gas transport properties [1, 11]. 

Table 5.2 records relevant values of repeat unit molecular weight and percent mass loss 

(the parenthetical expression in Equation 5.2) for each structure considered in this study.  

Table 5.2  Molecular weight of each repeat unit and percent mass loss associated with 
the formation of various products.  

Sample o-position 
Group 

MW 
(g/mol) 

%Mass Loss 
o-pos→PBO o-pos→OH OH→PBO 

EA -OH 624.4 - - 14.1 
Ac -OCOCH3 708.5 24.3 11.9 14.1 

PrAc -OCOCH2CH3 736.5 27.2 15.2 14.1 
PAc -OCOC(CH3)3 792.5 32.2 21.2 14.1 
PBO - 536.4 - - - 

Note:  x→y represents the conversion of a polyimide with x type ortho-position 

groups (where x is either original ortho-position groups (o-pos) or hydroxyl groups 

(OH)) to y (PBO units or hydroxyl groups). 

Two subcases are considered where the ortho-position groups are converted to 

hydroxyl groups (OH assumption). If there is insufficient mass loss to convert all of the 

ortho-position groups to hydroxyl groups, then no PBO structures would be formed. 
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Thus, the sample would have a mixture of ortho-position groups and hydroxyl groups. In 

this case, the mass fraction of ortho-position groups converted to hydroxyimide (cOH) can 

be calculated using Equation 5.3. 

  (5.3) 

In this case, the hypothetical maximum mass loss is calculated as follows:  

  (5.4) 

where mo is the original sample mass, Mo-pos is the repeat unit molecular weight of the 

polyimide with original ortho-position functionality, and MOH is the repeat unit molecular 

weight of the polyimide with hydroxyl functional groups. 

In a related subcase, if there is enough mass loss to convert all of the ortho-

position groups to hydroxyl groups and to further convert some (or all) of the hydroxyl 

groups to PBO linkages, then Equation 5.4 is used to estimate the fraction of PBO units 

formed: 

 

  (5.5) 

In this case, the hypothetical maximum mass loss in the numerator is calculated using 

Equation 5.4 and the hypothetical maximum mass loss in the denominator is calculated as 

follows:  

  (5.6) 

where mo is the original sample mass, Mo-pos is the repeat unit molecular weight of the 

polyimide with original ortho-position functionality, MOH is the repeat unit molecular 

weight of the polyimide with hydroxyl functional groups, and MPBO is the repeat unit 
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molecular weight of the polybenzoxazole. The numerator in Equation 5.5 represents the 

amount of mass loss beyond that required to fully convert the ortho-position groups to 

hydroxyl groups, and the denominator is the hypothetical maximum mass loss to convert 

the hydroxyimides to PBO linkages. 

Table 5.3 presents the percent conversions for the EA, Ac, C, PrAc, and PAc 

samples under each of these scenarios. As seen in Table 5.3, there can be a considerable 

difference in the estimated chemical structure of these partially converted TR polymers 

based on the assumptions made concerning the conversion chemistry. These assumptions 

are more important when the ortho-position group is larger, as seen in the PAc sample, 

which must lose 21% of its mass to convert all pivalate ortho-position groups to hydroxyl 

groups. For example, the PAc-TR400 sample can have either a 58% PBO conversion or a 

0% PBO conversion and 88% conversion of ortho-position groups to hydroxyl groups 

depending on the assumption made. The difference in conversion based on each 

assumption is also significant for the acetate-containing Ac polymer. At a TR 

temperature of 350 ºC, the Ac polymer could have either a 39% PBO conversion or a 0% 

PBO conversion and 80% conversion of acetate to hydroxyl functionality. These 

differences based on structural assumptions highlight the uncertainty in calculating 

percent conversion for TR polymers from polyimides with non-hydroxyl ortho-position 

groups. This structural uncertainty is not present in the EA sample because there is no 

ortho-position group lost before conversion to the PBO.  The uncertainties also point out 

the desirability of using additional information, such as FTIR analysis, when available to 

identify the species present following a given thermal history. 
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Table 5.3  Conversion of EA, Ac, C, PrAc, and PAc samples calculated assuming all 
remaining polyimides maintain their original ortho-position functionality 
and assuming all polyimides are converted to hydroxyimides before 
rearrangement. 

Sample o-pos Assumption OH Assumption 

 %o-pos %PBO %o-pos %OH %PBO 
EA-PI - - - 100 

 EA-350 - - - 55 45 
EA-400 - - - 24 76 
EA-450 - - - 0 118 
Ac-PI 100 - 100 - - 

Ac-350 61 39 20 80 0 
Ac-400 40 60 0 78 22 
Ac-450 32 68 0 63 37 

C-PI 100 - 100 - - 
C-350 62 38 22 78 0 
C-400 40 60 0 78 22 
C-450 24 76 0 47 53 

PrAc-PI 100 - 100 - - 
PrAc-350 61 39 30 70 0 
PrAc-400 44 56 0 88 12 
PrAc-450 22 78 0 48 52 

PAc-PI 100 - 100 - - 
PAc-350 86 14 79 21 0 
PAc-400 42 58 12 88 0 
PAc-450 19 81 0 55 45 

NOTE:  Conversion values were calculated using Equations 5.1-5.6. o-pos refers to the 

original ortho-position group. The assumption labeled o-pos assumes that any remaining 

polyimide structures have original ortho-position functionality, and the OH assumption 

assumes that any remaining polyimide structures have been converted to the 

hydroxyimide. 

The actual PBO conversion most likely lies between the limiting values set forth 

in Table 5.3. Polymers with ortho-position acetate groups convert to hydroxyl groups as 
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they undergo thermal rearrangement, but these samples also exhibit a considerable 

increase in gas permeability associated with the formation of PBO [11]. For example, the 

C-350 sample shown in Table 5.3 has a PBO conversion between 0 and 38% depending 

on the ortho-position assumptions made. This sample has a CO2 permeability three times 

higher than its polyimide precursor and is insoluble, so there is likely some PBO 

formation [11]. While there is evidence of conversion of ortho-position groups to 

hydroxyl functionality and PBO formation, there is currently no clear way to 

quantitatively distinguish the amount of each structure present in a sample following a 

given thermal protocol. 

Based on the mass loss data, the HAB-6FDA-C and HAB-6FDA-Ac polymers 

have similar thermal rearrangement behavior. The only discrepancy between these two 

samples is the conversion difference between samples rearranged at 450 ºC for 30 

minutes, as seen in Table 5.3. Conversions in these samples typically have an uncertainty 

of approximately ±4%, so it is not unreasonable to think variations in film and furnace 

conditions could extend this range beyond what is seen between these two samples, 

especially at higher rearrangement temperatures [4].  

The 118% conversion calculated from mass loss in the film for EA-450 indicates 

a higher observed mass loss than expected based on complete conversion of the 

polyimide to PBO [18]. Therefore, some thermal degradation may be occurring in the EA 

sample when heated at 450ºC, which was not observed in the acetate-containing 

polymers.  

5.3 DENSITY AND FRACTIONAL FREE VOLUME OF TR POLYMERS WITH VARYING 
SYNTHESIS ROUTE AND ORTHO-POSITION GROUP 

The density and fractional free volume of these polymers as a function of thermal 

rearrangement were also studied. Table 5.4 presents the density of the polyimide and TR 
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polymers for the EA, Ac, PrAc, and PAc polymers. Among the unconverted polyimide 

precursors, larger ortho-position groups disrupt chain packing and decrease density. The 

PAc sample, which contained the largest ortho-position group, had the lowest density 

(1.29 g/cm3), while the EA sample, with the smallest ortho-position groups (i.e., hydroxyl 

groups) and likely influenced most by hydrogen bonding, had the highest density (1.48 

g/cm3). Among the EA, Ac, and PrAc materials, density decreased as extent of thermal 

rearrangement increased. This trend is attributed to the formation of the very rigid PBO 

structure, which has been shown to increase fractional free volume in other TR studies 

[9-11].  The densities of the Ac sample agree with those previously reported for the 

HAB-6FDA-C sample [11], so the synthesis route used does not appear to influence the 

properties of these TR polymers as much as the ortho-position group of the polyimide 

precursor. 
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Table 5.4   Density of HAB-6FDA TR polymers with various ortho-position functional 
groups. Uncertainties are the standard deviation of density measurements for 
at least 4 samples. a Data from reference [11]. 

Thermal 

Treatment 

Density 

(g/cm3) 

 EA Ac Ca PrAc PAc 

None 1.48 ± 0.02 1.428 ± 0.007 1.421 ± 0.009 1.39 ± 0.01 1.29 ± 0.01 

350 1.45 ± 0.01 1.41  ± 0.01 1.418 ± 0.009 1.38 ± 0.01 1.27 ± 0.01 

400 1.36 ± 0.01 1.38 ± 0.01 1.397 ± 0.009 1.368 ± 0.006 1.293 ± 0.005 

450 1.34 ± 0.01 1.335 ± 0.009 1.34 ± 0.01 1.309 ± 0.008 1.286 ± 0.008 

Note:  Samples labeled with a thermal treatment of “None” correspond to the polyimides 

that were only dried and not subjected to thermal treatments designed to bring about 

thermal rearrangement.  As described in the experimental section, those labeled “350” 

and “400”were heated to 350°C or 400°C for 1 hour, and those labeled “450” were 

heated to 450°C for 30 minutes. 

The PAc structure did not show the same decrease in density with thermal 

rearrangement as the EA, Ac, C and PrAc sample. The PAc samples treated at 

various temperatures, within the uncertainty of the density measurements, have 

very similar densities, suggesting there may be competing effects on density as 

pivalate groups are lost and PBO is formed [1]. In this structure, the conversion of 

pivalate groups to hydroxyl groups reintroduces smaller ortho-position groups 

and likely hydrogen bonding, promoting the formation of a more dense structure. 

However, the formation of PBO typically results in a higher free volume. Both of 

these conversions happening concurrently could result in similar density values in 

the PAc samples. While these competing processes are likely also occurring in the 
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Ac and PrAc samples, the acetate and propanoate groups are much smaller than 

the pivalate groups, so the decrease in density brought about by formation of PBO 

structures is the dominant effect.  

The density values in Table 5.4 were used to estimate the fractional free volume 

of these polymers using Equation 5.7: 

  (5.7) 

where V is the specific volume, which is the reciprocal of the density values shown in 

Table 5.4. Vo is the occupied volume of the polymer chains. These volumes were 

calculated using the group contribution method of van Krevelen and the van der Waals 

volumes from Bondi, where Vo is approximated as 1.3 times the cumulative van der 

Waals volume of the structure [19-22]. Table 5.5 shows the occupied volumes calculated 

using this method. 

Table 5.5  Occupied volumes for each of the HAB-6FDA polyimides and PBO. 

Sample Vo (cm3/g) 

EA-PI 0.5898 
Ac-PI 0.598 

PrAc-PI 0.6114 
PAc-PI 0.6352 
PBO-PI 0.5996 

The occupied volumes for partially converted samples were calculated using 

Equation 5.8: 

  (5.8) 

where Vo,PBO is the occupied volume of the PBO, Vo,o-pos is the occupied volume of the 

polyimide having the original ortho-position functionality, and Vo,EA is the occupied 

V
VVFFV o−

=

EAoOHposooposoPBOoPBOo VxVxVxV ,,, ++= −−
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volume of the poly(hydroxyimide). The mass fractions of PBO, residual ortho-position 

polyimide groups, and residual hydroxyimides are given by xPBO, xo-pos, and xOH, 

respectively. These occupied volumes are weighted by the mass fractions reported in 

Table 5.3, based on the two limiting assumptions previously discussed. 

As seen in Table 5.5, the occupied volumes for the poly(hydroxyimide) (EA), the 

acetate-containing polymer (Ac), and the PBO have similar values. Thus, for these 

materials, variations in assumptions regarding the structure of partially converted samples 

do not influence free volume calculations as much as they do for samples with larger 

ortho-position groups, such as the pivalate-containing PAc sample. Vo for the PAc 

sample is considerably different from that of the poly(hydroxyimide) and the PBO. 

Using Equations 5.5 and 5.6, the fractional free volume of each sample was 

calculated under both of the limiting assumptions regarding the structure of partially 

converted samples, and the resulting values are reported in Table 5.6. Uncertainties in 

fractional free volume values were estimated from uncertainties in density measurements 

of at least 4 samples according to the method of propagation of errors [12]. EA-PI has the 

lowest free volume, likely due to combination of a small ortho-position group (i.e., 

hydroxyl) and potentially more hydrogen bonding present in the poly(hydroxyimide) than 

in the other polyimides. For all samples, fractional free volume increases as thermal 

rearrangement temperature and conversion increase, and the total increase in free volume 

after thermal treatment is roughly 4-6%. The exact value of free volume for each sample 

differs depending on structural assumptions except in the EA sample. In the EA sample, 

there orthoposition group begins as a hydroxyl group. Therefore all chains are either 

hydroxyimide or PBO. 

For TR polymers from polyimdies with non-hydroxyl ortho-position groups, the 

FFV is greater for the OH assumption than the o-pos assumption. The simplest reason for 
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this higher free volume is the presence of hydroxyimides in the partially converted TR 

polymer. The hydroxyimide, labeled EA-PI in Table 5.5, has the lowest occupied volume 

of any possible structure that could be present in the partially converted sample by these 

assumptions. Therefore, if the density is constant and the free volume is calculated, there 

will be less occupied volume if hydroxyimides are present. Less occupied volume and a 

constant density results in a higher fractional free volume (cf., Equation 5.5). 



 171 

Table 5.6  Fractional free volume of HAB-6FDA polymers with various ortho-position 
functional groups and their TR polymers.  

Thermal 

Treatment 
Free Volume (%) 

 EA Ac 

 o-pos OH o-pos OH 

None 13 ± 1 13 ± 1 14.6 ± 0.5 14.6 ± 0.5 

350 13.8 ± 0.7 13.8 ± 0.7 15.6 ± 0.7 16.6 ± 0.7 

400 18.7 ± 0.7 18.7 ± 0.7 17.3 ± 0.7 18.3 ± 0.7 

450 19.6 ± 0.8 19.6 ± 0.8 20.0 ± 0.7 20.7 ± 0.7 

Thermal 

Treatment 
Free Volume (%) 

 PrAc PAc 

 o-pos OH o-pos OH 

None 15.0 ± 0.7 15.0 ± 0.7 18.1 ± 0.8 18.1 ± 0.8 

350 16.2 ± 0.7 17.7 ± 0.7 20.1 ± 0.8 20.5 ± 0.8 

400 17.3 ± 0.4 19.2 ± 0.4 20.7 ± 0.4 23.0 ± 0.4 

450 21.2 ± 0.6 22.1 ± 0.6 22.0 ± 0.6 23.5 ± 0.6 

 

Note:  Thermal treatments are the same as those discussed in Table 5.4 and the 

experimental section. The fractional free volume values recorded in this table were 

calculated using the two limiting assumptions regarding the structure of partially 

converted TR polymers as presented in Table 5.3 and discussed above.  

The similarities in thermal properties, density, and free volume between the 

acetate-containing polymers prepared via chemical and thermal imidization (Ac and C) 
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and their differences relative to the thermally imidized hydroxyimide sample (EA) 

suggest that the ortho-position group has a larger influence on TR polymer properties 

than synthesis route. The strong influence of the ortho-position group on density and free 

volume may be due to the concurrent loss of these groups and the formation of the rigid, 

glassy PBO structure. After thermal rearrangement, these polymers have no measurable 

Tg before degradation [4]. Therefore, these partially converted TR polymers are in the 

glassy state and have limited mobility [4]. The free volume and free volume distribution 

may be influenced if these ortho-position groups are lost, and the polymer chains do not 

have sufficient mobility to pack efficiently in the vacated space. This change in free 

volume and free volume distribution, which has also been observed for acetate-containing 

TR polymers with a fluorinated diamine [3], could significantly influence transport 

properties.  
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Chapter 6: Influence of Polyimide Precursor Synthesis Route and ortho-
Position Functional Group on Thermally Rearranged (TR) Polymer 

Properties: Pure Gas Permeability and Selectivity9 

6.1 INTRODUCTION 

Polyimides are commonly synthesized using chemical or thermal imidization [1]. 

In chemical imidization, a poly(amic acid) intermediate is formed, and it is then imidized 

using pyridine and acetic anhydride [1, 2]. Thermal imidization is typically achieved by 

imidizing a poly(amic acid) precursor by heating it to roughly 180 ºC in solution with o-

dichlorobenzene as an azeotroping agent [1, 2]. An alternative route to thermal 

imidization involves the formation of an ester-acid intermediate, which can then be 

converted back to the poly(amic acid) at 180 ºC and simultaneously imidized [3]. The 

ester-acid intermediate is more hydrolytically stable and can yield higher molecular 

weight polyimides than the traditional thermal imidization [3]. 

The polyimide synthesis route can affect the transport properties of the resulting 

polymer [4, 5]. For example, Matsumoto and Xu reported a chemically imidized 

fluorinated polyimide having 2 times higher CO2 permeability and 1.5 times higher 

CO2/CH4 selectivity than the same polymer synthesized via thermal imidization.  Xu, 

Koros, and Paul have reported no difference in toluene flux from pervaporation 

measurements of a fluorinated polyimide synthesized via thermal and chemical 

imidization, but different fluxes were obtained depending on the synthesis route used to 

prepare copolymers [5]. Differences in transport properties from polymers synthesized 

via thermal and chemical imidization have been attributed to differences in molecular 
                                                 
9 Adapted from Sanders, D.F., Guo, R., Smith, Z.P., Liu, Q., Stevens, K.A., McGrath, J.E., Paul, D.R., and 
Freeman, B.D., Influence of polyimide precursor synthesis route and ortho-position functional group on 
thermally rearranged polymers: Pure gas permeability and selectivity. In Preparation. D. F. Sanders 
performed the majority of experiments and wrote and edited the manuscript. Z. P. Smith, R. Guo, Q. Liu 
and K. A. Stevens provided experimental assistance. B. D. Freeman, J. E. McGrath, and D. R. Paul 
supervised this project and provided technical expertise. 
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weight depending on the synthesis method and the formation of isoimide structures 

during chemical imidization [1, 4, 5]. In addition to different molecular weight and 

isoimide content, the ortho-position functional group present in polyimide precursors to 

TR polymers can also be modified. For example, as discussed in chapter 3, chemical 

imidization results in the conversion of ortho-position hydroxyl groups to acetate groups. 

Due to the potential impact of synthesis route on polyimide properties, the 

influence of precursor synthesis route on TR polymer transport properties has been 

investigated [2, 6]. Varying the precursor synthesis route can result in permeabilities that 

differ by roughly a factor of 3 after thermal rearrangement at 400 ºC. However, these 

differences in transport properties were primarily due to changes in the ortho-position 

group as a result of using various synthesis routes [2, 6].  

One reason for our interest in ortho-position groups other than hydroxyl groups is 

that polyimide precursors to TR polymers synthesized via chemical rather than thermal 

imidization typically have higher permeability values; this difference is believed to be 

due, in part, to differences in the ortho-position groups present as a result of the synthesis 

route [2, 6]. For example, chemical imidization, while converting the amic acid units to 

imide linkages, also naturally converts ortho-position hydroxyl groups to more bulky and 

less polar ortho-position acetate groups, which may disrupt chain packing, resulting in 

higher permeability coefficients [6, 7]. 

This chapter reports gas transport properties of the series of HAB-6FDA-based 

polyimides with hydroxyl, acetate, propanoate, and pivalate groups as shown in Figure 

3.2 and synthesized as shown in Figure 3.3. Additionally, the influence of TR conversion 

on transport properties in these polymers is also reported. Pure gas permeability and 

selectivity values are reported as a function of conversion for CH4, N2, O2, CO2, and H2 to 
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further elucidate the influence of ortho-position group and synthesis route on gas 

transport properties in such materials. 

6.2 PURE GAS PERMEABILITY AND SELECTIVITY OF TR POLYMERS WITH VARYING 
SYNTHESIS ROUTE AND ORTHO-POSITION GROUP 

Representative permeability data are presented in Figure 6.1.  Pure gas 

permeability measurements showed typical dual-mode behavior over the pressure range 

of 3-15 atm [8-10]. No evidence of plasticization was observed. Figures 6.1A and 6.1B 

show the permeation behavior for CO2 and H2 in the HAB-6FDA-PAc-TR450 sample. 

This behavior is typical of all of the samples considered in this study. Because H2 

sorption is relatively low in polymers, including TR polymers [11], dual-mode effects are 

not apparent. As a result, H2 permeability does not decrease significantly as pressure 

increases. CO2 shows the characteristic dual mode decrease in permeability as pressure 

increases [8-10, 12, 13]. These effects can be significant, as seen in Figure 6.1A, where 

CO2 permeability decreases by roughly 25% from 3-15 atm. For the purposes of 

comparing overall permeation properties in the various materials studied, we focus on 

permeability coefficients measured at an upstream pressure of roughly 10 atm. Actual 

upstream pressure varied from approximately 9.8 – 10.2 atm based on experimental 

variation, but it is assumed that permeability coefficients vary little with pressure over 

such a narrow range, so the permeability values appearing in subsequent figures and 

tables will be referred to as the permeability coefficients at an upstream pressure of 10 

atm. 
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Figure 6.1  Influence of upstream pressure on CO2 and H2 permeability coefficients at 
35°C for HAB-6FDA-PAc-TR450. 

6.3 EFFECT OF SYNTHESIS ROUTE ON TR POLYMER TRANSPORT PROPERTIES 

Table 6.1 presents pure gas permeability coefficients in the EA, Ac, C, PrAc, and 

PAc polymers. For all samples studied, the permeability of all gases increases as 

conversion increased. As in previous studies on other TR polymers, chemically imidized 
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polymers show significantly higher permeability than those synthesized through thermal 

routes, such as the EA polymer studied here [2, 6]. The chemically imidized polyimide 

precursor (i.e., sample C in Table 6.1) has a CO2 permeability of 12.6 Barrer, which is 

approximately 4 times higher than the untreated thermally imidized polymer (i.e., sample 

EA in Table 6.1), which has a CO2 permeability of 3.1 Barrer. This difference in CO2 

permeability is reduced following heat treatment at 350 ºC, but then increases as heat 

treatment temperature increases. For example, HAB-6FDA-C has CO2 permeability 

coefficients approximately 2, 3, and 5 times higher than HAB-6FDA-EA after 

rearrangement at 350, 400, and 450 ºC respectively. This general trend is observed for 

each gas considered, which suggests that the gas permeability increases more rapidly as 

more acetate ortho-position groups are lost during thermal rearrangement at higher 

temperatures. This rapid increase is likely due to the loss of these bulky acetate groups, 

which causes changes in free volume and/or free volume distribution of the resulting 

partially converted TR polymers [2, 6]. 
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Table 6.1 Pure gas permeability coefficients at 10 atm and 35 ºC for HAB-6FDA 
polyimides with various ortho-position functional groups and their TR 
polymers. 

 
 

 Permeability (Barrer) 
ortho-

Position 
Group 

Thermal 
Treatment 

 PBO 
Conversion 

(%) 
CH4 N2 O2 CO2 H2 

EA** - - 0.06 0.1 0.65 3.1 11 
EA 350 45 0.24 0.6 3.8 17 56 

EA** 400 76 1.4 2.6 13 54 115 
EA 450 118 2.9 4.4 20 80 150 
C* - - 0.31 0.56 3.2 12.6 38 
C* 350 39 0.78 1.6 9 35 94 
C* 400 60 5.7 8.8 39 167 280 
C* 450 76 18 25 100 427 550 

Ac** - - 0.26 0.46 2.6 11 32 
Ac 350 39 0.75 1.58 8.9 37 98.4 

Ac** 400 60 5.1 8.6 39 170 290 
Ac 450 68 12 17 73 320 445 

PrAc - - 0.68 0.94 4.6 17 41 
PrAc 350 39 1.48 2.6 12.8 46 112 
PrAc 400 56 4.8 6.9 30.3 118 215 
PrAc 450 78 28 34 135 530 690 

PAc** - - 3.1 3.3 15.7 57 108 
PAc 350 14 4.4 4.9 21.5 76 136 
PAc 400 58 63 14 15 61 230 
PAc 450 81 26 32 127 500 600 
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NOTE:  An asterisk (*) denotes data from reference [14], and two asterisks denote CO2 

and CH4 data from reference [2]. The information in the “Thermal Treatment” column 

refers to the time/temperature combinations used to prepare TR polymers. A dash (-) 

represents data for the precursor polyimide; entries of 350, 400, and 450 represent 

polyimide precursors treated, as described in the Experimental section, in a tube furnace 

at 350°C or 400°C for 1 hour or 450°C for 30 minutes. PBO conversion was estimated as 

described in the text, with the details of the estimation method reported in chapter 5 [15]. 

The PBO conversions listed in Table 6.1 are derived from the change in sample 

mass as a result of the thermal treatment, and they are based on the assumption that any 

ortho-position acetate group lost during thermal rearrangement converts to a PBO 

structure, which we call the o-pos assumption [15]. This assumption has been previously 

used in the chapter 4 due to its systematic correlation with gas transport properties [14]. 

In this case, only acetate-containing polyimide and PBO structures would be present in 

the polymer after thermal rearrangement. However, some hydroxyimides could also be 

present, as shown in Figure 3.4. Thus, another limit for the structure of polyimides 

partially converted to their corresponding TR polymers is that all acetate groups are first 

converted to hydroxyl groups before any PBO units are formed, which we call the OH 

assumption [15]. Because thermally treated polyimide precursors often become insoluble 

at low extents of conversion to TR polymers, exact analysis of the chemical structure 

following thermal rearrangement becomes difficult (since solution state NMR can no 

longer be used) and leads to some uncertainty in the chemical structure of the resulting 

TR polymers.  These assumptions and their ramifications are described in detail in 

chapter 5 [15].  For reasons discussed in more detail below, the assumption embodied in 

the conversion values reported in Table 6.1, where all unconverted polyimides retain their 

original ortho-position group, provides a more logical correlation with measured 

transport properties than the so-called OH assumption.  Consequently, conversion values 
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reported in this study will be based on the o-pos assumption, which is introduced to 

provide additional support for the decision to base conversion on the o-pos assumption. 

Obviously, the conversion values reported for EA samples, where the polyimide 

precursor has only hydroxyl ortho-position groups, are not affected by this issue. 

As seen in Table 6.1, the permeability of the thermally imidized sample (i.e., EA) 

is lower than the acetate-containing samples (i.e., C and Ac) for all gases at each thermal 

treatment condition. This difference has been ascribed to the lack of a leaving group in 

the EA material and the possibility of more extensive hydrogen bonding in the hydroxyl-

bearing EA material [2].  Both factors would tend to improve chain packing, resulting in 

lower free volume in the hydroxyl containing material relative to the acetate containing 

polymer [7].  

Because the synthesis route and ortho-position group both differ between the EA 

and C samples, it is desirable to compare two samples with the same chemical structure 

synthesized via different routes. As shown in Figure 3.4, the hydroxyl ortho-position 

group of HAB-6FDA-EA may be converted to an acetate group by contacting HAB-

6FDA-EA with acetic acid and pyridine to yield a polymer referred to as HAB-6FDA-Ac. 

Thus, a polyimide having the same acetate-containing ortho-position structure as HAB-

6FDA-C can be prepared via a different synthesis route. As shown in Table 6.1 for HAB-

6FDA-C and HAB-6FDA-Ac, the pure gas permeability coefficients of the polyimides 

and samples rearranged at 350 and 400 ºC are very similar for all gases. The thermal 

properties and free volume of these samples are also very similar, which suggests that 

that the synthesis route used to form these polymers does not strongly influence their 

properties [2, 15]. There is a larger variation in gas permeation properties between the Ac 

and C samples rearranged at 450 ºC. For example, the CO2 permeability of HAB-6FDA-

Ac is 25% lower than the CO2 permeability of HAB-6FDA-C. A similar trend is 
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observed for all gases. However, HAB-6FDA-C has a PBO conversion of 76% while Ac 

was only 68% converted to PBO [15]. Lower conversion typically results in lower gas 

permeability in TR polymers [14, 16]. The CO2 permeability of the Ac and C samples is 

especially sensitive to conversion at higher conversion values independent of structural 

assumptions used in the conversion calculation. Therefore, the difference in conversion 

between the Ac and C samples rearranged at 450 ºC may play a role in their different 

transport properties.  

Figures 6.2A and 6.2B present CO2 permeability of the EA, C, and AC samples at 

10 atm as a function of conversion to benzoxazole units calculated two ways, 

corresponding to the o-pos assumption (Figure 6.2A) and the OH assumption (Figure 

6.2B). As indicated earlier, conversion is assessed based upon the mass loss of a sample 

relative to what would be expected if that sample underwent the TR conversion reactions 

shown in Figure 3 (that is, no allowance is made for other reactions, such as thermal 

degradation).  The conversion data are taken from results in chapter 5 [15]. In Figure 

6.2A, a value of zero percent conversion corresponds to the precursor polyimide before 

any thermal treatment to bring about TR conversion. In Figure 6.2B, zero percent 

conversion would include the precursor polyimide and any thermally rearranged 

polymers which have not lost enough mass to account for the complete conversion of 

ortho-position groups to hydroxyl groups.  That is, at low levels of thermal treatment 

(e.g., 350°C for one hour), some samples will not lose enough mass to have begun to 

form benzoxazole units according to the OH assumption. As indicated earlier, these two 

limiting cases do not affect conversion calculations for the EA sample, since its precursor 

polyimide contains only hydroxyl groups that are presumed to rearrange directly to 

benzoxazole units. In both figures, the EA-450 sample has over 100% conversion, 
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suggesting that this sample has undergone at least some thermal degradation in addition 

to thermal rearrangement. 
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Figure 6.2  CO2 permeability as a function of conversion for cases where A) all 
polyimides are converted to PBO or retain their original ortho-position 
group (o-pos assumption) and B) all ortho-position groups are converted to 
hydroxyl groups before any PBO is formed (OH assumption). Permeabilities 
were measured at 10 atm and 35 ºC for EA (■), C (○), and Ac (♦). 

Both the Ac and C samples, which should have the same nominal chemical 

structure but were prepared via different synthesis routes, exhibit increasing permeability 

with increasing conversion, as shown in Figure 6.2. The permeability of the precursor 
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polyimides is quite similar. Additionally, the C-350 and Ac-350 samples have quite 

similar permeability coefficients and conversion values, and the same trend is observed 

with the C-400 and Ac-400 samples. The C-450 sample, however, exhibits substantially 

higher permeabilities than the Ac-450 sample.  Interestingly, the conversion of the C-450 

sample (76%) is also higher than that in the Ac-450 sample (68%).  Therefore, the 

differences in permeability between the TR450 samples are likely due to conversion 

differences. The difference in conversion between these samples may have been a result 

of small variations in the temperature/time protocol used to prepare the samples.  At high 

rearrangement temperatures (e.g., 450C), sample-to-sample variations in mass loss are 

common and can result in roughly ± 4% variations in the degree of conversion. 

Therefore, the observed differences in conversion and permeability may well be the result 

of slightly different furnace conditions when the two samples were thermally treated.  

As shown in Table 1 and Figures 6.2A and 6.2B, TR polymers prepared from 

polyimides with acetate ortho-position groups (i.e., the C and Ac samples) have a much 

larger increase in CO2 permeability with conversion than the hydroxyl-containing EA 

sample. This larger increase is independent of synthesis route, so the ortho-position 

functional group must have a stronger influence on the transport properties than the 

synthesis route of the polyimide precursor.  

Based on trends in Figure 6.2, the structural assumptions in Figure 6.2A (i.e., the 

o-pos assumption) may be more representative of the actual structure of partially 

converted TR polymers at low rearrangement temperatures such as 350 ºC. For example, 

Figure 6.2B assumes all ortho-position groups are converted to hydroxyl groups before 

any rearrangement occurs. The result is 80% conversion of ortho-position acetate groups 

into hydroxyl groups and 0% conversion to PBO for the C-350 sample. Increasing 

potential hydrogen bonding due to a larger number of hydroxyl groups and a 
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simultaneous decrease in the number of bulky acetate groups would likely decrease 

permeability. However, after thermal treatment at 350 ºC, gas permeability in the 

chemically imidized sample increased for all gases studied. For example, CO2 

permeability was roughly 3 times higher in the C-350 sample than in the chemically 

imidized polyimide.  Thus, some PBO formation is likely to be occurring in the C and Ac 

samples [14, 17].  The assumption in Figure 6.2A, where all unconverted polyimides 

maintain their original ortho-position group provides a more logical correlation with 

measured transport properties. The trends in permeability are not significantly affected by 

this assumption at higher conversions. Therefore, this assumption will be used for 

analysis of these polymers in the remainder of what follows. In reality, the actual 

structure of these partially converted polymers most likely lies between the values given 

by these two assumptions. 

6.4 INFLUENCE OF ORTHO-POSITION GROUP ON TR POLYMER PERMEABILITY 

The ortho-position group was varied using the same synthesis route to explore the 

effect of leaving group structure on gas transport properties. In addition to the polyimides 

with hydroxyl and acetate groups discussed in the previous section, polymers with 

propanoate and pivalate ortho-position groups were prepared by modification of the 

hydroxyimide (i.e., the EA polyimide precursor). As shown in Table 6.1, the permeability 

coefficients of the polyimide precursors increase with increasing ortho-position group 

size, presumably due to increased free volume in polymers with more bulky and less 

polar ortho-position groups [15, 18]. For example, the CO2 permeability increases from 

3.1 Barrer for the EA sample, which has a hydroxyl ortho-position group, to 11 Barrer for 

the acetate-containing polyimide (Ac), to 17 Barrer for the propanoate-containing 

polyimide (PrAc), and to 57 Barrer for the pivalate-containing polyimide (PAc). Similar 
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increases in permeability are observed for all gases measured. These larger groups 

effectively inhibit chain packing and likely undergo less hydrogen bonding than the 

hydroxyl samples. Both of these characteristics should increase the free volume of the 

polymer and, in turn, the transport properties [15]. 

While pure gas permeability increases for all samples as thermal rearrangement 

progresses, the permeability at a given conversion is dependent on the polyimide 

precursor ortho-position group.  For example, Figure 6.3 presents CO2 permeability as a 

function of conversion for the EA, Ac, PrAc, and PAc polymers. This figure shows large 

increases in CO2 permeability for all TR polymers made from polyimides with non-

hydroxyl ortho-position groups compared to the hydroxyl-containing EA sample. 

Assuming all unconverted chains in the PrAc and PAc samples retain their original ortho-

position groups, the EA-400, PrAc-450, and PAc-450 samples all have between 76 and 

81% PBO units by mass. However, the CO2 permeability of the PrAc and PAc samples is 

roughly 500 Barrer, while that of the EA sample is 80 Barrer, despite similar PBO 

conversion. Comparing results at the same thermal treatment protocols instead of 

conversion, the PrAc-450 sample and PAc-450 samples exhibit a CO2 permeability 

approximately 4 times higher than the EA-450 sample (cf., Table 1). Therefore, this 

difference is not an artifact of the structural assumptions that enter the PBO conversion 

calculation. 
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Figure 6.3  CO2 permeability at 10 atm and 35 ºC as a function of TR conversion 
assuming all unconverted polyimides retain original ortho-position 
functionality (o-pos assumption) for EA (■), Ac (♦), PrAc (●), and PAc 
(▲). 

As illustrated in Figure 3.2, all of the polyimides considered here are expected to 

rearrange to form the same PBO structure, but the ortho-position groups lost during 

thermal rearrangement have a large effect on the transport properties of the final TR 

polymer (cf., Table 6.1 and Figure 6.3). This effect may be caused by the simultaneous 

loss of ortho-position groups and thermal rearrangement in these polymers. 

Rearrangement forms a highly rigid, possibly-crosslinked structure [15]. These partially 

converted TR polymers also exhibit no measurable Tg before thermal degradation, 

indicating little chain mobility. Therefore, if bulky ortho-position groups are lost and 

chains lack sufficient mobility to reorganize so as to efficiently occupy the space vacated 
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by the leaving group, the free volume and its distribution could potentially be altered, 

which would be expected to influence gas transport properties [18].  

As shown in Figure 6.3 and Table 6.1, the size of the ortho-position group also 

influences the evolution of permeability with conversion. This trend is most noticeable 

when the PBO conversion is below roughly 60%.  The CO2 permeability of the PAc 

sample is roughly 1.5 times the CO2 permeability of the Ac sample in this conversion 

range (cf., Table 6.1). Similar trends are seen for all gases. At the same ortho-position 

conversion, any remaining bulky groups (e.g., pivalate) would likely increase 

permeability more than any remaining acetate groups, as they do in the polyimide 

precursors. 

The PrAc samples exhibit higher permeabilities for all gases than Ac samples for 

conversions less than 60% except for the sample rearranged at 400 ºC. For the PrAc-400 

sample, all gas permeabilities in this study are lower than the Ac-400 sample. The most 

dramatic case is a 30% lower CO2 permeability. This lower permeability is unexpected, 

since the Ac-400 and PAc-400 samples have the same fractional free volume [15]. 

Fractional free volume was calculated assuming that all units that were not converted to 

PBO units retained their original ortho-position group (i.e., the o-pos assumption) [15]. 

The difference in permeability of all gases at 400 ºC for the PrAc and Ac samples may be 

caused by differing amounts of ortho-position conversion. For example, if acetate groups 

were lost more readily than propanoate groups at 400 ºC, the polyimide units present after 

thermal rearrangement may contain more hydroxyl groups (c.f., Figure 3.4). At a given 

density value, a larger fraction of hydroxyl groups would result in a higher calculated 

fractional free volume and could explain the differences in permeability seen between 

these two polymers after rearrangement at 400 ºC. 
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Above 60% conversion to PBO units, the resulting TR polymers formed from 

non-hydroxyl ortho-position polyimides (i.e., Ac, PrAc, PAc) fall onto the same line of 

CO2 permeability as a function of conversion in Figure 6.3. Similar trends are seen for all 

gases. The Ac sample has a lower CO2 permeability than the PrAc and PAc samples, but 

falls on the same trend line. As previously discussed, the Ac sample had a relatively low 

conversion at 450 ºC, and permeability is very sensitive to conversion at these 

rearrangement temperatures, as shown in Figure 6.2A. Therefore, the ortho-position 

group becomes less important as more of these groups are lost and a larger fraction of 

PBO units is formed. The CO2 permeability of these materials at all conversions is much 

higher than the CO2 permeability of the hydroxyl-containing EA sample. The higher 

permeability for all gases of the Ac, PrAc, and PAc samples compared to the EA samples 

at all conversions suggest that bulkier ortho-position groups or a lack of hydrogen 

bonding may lead to increased TR polymer permeability. However, the similar 

permeabilities for all gases at higher conversions for the Ac, PrAc, and PAc samples 

suggests that the size of the ortho-position group may not play as large of a role as 

hydrogen bonding at higher conversions.  

 Pure gas selectivities are listed in Table 6.2 and are shown graphically for 

CO2/CH4 in Figure 6.4. In general, selectivity decreases as thermal rearrangement 

progresses. In fact, it decreases monotonically with conversion for the O2/N2 and CO2/N2 

gas pairs.  However, a maximum in selectivity for gas pairs containing CH4 is observed 

after thermal rearrangement at 350 ºC for all samples, except the one designated as PAc, 

as reported previously for HAB-6FDA-C [14]. This selectivity maximum may arise from 

a more favorable free volume distribution in samples at the maximum in selectivity for 

CO2/CH4 separation. Such a distribution may exist if an average free volume element size 

that inhibits CH4 diffusion was formed after rearrangement at 350 ºC. Table 6.2 shows a 
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similar maximum in N2/CH4 selectivity for all samples except PAc, and no maximums 

are seen for gas pairs not containing CH4, further supporting this hypothesis. The lack of 

a maximum in the PAc sample may be due to a higher initial free volume element size 

arising from these bulky pivalate ortho-position groups [15].  

 

 

Figure 6.4  CO2/CH4
 pure gas selectivity at 10 atm and 35 ºC as a function of TR 

conversion (o-pos assumption) for EA (■), C (○), Ac (♦), PrAc (●), and 
PAc (▲). 

As seen in Figure 6.4, the CO2/CH4 selectivity is roughly 25% higher in the EA 

sample than in the Ac or C samples over the range of 0 to 75% conversion. This result 

suggests a permeability/selectivity tradeoff in these polymers. For polymers with non-

hydroxyl ortho-position groups, selectivity decreases as the ortho-position group size 

increases at conversions less than roughly 60%. However, like the permeability, CO2/CH4 
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selectivity values converge to a similar value of around 20 as conversion increases to 

higher levels in these samples. The hydroxyl-containing EA sample maintains higher 

selectivity and lower permeability at all conversions than the TR polymers from 

polyimides with non-hydroxyl ortho-position groups. These trends are true for all gas 

pairs listed in Table 6.2. Therefore, hydrogen bonding in the precursor polyimide and/or 

the small nature of the leaving group may strongly influence the free volume and its 

distribution in these polymers.  
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Table 6.2  Pure gas selectivity at 10 atm and 35 ºC for HAB-6FDA polyimides and TR 
polymers with various ortho-position functional groups 

  Selectivity 

ortho-Position Group Treatment CO2/CH4 CO2/N2 O2/N2 N2/CH4 

EA - 51 32 6.6 1.6 
EA 350 71 28 6.3 2.5 
EA 400 39 21 5 1.9 
EA 450 28 18 4.5 1.5 
C* - 40 23 5.7 1.8 
C* 350 45 22 5.5 2.1 
C* 400 29 19 4.5 1.5 
C* 450 24 17 4.0 1.4 
Ac - 42 24 5.7 1.8 
Ac 350 50 24 5.6 2.1 
Ac 400 34 20 4.5 1.7 
Ac 450 27 19 4.3 1.4 

PrAc - 25 18 4.9 1.4 
PrAc 350 31 18 4.9 1.8 
PrAc 400 25 17 4.4 1.4 
PrAc 450 19 16 4.0 1.2 
PAc - 18 17 4.8 1.1 
PAc 350 17 15 4.4 1.1 
PAc 400 16 15 4.1 1.1 
PAc 450 19 15 3.9 1.2 

NOTE:  An asterisk (*) denotes data from reference [5]. 

The permeability/selectivity trade-off from adding these non-hydroxyl 

ortho-position groups can be visualized using the Robeson upper bound shown in Figure 

6.5 [19]. For a given sample, the conversion increases from left to right in this figure. All 

of the HAB-6FDA polyimides are well below the 1991 upper bound but move towards 

the upper bound as rearrangement occurs. The EA hydroxyimide shows improvements in 

permeability and selectivity that place it on the 1991 upper bound after rearrangement at 
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350 ºC. However, additional rearrangement for this polymer shows a 

permeability-selectivity trade off similar to that expected by the upper bound, and no 

further overall improvement in transport properties is observed. In contrast, thermal 

rearrangement of the non-hydroxyl Ac, PrAc, and PAc samples results in selectivity 

decreases that are less than those anticipated by the upper bound. Therefore, these 

samples traverse the 1991 upper bound as TR conversion increases. Because of this 

overall increase in transport properties, it may be advantageous to use non-hydroxyl 

ortho-position groups, especially for applications where high permeability is desired. 

 

Figure 6.5  Upper bound plot for EA (■), Ac (♦), PrAc (●), and PAc (▲) [19, 20]. 
Conversion increases within samples from left to right. 

While the upper bound methodology provides a convenient means to assess 

membrane performance, fractional free volume analysis can provide a fundamental 
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interpretation of permeability changes from sample to sample. Figure 6.6 presents CO2 

permeability as a function of the calculated fractional free volume of each polymer using 

the o-pos assumption. CO2 is again used as a representative gas, and all other gases show 

similar trends. The detailed calculation of fractional free volume is reported elsewhere 

[15]. In general, higher free volume results in higher permeability for all samples 

prepared from the same polyimide precursor. However, this trend is not always obeyed 

when comparing samples from different polyimide precursors. The largest difference can 

be seen between the hydroxyl-containing EA samples and the other samples in this study. 

For example, the EA-450 and Ac-450 sample have roughly the same free volume (1/FFV 

= 5 in Figure 6.6) [15], but the CO2 permeability of the Ac-450 sample is 4 times higher 

than that in EA-450. The significant difference in permeability of these samples, despite 

their similar free volume, may be due to differences in free volume distribution. 
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Figure 6.6   CO2 permeability at 10 atm and 35 ºC as a function of 1/FFV for EA (■), Ac 
(♦), PrAc (●), and PAc (▲). The dashed line represents a trend averaged for 
many families of polymers [18]. 

The PAc, PrAc, and PrAc samples that were thermally rearranged at 450 ºC, 

shown in the top left corner of Figure 6.6, have similar FFV and CO2 permeability values 

[15]. Therefore, TR polymers from polyimides with non-hydroxyl ortho-position groups 

may form similar structures as TR conversion increases towards higher amounts of PBO 

units. 
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Chapter 7: Conclusions and Recommendations 

7.1 CONCLUSIONS 

7.1.1 Permeability, Diffusivity, and Solubility of Chemically Imidized HAB-6FDA10 

HAB-6FDA polyimide was synthesized using chemical imidization and was 

successfully thermally rearranged to give various fractions of PBO units by heat 

treatment at 350 and 400ºC for 1 hour and 450ºC for 0.5 hours.  These temperatures gave 

conversions of the polyimide precursor towards its TR polymer analog ranging from 39% 

to 76% as estimated from mass loss.  Thermally rearranged polymers from HAB-6FDA 

have a CO2 permeability more than 30 times higher, at 10 atm and 35ºC, than the 

precursor polyimide after thermal rearrangement at 450ºC for 0.5 hours.  Significant 

increases in permeability were also observed for H2, CH4, N2, and O2; these changes are 

due to increases in both solubility and diffusivity. However, the increase in diffusivity 

was greater than the increase in solubility.  In one example, the diffusivity of the gas 

considered typically increased by approximately an order of magnitude after thermal 

rearrangement while the solubility increased by roughly a factor of two. 

Low degrees of thermal rearrangement increased CO2 permeability and CO2/CH4 

selectivity. However, thermal rearrangement at temperatures higher than 350 ºC began to 

decrease selectivity as permeability increased. These thermally rearranged polymers were 

found to traverse Robeson’s 1991 upper bound and move closer to the 2008 upper bound.  

Thus, thermal rearrangement to form PBO units improved the transport properties of 

                                                 
10 Adapted from Sanders, D.F., Smith, Z.P., Ribeiro, C.P., Guo, R., McGrath, J.E., Paul, D.R., and 
Freeman, B.D., Permeability, diffusivity, and free volume of thermally rearranged polymers based on 3,3'-
dihydroxy-4,4'-diamino-biphenyl (HAB) and 2,2'-bis-(3,4-dicarboxyphenyl) hexafluoropropane 
dianhydride (6FDA). Journal of Membrane Science,2012. 409-410: p. 232-241.; copyright Elsevier. D. F. 
Sanders performed the majority of experiments and wrote and edited the manuscript. Z. P. Smith, R. Guo, 
and C. P. Ribeiro. B. D. Freeman, J. E. McGrath, and D. R. Paul supervised this project and provided 
technical expertise. 
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these polymers and did not simply trade permeability for selectivity as might be expected 

for changes among a family of polymers that simply increased (or decreased) average 

free volume.  Decreases in CO2/CH4 permeability selectivity were due to a decrease in 

both solubility and diffusivity selectivity. For example, the conversion of this chemically 

imidized HAB-6FDA polyimide to the C-TR450 sample caused the CO2/CH4 selectivity 

to decrease by 42%. This decrease was due to a 25% decrease in diffusivity selectivity 

and a 34% decrease in solubility selectivity.  

7.1.2 Effect of Synthesis Route and ortho-Position Functional Group on TR Polymer 
Thermal Rearrangement and Free Volume11 

The properties of HAB-6FDA-based TR polymers vary depending on the ortho-

position groups attached to polyimide precursors. Acetate and propanoate ortho-position 

groups have lower thermal stability than pivalate groups, and polymers with these groups 

begin thermal rearrangement at lower temperatures than those with pivalate or hydroxyl 

groups. Thermal rearrangement largely occurs before the onset of thermal degradation, 

since thermal rearrangement occurs between about 300-450 ºC while degradation begins 

at around 450-500 ºC. By-products from the loss of the ortho-position groups evolve as 

thermal rearrangement occurs, and the observed mass fragments agree with likely ortho-

position degradation products. Density decreases and fractional free volume increases as 

a function of thermal rearrangement in all samples. Free volume increased by 

approximately 4-6% from the PI to the TR450, but exact values could not be determined 

due to uncertainties in the exact structure of partially converted TR polymers. The HAB-

                                                 
11 Adapted from Sanders, D.F., Guo, R., Smith, Z.P., Liu, Q., Stevens, K.A., McGrath, J.E., Paul, D.R., and 
Freeman, B.D., Influence of polyimide precursor synthesis route and ortho-position functional group on 
thermally rearranged polymers: Thermal properties and free volume. In Preparation. D. F. Sanders 
performed the majority of experiments and wrote and edited the manuscript. Z. P. Smith, R. Guo, Q. Liu 
and K. A. Stevens provided experimental assistance. B. D. Freeman, J. E. McGrath, and D. R. Paul 
supervised this project and provided technical expertise. 
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6FDA-Ac and HAB-6FDA-C samples have very similar free volume and thermal 

properties, despite being synthesized by different routes. The synthesis routes used to 

form these materials should, in principle, lead to the same polyimide chemical structure, 

so the chemical structure of the ortho-position functional group apparently has a much 

larger effect on TR polymer properties than the synthesis route used to prepare the 

polyimide precursor. 

7.1.3 Effect of Synthesis Route and ortho-Position Functional Group on TR Polymer 

Pure Gas Permeability and Selectivity12 

A comparison of permeability as a function of conversion for acetate-

functionalized HAB-6FDA polymers synthesized by two different routes showed no 

significant differences in transport properties. Both polymers exhibited significantly 

higher permeabilities than the HAB-6FDA polymer synthesized via thermal imidization.  

Therefore, the polyimide precursor ortho-position group has a larger effect on transport 

properties than the precursor synthesis route. The impact of the ortho-position group is 

consistent with concurrent loss of the group and formation of a rigid, glassy PBO 

structure. The permeability and selectivity of TR polymers formed from precursors with 

various ortho-position groups were also studied. TR polymers with non-hydroxyl ortho-

position functional groups showed higher permeability and lower selectivity as a function 

of conversion than those from hydroxyl-containing polyimides. Decreases in selectivity 

for these non-hydroxyl TR polymers were less than expected based on the trade-off 

relationship of the upper bound line. Non-hydroxyl ortho-position functional groups 

                                                 
12 Adapted from Sanders, D.F., Guo, R., Smith, Z.P., Liu, Q., Stevens, K.A., McGrath, J.E., Paul, D.R., and 
Freeman, B.D., Influence of polyimide precursor synthesis route and ortho-position functional group on 
thermally rearranged polymers: Pure gas permeability and selectivity. In Preparation. D. F. Sanders 
performed the majority of experiments and wrote and edited the manuscript. Z. P. Smith, R. Guo, Q. Liu 
and K. A. Stevens provided experimental assistance. B. D. Freeman, J. E. McGrath, and D. R. Paul 
supervised this project and provided technical expertise. 
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enable a polymer with relatively common transport properties to traverse the 1991 upper 

bound and move towards performance at the current state of the art in membrane 

technology. TR polymers from polyimides with non-hydroxyl ortho-position groups also 

had relatively similar free volumes to those from hydroxyl-containing precursors despite 

having a significantly higher permeability. Therefore, the free volume distribution is 

likely affected by these ortho-position groups. 

 

7.2 RECOMMENDATIONS FOR FUTURE WORK 

7.2.1 Effect of ortho-Position Group on TR Polymer Mixed Gas Transport 
Properties 

The results in this dissertation focused on pure gas transport properties of HAB-

6FDA TR polymers with varying ortho-position group and synthesis route. Based on 

these results, HAB-6FDA polymers with non-hydroxyl ortho-position groups may be of 

interest for applications where high permeability is desired. However, the plasticization 

behavior of these polymers when exposed to highly soluble gases like CO2 has not been 

studied. 

TR polymers with hydroxyl ortho-position groups have shown no indications of 

plasticization in pure gas measurements up to 15 atm CO2 [1]. Under these same 

conditions, the polyimide precursors to TR polymers exhibit significant plasticization. 

For example, the CO2/CH4 mixed gas selectivity of a fluorine-containing polyimide 

decreased from 85 to 58 as CO2 partial pressure increased from 0 to 5 atm [1]. There is 

currently no study, in this dissertation or in the literature that shows the plasticization 

resistance of these TR polymers as a function of conversion. A study of mixed gas 

permeation including components like CO2 would be especially important for polyimides 
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with non-hydroxyl ortho-position groups because complete conversion is typically not 

achieved during thermal rearrangement. Incomplete conversion would result in residual 

imide linkages that may be susceptible to plasticization by CO2 [2-4]. 

Determination of the CO2 plasticization resistance for TR polymers with hydroxyl 

and acetate ortho-position groups as a function of conversion could help to resolve 

whether plasticization resistance comes from PBO formation or chemical crosslinking. 

Thermal rearrangement converts polyimides into PBOs, but this reaction could also occur 

inter-molecularly [5-8]. If plasticization resistance is due to these inter-molecular 

reactions, selectivity may remain fairly stable at low conversions. This stability would be 

essential for the commercial use of TR polymers from polyimides with non-hydroxyl 

ortho-position groups for natural gas purification because full conversion is not achieved 

during rearrangement. 

7.2.2 Effect of ortho-Position Group on TR Polymer Mechanical Properties 

The mechanical properties of TR polymers from polyimides with non-hydroxyl 

ortho-position groups are currently poorly understood. Since this thermal rearrangement 

occurs in the solid state, a significant amount of mass loss occurs in these films. For 

example, roughly 32% of the initial mass would be lost to complete conversion of the 

HAB-6FDA-PAc sample to PBO [5]. In this study, the flexibility of TR polymers from 

hydroxyl, acetate, propanoate, and pivalate groups were qualitatively different, but 

quantitative measurements have not been performed. 

Because the transport properties of TR polymers with non-hydroxyl ortho-

position groups become similar at higher degrees of conversion, an understanding of the 

mechanical properties of these materials may indicate the most promising candidates for 

further study. Elongation at break and tensile strength are the commonly measured 
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mechanical properties for membrane materials and are used as indicators of their ability 

to be handled, fabricated into modules, and for subsequent use [9]. A study of these 

properties as a function of conversion for the ortho-position groups in this dissertation 

could determine if there is a connection between mass loss in the solid state and the 

mechanical properties of the TR polymer.  

7.2.3 Positron Annihilation Lifetime Spectroscopy Study on HAB-6FDA TR 
Polymers with varying ortho-Position Groups 

Chapter 6 presented the effect of non-hydroxyl ortho-position groups on the 

transport properties of partially converted TR polymers. TR polymers formed from 

polyimides containing these groups showed higher permeability and lower selectivity 

than those formed from hydroxyimides [6]. However, the fractional free volume 

calculated from density measurements was not significantly different. This similar free 

volume may indicate a difference in free volume distribution, which can be influenced by 

thermal rearrangement [1, 10]. 

Positron Annihilation Lifetime Spectroscopy (PALS) has been used to determine 

the free volume distribution in a variety of polymers [1, 10-14]. Using this technique, the 

lifetime of o-positronium can be correlated with the size of free volume elements within 

the polymer. The annihilation of o-positronium is tracked using a detector, and the free 

volume distribution within the polymer can be approximated by use of models [14]. 

Using this technique, the average size of free volume elements within the polymer and a 

free volume distribution can be determined. A comparison of the free volume distribution 

between TR polymers from polyimides hydroxyl and non-hydroxyl ortho-position groups 

may help explain the significant differences in permeability despite  their similar average 

free volumes [6].  
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7.2.4 Gas Transport in HAB-6FDA TR Polymers with Bulky, Polar ortho-Position 
Groups 

TR polymers from polyimides with non-hydroxyl ortho-position groups, 

regardless of their size, show similar permeabilities at high conversions to PBO. In 

contrast, TR polymers from hydroxyimides show significantly lower permeability than 

TR polymers with these larger groups. Therefore, the hydrogen bonding in these 

hydroxyimide samples may lead to less permeable TR polymers. 

The study of a polyimide with a non-hydroxyl ortho-position group that can still 

undergo hydrogen bonding would provide additional information on the influence of 

ortho-position group on TR polymer transport properties. Figure 7.1 shows one possible 

ortho-position group with a structure similar to the acetate groups studied in this 

dissertation. The group in Figure 7.1 also includes a hydroxyl group which could allow 

for hydrogen bonding. 

 

Figure 7.1.  Possible ortho-position groups to probe effects of larger groups that promote 
hydrogen bonding 

7.2.5 Gas Transport in Acetate-containing TR Polymers with Varying Backbone Tg 

The rigid, glassy nature of the PBO formed may be a contributing factor in the 

significantly higher permeabilities observed in TR polymers from polyimides with non-

hydroxyl ortho-position groups [5, 6]. If the ortho-position group is lost and the chains do 

not have sufficient mobility to pack efficiently, the free volume distribution could be 

affected. This hypothesis could be verified by adding acetate ortho-position groups to TR 

polymers having significantly lower Tg values than those considered in this study. 
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TR polymers from polyimides with Tgs spanning more than 120 ºC have been 

prepared [15, 16]. Particularly, polyimides with ether linkages have quite low Tgs and 

low thermal rearrangement temperatures. Typically TR polymers from these polyimides 

show permeabilities up to 100 times less than the most permeable TR polymers reported 

[17]. However, no study of these polyimides with non-hydroxyl ortho-position groups 

has been reported in the literature. 

A study of TR polymers from polyimides with relatively low Tg would help to 

determine if the effect of the non-hydroxyl ortho-position groups is diminished by having 

a more mobile, less rigid chain structure. The Tg of the PBO is very likely correlated with 

the Tg of the initial polyimide. If the PBO can undergo some degree of rearrangement in 

the rubbery state, increases in permeability from ortho-position acetate groups may be 

diminished. A range of Tgs should be studied with acetate and hydroxyl functionality to 

determine if the relative increase in permeability from acetate ortho-position group is 

affected by the Tg of the polyimide and PBO. 
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Appendix A: Pure gas permeability as a function of Pressure 

This appendix reports the pure gas permeability as a function of pressure for each 

polymer studied in this dissertation. The trends in these plots are discussed in detail in 

Chapter 6. 
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Figure A.1  Pure gas permeability of the HAB-6FDA-EA polyimide as a function of 
pressure. 
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Figure A.2  Pure gas permeability of HAB-6FDA-EA-TR350 as a function of pressure. 
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Figure A.3  Pure gas permeability of HAB-6FDA-EA-TR400 as a function of pressure. 
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Figure A.4  Pure gas permeability of HAB-6FDA-EA-TR450 as a function of pressure. 
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Figure A.5  Pure gas permeability of the HAB-6FDA-Ac polyimide as a function of 
pressure. 
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Figure A.6  Pure gas permeability of HAB-6FDA-Ac-TR350 as a function of pressure . 
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Figure A.7  Pure gas permeability of HAB-6FDA-Ac-TR400 as a function of pressure. 
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Figure A.8  Pure gas permeability of HAB-6FDA-Ac-TR450 as a function of pressure. 
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Figure A.9  Pure gas permeability of the HAB-6FDA-PrAc polyimide as a function of 
pressure. 
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Figure A.10  Pure gas permeability of HAB-6FDA-PrAc-TR350 as a function of 
pressure. 
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Figure A.11  Pure gas permeability of HAB-6FDA-PrAc-TR400 as a function of 
pressure. 
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Figure A.12  Pure gas permeability of HAB-6FDA-PrAc-TR450 as a function of 
pressure. 
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Figure A.13  Pure gas permeability of HAB-6FDA-PAc polyimide as a function of 
pressure. 
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Figure A.14  Pure gas permeability of HAB-6FDA-PAc-TR350 as a function of 
pressure. 
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Figure A.15  Pure gas permeability of HAB-6FDA-PAc-TR400 as a function of 
pressure. 
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Figure A.16  Pure gas permeability of HAB-6FDA-PAc-TR450 as a function of 
pressure. 
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