
 

 

Melt Processable Poly(acrylonitrile)-based Precursors 

for Carbon Fiber Production and Advanced Polymeric 

Membranes for Gas Separation and Water Electrolysis 

Applications 
 

 

Gregory C. Miller, Jr.  

 

Dissertation submitted to the Faculty of the Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

 

 Doctor of Philosophy 

in 

Macromolecular Science and Engineering 

 

Judy S. Riffle, Chair 

Robert Moore 

S. Richard Turner 

Richey M. Davis 

Sue Mecham 

 

 

May 1, 2017 

Blacksburg, Virginia 

 

Keywords: Carbon Fiber, Melt-processing, Polyacrylonitrile, Gas separation, Water Electrolysis  

Copyright 2017: Gregory C. Miller, Jr. 



 

 

Abstract 

 

An effort concerned with the feasibility of achieving melt-processable 

polyacrylonitrile copolymer system precursors for producing high modulus 

carbon fibers is detailed. High molecular weight poly(acrylonitrile-ran-methyl 

acrylate) (PAN-MA) copolymer with high acrylonitrile content were mixed with 

various water containing binary melting point modifiers to produce systems that 

formed stable melts at temperatures below the temperature corresponding to the 

onset of PAN-MA crosslinking. The structure of the copolymer was found to be 

96.5 ± 0.13 mole % acrylonitrile and 4.40 ± 0.13 mole % methyl acrylate by 1H-

NMR with an Mw = 238 kDa and dispersity of 1.9 determined by size exclusion 

chromatography. A reduction in the Tm of the copolymer of 200°C was 

established for a copolymer/melting point modifier system containing copolymer 

mixed with water and acetonitrile with the following composition: PAN-

MA/ACN/H2O 55/25/20 wt:wt:wt. This corresponds to the greatest reduction in 

a PAN-based copolymer melting temperature yet reported. From isothermal DSC 

and pressurized capillary rheometry experiments it was found that the stability 

of the resulting melts shows a strong temperature dependence, but does not 

show a strong dependence on shear rate. Copolymer mixtures with H2O and 

acetonitrile or H2O and adiponitrile were found to be suitable for melt-extrusion 

at 170°C with viscosities ranging from 1800-2000 Pa*s with stabilities ≥ 1 hour. 

The modification of membranes to improve gas separation properties is of 

considerable interest.  Crosslinking is one route to modify membranes, but the 



 

 

resulting effects on thin membranes have yet to be investigated to understand 

the impact of such modification at thicknesses that are relevant to industrial 

membranes.  In this study, the influences of UV irradiation and physical aging 

on O2 and N2 gas permeation properties of thin (~ 150 nm) glassy poly(arylene 

ether ketone) (PAEK) films at 35°C and 2 atm were investigated.  Thin PAEK films 

prepared from tetramethyl bisphenol A and 4,4'-difluorobenzophenone were UV 

irradiated on both sides in air or N2 at wavelengths of 254 nm or 365 nm. This 

induced crosslinking and, in some cases, photooxidation.  Gas permeability 

decreased and O2/N2 selectivity increased as UV irradiation and aging time were 

increased.  At 254 nm, samples irradiated in air had lower permeability 

coefficients and higher selectivities than samples irradiated in N2, and this was 

ascribed to additional decreases in free volume due to photooxidation in air-

irradiated samples.  Additionally, air-irradiated samples at 254 nm exhibited less 

physical aging than non-crosslinked and N2-irradiated samples at 254 nm, 

possibly due to interactions among photooxidative polar products that may 

restrict polymer chain mobility, thereby lowering the aging rate.  The influence 

of water vapor on physical aging of air-irradiated samples was examined.  Finally, 

irradiation at 254 nm leads to more extensive crosslinking and/or 

photooxidation than irradiation at 365 nm, possibly due to greater UV absorption 

by the polymer and the higher probability of radical formation at the lower 

wavelength. 

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) is utilized for gas separation 

membranes. It has a relatively high free volume with high gas permeabilities but 



 

 

suffers from low selectivities. PPO polymers with Mn’s from 2000-22,000 g/mole 

were synthesized and blended with a poly(arylene ether ketone) derived from 

bisphenol A and difluorobenzophenone (BPA-PAEK). DSC showed that the 

blends with all but the lowest molecular weight PPO had two Tgs, thus suggesting 

that two phases were present. The ketone carbon and benzylic methyl groups on 

the BPA-PAEK and the PPO polymers crosslinked upon exposure to UV light. The 

gel fractions after UV exposure were high and the tensile properties were similar 

to the PPO control polymer that is currently used as a gas separation membrane. 

The crosslinked blends had improved gas selectivities over their linear 

counterparts. The 90/10 wt/wt 22k PPO/BPA PAEK crosslinked blends gained 

the most O2/N2 selectivity and maintained a high permeability. 

Two series of high molecular weight disulfonated poly(arylene ether 

sulfone) random copolymers were synthesized as proton exchange membranes 

for high temperature water electrolyzers. These copolymers differed based on the 

position of the ether bonds on the aromatic rings. One series was comprised of 

fully para-substituted hydroquinone comonomer and the other series 

incorporated 25 mole % of a meta-substituted comonomer, resorcinol, and 75 

mole % hydroquinone. The influence of the substitution position on water uptake 

and electrochemical properties of the membranes were investigated and 

compared to the state-of-the-art membrane, Nafion. Mechanical properties of 

the membranes were measured for the first time in fully hydrated conditions at 

room and elevated temperatures. While submerged in water, these hydrocarbon-

based copolymers had moduli an order of magnitude higher than Nafion 



 

 

membrane. Selected copolymers of each series showed dramatically increased 

proton conductivity at elevated temperature and fully hydrated conditions while 

their H2 gas permeabilities were well controlled over a wide range of 

temperatures. These improved properties were attributed to the high glass 

transition temperature of poly(arylene ether sulfone)s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

General Audience Abstract 

 

In this work, the author is attempting to create precursor material for 

carbon fiber that is melt-processable. Currently, carbon fibers are produced from 

precursor fibers which were spun from organic solvent solutions. This method is 

more expensive and less environmentally friendly than producing the precursor 

fibers from the melt. The precursor polymer has a tendency to crosslink and 

degrade at temperatures that are less than its melting point, thus preventing is 

from being melt-processed. By creating formulations with the precursor polymer 

and various modifiers, the author was able to produce materials that could be 

melted without significant degradation and could therefore potentially be used 

to melt-process carbon fiber precursor fibers.  
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Chapter 1: Introduction 
 

1.1 Polyacrylonitrile  
 
Polyacrylonitrile (PAN) is a homopolymer of 2-propenenitrile repeating 

units. It is produced commercially as a copolymer with various comonomers 

including styrene, butadiene, methyl acrylate and vinyl acetate. Polyacrylonitrile 

is produced for many different applications including carbon fiber precursors 

and acrylic textiles.  

1.2 Acrylonitrile Synthesis  
 

Acrylonitrile is mainly used for the production of polyacrylonitrile for 

acrylic fiber production, but it is also used for the synthesis of acrylamide, 

adiponitrile and in high performance plastic resins like ABS (acrylonitrile-

butadiene-styrene) and SAN (styrene-acrylonitrile). Acrylonitrile is commercially 

synthesized via a route developed by Shio known as propylene ammoxidation, in 

which propylene and ammonia are reacted in stoichiometric amounts in an 

oxygen-rich environment (Figure 1.1).1  Acrylonitrile can also be synthesized 

from propylene or acetylene with nitric oxide in lieu of air.2 

 

Figure 1.1. Propylene ammoxidation route to synthesize acrylonitrile. 
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1.3 Polyacrylonitrile chain morphology  
 

Polyacrylonitrile (PAN) has highly polar pendant nitrile groups along its 

backbone.  The highly polar nature of nitrile groups as well as their close 

proximity in space along a PAN chain, lead to large intramolecular dipolar and 

steric repulsions. If these repulsive forces were not present, the chain would 

most likely form a zigzag configuration, but the repulsion along the chain forces 

a “violent” kinking and twisting of the molecule.  Even for a stereoregular polymer 

the distortion takes on a random nature, as the twisting is sometimes clockwise 

and other times counterclockwise.  Primary valence bonds along the chain serve 

to restrain the strong repulsive forces, and a stiff, internally braced structure 

results. Therefore, PAN adopts a symmetrical rod-like structure with a diameter 

~6 Å. The randomly kinked molecule has no regular longitudinal repeat distance, 

which is why it has no off-equatorial x-ray diffraction. The rigid rods pack 

laterally into a hexagonal pattern, which is the origin of its 5.2 Å equatorial 

diffraction.  There is a contraction along the chain axis relative to the normal 

length of an extended zigzag chain that is due to the kinking effect. This leads to 

a higher density  (=1.17-1.22) than would be estimated for a polymer with 

hexagonal lateral packing and 2.54 Å longitudinal repeat distance (=1.13).3-6  

Polyacrylonitrile is highly crystalline, up to 42%, and has a relatively high 

crystalline melting point of at least 317°C.5, 7 PAN tends to degrade via cyclization 

and crosslinking reactions at a temperature range of 200-300°C, prior to 

reaching the melting temperature.8-12  Polyacrylonitrile is insoluble in most 
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common solvents including water, acetonitrile, and even its own monomer, 

acrylonitrile. PAN can be dissolved in polar aprotic solvents such as DMSO, DMF, 

and DMAc and in some inorganic salt solutions such as aqueous zinc chloride 

solution and sodium thiocyanate solution.13  

1.4 Polyacrylonitrile copolymers 
 
Polyacrylonitrile is generally copolymerized with comonomers which act as 

internal plasticizers by increasing the distance between pendant nitrile groups, 

therefore disrupting the polar repulsion.14-19 Comonomers can improve the 

solubility of PAN in solvents and lower the melting point, which help enable the 

melt-processing of the resulting polymer.13 Comonomers also have the effect of 

enhancing the segmental mobility of the polymer chains which can result in 

better orientation during carbon fiber stabilization processes.20 

Many applications exist for acrylonitrile based copolymers which range 

from lower end applications such as acrylic textile fibers, poly(styrene-co-

acrylonitrile) plastics, poly(acrylonitrile-butadiene-styrene) rubber to higher end 

applications such as water and gas separation membranes and carbon fiber 

precursors.21  Acrylonitrile based copolymers have attractive and tunable 

properties such as rigidity, chemical resistance, and gas barrier properties that 

lend to their versatility in applicable end uses. 

As a film, polyacrylonitrile provides excellent barrier properties towards 

oxygen and carbon dioxide, presumably due to the high crystallinity provided by 

packing of the chains due to favorable interchain nitrile dipole-dipole 
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interactions. The high polarity of the polymer also gives the films high water 

vapor uptake. Copolymers of acrylonitrile and vinylidene chloride are used to 

make high barrier films, and laminates are used in food containers to provide 

barrier resistance to oxygen.22 Acrylonitrile copolymers with 2-

dimethylaminoethyl methacrylate are being explored for potential biomedical 

applications such as ultrafiltration dialysis membranes and adsorbent 

coatings.23  

1.5 Polyacrylonitrile copolymer synthesis 
 
PAN-based copolymers are synthesized via free radical routes, generally 

through solution, bulk, emulsion, or suspension polymerizations.24 The 

polymerization of acrylonitrile differs characteristically from other vinyl 

polymerizations. The monomer is soluble in most organic solvents and water. 

However, the polymer is insoluble in most common organic solvents, in water, 

and in its monomer.  The polymerizations often become heterogeneous, even at 

fairly low conversions and monomer concentrations, and the borders between 

emulsion and suspension polymerization are not sharp.19 When these 

heterogeneous polymerization techniques are employed, the kinetics quickly 

show autoacceleration behavior if an insufficient amount of surfactant is utilized. 

Among the PAN synthesis literature, there is not a clear consensus in the use of 

the terms solution polymerization, dispersion polymerization, and precipitation 

polymerization, particularly in aqueous systems.19   Because the monomer is 

water soluble and the polymer is water insoluble, some of the differences among 

solution, suspension, and emulsion polymerization of PAN are not easily 
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distinguishable.  The kinetics differ strongly from those that are expected for 

normal suspension and emulsion polymerizations.19  

1.6 Polyacrylonitrile based fibers 
 

 The initial commercial development and marketing of polyacrylonitrile was 

under the tradename Orlon beginning in 1941 by DuPont. Fibers of 

polyacrylonitrile were first reported in 1938.  Commercial production of acrylic 

fibers did not begin until 1955, and the delay in large scale fiber production is 

attributed to the lack of suitable solvents for wet/dry spinning. The commercial 

viability of acrylic fibers really became apparent with the copolymerization of 

acrylonitrile with vinyl acetate and methyl acrylate, with the fibers being solution 

spun from N,N-dimethylformamide (DMF).25  

 Fibers based on polyacrylonitrile copolymers fall into two categories: 

acrylic and modacrylic fibers where acrylic fibers are defined as containing ≥ 85 

wt% acrylonitrile and modacrylic fibers contain between 35 and 85 wt% 

acrylonitrile.  For PAN-based high performance carbon fibers, acrylic fibers are 

necessary.  Acrylic fibers are the major application of polyacrylonitrile, and the 

main comonomers used in commercial acrylic fibers are listed in Table 1-1.26 

   Table 1-1. TYPICAL COMONOMERS FOUND IN COMMERCIAL ACRYLIC FIBERS. 

Neutral Comonomer Ionic or Acid Comonomer 

Methyl Acrylate Sodium styrene sulfonate 

Vinyl acetate Sodium methallyl sulfonate 

Methyl methacrylate Sodium 2-methyl-2-acryamidopropane 

Acrylamide Itaconic acid 
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 Modacrylic fibers often contain comonomers such that the resulting fiber 

has flame retardant or acid-dyeable characteristics. Flame retardant modacrylic 

fibers generally contain an unsaturated halogen compound like vinyl chloride, 

vinylidene chloride, or vinyl bromide. These fibers are produced commercially via 

a wet-spinning process.26 

 The final end-use properties that can be obtained from acrylic fibers 

depend on a number of parameters, but molecular weight is one of the most 

important parameters. Textile grade acrylic fibers require polymers with 

molecular weights in the range of 90,000-170,000 g/mol.25 The molecular weight 

and molecular weight distribution are affected by many variables such as 

initiator type and concentration, comonomer type and concentration, surfactant 

type and concentration, polymerization temperature and time.25 Initiating 

systems such as potassium persulfate combined with sodium metabisulfite are 

inexpensive, and when used in low concentrations allow for ideal placement of 

some comonomers such as sulfates or sulfonates which are used for dyeability.27 

1.7 Carbon Fibers 
 

 Carbon is known to have a number of different distinct molecular or 

crystalline forms, known as allotropes, and these allotropes have distinct 

properties arising from their unique structure. Some examples of carbon 

allotropes include diamond, graphite, graphene, and fullerenes. Other forms of 

carbon include pyrolytic graphite, glass-like carbon, graphite whiskers, vapor-

grown carbon fibers, catalytic chemical vapor-deposited filaments, carbon black, 
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charcoal, coal, coke, soot, carbon nanotubes, and carbon fibers.24, 28-32 Graphite 

is a layered structure in which hexagonally arranged carbon atoms are bonded 

in a planar condensed ring system with bond lengths of 0.1415 nm. The sp2 

hybridized atoms of graphite can participate in coplanar and interplanar 

bonding, and the layers of graphite are weakly bonded through van der Waal’s 

interactions.24  

 The first documented use of carbon fibers was in the carbonization of 

cotton and bamboo fibers which were used for filaments in incandescent 

lamps.24 Thomas Edison used carbon fiber filaments in his incandescent light 

bulb experiments as early as 1879, and the use of carbon fibers as filament 

materials for electric lamps was patented by Edison.33  Although incandescent 

bulb filaments were upgraded to tungsten, Edison’s use of carbon fibers 

introduced the scientific community to these magnificent materials and paved 

the way for carbon fibers’ use in fields ranging from transportation (including 

automotive and aerospace), building construction, marine, electrical and 

thermal insulation, and other industrial products.24  

 The practical use of carbon fibers as reinforcement materials began in the 

1960s. Union Carbide began exploring the use of rayon and polyacrylonitrile for 

precursors to carbon fibers and developed high-strength (rayon) and high-

modulus (PAN) carbon fibers in 1959 and 1962, respectively.  Many other carbon 

fiber precursor materials have been explored since Union Carbide’s initial 

investigations including pitch, polyesters, polyamides, polyvinyl alcohol, 

polyvinylidene chloride, poly-p-phenylene, and phenolic resins.34 
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 Carbon fibers are classified based on the fiber structure and degree of 

crystallite orientation as ultrahigh-modulus (UHM), high-modulus (HM), 

intermediate modulus (IM), high-tensile-strength (HT), and isotropic carbon 

fibers, which are summarized in Table 1-2.24 The UHM and HM carbon fibers are 

highly graphitized and are known to have high moduli, where UHM moduli are 

greater than 500 GPa, and HM moduli are greater than 300 GPa, and both have 

a strength-to-modulus ratio of less than 1%.  The IM and HT carbon fibers have 

high strength and low modulus because they have undergone lower temperature 

heat treatments. The IM carbon fiber moduli are up to 300 GPa and their 

strength-to-modulus ratio is greater than 1 x 10-2. The HT carbon fibers have 

moduli greater than 3 GPa and have a strength-to-modulus ratio lying between 

1.5-2 x 10-2.24     

Table 1-2. CLASSIFICATION OF CARBON FIBERS. 

 

Carbon Fiber Type
Heat Treatment

 temp. (°C)

Crystallite

 orientation

Long-range

order
Abbreviation

Type I high modulus >2,000
Mainly parallel to the

fiber axis
High

UHM

HM

Type II high strength ~1,500
Mainly parallel to the

fiber axis
Low

IM

HT

Type III isotropic <1,000 Random Very Low Isotropic
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 Carbon fibers may be short or continuous, and the structure may be 

crystalline, amorphous, or semi-crystalline. The atomic structure of carbon 

fibers is similar to graphite with a distance between layer planes of 3.35 Å and 

layers arranged in regular hexagonal patterns. The structure of the crystalline 

microdomains consists of sp2 hybridized carbon atoms arranged two-

dimensionally in a honeycomb structure, as is pictured in Figure 1.2. The 

Figure 1.2. Structure of the crystalline microdomains of carbon fibers. (Figure used 

with permission from Springer). 

 

 graphite layer consists of carbon atoms which are bonded both covalently from 

the overlap of the sp2 hybridized orbitals and through metallic bonds arising 

from delocalization of π electrons. The excellent electrical and thermal 

conductivity of graphite are credited to the delocalization in the x-y plane.24 

However, the primary structural unit of most carbon fibers is a stack of 

turbostratic layers. In this structure, the distance between parallel graphene 

sheets is greater than in graphite. These turbostratic layers can be irregularly 

split, tilted, twisted, folded, and conjoined to form microdomains. The structure 
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of the turbostratic layers is shown in Figure 1.3. The structure of carbon fibers 

is  

Figure 1.3. Structure of turbostratic carbon. (Figure used with permission from 

Springer). 

 

not homogeneous, and involves a combination of crystalline, graphitic, and 

turbostratic domains. An illustration of what the combination of these structural 

units may look like is shown in Figure 1.4.24, 35  

Figure 1.4. Combination of structural microdomains of carbon fiber: A skin region; B 

core region; C a hairpin defect; and D a wedge disclination. (Figure used with permission from 
Springer). 
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1.8 Carbon Fiber Production 
 

 Carbon fibers are produced from precursor fibers by a combination of 

heating and stretching treatments which vary depending on the precursor 

material. Generally, carbon fibers are produced by subjecting a stabilized fiber 

of the precursor material to controlled pyrolysis in a multi-step process.  In the 

first step, the precursor fibers are stabilized and stretched in the temperature 

range of 200-400°C.  Next, in the carbonization process, non-carbon elements 

are removed by subjecting the stabilized fiber to temperatures ranging from 

800-1,600°C, in an oxygen free environment. The final step, known as 

graphitization, involves heating the fibers up to 3000°C while stretching at 50-

100% elongation in an argon environment.  The graphitization step ensures the 

preferred crystalline orientation, and results in fibers with higher moduli than 

carbonized fibers. A structural model of carbon fibers during the graphitization 

process in shown in Figure 1.5. Finally, the resulting carbon fibers are 

subjected to surface treatments which help to enhance their adhesion to 

composite matrices.36-41  
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Figure 1.5. Structural model of carbon fibers during graphitization. (Figure used with 

permission from Springer). 

 

1.9 PAN-based Carbon Fiber  

 
PAN-based polymers are the optimum precursors for carbon fiber 

production because of the carbon yield, as well as the tensile and compressive 

properties. The PAN fibers are produced using a solution spinning technique like 

wet spinning, then subjected to stabilization which produces a flameproof fiber 

that is stable at high temperatures and can therefore be further transformed 

through carbonization and graphitization. The typical scheme for the preparation 

of PAN precursor-based carbon is shown in Figure 1.6.24 The  

Figure 1.6. Schematic of the process to produce PAN-based carbon fibers. (Figure used 
with permission from Springer). 
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thermal stabilization step of PAN-based precursors can require several hours, 

depending on the temperature and precursor diameter. Conditions such as 

heating rate, time, and temperature are optimized for each precursor. The 

stretching of PAN fibers during the stabilization step of carbon fiber production 

is in a direction parallel to the fiber axis, and a transformation from a linear 

molecule into a ladder polymer is observed. The mechanism of the cyclization 

process is a matter of some controversy within the literature, but the most widely 

accepted reaction mechanism is shown in Figure 1.7.11, 42 The carbonization and 

graphitization steps to produce PAN-based carbon fibers are carried out in 

nitrogen or argon rich inert atmospheres. Argon can be up to eight times more 

expensive than nitrogen, but is used because the resulting carbon fiber has 

improved mechanical strength because of the higher density  

  

Figure 1.7. Mechanism for the cyclization of PAN to form a ladder structure during 
thermal stabilization in carbon fiber production. 

 

and viscosity of the gas.43 The temperature used for carbonization is determined 

based on the type of application for the carbon fiber. For high strength 

applications, a temperature of 1,500-1,600°C is preferred as a decrease in tensile 

strength is observed for fibers produced at temperatures greater than 1,600°C.42  

In contrast, for high modulus applications, an additional graphitization heat 

treatment is required with temperatures up to 3,000°C. Nitrogen reacts with 
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carbon to form cyanogen at temperatures above 2,000°C, and therefore 

graphitization is generally conducted in an Argon rich environment.24 The 

scheme for the graphite structure production is shown in Figure 1.8.  

PAN-based polymer precursors for carbon fibers fall into two general 

categories: pure homopolymer and copolymers, and copolymers are widely 

preferred in commercial production. Homopolymer PAN is too difficult to process 

due to sudden and rapid heat evolution during the initial stabilization step which 

makes the process hard to control.24 Comonomers  

Figure 1.8. Scheme of the graphite structure development during carbon fiber 
production from PAN-based precursor materials. (Figure used with permission from Springer). 

 

enhance the segmental mobility of the polymer chain which can result in better 

orientation and mobility during the stabilization step which ultimately provides 
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better mechanical properties for the carbon fiber. Some comonomers that have 

been used with AN for carbon fiber precursor material include vinyl acetate (VAc), 

methyl acrylate (MA), and methyl methacrylate (MMA), but PAN-VAc may not be 

appropriate as a carbon fiber precursor.44-47 Comonomers can function as 

internal plasticizers, spacing out nitrile groups along the polymer chain, and 

making the polymer more readily soluble in spinning solvents.45  A nearly 

exhaustive list of comonomers that have been used for PAN-based carbon fiber 

precursor materials is shown in Table 1-3.24 

Table 1-3. Comonomers used in PAN-based carbon fiber precursors.24 

Class Comonomer Structure 

Acids 

Acrylic acid 

 

 
 

Itaconic acid 

 

 
 

Methacrylic acid  
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Acrylates/Acetates 

Methyl acrylate 

 
 

Ethyl acrylate 

 

Butyl acrylate 

 

 
 

Propyl methacrylate  
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Butyl methacrylate 

 

 
 

-Hydroxyethyl 
methacrylate 

 
 

Dimethylaminoethyl 
methacrylate 
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2-Ethylhexylacrylate 

 
 

Vinyl acetate 

 
 

Vinyl propionate 

 

 
 

Acrylamides Acrylamide 
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Diacetone  
acrylamide 

 
 

N-methylolacrylamide 

 

 
 

Vinyl halides 

Allyl chloride 

 

 
 

Vinyl bromide 

 

 
 

Vinyl chloride 

 

 
 

Vinylidene chloride  

 

 
 

Sodium salts of 
sulfonic acids 

Sodium vinyl sulfonate 
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Sodium p-styrene  
sulfonate 

  

Sodium methallyl  
sulfonate 

 

 

Sodium-2-acrylamido-2- 
methyl propane sulfonate 

 
 

Others Methacrylonitrile 
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2(1-Hydroxylalkyl) 
 acrylonitrile or acrylic 

acid 

  

Allyl alcohol 

 

 
 

Methallyl alcohol 

 

 
 

1-Vinyl-2-pyrollidone 

  

4-Vinylpyridine 

  

2-Methylene  
glutaronitrile 

 

 
 

 

1.10 Pitch-based Carbon Fiber 
  

 Pitch is a complex blend of polyaromatic molecules and heterocyclic 

compounds, and can contain over 80% carbon. Pitch can be obtained from a 

number of sources including petroleum refining, called bitumen or asphalt, 
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destructive distillation of coal, natural asphalt, and from the pyrolysis of PVC. 

The exact composition of pitch can vary quite a bit depending on the source of 

the tar and processing conditions.24, 48 Natural pitches, from petroleum and coal 

sources, are the most common pitches used in the production of carbon fibers, 

but synthetic pitches, from pyrolysis of synthetic polymers, are also used.49  In 

general, pitch can be considered to be composed of the following chemical 

compounds:50  

1. Low molecular weight saturated aliphatic compounds 

2. Low molecular weight aromatics and saturated ring structures  

3. Polar aromatics: Higher molecular weight and primarily heterocyclic 

aromatics 

4. Asphaltenes: Higher molecular weight fractions containing the most 

aromaticity and these may be the most thermally stable  

Asphaltene-rich pitch tends to be the most suitable for carbon fiber 

production. Table 1-4 lists many of the aromatic components commonly 

found in natural pitch.24 

As a precursor to carbon fiber, pitch has the advantage of low material 

cost, high yield, and a higher degree of orientation relative to PAN.51 Pitch-

based carbon fibers can have higher elastic moduli and higher thermal and 

electrical conductivity along the fiber direction, but the processing cost to 

achieve high-performance carbon fibers is higher.52 Pitch from coal tar or 

petroleum sources is isotropic, and can be spun into low-cost, low modulus,  
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and low strength carbon fibers after the low molecular weight fractions are 

evaporated.  High performance pitch-based carbon fibers must be made from 

anisotropic mesophase pitch. Mesophase pitch is formed either by thermally 

polymerizing petroleum or coal-tar pitches, or by the catalytic polymerization of 

pure compounds such as naphthalene.  An intermediate phase forms between   

400-550°C, and this eventually becomes domains of highly parallel, plate-like 

molecules.53, 54 

 The production of carbon fibers from pitch-based precursors involves 

several stages, similar to production from PAN-based precursors.  In the first 

step, precursor fibers are melt-spun by extrusion through a spinneret and then 

the fibers are drawn as they cool. An appropriate spinning temperature must be 

implemented, which varies depending on the composition of the pitch.54 Next, 

the fibers must be stabilized in a manner that is analogous to the process used 

for PAN-based precursor fibers. This is generally done between 250-350°C in air, 

but the temperature must be below the softening point of the fiber in order to 

maintain the oriented structure. Finally, the stabilized fibers are carbonized and 

graphitized. Carbonization takes place at 1,500-1,800°C and graphitization is 

done at temperatures close to 3,000°C to enhance the modulus.24 
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Table 1-4. Aromatic hydrocarbons commonly found in natural pitch. 

 

1.11 Melt Processable PAN 

It is desirable to melt-process PAN-containing copolymers to produce 

carbon fiber precursors because of the lower costs as well as the higher quality 

of fibers produced. PAN begins to crosslink, cyclize, and degrade between 200-

300°C, but does not melt until ~317°C.10 An active area of research involves 

developing melt-processable PAN by lowering the temperature of melting by 

addition of either internal or external plasticizers.18 A plasticizer is defined as a 



25 

 

polymeric additive which has the effect of lowering the glass transition 

temperature, Tg, by increasing the free-volume of the polymer, generally within 

the amorphous regimes.12 In general, when a plasticizing agent is introduced to 

a semicrystalline polymeric system, it will lower the Tg of the polymer, and 

subsequent heating results in a lower melting temperature relative to the pure 

polymer.55  The following equation describes this behavior,  

1

𝑇𝑚
−

1

𝑇𝑚
0 =

𝑅

∆𝐻𝑓
𝑥 ′((1 − 𝜙2 ) − 𝜒𝑐)(1 − 𝜙2 )2)  (1.1) 

where Tm and Tm0 are the experimental and equilibrium melting temperatures, 

respectively; Hf = heat of fusion/ mole of repeat unit; x’ = ratio of partial molar 

volumes of the polymer repeating unit to the diluent; ϕ2 = the volume fraction of 

polymer in the mixture; c = the Flory-Huggins interaction parameter; and R is 

the universal gas constant. This can be physically described by the increase in 

entropy due to the presence of the plasticizing agent.55  

1.11.1 Internal Plasticization of PAN to Depress the Melting 
Temperature 

 

 Internal plasticization of PAN is primarily realized by incorporation of a 

second or third comonomer during polymerization which acts to disrupt long 

range order along the chain.56  McGrath et al. reported a melt-processable PAN-

MA copolymer, but found that no polymer flow could be achieved until at least 

10% comonomer was incorporated.14, 15  Ogale et al.57 have reported a melt-

processable carbon fiber precursor based on a terpolymer of acrylonitrile, methyl 
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acrylate, and acryloyl benzophenone. However, the precursor has to be stabilized 

with UV light, which only achieves ~65% gel fraction and adds an additional cost 

to production. Other approaches have been the incorporation of methacrylic acid 

and itaconic acid, with some success.58  The approach of incorporating internal 

plasticizers into PAN to render it melt-processable is still an active research field, 

but many efforts have found that the high comonomer percentages that are 

needed tend to make a fiber which softens or fuses during the stabilization step, 

which is undesirable.  

    A series of high acrylonitrile containing copolymers were developed in the 

1990’s by British Petroleum which the authors claimed could be made melt-

processed by using a starved monomer feed strategy during polymerization.59, 60 

Although the resulting polymers were made melt-processable by the 

manipulation of the comonomer incorporation, the rate of extrusion was too slow 

for cost effective commercial viability. 

 

1.11.2 External Plasticization of PAN for Melting Temperature 
Depression 

 
 

 Another approach towards melt-processable PAN-based carbon fibers is 

external plasticization which is realized by incorporation of small molecule 

plasticizing additives, usually with a PAN-copolymer such as PAN-MA.18 These 

plasticizers tend to disrupt the strong polar interactions between nitrile groups 

along the polymer chain, thus lowering the glass transition and melting 
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temperatures of the polymer.61 The choice of additive is based on ease of removal 

from the spun fibers, toxicity, boiling point, and flash point, all of which can 

contribute to the overall cost of fiber production as well as to the quality of the 

resulting fibers.  

 Coxe62 first reported using water as a melting point depressant with PAN 

in 1952, but his attempts were never commercialized due to an apparent foaming 

problem with the extruded fibers. Coxe’s method was improved upon by 

Porosoff,63 who developed a pressurized chamber for the melt-spinning 

apparatus, but the resulting fibers were found to contain voids. Min et al.  found 

that a maximum melting point reduction of PAN copolymers with water was 

achieved at 23 wt% water. The results showing the melting temperature from 

DSC with various water percentages is shown in Figure 1.9. The authors found 

that when excess water was added (>27 wt%), foaming of the melt-extruded fibers 

occurred.  

Figure 1.9. Melting point reduction of PAN copolymer with various wt. percentages of 

water.  
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 Min et al. found that by incorporating ethylene carbonate in addition to 

~23% water, a greater reduction in melting point of PAN copolymers could be 

achieved.61  Bashir5, 6, 64 has reported that melt extrusion of PAN copolymers 

without the use of a pressure chamber could be achieved by incorporation of 

propylene carbonate as a plasticizing melting point reducing agent. However, the 

resulting fibers lacked the chain orientation necessary for good mechanical 

properties in the resulting carbon fiber.  

Min65 et al. reported that by incorporation of DMF in addition to ~23 wt% 

water into PAN-copolymers, a very attractive reduction in melting point could be 

achieved. Figure 1.10 shows the DSC thermograms of a PAN-copolymer  

Figure 1.10. DSC thermograms of PAN copolymer mixed with 23 wt% water and 

various percentages of DMF. 
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mixed with 23 wt% water and various percentages of DMF. One of the more 

effective melting point depression agents is acetonitrile, and much effort has 

been spent towards melt-spinnable PAN copolymers mixed with water and 

acetonitrile. However, there are concerns with the toxicity of acetonitrile as well 

as the fairly low flash point.66-68 Recent efforts to incorporate melting point 

depressing agents have included the use of ionic liquids56, 69, γ-butyrolactone70, 

and an oligomer of AN and methyl-2-(1H-imidazol-1-yl) acrylate18 with varying 

degrees of success.  

1.12 Summary and Conclusions 

 
In summary, carbon fibers are integral reinforcing agents for composites that 

find application with high performance demands. At present, carbon fibers are 

relatively expensive materials, and much of the cost is driven by the high 

processing costs associated with solution spinning of PAN-based precursor 

fibers.  One approach to reducing the cost of carbon fibers is to devise a scheme 

to melt process the precursor fiber, which often involves reducing the Tm of the 

PAN copolymer and subverting the crosslinking side reactions that the copolymer 

undergoes between 200-300°C.  
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2.1 Introduction 

 
Polyacrylonitrile (PAN) is an acrylic polymer with a very high crystalline 

melting point (~317°C) and limited solubility in most common solvents with the 

exception of ethylene carbonate,1 propylene carbonate,2, 3 concentrated aqueous 

solutions of inorganic salts,4 and some dipolar aprotic solvents including 

dimethylformamide (DMF), dimethylsulfoxide (DMSO), and dimethylacetamide 

(DMAc).5 The high melting point of PAN has been attributed to dipolar forces 

among polar nitrile groups adjacent to one another along the polymer backbone 

that restrict bond rotation leading to a stiff rod-like polymer.4, 6 Strong repulsive 

dipole-dipole intramolecular interactions between parallel nitrile neighbors along 

the polymer backbone lead to an irregular helical conformation, and attractive 
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dipole-dipole intermolecular interactions between anti-parallel nitrile groups of 

neighboring chains lead to a parallel orientation of the helices relative to one 

another.7  

 Carbon fibers are exceptional materials due to their high strength, 

chemical inertness, and low density relative to glass. More than 50% of the 

carbon fibers produced are utilized in air and spacecraft applications to save on 

weight and fuel without sacrificing structural integrity, but they are increasingly 

finding applications in shipping, sporting and medical fields.8, 9 The structural 

unit of a carbon fiber is a planar network of connected benzene rings, similar to 

the planar hexagonal honeycomb arrays found in graphite.8, 10 The two most 

common precursor sources for the commercial production of carbon fibers are a 

mesophase pitch produced by the destructive distillation of coal and synthetic 

polymeric fibers of polyacrylonitrile copolymers (PAN).11 Most carbon fibers are 

of the latter variety, produced from a PAN copolymer-based precursor9 in a multi-

step method. First, the precursor fiber is subjected to a thermo-oxidative so-

called stabilization procedure in which the fiber is heated to ~220-280°C under 

tension in air for long times.12 This stabilization process results in crosslinking 

and cyclization reactions that form a ladder-type structure. The process most 

likely occurs via a combination of intra- and inter-molecular reactions between 

pendant CN groups. Next, in a process known as carbonization, the fiber is 

heated to ~1300°C in an unstressed state and inert atmosphere to yield a fiber 

with at least 97% carbon content.10, 11, 13 Finally, in a graphitization step, the 
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filament is further heated to ~3000°C to increase the modulus of the carbon 

fiber.10-17  

 More than 300 million pounds of acrylic PAN-based fibers are produced 

annually.18 Polyacrylonitrile fibers are generally spun in a wet-spinning process 

that includes drawing in such a way that the polymer chains become oriented 

parallel to the fiber axis. Comonomers such as methyl acrylate and vinyl acetate 

are often incorporated into PAN to increase the solubility of the polymer in 

solvents that are used in the spinning process as well as to mediate the kinetics 

of crosslinking during the exothermic thermo-oxidative step.8, 11, 14 High 

production costs associated with the organic solvent and its recovery are 

inherent in all of the current carbon fiber production processes.14 It would be 

desirable to melt-spin the PAN copolymer fibers for both economic and 

environmental reasons. However, the polymer undergoes a thermal crosslinking 

reaction prior to reaching the melting temperature.9, 19-21 

Research into melt-spinning processes for PAN involve two general 

approaches: internal and external modification. Several examples of internal 

modification exist. This is generally achieved by adding one or more comonomers 

during the free radical polymerization.9, 14, 22-25 In 1952, Coxe 26 pioneered the 

field of external PAN modification when he observed that high pressure mixtures 

of PAN with water could be melt-extruded. However, foaming of the fibers as they 

exited the spinneret and the water evaporated prevented this method from being 

widely adopted. Much research has been conducted building on Coxe’s initial 

findings including exploring different techniques involving pressurized mixtures 
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of PAN and water,20, 27, 28 pressurized mixtures of PAN, ethylene carbonate, and 

water,19 pressurized mixtures of PAN, dimethylformamide and water,21 

pressurized mixtures of PAN, acetonitrile and water,29, 30 pressurized mixtures of 

PAN and carbon dioxide,31  and mixtures of PAN with ionic liquids.32 It has been 

shown that the modification effect of water on a poly(acrylonitrile-ran-vinyl 

acetate) copolymer comprised of 88 wt % of acrylonitrile with a Mv = 82,000 

g/mole reached a maximum potential at 23 wt %  water, and additional water 

past this critical concentration had no added benefit.19 Min et al. 21 found that 

by adding DMF in addition to the critical 23 wt % of water, both the melting point 

and the crystallization temperature of a poly(acrylonitrile-ran-vinyl acetate) 

copolymer (88 wt % acrylonitrile, 12 wt % vinyl acetate) could be decreased 

further, even achieving melting points as low as 140°C.  

This study details effects of incorporating binary systems of polar additives 

as modifiers on the melting temperatures of high molecular weight PAN-MA 

copolymers with well-defined compositions and molecular weights. The melt 

rheological behavior of the modified PAN-MA copolymer is described as a 

function of temperature, time, and shear-rate to assess whether the selected 

mixtures would be appropriate for melt-spinning.  

2.2 Experimental 

 
2.2.1 Materials 

 

 Poly(acrylonitrile-ran-methyl acrylate) (PAN-MA) was purchased from 

Fisipe and used as received.  N-methyl-2-pyrrolidone (NMP), N,N-



37 

 

dimethylformamide (DMF), and acetonitrile (ACN) were purchased from 

Spectrum Chemicals and used as received. 1,6-Hexanedinitrile (adiponitrile) 

(ADPN) and 2-ethyl-2-oxazoline (EtOx) were purchased from Sigma-Aldrich and 

used as received. 

2.2.2 Mixing of PAN copolymers and modifiers 
 

 DMF (0.5 g), polymer powder (3.5 g) and DI water (1 g) were incorporated 

thoroughly by mixing the components with a spatula in until a consistent paste-

like mixture was produced. This produced 5 g of a copolymer mixture containing 

10 wt % of DMF and 20 wt % of water [70:10:20 wt:wt:wt].  This process was 

repeated for each copolymer/melting point modifier composition. Melting point 

modifiers used in this study included deionized water, NMP, DMF, 2-ethyl-2-

oxazoline, acetonitrile, and hexanedinitrile (commonly referred to as 

adiponitrile).  

2.2.3 Structural characterization  
 

Proton nuclear magnetic resonance (1H NMR) spectroscopy was performed 

on an Agilent MR4 spectrometer operating at 400 MHz.  All 1H spectra were 

obtained from 15% (w/v) 1-mL solutions in deuterated dimethylsulfoxide 

(DMSO-d6) using a 30° pulse angle, 5s relaxation delay, and 64 scans and was 

performed in triplicate to obtain quantitative results. Molecular weights of the 

copolymer were obtained by size exclusion chromatography (SEC). The SEC 

system consisted of an isocratic pump (Agilent 1260 infinity, Agilent 

Technologies, Santa Clara, CA) with an online degasser (Agilent 1260, Agilent 
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Technologies, Santa Clara, CA), autosampler and column oven used for mobile 

phase delivery and sample injection, and three Agilent PLgel 10-µm Mixed B-LS 

columns 300 x 7.5 mm (polystyrene/divinylbenzene) connected in series with a 

guard column as the stationary phase.  A system of multiple detectors connected 

in series was used for the analysis. The columns and detectors were maintained 

at 50°C. A multi-angle laser light scattering (MALS) detector (DAWN-HELEOS II, 

Wyatt Technology Corporation, Goleta, CA), operating at a wavelength of 658 nm, 

and a refractive index detector operating at a wavelength of 658 nm (Optilab T-

rEX, Wyatt Technology Corporation, Goleta, CA) provided online results. The 

system was corrected for interdetector delay, band broadening, and the MALS 

signals were normalized using a 21,720 g/mole polystyrene standard obtained 

from Agilent Technologies or Varian. Data acquisition and analysis were 

conducted using Astra 6 software (Wyatt Technology Corporation, Goleta, CA). 

The mobile phase was DMAc, which was vacuum distilled over CaH2 before use. 

A solution of 0.1 M LiCl, dried at 120°C in vacuo for 2 h, in DMAc was prepared, 

and the solvent solution was degassed and filtered before use.  The sample 

solutions were prepared in a concentration range of 2~3 mg/mL and were filtered 

to remove any dust or insoluble particles using 0.22-m PTFE filters. Molecular 

weights were calculated from the light scattering data.  

Differential refractive index increment (dn/dc) measurements of the PAN-

MA copolymer were made using an Agilent 1260 infinity multidetector SEC 

equipped with a Wyatt T-rex differential RI detector at 30°C and with a flow rate 

of 0.3 mL/min. The following representative procedure was used: 400 mg of the 
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sample was weighed into a vial and dissolved in 20 mL of DMAc containing 0.1 

M LiCl (dried as described previously). The solution was stirred for approximately 

12 h. The sample solution was then diluted to 50 mL in a volumetric flask. This 

stock solution was used to make 7 new dilutions that were filtered through 1-

m PTFE filters. The refractive index for each of 8 concentrations was measured 

and the data points were fitted to a straight line. The dn/dc was determined by 

the slope of the line.  

2.2.4 Differential scanning calorimetry (DSC) 
 

The glass transitions, melting temperatures and the relative stabilities of 

the copolymer/modifier mixtures were investigated with a TA Instruments DSC 

Q200 using high volume DSC pans with O-rings. For determining the copolymer 

Tm’s, the copolymer/modifier mixtures were heated under nitrogen at a rate of 

10°C min-1 to 200°C, cooled at a rate of 10°C min-1 to 0°C, and heated again at 

a rate of 10°C min-1 to 240°C. For determining the Tg’s of the copolymer/modifier 

mixtures containing acetonitrile, a modified experimental procedure was 

developed. The mixtures were heated at a rate of 10°C min-1 to 200°C, cooled at 

a rate of 20°C min-1 to 0°C, then heated again at a rate of 5°C min-1 to 240°C. 

The reported DSC transitions were from the second heating scans. For 

determining the relative stabilities of the copolymer/modifier mixtures, an 

isothermal DSC experiment was employed in which the mixtures were heated 

under nitrogen at a rate of 10°C min-1 to 110°C, cooled at a rate of 10°C min-1 to 

40°C, heated to ~10°C below the target temperature, equilibrated at the target 

temperature, then held isothermally for 4 h at the desired temperature.   
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2.2.5 Preparation of polymer/modifier pellets for rheology 
measurements 

 

The copolymer powder was first mixed thoroughly with the modifier(s) to 

obtain the desired composition, as detailed in Section 2.2.2, then the mixture 

was press molded at room temperature with a hydraulic press into a metal die 

to obtain a cylindrical pellet with a uniform diameter of 9.5 mm. The copolymer 

pellet helped to prevent voids in the samples as well as make it easier to load the 

copolymer/modifier mixture into the capillary rheometer with minimal solvent 

loss. For mixtures containing acetonitrile, an additional heating step was 

necessary to suitably press the pellets. The mixture was heated in a sealed resin 

kettle for ~1 h above the mixture’s Tg (42 °C), then it was allowed to cool overnight 

before preparing the pellets. It is believed that heating the copolymer mixture 

above its Tg allowed better incorporation of the solvent mixture into the 

copolymer due to the increased chain motion and free volume at the elevated 

temperature. It is anticipated that this treatment will be necessary to prepare 

PAN-MA/ACN/H2O samples for melt-extrusion as well. A sample pellet of 

approximately 10 grams was required for each set of rheological measurements. 

2.2.6 Pressurized capillary rheometry  
 

Viscosity measurements were conducted on an Instron model 3211 

capillary rheometer with modifications and using a procedure similar to that 

reported by Bortner and Baird.31 The rheometer was modified by adding a sealed 

chamber at the capillary exit to create a static pressure that maintained a 

homogeneous single melt phase and minimized macrophase separation or 
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volatilization of the modifiers from the copolymer. The pressure assembly also 

enabled collection of the extrudate during the viscosity measurements for 

subsequent analysis. Nitrogen was used with a constant pressure of 1.38 MPa 

to apply a static pressure to the capillary exit. This pressure is above the 

calculated saturation pressure for the additives at the test temperatures. 

Nitrogen was used because prior work had verified that nitrogen does not exert 

a plasticizing effect on PAN polymers.31 Teflon O-rings were employed on the 

plunger and Teflon spacers were used between the pressure chamber assembly 

and the capillary to seal the pressurized system. A detailed schematic diagram 

of the modified capillary rheometer is provided in Figure 2.1.  
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Figure 2.1. Schematic diagram of the modified capillary rheometer to operate under 

pressure 

 

The following procedure was implemented to prevent the loss of melting 

point modifiers that would normally occur if loaded into a preheated rheometer. 

Copolymer/modifier pellets were loaded into the rheometer at room temperature 

with a chamber diameter of 9.53 mm, a capillary diameter of 0.0356 mm, and 

an entry angle of 90°. The system was sealed with a piston and static pressure 

was applied to the capillary exit. The rheometer was heated to the experimental 

temperature, with the system pressurized. The copolymer pellet was initially held 
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at the experimental temperature for 10-12 min to allow complete melting of the 

pellet in the rheometer prior to performing the rheological tests. To quickly 

compact the sample following heating, a high plunger speed of 2 cm/min was 

used until a quasi- steady state force was reached, at which time the plunger 

speed was decreased to 0.06 cm/min and the melt was allowed to relax to steady-

state. The pressure gradient was calculated using the force measured by the load 

cell at the top of the plunger. Corrections were made by subtracting the 

contribution of applied static pressure at the capillary exit (1.38 MPa) and the 

frictional force from the Teflon O-rings used to seal the space between the 

plunger and barrel. A capillary with L/D of 88 was used to minimize the impact 

of entry effects.   

Steady shear viscosity measurements were performed at a constant 

apparent shear rate of 161.3 s-1 to analyze the time dependence of viscosity. 

Further measurements were performed at apparent shear rates ranging from 80-

10,755 s-1 until a steady-state viscosity was achieved for each shear rate. 

Viscosities were calculated by known methods from plunger speeds and force 

measurements.33 The apparent shear rate, �̇�𝑎 , was calculated based on the 

volumetric flow rate of the polymer through the capillary, Q, and the radius of 

the capillary, R, as defined by Eq. (2.1): 

 

�̇�𝑎 =
4𝑄

𝜋𝑅3                                         (2.1) 

The wall shear stress, τR, was calculated using Eq. (2.2): 
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𝜏𝑅 =
Δ𝑃𝑅

2𝐿
                                     (2.2) 

where ΔP is the pressure gradient, R is the radius of the capillary, and L is the 

length of the capillary. The apparent viscosity was calculated from Eq. (2.3). 

𝜂𝑎 =
𝜏𝑅

�̇�𝑎
       (2.3) 

  The power law fluid model was used for comparing the relative shear 

thinning behavior between samples according to Eq. (2.4): 

log 𝜂𝑎 = log 𝑚 + (𝑛 − 1) log �̇�𝑎                  (2.4) 

where m is the flow consistency index and n is the flow behavior index.  

2. 3 Results and Discussion 
 

The feasibility of melt extrusion of a PAN-MA copolymer relies upon 

melting of the copolymer, a sufficiently low viscosity of the resulting melt, as well 

as the stability of the melt against competing cyclization and crosslinking 

reactions under the extrusion conditions. During melt extrusion, the viscosity is 

expected to increase as a result of crosslinking in addition to cyclization, which 

depends on the processing temperature and residence time in the extruder 14.  It 

is prudent to describe quantitatively the changes in viscosity as a function of 

temperature, time, and shear rate so that proper melt-extrusion parameters can 

be identified. 

2.3.1 Composition and stability of PAN-based copolymers 
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From prior literature,9 it is known that PAN-MA copolymers containing 

more than 10 mole % of MA have improved melt processability, but this comes 

at the expense of lower carbon content and compromised mechanical properties 

in the resulting carbon fibers after conversion. Therefore, the copolymer used to 

make a precursor fiber for a carbon fiber should ideally contain less of the 

comonomer to achieve carbon fibers with good mechanical properties. The 

composition of the copolymer used for this investigation was determined by 1H-

NMR.  The spectrum had well-resolved peaks that confirmed that the copolymer 

consisted of methyl acrylate and acrylonitrile repeat units. Methyl acrylate is a 

desirable comonomer for PAN-based carbon fiber precursors because the 

reactivity ratios of AN with MA in DMF at 62°C have previously been found to be 

1.29 and 0.96, respectively. Therefore, the copolymer that is produced is a 

predominately random copolymer.34 A representative spectrum is shown in 

Figure 2.3.2. The signal at 3.2 ppm (b,d) corresponds to the backbone methine 

(CH) protons from acrylonitrile and methyl acrylate. The signal at 2.1 ppm (a,c) 

corresponds to the backbone methylene (CH2) protons from both acrylonitrile 

and methyl acrylate.  The signal at 3.7 ppm (e) corresponds to the methyl ester 

(CH3) protons of the methyl acrylate units.  The copolymer composition was 

calculated from the integral values of the methylene protons according to the 

following equations: 

𝑀𝑜𝑙𝑒𝑠 𝑀𝐴 𝛼 (
∫ 𝐶𝐻3

3
) 

(𝑀𝑜𝑙𝑒𝑠 𝑀𝐴) × (86.04 
𝑔

𝑚𝑜𝑙𝑒
) = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑀𝐴 
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𝑀𝑜𝑙𝑒𝑠 𝐴𝑁 𝛼 [(
∫ 𝑋

2
) − (

∫ 𝐶𝐻3

3
)]  

(𝑀𝑜𝑙𝑒𝑠 𝐴𝑁) × (53.06 
𝑔

𝑚𝑜𝑙𝑒
) = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐴𝑁 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐴𝑁 =
𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝐴𝑁

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝐴𝑁 + 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑀𝐴
 × 100 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑀𝐴 = 100 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝐴𝑁 

 

 

Figure 2.2. 1H NMR Spectrum of PAN-MA 
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From analysis of the 1H-NMR spectra, the copolymer was found to be 95.6 ± 0.13 

mole % acrylonitrile and 4.40 ± 0.13 mole % methyl acrylate.  

2.3.2 Molecular weight of the PAN-MA copolymer 
 

 Molecular weight of the PAN-MA precursor copolymer has been shown to 

exert an effect on the mechanical properties of the resulting carbon fiber 

produced from solution-spun precursor fibers. Very high molecular weight 

copolymers yield carbon fibers with higher tensile strengths, elastic moduli, and 

ultimate elongations than carbon fibers produced from lower molecular weight 

copolymers.35, 36 The precursor fiber produced from a high molecular weight 

PAN-MA produced filaments of smaller diameter than filaments produced from 

low molecular weight PAN-MA due to lower solids content in the spinning dope 

and higher drawability.  It is hypothesized that the smaller diameter of the 

precursor filaments allows better diffusion of oxygen throughout the carbon fiber 

as it forms, thus resulting in a homogeneous microstructure across the diameter 

of the carbon fibers and that this contributes to significantly higher moduli and 

tensile strengths.36     

SEC was used to analyze the molecular weight and molecular weight 

distribution of the PAN-MA copolymer in this study. The light scattering and 

refractive index curves are shown in Figure 2.3. The results show a smooth light 

scattering curve, without any high or low molecular weight shoulders, indicative 

of a normal Gaussian distribution. The dn/dc value for this copolymer 

composition was measured offline and used in the calculation of molecular 
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weights. This is necessary since the molecular weights calculated from the light 

scattering data depend on the square of the refractive index increment, and thus, 

this provides confidence in the molecular weight values.  

 

Figure 2.3. Size Exclusion Chromatograms for PAN-MA Copolymer where the Mn = 123 kDa, 

Mw = 238 kDa, polydispersity = 1.9, and dn/dc = 0.0855 mL/g. 

 

2.3.3 Thermal transitions of polymer/modifier blends 
 

 DSC was used to determine the melting points of PAN-MA compounded 

with a binary mixture consisting of H2O and various melting point modifiers. 

Analysis of the DSC experiments was performed using TA Universal Analysis 

software. The Tm of each composition was assigned as the peak of the endotherm 
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of the second heat of each experiment. Prior literature has shown that the 

maximum melting point depression of a PAN-vinyl acetate copolymer (88 wt % 

acrylonitrile and 12 wt % vinyl acetate) solely from modification with H2O occurs 

at 20 wt % of H2O. This yielded a melting point of ~155°C 19, and additional 

modifiers had to be added into the mixture to depress the melting point further.21  

The melting point depression effect of H2O is not well understood, but it is 

thought that the water molecules are able to interact with the pendant nitrile 

groups of the copolymer in a hydrogen bonding motif. This is most likely in the 

amorphous component of the copolymer, and weakly shields the nitrile from the 

repulsive dipole-dipole interactions which give the copolymer its characteristic 

rigid helical morphology.2, 3, 37, 38 For the data depicted in Figure 2.4, all 

compositions included 20 wt % of H2O with increasing amounts of a second 

melting modifier. The ratio of water molecules relative to nitrile substituents on 

the copolymer at 20 wt% of water is approximately 0.87:1. Figure 2.4 shows a 

curve of Tm vs percentage of the second modifier. It shows that the two nitrile 

containing modifiers, acetonitrile (ACN) and adiponitrile (ADPN), are more 

efficient at depressing the melting points relative to the other modifiers when 

used in combination with the water.  
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Figure 2.4. Melting points vs percentage of modifier in the PAN-MA mixtures. Each 

composition contains 20 wt % of water in addition to the denoted modifiers. 

 

It is hypothesized that the mechanism for this pronounced effect of the nitrile-

containing modifiers arises from the modifier nitrile group maintaining 

complementary dipole interactions with the nitrile groups along the PAN-MA 

backbone, thereby disrupting some of the interchain nitrile-nitrile interactions 

between neighboring PAN-MA chains. This may penetrate somewhat into the 

crystalline domains, thereby allowing the ingress of water into those regions 

which may have otherwise been inaccessible. Complementary interchain nitrile-

nitrile polar interactions are thought to be the mechanism by which acrylonitrile 

based polymers form lamellae for crystallization.3, 37-41 One composition, PAN-
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MA/ACN/H2O 55:25:20 wt:wt:wt, showed a depressed melting point of 116°C, 

which is a depression of over 200°C from the neat copolymer.  DMF and NMP 

also have a synergistic effect with H2O to depress the melting point of PAN-MA. 

Unlike ACN and ADPN, DMF and NMP are good solvents for the copolymer at 

room temperature. It is hypothesized that these two materials depress the 

melting point of the copolymer by a similar mechanism as the one in which they 

dissolve the copolymer. We postulate that such modifiers are able to disrupt the 

crystallinity of the polymer and allow the H2O to penetrate into these domains, 

thereby lowering the melting point.  In contrast to all of the other materials used 

in this study, EtOx had an antagonistic effect in combination with H2O on the 

melting point of the copolymer. As more EtOx was added to the PAN-MA/20 wt 

% H2O blends, the melting point of the system increased systematically. This 

was a somewhat surprising result, since EtOx is an isomer of NMP. This affords 

some insight into the mechanism by which these modifiers mediate the melting 

points, and strongly supports the assertion that the water is necessary to achieve 

the desired melting point depression. EtOx is a monomer for a very hydrophilic 

polymer 42, and is quite hydrophilic itself. Some melting point depression is 

achieved just by the addition of 20 wt % of H2O, but as EtOx is added to the 

system, it is believed that a competition results between the polymer and EtOx 

for interaction with the H2O molecules, thereby reducing the efficacy of the effect 

of H2O hydrogen bonded to the copolymer. 

Since the two nitrile-functional melting point modifiers used in this study 

yielded the best melting point depressant properties when used in combination 
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with H2O, these two materials were chosen for a further study in which the wt % 

of water was varied and the resulting Tm’s were determined by DSC.  The results 

are tabulated in Table 2-1, and indicate that many compositions of PAN-MA 

mixed with water and a nitrile-containing melting point modifier show promise 

as potential melt-processable carbon fiber precursor materials.  

Table 2-1. Tm of PAN-MA/ACN/H2O or PAN-MA/ADPN/H2O compositions.  

 

 

MP Mod.
PAN-MA

(%/wt.)

MP Mod.

(%/wt.)

H2O

(%/wt.)

Tm

(°C)

55 25 20 116

60 20 20 123

65 15 20 131

70 10 20 142

70 15 15 134

70 20 10 135

70 25 5 146

70 30 0 165

75 10 15 139

80 10 10 150

85 10 5 168

55 25 20 128

60 20 20 133

65 15 20 139

70 10 20 145

70 15 15 136

70 20 10 136

70 25 5 161

70 30 0 185

75 10 15 148

80 10 10 158

85 10 5 181

ACN

ADPN
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2.3.3 Thermal stability of polymer/modifier blends against 
crosslinking 

 

 PAN-based polymers are known to undergo crosslinking reactions in the 

presence of oxygen and at elevated temperatures. This results in the desired 

ladder polymer formation during carbon fiber production. However, it is 

important for the carbon fiber precursor to undergo this reaction at the 

appropriate time in the stabilization process. Therefore, it was judicious to 

determine whether the melts that resulted from mixing PAN-MA with water and 

the synergistic melting point modifiers resisted crosslinking for an amount of 

time that was adequate to extrude precursor fibers. An isothermal DSC 

experiment was designed to probe the relative stabilities of melts of PAN-MA 

compounded with a binary mixture consisting of H2O and various melting point 

modifiers. Each experiment was performed at a temperature above the melting 

point of the mixture. During the isothermal DSC experiment, the evolution of an 

exotherm was attributed to crosslinking reactions, and the time required for the 

exotherm to begin was recorded. Some of the most promising candidates from 

Figure 2.4 were chosen for this experiment.  

 Conventional wisdom dictates that a melt should remain stable against 

crosslinking for at least an hour to be a suitable candidate for melt extrusion. 

Figure 2.5 shows the times for onset of an exotherm vs temperature for various 

PAN-MA/melting point modifier/H2O mixtures. It was observed that all of the 

compositions studied were stable for at least an hour at temperatures ≤ 200°C. 

The general trend from Figure 2.5 is that the stability of PAN-MA/melting point 
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modifier/H2O compositions are as follows: ADPN>ACN>DMF with the nitrile-

containing melting point modifiers producing mixtures that were significantly 

more stable than when using DMF. This is most likely due to the fact that the 

nitrile modifiers are better able to disrupt the nitrile-nitrile interchain forces 

which are necessary for the crosslinking reaction. It is also worth noting that 

there was little difference in stability between the two ACN containing mixtures 

that were studied.  

 

Figure 2.5. Times for onset of an exotherm vs temperature in isothermal DSC 

experiments. 
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2.3.4 Time and shear dependent melt rheology  
 

 Melt viscosities are key to understanding potential melt extrusion 

conditions that are suitable for melt processing of copolymer/melting point 

modifier mixtures. Specifically, we wish to understand the relationship between 

melt viscosity and shear rate as a function of time and temperature to establish 

practical limitations on extrusion flow rate, die geometry, and residence time. 

Temperatures were chosen above the melting points of the mixtures. Steady 

shear viscosity was measured as a complementary experiment to analyze the 

thermal stability of the copolymer/modifier mixtures under shear, and for 

comparison to the static thermal stability analysis performed using isothermal 

DSC.  

Results of the time-dependent steady shear measurements are illustrated 

in Figure 2.6. A relative low apparent shear rate of 161.3 s-1 was used in all 

measurements to enable the longest possible measurement time at a low 

volumetric flow rate. Figure 2.6A shows the apparent viscosity for a PAN-

MA/ACN/H2O 70:15:15 wt:wt:wt blend at temperatures ranging from 170-

190°C. The data show an increase in the viscosity at 170 and 180°C that occurs 

at different times during the experiment. Following the pre-conditioning step at 

high plunger speed that was employed to compress the sample at the beginning 

of the experiment, the copolymer mixtures require time to relax to steady-state 

viscosity. At the higher temperature of 190°C, the melt quickly relaxes to steady-

state viscosity. As temperature is decreased to 180 and then to 170°C, the 

relaxation time increases as expected, as less thermal energy and corresponding 
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thermal motion increase the characteristic relaxation time.43 However, in all 

cases, the polymer mixture relaxes to a steady state viscosity plateau prior to 

observation of significant crosslinking, which is typically observed as a sharp 

increase in viscosity from the steady state plateau.  

The results in Figure 2.6A suggest that the activation energy for flow is 

relatively small for the copolymer mixtures, with relatively small differences in 

viscosity observed as a function of temperature at the measured shear rate.43 

However, the thermal stability is drastically impacted by changes in 

measurement temperature. At 170°C, the composition maintained a stable 

viscosity of approximately 2000 Pa*s for 116 minutes under shear. The times 

that are reported are limited by the amount of sample that can be loaded into 

the rheometer, but the sample was stable during the whole course of the 

experiment. At 180°C, the mixture reached a stable viscosity of approximately 

2000 Pa*s, which it maintained for approximately 87 minutes, after which the 

viscosity increased at a moderate rate. The viscosity at 190°C showed a mixture 

that maintained a stable viscosity of approximately 1300 Pa*s for approximately 

47 minutes, after which the viscosity sharply decreased and then quickly 

increased. It is hypothesized that the crosslinking kinetics increase substantially 

as temperature increases. As the kinetics increase, contraction of the system 

during the crosslinking step occurs faster than the rheometer can push the 

material through the capillary.  As a result, there is a period of time before the 

plunger completely compacts the contracted copolymer prior to observation of 
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the very sharp, almost discontinuous increase in viscosity that is indicative of a 

crosslinked system.  

 

 

Figure 2.6. (A) Log Viscosity as a function of Time for PAN-MA/ACN/H2O 70:15:15 

wt:wt:wt mixtures. (B) Log Viscosity as a function of Time for PAN-MA/ADPN/H2O 70:15:15 

wt:wt:wt mixtures 

 

 Figure 2.6B shows the analogous time dependent apparent viscosity 

results for PAN-MA/ADPN/H2O 70:15:15 wt:wt:wt blends at temperatures 

ranging from 170-190°C.  This mixture exhibits similar trends in response to the 

PAN-MA/ACN/H2O 70:15:15, except that the relaxation to steady state requires 

a longer time to reach a viscosity plateau. Additionally, the mixture exhibits a 

comparable stable time relative to the ACN mixture at 170°C, and a longer stable 

time than the ACN mixture at both 180 and 190°C.  This result confirms the 

results from isothermal DSC measurements that indicate that PAN-MA mixtures 

containing ADPN are more stable against thermally induced crosslinking than 
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mixtures that contain ACN. However, the times observed via capillary viscosity 

measurements are substantially shorter than isothermal DSC results. DSC 

measures thermal stability under static flow conditions, while rheometry 

imposes a constant shear and high pressures. The combined effects of shear and 

pressure assist in introducing thermally metastable functionalities during the 

crosslinking reaction, effectively increasing the rate at which the reaction takes 

place and resulting in an equivalent reduction in stable time. 

 Overall, time-dependent capillary rheometry indicated that mixtures of 

PAN-MA, ACN or ADPN, and H2O can maintain a stable viscosity for over an hour 

at both 170°C and 180°C. Mixtures containing ADPN prove to be slightly more 

stable than their ACN counterparts.  At 190°C, PAN-MA mixtures containing 

either ACN or ADPN are thermally metastable and have limited potential 

extrusion residence time prior to crosslinking. The stability times can be found 

in Table 2-2.   

   In order to process polymer melts, one needs knowledge of the shear rate 

dependence of viscosity to analyze multiple potential processing conditions. 

Figure 7 illustrates the shear rate dependence of viscosity for mixtures of PAN-

MA/H2O with ACN and ADPN at temperatures ranging from 170-190°C. 

Residence time was limited based on the results in Figure 6 to ensure that 

minimal thermally induced crosslinking occurred during the course of the 

measurements.  
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Figure 2.7. (A). Viscosity as a function of Apparent Shear Rate for PAN-MA/ACN/H2O 

70:15:15 wt:wt:wt mixtures. (B) Viscosity as a function of Apparent Shear Rate for PAN-

MA/ADPN/H2O 75:10:15 wt:wt:wt mixtures. 

 

For both materials, the data in Figure 2.7 indicate shear-thinning behavior 

for these copolymer mixtures at all of the measurement temperatures. 

Furthermore, in all cases, the data can be fitted by a linear regression with 

excellent fit; R-squared values are all >0.99. The flow consistency index, m, and 

the flow behavior index, n, were calculated for both mixtures at all three 

temperatures using a power law fluid model (equation 2.5) for comparison of the 

effect of the additives on viscosity at multiple shear rates and temperatures 

(Table 2-2). The results indicate that the ADPN modifier/H2O mixture induces 

more change in the degree of shear thinning as temperature is increased, which 

is desirable and advantageous for extrusion and increased throughput compared 

to the ACN modifier/H2O mixture. However, at 180°C, the ACN/H2O mixture has 

a higher degree of shear thinning. Thus the benefit of the temperature-dependent 
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shear response of ADPN/H2O is not realized until the mixture is processed above 

180°C. 

Table 2-2. Stability Times of Melts and Power Law Model Parameters 

 

2.4 Conclusions 
 

 Properties of blends of multiple small molecule melting point modifiers 

with a high molecular weight, high acrylonitrile content PAN-MA copolymer have 

been investigated to assess the potential for melt spinning.  Melting point 

modifiers that contain nitrile functionality, when used synergistically with water, 

showed the most promise as they lower the Tm of the copolymer most effectively. 

The resulting melt is stable for ample time to allow melt extrusion as confirmed 

by isothermal DSC and time-dependent capillary rheometry. Copolymer 

mixtures containing nitrile melting point modifiers, in combination with water, 

show a strong time dependence for remaining stable, but do not show a strong 

temperature dependence on shear-dependent melt viscosity. By fitting the shear-

dependent viscosity results to a power law fluid model, the flow consistency index 

and flow behavior index were determined at temperatures ranging from 170-

190°C to compare the impact of the different compositions on rheology and 

Copolymer Mixture Temperature
Stability Time

(min)
m n

170°C ≥116 115202 0.17

180°C 87 113611 0.15

190°C 47 112769 0.15

170°C ≥113 81072 0.20

180°C ≥111 100249 0.16

190°C 63 106064 0.14

PAN-MA/ACN/H2O

70:15:15

PAN-MA/ADPN/H2O

70:15:15
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enable estimation of viscosity at shear rates above those measured via 

pressurized capillary rheometry. The model results indicate that the ADPN/H2O 

mixture has a stronger influence on the temperature dependence of shear 

thinning, but that the benefit is not realized unless the mixture is processed 

above 180°C. However, the stability times may be marginal above 180°C and 

thus, both the ACN/H2O and ADPN/H2O mixtures are likely good candidates for 

further investigations of melt-spinning. The results overall suggest that multiple 

compositions of the PAN-MA copolymer mixed with water and nitrile-containing 

melting point modifiers are potentially suitable for melt spinning to produce 

economical precursor fibers for carbon fiber production.   
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3.1 Introduction 

 
   Polymers with high permeability, high selectivity, and long 

term stability are desired for gas separation applications.  However, the inherent 

non-equilibrium state of glassy polymers causes physical properties, including 

gas transport properties, to drift with time towards a seemingly unattainable 

equilibrium in a process known as physical aging.1, 2   As polymer chains undergo 

self-retarding reorganization in the glassy state, polymer segmental mobility 

decreases due to free volume reduction.2  Consequently, gas permeability 
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generally decreases and selectivity increases with aging.3-5  Several studies have 

demonstrated the influence of physical aging on gas transport properties of thick 

films (> 1 µm).6-9  Interestingly, as film thickness decreases into the range (~0.1 

µm10-12) relevant for commercial gas separation membranes, gas permeability 

decreases more rapidly, suggesting accelerated aging in thin films relative to that 

in thick films.3, 13, 14  This phenomenon is still not completely understood, but it 

is believed to be connected to differences in polymer chain mobility at the surface 

versus that in the bulk of the films.  As thickness decreases, from the tens of 

microns often used in initial screening of gas transport properties to 100 nm or 

less, surface to volume ratio increases enormously, so the influence of surface 

properties of such thin films becomes much more important. 

 One route to modifying existing polymers to achieve better gas separation 

properties is via crosslinking.  Introducing crosslinks into some polymers can 

improve selectivity without a significant loss in permeability.15  Crosslinking 

reactions may occur by either step-growth polymerization, such as reaction of 

an amine reactant with an epoxy reagent at elevated temperature 16, 17, or by 

chain-growth polymerization, which can be activated thermally or by irradiation, 

such as exposure to UV light.18, 19  For example, Kita et al. studied the effect of 

UV irradiation on gas transport properties of a benzophenone-containing 

polyimide prepared from 3,3′, 4,4′-benzophenone tetracarboxylic dianhydride 

(BTDA) and 2,4,6-trimethyl-1,3-phenylene-diamine (TMPD).15  After 30 minutes 

of irradiation in air, the H2/CH4 selectivity of BTDA-TMPD increased by a factor 

of 50, whereas the H2 permeability decreased by a factor of only 5.  Kita et al. 
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concluded that the selectivity increase upon UV exposure was mainly due to 

changes in gas diffusion coefficients.15  Similar observations were reported in a 

study involving polyarylates.20  In these studies, polymer film thicknesses on the 

order of tens of microns were used.  However, the UV penetration depth of thick 

aromatic polymer films may be small, thereby promoting crosslinking at and 

near the film surface. This may lead regions of varying crosslinking in the films 

with little or no crosslinking in the center, yielding non-uniform crosslinking 

throughout the film.20, 21  McCaig et al. investigated the influence of UV 

irradiation in N2 and physical aging on gas transport properties of thin 

polyarylate films (≤ 1 µm).  Both crosslinking and aging decreased gas 

permeability and increased selectivity, but the gain in selectivity from 

crosslinking was more pronounced than that due to aging.  In addition, 

crosslinked samples exhibited slower aging than uncrosslinked samples, and 

this effect was attributed to the lower free volume of the crosslinked samples.22  

From a fundamental perspective, it is of interest to study uniformly irradiated 

samples, but the thicknesses required (~ <1 µm) are be in the range where 

physical aging effects become significant. Careful experimental design must be 

implemented to differentiate these effects. 

 The irradiation environment can also influence gas transport properties.  

Meier et al. investigated the effect of UV irradiation in air or N2 on permeation 

properties of a non-crosslinkable polyimide.23, 24  Pure-gas O2/N2 selectivity 

increased by 80% after the sample was irradiated in air for 30 minutes.  However, 

the O2/N2 selectivity did not change after UV irradiation in N2.  FTIR analysis 
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revealed that photooxidation products, such as hydroxyl and carbonyl groups, 

formed in the sample irradiated in air, but not in the N2-irradiated sample.  Meier 

et al. concluded that photooxidation induced polymer densification and polar 

group introduction at the surface.  These polar groups can interact via hydrogen 

bonding, lower polymer free volume, and increase gas selectivity.  Similar 

photooxidative effects were observed in other studies involving both non-

crosslinkable and crosslinkable polyimides.25-27   

 This study investigated the influence of UV irradiation and physical aging 

on gas transport properties of ultra-thin glassy poly(arylene ether ketone) (PAEK) 

films (l ~ 150 nm) prepared from tetramethyl bisphenol A (TMBPA) and 4,4'-

difluorobenzophenone (DFBP).  The chemical structure and bulk properties of 

TMBPA-BP are presented in Table 1.  This polymer was chosen because the 

tetramethyl substitution helps to reduce the efficiency of polymer chain packing, 

thereby increasing the polymer free volume and improving gas permeability and 

provide an abundant source of benzylic methyl groups useful in crosslinking 

reactions.28  In addition, the benzophenone moiety is a well-known 

photosensitizer that can be excited upon irradiation at 250-370 nm to initiate 

crosslinking between polymer chains.29, 30  The uniformity of crosslinking 

throughout the sample depth was estimated using UV-Vis spectroscopy, and the 

progress of crosslinking and photooxidation was monitored using Fourier 

transform infrared spectroscopy (FTIR).  The effects of irradiation time, 

irradiation environment (air vs. N2), and irradiation wavelength (254 nm vs. 365 

nm) on gas transport properties and aging behavior were explored.  
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Table 3-1.  Bulk material properties of uncrosslinked TMBPA-BP.  

(Table used with permission from Elsevier). 

 

1Gas transport properties measured at 35°C and 10 atm.   

3.2 Experimental 

 

3.2.1 TMBPA-BP Synthesis 

 
Sulfuric acid, acetic acid and acetone were purchased from Spectrum (New 

Brunswick, NJ, USA) and used as received. N-methyl-2-pyrrolidone (NMP) was 

also purchased from Spectrum and was vacuum distilled over calcium hydride 

before use. 4,4′-Difluorobenzophenone (DFBP) was kindly donated by Solvay and 

recrystallized from 2-propanol. Methylene chloride and potassium carbonate 

were purchased from Fisher Scientific (Pittsburg, PA, USA) and dried at 150°C 

under vacuum before use. Toluene and 2,6-dimethylphenol (2,6-xylenol) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received. 

The synthesis of tetramethyl bisphenol A (TMBPA) was adapted from the 

synthesis procedure for tetramethyl bisphenol F.31  Acetone (7.103 g, 122 mmol) 

Polymer 
Tg 

(oC) 

Density 

(g/mL) 
FFV 

Permeability 

(Barrer)1 

Selectivity 

O2/N2
1 

O2 N2 

TMBPA-BP 

 

 

215 1.092 0.167 4.5 0.84 5.4 
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and 2,6-xylenol (18.92 g, 155 mmol) were added to a two-neck 250 mL round 

bottom flask fitted with a mechanical stirrer and an addition funnel. The solution 

was well stirred and cooled to 15°C in an ice bath.  A solution of sulfuric acid 

(16.304 g, 0.163 mol) and acetic acid (17.392 g, 0.290 mol) was mixed, chilled to 

15°C, and added dropwise to the reaction flask via the addition funnel. The 

reaction mixture was maintained at room temperature overnight, diluted with 

100 mL of water and 150 mL of methylene chloride, and then transferred to a 

separatory funnel.  The organic layer was washed with deionized water three 

times before collection.  The methylene chloride layer was dried over magnesium 

sulfate overnight and then evaporated to yield the crude product. The product 

was recrystallized from toluene. Yield was 70%. This synthesis procedure was 

performed twice to provide sufficient amounts of monomer for TMBPA-BP 

synthesis.   

 TMBPA (29.362 g, 103.2 mmol) and DFBP (22.527 g, 103.2 mmol) were 

added to a three-neck 500 mL round bottom flask equipped with a mechanical 

stirrer, a condenser, a nitrogen inlet and a Dean-Stark trap.  NMP (300 mL) was 

added to the flask, and the mixture was stirred to obtain a clear solution. 

Afterwards, K2CO3 (16.408 g, 118.7 mmol) was added, followed by 150 mL of 

toluene. The reaction bath was heated at 155°C for 4 h to azeotropically remove 

the water and toluene, kept at 150°C for 12 h, and then cooled to room 

temperature. The reaction mixture was filtered to remove any excess K2CO3 or 

by-product salts and precipitated in 1000 mL of deionized water. The resulting 

polymer was stirred in deionized water at 80°C overnight and then dried under 
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vacuum at 110°C for at least 48 h. The yield of TMBPA-BP was 81%.  At 35°C, 

which is the temperature used for both aging and permeation experiments in 

this study, TMBPA-BP is deep within its glassy state (about 180°C below its Tg, 

as shown in Table 3-1).  

 

3.2.2 Film Preparation 

 
 In general, to avoid rapid evaporation of solvent during spin coating, 

solvents with high boiling points (>100°C) and low vapor pressures are preferred 

3, 4, 32.  For this reason, toluene was used in this study.  Film thickness was 

controlled by varying the solution concentration, typically between 2 and 3 wt%.  

About 15 mL of polymer solution was prepared and filtered through 5 µm, 0.45 

µm, and 0.1 µm PuradiskTM PTFE syringe filters (Whatman, Pittsburg, PA, USA) 

in that order to remove dust or particulates.  Afterwards, the solution was 

sonicated for 30 min to remove dissolved air bubbles, since air bubbles can 

introduce pinhole defects in thin films 32.   

 Thin films were prepared by spin coating the polymer solution onto silicon 

wafers (Nova Electronics Materials, Flower Mound, TX, USA) at 1000 rpm for 3 

min.  Next, the silicon wafer was placed on a hot plate and heated at 130°C for 

3 min to remove residual solvent.  To avoid dust and particulates in the 

environment, spin coating was performed inside a class 100-1000 clean room.  

Film thickness was measured using a variable angle spectroscopic ellipsometer 

(VASE) (M2000D, J. A. Woollam Co., Lincoln, NE, USA), and the Cauchy model 
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was used to fit the psi (ψ) and delta (δ) parameters taken at three different angels 

(65, 70, and 75 degrees) over a wavelength range of 450 nm – 1000 nm.4, 12, 14, 32 

 A primary challenge in fabricating thin films is the presence of microscopic 

pinhole defects, which can compromise gas selectivity and render the film 

useless for gas separation characterization.14, 33  To mitigate this problem, a 

second layer of highly permeable polymer, such as PDMS, is often coated onto 

the selective layer to block the pinholes and, thus, the selectivity-destroying 

convective flow.14, 34-36  This practice of “caulking” the defects was initially 

employed in industry to treat hollow fiber membranes 34-37, and only recently 

was used to study the influence of physical aging on gas transport properties of 

ultra-thin (<400 nm) films.12, 14, 33, 38 At the aging temperature used for this 

study, PDMS is about 150 oC above its Tg.14  Therefore, it will not undergo 

physical aging.13, 14  In addition, the PDMS layer, with a thickness typically in 

the range of 5-6 µm, can also provide mechanical support to the relatively fragile 

selective layer.  Rowe et al. 14 and Cui et al. 12 demonstrated that PDMS does not 

significantly change the gas transport properties of the thin glassy polymers 

under study.   

 A PDMS solution was prepared by mixing Wacker Silicones Corporation 

Dehesive 944 and cyclohexane in a 2:3 ratio by mass and then adding a 

crosslinking agent (V24) and proprietary catalyst (OL) as described elsewhere 32, 

33.  After the glassy polymer thickness was measured using an ellipsometer, the 

PDMS/cyclohexane solution was spun onto the glassy polymer at 1000 rpm for 

1 min.  The wafer was then heated to 115°C for 15 min to fully crosslink the 
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PDMS.  The PDMS layer thickness was measured using a Dektak 6M stylus 

profilometer (Veeco, Plainview, NY, USA).   

 The bilayer film was lifted from the wafer using deionized water and 

transferred to a thin rectangular copper wire (Cat# 2781345, Radioshack, 

Austin, TX, USA).  The free-standing thin film was then annealed at 233°C (~ 

15°C above Tg) for 5 min in a HP 5890 gas chromatograph (GC) oven under an 

ultra-high purity nitrogen purge to erase thermal history and orientation effects.4  

The start of the aging process (t = 0) is defined as the time when the thin film 

was removed from the GC oven and rapidly quenched to ambient conditions.   

 

3.2.3 UV-Vis Spectroscopy 

 
 Ultraviolet-visible spectroscopy (UV-Vis) was performed using an Agilent 

Cary 5000 UV-Vis-NIR spectrophotometer (Santa Clara, CA, USA).  Free-

standing films were attached to a sample holder and covered an aperture 

through which light at various wavelengths passed through.  Absorbance was 

measured at wavelengths ranging from 200-800 nm at 600 nm/min. 

3.2.4 FTIR 

 
 FTIR was performed using a Thermo Nicolet 6700 spectrometer equipped 

with a DTGS detector.  Samples were tested in the transmission mode with a 

resolution of 4 cm-1 and 256 scans per sample.   
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3.2.5 UV Irradiation 

 
 Thin film samples were irradiated in air or N2 for various amounts of time 

on each side using either a UV crosslinker (XL-1000, Spectronics, Westbury, NY, 

USA) equipped with 254 nm light filter bulbs or a 100W high pressure mercury 

arc UV lamp (Blak-Ray B-100, UVP, Upland, CA, USA) equipped with a 365 nm 

light filter bulb.   Samples were placed 12 cm from the bulbs in the UV 

crosslinker and 4 cm from the bulb of the UV lamp.  The UV intensity, monitored 

using a radiometer (Part# 97-0015-02, UVP, Upland, CA, USA), was 6.55 

mW/cm2 for the UV crosslinker and 16.7 mW/cm2 for the UV lamp.  For 

irradiation in N2, both the crosslinker and the UV lamp were placed inside a glove 

box (Cat# 50601-00, Labconco, Kansas City, MO, USA).  Prior to UV irradiation, 

the glove box was purged with N2 (UHP grade, Airgas, Austin, TX, USA) until the 

O2 level was below 0.1% by volume, which was monitored using an oxygen sensor 

(Part# 9452, Nuvair, Oxnard, CA, USA).  At 254 nm, films were irradiated up to 

10 min (5 min/side) in air and 20 min (10 min/side) in N2.  Samples irradiated 

for longer times were not mechanically stable for any characterization 

experiments.  

 

3.2.6 Gas Permeation 

 
 The influence of physical aging (up to approximately 1000 hours) on O2 

and N2 permeation properties of uncrosslinked and UV-irradiated thin films was 

investigated.  Permeability coefficients were measured at 35°C and an upstream 
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pressure of 2 atm using a constant-volume, variable-pressure permeation 

apparatus built in house.39  Thin films were supported on a 0.02 µm AnoPore 

membrane disc (Cat# 6809-5502, Whatman, Maidstone, England) and masked 

on both sides with aluminum tape, as described previously 33.  The mass transfer 

resistance from the PDMS layer can be accounted for using the series resistance 

model as follows 14, 40: 

𝑙𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

 𝑃𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
=  

𝑙𝑃𝐷𝑀𝑆

𝑃𝑃𝐷𝑀𝑆
+ 

𝑙𝐺𝑙𝑎𝑠𝑠𝑦

𝑃𝐺𝑙𝑎𝑠𝑠𝑦
                                                (3.1) 

where 𝑙𝑃𝐷𝑀𝑆 , 𝑙𝐺𝑙𝑎𝑠𝑠𝑦 , and 𝑙𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒  are the thicknesses of the PDMS layer, the 

underlying selective layer, and the overall composite ( 𝑙𝑃𝐷𝑀𝑆  + 𝑙𝐺𝑙𝑎𝑠𝑠𝑦 ), 

respectively.  Accordingly, 𝑃𝑃𝐷𝑀𝑆 , 𝑃𝐺𝑙𝑎𝑠𝑠𝑦 , and  𝑃𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒  are the permeability 

coefficients of PDMS, the glassy polymer, and the composite structure, 

respectively.  Permeability coefficients of gases in PDMS do not change with time, 

and these permeability coefficients were obtained from the literature.14  

Permeability of gases in both the uncrosslinked and UV-irradiated TMBPA-BP 

thin films was calculated using Equation (3.1).  When polymer samples were not 

installed in the gas permeation systems for permeation experiments, they were 

shielded from light and allowed to age inside a dark gas chromatograph (GC) 

oven at 35°C.   

3.3 Results and Discussion  

 

3.3.1 UV Irradiation Uniformity 

 
 One general question with UV crosslinking is the crosslinking uniformity 

through the sample.  In the thin films considered in this study, we cannot 
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directly measure the extent of crosslinking as a function of depth into the 

sample.  However, we can estimate the uniformity of UV irradiation throughout 

the sample.  Presumably, more uniform irradiation throughout the sample will 

contribute to more uniform crosslinking.  The UV intensity at any point in a film, 

I, can be estimated using the Beer-Lambert law 20: 

𝐼 = 𝐼0 × 10−𝐸𝐶𝐷 =  𝐼0 × 10−𝐴      (3.2) 

where I0 is the incident UV intensity, E is the extinction coefficient, C is the 

concentration of photoactive species in the film, D is the path length, and A is 

the absorbance.  As UV irradiation penetrates deeper into a film, its intensity will 

decrease due to absorption.  If there is a sharp gradient of UV intensity between 

the surface and the center of a film, the resulting crosslinking may not be 

uniform.  For such non-uniformly crosslinked material, the measured gas 

permeability does not represent the intrinsic property of a homogeneously 

crosslinked polymer and, therefore, cannot be directly compared with the 

permeability of homogeneously uncrosslinked samples or other non-uniformly 

crosslinked samples.   

 Fig. 3.1 A presents the UV-VIS spectra of TMBPA-BP films of different 

thicknesses.  A strong band at ~200 nm represents the π→π* transition 

associated with the benzophenone excitation, and a weaker band at ~280 nm 

represents the n→π* transition.29  As film thickness decreases, the absorbance 

at 254 nm (i.e., one of the crosslinking wavelengths considered) decreases.  

Because the product of EC is a material property and is, therefore, independent 
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of film thickness, absorbance should be linearly correlated with film thickness, 

as shown in Fig. 3.1 B.  Using Equation (3.2), relative UV intensity at any depth 

in a film can be calculated.  Fig. 3.1 C shows a calculated profile of relative UV 

intensity for TMBPA-BP films of different thickness.   Normalized film thicknesses 

of 0 and 1 correspond to the two surfaces of a film.  Because each film was 

irradiated on both sides, the calculated UV intensity profile has a parabolic 

shape.  To obtain a uniformly irradiated sample, the film needs to be thin enough 

so that the UV intensity at the center of the film is similar to that at the surface.  

As shown in Fig. 3.1 C, the profile becomes more uniform as film thickness 

decreases.  For example, for a 259 nm TMBPA-BP film, there is a 32% difference 

between the UV intensity at the surface and center of the film.  For a 145 nm 

film, there is only a 14% difference between the UV intensity at the surface and 

center of the film.  Hypothetically, films thinner than 145 nm would have even 

more uniform irradiation, but to consistently make defect-free films at such 

thicknesses is very difficult.  As a result, films of around 145 nm were used for 

this study to balance the competing needs for relatively uniform  
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irradiation and the practicality of making defect-free films. 

                                 Fig. 3.1.  (A) Effect of film thickness on UV-Vis spectra of 

TMBPA-BP films. (B) Effect of fi lm thickness on UV absorbance at 254 nm.  (C) Calculated UV 

intensity profile at 254 nm in TMBPA-BP films of various thicknesses. (Figure used with 
permission from Elsevier). 

 

     

 Because PDMS is coated onto the glassy polymer to prevent pinhole 

formation, one question is whether the PDMS layer may significantly shield the 

UV light from the underlying glassy polymer, thereby affecting the irradiation 

uniformity in the glassy polymer.  Fig. 3.2 A presents the UV-Vis spectrum of a 
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TMBPA-BP film (l=145 nm) and a crosslinked PDMS film  (l = 6 µm).  The 

absorbance for PDMS is very low at wavelengths above 250 nm.  At an irradiation 

wavelength of 254 nm, the PDMS absorbance (0.069) is 85% lower than that of 

the TMBPA-BP thin film (0.475).  Fig. 3.2 B presents the calculated  

Fig. 3.2.  (A) UV-Vis spectra for TMBPA-BP and PDMS. (B) Calculated UV intensity 

profile at 254 nm in TMBPA-BP films (l = 145 nm) with and without a PDMS coating. (Figure 

used with permission from Elsevier). 

 

UV intensity profile at 254 nm for TMBPA-BP films with or without PDMS 

coating.  Because the PDMS coating is applied to only one side of the film (at 

normalized film thickness = 1 in Fig. 3.2 B), the addition of PDMS skews the UV 

profile slightly away from the center.  The maximum difference in UV intensity 

between the film surface and the interior is 14% for the TMBPA-BP film without 

a PDMS coating and 17% for the film with a PDMS coating.  Therefore, the 

influence of the PDMS layer on UV irradiation uniformity is believed to be small. 
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 Additionally, UV treatment at 254 nm and 365 nm is not expected to 

change the physical and gas transport properties of PDMS.  PDMS is generally 

stable against UV irradiation at wavelengths above 200 nm.41, 42  Below 200 nm, 

UV irradiation in air can promote ozone formation, which may induce polymer 

chain scission and oxidation of PDMS to SiO2 at the polymer-air interface, 

thereby affecting PDMS physical properties.42-44  However, at irradiation 

wavelengths considered in this study (i.e., 254 nm and 365 nm), UV absorbance 

in PDMS is small (c.f., Fig. 3.2 A).  Because light must be absorbed for 

photochemical reaction to take place (i.e., the Grotthuss-Draper law),45 little 

photochemical activities, and thereby physical property changes, are expected at 

254 nm and 365 nm.   

 Because UV absorbance at 365 nm is much lower than that at 254 nm 

(cf., Fig. 3.1 A), irradiation at 365 nm is more uniform than that at 254 nm.  For 

example, the absorbance of a 145 nm thick TMBPA-BP film at 365 nm (0.112) is 

76% lower than that at 254 nm (0.475).  As a result, at 365 nm, the difference 

between UV intensity at the surface and center of a 145 nm thick film is less 

than 1%, resulting in a uniformly irradiated sample.               

3.3.2 Crosslinking and Photooxidation Mechanism 

 
 Crosslinking and photooxidation reactions via UV irradiation of 

benzophenone-containing polymers have been reported.23, 24, 46  Based upon 

these literature studies, Fig. 3.3 presents the expected mechanism of these 

reactions.  Upon irradiation at 250-370 nm, benzophenone (BP) can be excited 
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and undergoes hydrogen abstraction to yield carbon-centered radicals and 

benzylic radicals (1).  If oxygen is present, benzylic radicals (D) can rapidly react 

with oxygen to form peroxy radicals (E), which can then abstract another 

hydrogen to form peroxides (F).  Further UV irradiation and subsequent 

hydrogen abstraction can decompose the peroxides and generate alkoxy radicals 

(G) and hydroxides (H) (2).   
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Fig. 3.3.  Expected mechanism of UV-induced crosslinking and photooxidation.23, 24, 46 

(Figure used with permission from Elsevier). 

 

 Afterwards, radicals can couple according to either the crosslinking or 

photooxidation pathway, as outlined in Fig. 3.3.  For crosslinking reactions, 
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benzylic radicals can couple with other carbon-centered radicals (reaction 3) or 

benzylic radicals (reaction 4) to form crosslinks between polymer chains.  McCaig 

et al. speculated, based on CPK models, that steric hindrance can potentially 

limit the benzylic-carbon radical coupling (reaction 3).22  Therefore, coupling 

between benzylic pendent groups (reaction 4) is a more likely scenario, although 

this has not been proven.   

 Photooxidation reactions can occur via coupling of oxidation 

intermediates, according to reactions 5-7.  For example, benzylic radicals (D) can 

couple with either alkoxy (G) or peroxy (E) radicals to form aliphatic ethers 

(reaction 5) or peroxides (reaction 6), respectively.  However, because peroxides 

are typically not stable, they tend to rapidly dissociate to yield more alkoxy 

radicals (reaction 6).  Finally, alkoxy radicals (G) can couple with other alkoxy 

radicals (G) to form aldehydes, which can be subsequently oxidized to carboxylic 

acids (reaction 7).  Interactions among these polar groups, e.g., hydrogen 

bonding, etc., can potentially increase interchain cohesion, thereby decreasing 

polymer free volume and increasing gas selectivity.24 

3.3.3 FTIR Characterization 

 
 Figs 3.4 A-3.4 C present FTIR spectra of TMBPA-BP films before and after 

UV irradiation at different conditions.  In all spectra, the peak at around 1650 

cm-1 corresponds to the carbonyl group in the benzophenone moiety, and the 

peak near 1600 cm-1 is attributed to the stretching of substituted benzene 

moieties.46, 47  The intensity of each spectrum was normalized using the peak at 
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1600 cm-1 as an internal reference, which was assumed to not change with UV 

irradiation.  In Fig. 3.4 A and 3.4 B, the carbonyl peak intensity at 1650 cm-1 

decreases with increasing UV irradiation time.  Concomitantly, a broad band at 

around 3500 cm-1, attributed to the stretching of hydroxyl groups generated via 

crosslinking and/or photooxidation,25, 47 is formed and increases with increasing 

UV irradiation time.  In the spectra of samples irradiated in air at 254 nm  (Fig. 

3.4 A and 3.4 C), a broad feature at ~1730 cm-1, which corresponds to C=O 

stretching from aldehydes and carboxylic acids generated from photooxidation, 

emerges and increases in intensity with increasing irradiation time.  

Interestingly, this band was also observed in the spectra of certain N2-irradiated 

samples (e.g., “20, N2”, Fig. 3.4 B).  As described in the Experimental section, the 

glove box was purged with N2 until the O2 level was below 0.1% by volume.  Low 

levels of residual oxygen in the predominantly N2 atmosphere might have 

initiated low levels of photooxidation, especially for samples irradiated for 

relatively long times.  Interestingly, as shown in Fig. 3.4 C, both air- and N2-

irradiated samples at 365 nm have similar IR spectra, so the irradiation 

environment may not significantly influence the polymer structure at this 

irradiation wavelength for the irradiation times considered.   
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Fig. 3.4.  FTIR spectra of TMBPA-BP films before and after UV irradiation.  Samples in 

(A) and (B) were irradiated at 254 nm and are designated by the irrdiation time (in min) and the 
irrdiation environment.  Samples in (C) were irradiated for 10 min (5 min/side) and are 

designated by the irradiation environment and irradiation wavelength.  All samples were 150-

170 nm thick. (Figure used with permission from Elsevier). 
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 The progress of crosslinking and/or photooxidation can be monitored by 

tracking the benzophenone peak intensity (1650 cm-1) decreases in the FTIR 

spectra with irradiation.  Fig. 3.5 presents the relative BP intensity as a function 

of irradiation time.  The relative intensity was calculated by dividing the BP 

intensities of irradiated samples by that of the uncrosslinked sample.  As 

irradiation time increases, the relative BP intensity decreases as BP undergoes 

photoreactions to form crosslinks or photooxidative products.  Because air-

irradiated samples undergo photooxidation in addition to crosslinking, they 

experience a greater reduction in BP intensity than N2-irradiated samples.  For 

example, after irradiation at 254 nm for 10 min, the relative BP intensity of an 

air-irradiated sample is 33% lower than that of a N2-irradiated sample.  In 

addition, for a fixed irradiation environment and time, irradiating at 254 nm 

results in lower BP intensities than irradiating at 365 nm, suggesting that UV 

irradiation at 254 nm leads to a greater extent of crosslinking and/or 

photooxidation than irradiation at 365 nm.  A more detailed discussion of effects 

of different irradiation wavelengths on properties is provided in Section 3.3.5.   
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Fig. 3.5.  Relative FTIR intensities of the benzophenone peak at 1650 cm -1 as a function 
of irradiation time, irradiation wavelength, and irradiation environment.  The ratio of A1650 to 

A1600 for the uncrosslinked sample is normalized to unity. (Figure used with permission from 

Elsevier). 

 

3.3.4 Influence of Irradiation Time and Environment on Physical 
Aging and Gas Transport Properties 

 

 Fig. 3.6 presents O2 permeability (Fig. 3.6 A) and relative O2 permeability 

(Fig. 3.6 B) as a function of aging time for uncrosslinked and irradiated TMBPA-

BP films with thicknesses ranging from 150 to 170 nm.  The relative O2 

permeability was calculated by dividing the O2 permeability coefficient (P) at a 

given aging time by its initial value (P0) at about 1 hour of aging.  The irradiated 

samples were prepared using the crosslinker at 254 nm, and they are designated 

by the total irradiation time and environment.  For example, “20, N2” indicates a 

sample irradiated in N2 at 254 nm for 20 min (10 min/side).  The initial O2 
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permeability of the uncrosslinked thin film is higher than that of the bulk film 

(cf., Table 3-1), indicating that additional free volume may have been captured 

in the thin film due to rapid quenching from above Tg.3, 13, 14, 22  As aging time 

increases, free volume of glassy polymers typically decreases,3 leading to 

permeability decreases.  For example, the O2 permeability of the uncrosslinked 

sample decreases by almost 50% after about 1000 h of aging.       

 

Fig. 3.6.  Influence of physical aging on: (A) oxygen permeability and (B) normalized 

oxygen permeability of non-crosslinked and irradiated TMBPA-BP films.  In (B), relative O2 
permeability was calculated by dividing the O2 permeability (P) at a given aging time by its 

initial value (P0) at ~1 hour of aging time.  Samples were irradiated at 254 nm and they are 

designated by the total time (in min) and the environment of UV irradiation.  Lines are drawn to 
guide the eye. (Figure used with permission from Elsevier). 

 

 The oxygen permeability also decreases with UV irradiation in either N2 or 

air, which may be due to a loss in polymer free volume with crosslinking and/or 

photooxidation.22, 25  Interestingly, as shown in Fig. 3.6 B, N2-irradiated samples 

display similar rates of permeability loss as that of the uncrosslinked sample.  

Materials having different permeability coefficients yet similar aging rates have 
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been reported in earlier studies.3, 5, 48   For example, Kim et al. observed that a 

chemically crosslinked thin polyimide film (281 nm thick) had a similar aging 

rate as its uncrosslinked analog (312 nm thick), even though the initial O2 

permeability of the crosslinked sample was 57% lower than that of the 

uncrosslinked film.48  Similar observations were also reported for thin films of 

polysulfone (annealed vs. non-annealed)5 and poly(2,6-dimethyl-1,4-phenylene 

oxide) (semicrystalline vs. amorphous).3   

 The aging rate, according to the self-retarding aging model developed by 

Struik, can be expressed as the ratio of the driving force, i.e., the displacement 

of the specific volume at time t away from that at equilibrium, to a characteristic 

relaxation time, 𝜏, which is a function of the polymer’s current free volume state, 

glass transition temperature, Tg, and experimental temperature:2 

Aging rate ≡  
d𝑣

dt
=  

−(𝑣−𝑣∞)

𝜏 (𝑣,𝑇𝑔−𝑇)
                  (3.3) 

where v and 𝑣∞  are the specific volumes of the polymer at time t and at 

equilibrium, respectively.  One possible explanation for the similar aging rates of 

the uncrosslinked and N2-irradiated samples is that the extent of decrease in 

polymer free volume due to crosslinking may not be significant enough to 

considerably impact the driving force, i.e., 𝑣 − 𝑣∞, of aging.  In addition, the 

distance between crosslinks in N2-irradiated samples may be large enough that 

the polymer chain mobility is not affected much by crosslinking, leading to little 

or no change in 𝜏.  As a result, if changes in the driving force and the relaxation 
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time are small, and work in opposite directions, the overall aging rate may not 

be significantly affected. 

 For a fixed UV irradiation time, air-irradiated samples have lower O2 

permeability than N2-irradiated samples.  In addition to crosslinking, 

photooxidation can occur due to irradiation in air, which introduces polar groups 

into the polymer matrix (cf., Fig. 3.4 B).  Interactions among these polar groups, 

such as hydrogen bonding, etc., can increase interchain cohesion, thereby 

lowering free volume and gas permeability.23, 24  Moreover, such interactions may 

also restrict polymer chain mobility, increasing its Tg, and according to Equation 

(3.3), increase the relaxation time, thereby decreasing the aging rate.  Consistent 

with this hypothesis, as shown in Fig. 3.6 B, air-irradiated samples have lower 

aging rates than uncrosslinked and N2-irradiated samples, and the aging rate of 

air-irradiated samples decreases as irradiation time increases.   

 In addition to the interactions described above, polar groups introduced 

by photooxidation can potentially increase polymer hydrophilicity.49  Particularly 

in more hydrophilic polymers, water can influence their physical aging.50  To 

explore the potential influence of water on physical aging of air-irradiated 

polymers considered in this study, two fresh thin film samples were prepared 

and irradiated in air for 10 min (5 min/side).  One film was kept in a permeation 

apparatus for up to 1000 h.  Except during permeation measurements, which 

used dry O2 and N2, that film was aged in vacuum at 35°C, and consequently, 

had minimal contact with water vapor.  The other sample was aged in the 

ambient atmosphere, which had a relative humidity of about 25% at 35°C.  After 
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each permeation measurement, the sample was immediately removed from the 

permeation apparatus and continued aging in the ambient atmosphere.  The 

aging behavior of these samples is presented in Fig. 3.7.   During the first 21 h, 

each sample was kept in its respective permeation apparatus, so the samples 

were not exposed to water vapor, and the initial change in relative O2 

permeability with time is essentially identical for both samples.  After about 21 

h, one sample was removed from its permeation system and aged in ambient 

environment, as described above.  As shown in Fig. 3.7, the sample aged in the 

ambient environment, which contained water vapor at about 25% relative 

humidity, underwent accelerated aging relative to the sample aged in vacuum, 

which did not contain water.   

 

Fig. 3.7. Influence of aging environment on aging rate of air-irradiated TMBPA-BP thin 
films.  Relative O2 permeability was calculated by dividing the O2 permeability (P) at a given 

aging time by its initial value (P0) at ~ 1 h of aging time.  The films were irradiated in air for 10 

min (5 min/side) and were around 170 nm thick.  One sample was aged in vacuum at 35°C, 
and the other sample was aged in vacuum for 21 hours before being subsequently aged in the 
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ambient environment, which had a relative humidity of about 25%, at 35°C. (Figure used with 

permission from Elsevier). 

 

  This accelerated aging in the presence of water is similar to a 

phenomenon reported by Horn et al., who investigated the influence of long term 

CO2 exposure on aging behavior of thin Matrimid films (~200 nm).33  For a fixed 

feed pressure and temperature, CO2 permeability in Matrimid initially increases 

until a maximum is reached, then decreases for the remainder of the experiment.  

Initially, CO2 plasticizes the polymer and increases gas permeability.  As the 

polymer is plasticized, its free volume increases and Tg decreases, leading to an 

increase in the driving force for physical aging and a decrease in the relaxation 

time (cf., Equation (3.3)), which increases the aging rate.  Consequently, the 

influence of aging on permeability becomes more important, resulting in a 

decrease in CO2 permeability with time.33  A similar interplay between 

plasticization and physical aging may also be at work in this study.  Because 

water (Tc = 647 K51) is a more condensable penetrant than CO2 (Tc = 304 K51), 

water can potentially plasticize the more hydrophilic air-irradiated samples, 

leading to accelerated aging process, as shown in Fig. 3.7.  Of course, other 

components in the ambient environment, such as carbon dioxide or other 

species, may also have an impact on physical aging.  A more detailed and 

controlled study of aging environment influence on aging behavior deserves 

further investigation but it is beyond the scope of this study.  In any case, the 

observed dependence of aging rate on the aging environment highlights the 

importance of maintaining consistent aging conditions and reporting how 
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samples are stored in between gas permeation measurements during aging 

studies.   

 Fig. 3.8 presents the absolute (A) and relative (B) O2/N2 selectivity of 

uncrosslinked and irradiated samples as a function of aging time.  Relative 

selectivity was determined by dividing selectivity at time t by the initial 

selectivity, which was measured after about 1 h of aging.  The uncertainty for 

the 10 min, air-irradiated sample is presented, calculated based on uncertainties 

in permeability coefficients using propagation of errors.52  The initial O2/N2 

selectivity of the uncrosslinked sample is similar to that of the bulk film (cf., 

Table 3.1), indicating that the PDMS-coated thin film is essentially defect-free.  

Selectivity generally increases with irradiation time and aging time, although 

increases in selectivities from UV irradiation are greater.  This increase in 

selectivity can be attributed to potential densification of the polymer 

accompanying UV irradiation and physical aging, which should reduce free 

volume and increase the size-sieving ability of the polymer.22  At a fixed 

irradiation time, air-irradiated samples have higher O2/N2 selectivity than N2-

irradiated samples.  As mentioned earlier, air-irradiated samples undergo both 

crosslinking and photooxidation, which can effectively lower polymer free 

volume, restrict chain mobility, and improve selectivity.15, 23, 27  As a result of 

lower aging rates of air-irradiated samples (cf., Fig. 3.6 B), the O2/N2 selectivities 

of air-irradiated samples do not change much with aging time.   
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Fig. 3.8.  Influence of physical aging on: (A) O2/N2 selectivity and (B) normalized 

O2/N2 selectivity of non-crosslinked and crosslinked TMBPA-BP films.  In (B), data were 

normalized based on permeability at ~ 1 h of aging time.  Samples were irradiated at 254 nm 
and they are designated by the total irradiation time (in min) and the irradiation environment.  

Lines are drawn to guide the eye. (Figure used with permission from Elsevier). 

 

 Fig. 3.9 presents the influence of UV irradiation and physical aging on 

O2/N2 separation performance of TMBPA-BP thin films relative to the upper 

bound.53  Transport data of thin polysulfone (PSF) films (125 nm) are also 

included for comparison.14  As polymers are UV-irradiated and undergo physical 

aging, the ensuing decrease in gas permeability and increase in selectivity move 

transport properties in a direction parallel to but slightly away from the upper 

bound.  Similar trends were observed in previous studies of physical aging of 

uncrosslinked and non-irradiated glassy polymers.3, 14, 38   
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Fig. 3.9. Influence of physical aging and UV irradiation on O2/N2 separation 
performance of uncrosslinked and UV-irradiated TMBPA-BP samples relative to the 1991 upper 

bound.53  Samples were irradiated at 254 nm.  All samples were 150-170 nm thick.  Transport 

data of ultra-thin polysulfone (125 nm thick) are also included for reference.14 (Figure used 
with permission from Elsevier). 

 

3.3.5 Influence of Irradiation Wavelength on Physical Aging and 
Gas Permeation Properties 

 

 Fig. 3.10 presents the influence of UV irradiation wavelength and 

environment on aging behavior of TMBPA-BP thin films.  Each crosslinked 

sample was irradiated for 10 min total (5 min/side) and is designated by the 

irradiation environment and wavelength.  Similar to transport properties 

observed for samples irradiated at 254 nm, the air-irradiated sample at 365 nm 

has lower O2 permeability than the N2-irradiated sample at 365 nm, presumably 

due to more extensive photooxidation in the air-irradiated sample, which can 

decrease the free volume.  However, the extent of photooxidation in the air-

irradiated sample at 365 nm is probably small (relative to that for samples 
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irradiated at 254 nm), as is evident from the similar FTIR spectra of air- and N2-

irradiated samples at 365 nm (cf., Fig. 3.4 C) and similar reductions in their 

benzophenone peak intensities after irradiation (cf., Fig. 3.5).  Consequently, air- 

and N2-irradiated films at 365 nm have similar O2/N2 selectivities, as shown in  

Fig. 3.10. Influence of crosslinking wavelength and environment on: (A) O2 permeability 

and (B) O2/N2 selectivity of uncrosslinked and irradiated TMBPA-BP thin films.  Each 
crosslinked sample was irradiated for 10 min total (5 min per side) and is designated by the 

irradiation environment and wavelength.   All samples were 150-170 nm thick.  Lines are 

drawn to guide the eye. (Figure used with permission from Elsevier). 

 

Fig. 3.10 B.    

In a fixed irradiation environment, samples irradiated at 254 nm have 

lower O2 permeabilities and higher O2/N2 selectivities than samples irradiated at 

365 nm.  This difference in transport properties, as well as the lower 

benzophenone peak intensities for samples irradiated at 254 nm relative to those 

at 365 nm (cf., Fig. 3.5), indicate that irradiation at 254 nm has likely induced 

more crosslinking and/or photooxidation than irradiation at 365 nm.  In general, 
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the amount of radicals generated via UV irradiation depends on the amount of 

UV energy absorbed by the polymer and the efficiency of converting absorbed 

energy to radicals.18, 54  Table 3-2 characterizes the different UV irradiation 

methods considered in this study.  After undergoing irradiation for 10 min, 

polymers irradiated at 254 nm (via UV crosslinker) absorbed more energy per 

unit area than those irradiated at 365 nm (via UV lamp).  Moreover, because 

photons at 254 nm (472 kJ/mol) are more energetic than those at 365 nm (328 

kJ/mol), photons at 254 nm are more likely to overcome the energy barrier (310 

kJ/mol) required in promoting the n→π* transition of benzophenone (cf., Fig. 

3.1),55, 56 which leads to more radicals available for photochemical reactions.  

Consequently, due to greater UV energy absorption and a higher probability of 

radical formation, irradiation at 254 nm leads to more extensive crosslinking 

and/or photooxidation than irradiation at 365 nm. 

Table 3-2.  Characteristics of UV irradiation methods at 254 nm and 365 nm.  

 

UV 

Crosslinker 

(254 nm) 

UV Lamp 

(365 nm) 

Absorbancea 0.475 0.112 

Bulb intensity  

(mW/cm2) 

6.55 16.7 

Emitted energy per 

area  

3900 10,000 
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after 10 min 

irradiation  

(mJ/cm2) 

Absorbed energy per 

area 

after 10 min 

irradiation  

(mJ/cm2)b 

2600 2300 

(Table used with permission from Elsevier). 

 

a cf., Fig. 1 

b determined using Equation (2) 

 Fig. 3.11 presents the influence of irradiation wavelength, irradiation 

environment, and physical aging on O2/N2 separation performance relative to 

the 1991 upper bound.53  Each crosslinked sample was irradiated for 10 min (5 

min per side).  Transport properties of polysulfone as well as uncrosslinked and 

crosslinked (irradiated in N2 at 365 nm for 7 min) tetramethyl bisphenol A 

benzophenone dicarboxylic acid (TMBPA-BnzDCA) are included for 

comparison.14, 22  As shown in Fig. 3.11, at 365 nm, the properties of air-

irradiated sample are somewhat farther away from the upper bound than those 

of the N2-irradiated sample, because the air-irradiated sample has lower O2 

permeability coefficients yet similar O2/N2 selectivities to those of the N2-

irradiated sample.  On the other hand, at 254 nm, the air-irradiated sample has 
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higher selectivities and lower O2 permeabilities than the N2-irradiated sample, 

presumably due to more extensive photooxidation at 254 nm.  In addition, as 

observed earlier, physical aging and UV irradiation move transport properties to 

the upper-left direction on paths that are parallel to but slightly away from the 

upper bound.   

 

 

Fig. 3.11. Influence of irradiation wavelength, irradiation environment, and physical 

aging on O2/N2 separation performance of uncrosslinked and crosslinked TMBPA-BP samples 
relative to the 1991 upper bound.53 All TMBPA-BP samples were 150-170 nm thick.  Each 

crosslinked sample was irradiated for 10 min total (5 min per side) and is designated by the UV 

irradiation environment and wavelength.  Physical aging of polysulfone (125 nm ) 14 as well as  
non-crosslinked and crosslinked (irradiated in N2 at 365 nm for 7 min) TMBPA-BnzDCA (380-

860 nm thick) 22 are also included for comparison. (Figure used with permission from Elsevier). 

 

3.4 Conclusions 

 
 The influence of UV irradiation and physical aging on O2 and N2 transport 

properties of thin TMBPA-BP films was explored at 35°C and a feed pressure of 

2 atm.  To investigate the influence of UV irradiation on the instrinsic polymer 
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properties, uniform crosslinking throughout the polymer is desired, which 

necessitates using very thin films.  To balance the need for relatively uniform 

irradiation and practicality of making defect-free films, films of 150-170 nm were 

used for this study and were coated with PDMS to caulk any pinholes arising 

during the thin film casting process.  The influence of the PDMS layer on UV 

irradiation uniformity is small. 

 Both UV irradiation and physical aging decrease gas permeability 

coefficients and increase O2/N2 selectivity.  Changes in transport properties 

become more significant as irradiation time increases, likely due to a loss in 

polymer free volume associated with crosslinking and/or photooxidation.  For 

samples irradiated at 254 nm for a fixed period of time, air-irradiated samples 

have lower permeability and higher selectivities than N2-irradiated samples.  

FTIR spectra of air-irradiated samples at 254 nm showed peaks ascribed to 

carbonyl groups, which were believed to be photooxidation products that were 

generally absent in the spectra of N2-irradiated samples.  Interactions among 

these polar groups can potentially decrease polymer free volume, leading to 

further losses in permeability and gains in selectivity.   

 The influence of irradiation wavelength on transport properties was also 

explored.  Samples were irradiated on both sides via either a UV crosslinker (254 

nm) or a UV lamp (365 nm).  In a fixed irradiation environment (air or N2), 

samples irradiated at 254 nm were less permeable and more selective than those 

irradiated at 365 nm.  This difference is attributed to greater UV absorption by 

the polymer and a higher probability of radical formation at 254 nm, both of 
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which contribute to greater extents of crosslinking and/or photooxidation than 

irradiation at 365 nm.  Finally, comparisons to the upper bound established by 

Robeson showed that UV irradiation and physical aging moved the transport 

properties mainly parallel to but slightly away from the upper bound line, a trend 

similar to that reported in previous aging studies on non-irradiated polymer 

samples.  
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4.1 Introduction 

 
Gas separations via membranes have grown over approximately the past 

50 years due to reduced energy consumption, equipment size, and waste 

generation relative to cryogenic distillation and absorption processes.1-3 

Currently, membranes are used to separate various gas pairs in applications 

including nitrogen enrichment, acid gas treatment, ammonia purge gas recovery, 

refinery gas purification, syngas ratio adjustment, and dehydration.2-4 There are 

several challenges that need to be addressed within these areas such as low 
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selectivities, plasticization caused by CO2 and other condensable gas absorption, 

physical aging, and thermal and mechanical stability of the membranes.4   

Gas transport performance for non-porous gas separation membranes is 

primarily characterized in terms of permeability and selectivity. Permeability is 

the pressure- and thickness-normalized gas flux through the membrane, and 

selectivity is the permeability ratio of two gases of interest.5, 6 The best 

performance occurs when the permeability and selectivity of the membrane are 

high.5, 6 However, it is known that there is a tradeoff between permeability and 

selectivity which was described in terms of an upper bound by Robeson in 1991 

and later theoretically explained by Freeman.7-9 

 Glassy polymers such as poly(arylene ether)s including polysulfones and 

poly(2,6-dimethyl-1,4-phenylene oxide), polycarbonates, polyimides, cellulose 

acetates, and aramids are all used as membrane materials and show great 

performance and processability for various applications.4 This paper will focus 

on poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) as a membrane material. PPO 

was first commercialized over 50 years ago by General Electric and it is now 

marketed by Sabic.10 It gained interest as a material for gas separation 

membranes due to its aromatic ether structure. Its kinked ether linkages and 

benzylic methyl groups inhibit chain packing and lead to a high fractional free 

volume and consequently high permeabilities.4, 11 However, the high free volume 

leads to reduced selectivities when compared to other commercial materials, and 

several research efforts have been undertaken to solve this problem.12, 13 
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 Crosslinking is of great interest for dense-film gas separation membranes 

due to the potential to increase selectivity, decrease gas plasticization, and 

decrease the effect of physical aging.4, 14 Crosslinking controllably reduces the 

mobility of polymer chains, which can improve the size sieving capability of 

glassy polymers and increase selectivity. Gas plasticization occurs when some 

sufficiently high concentration sorbs into a film and causes swelling that can 

decrease selectivity. Crosslinking inhibits this swelling and can reduce the 

overall effect of plasticization. Physical aging involves the gradual densification 

of a non-equilibrium glassy polymer over time towards its equilibrium state and 

decreases permeability and increases selectivity. By crosslinking the film, the 

aging rate may be reduced. Both crosslinking and aging increase selectivity. 

However, literature has reported that crosslinking has a more pronounced effect 

for UV-irradiated polyarylates.14, 15 

The focus of this study has been to UV crosslink PPO to enhance its 

transport properties. A poly(arylene ether ketone) based on bisphenol A (BPA-

PAEK) was blended with PPO to produce a UV crosslinkable material with 

improved selectivity.  Structures are shown in Figure 1. The key crosslinking 

groups within the polymers are the benzophenone in the BPA-PAEK and the 

benzylic methyl groups on the PPO. UV light was used to excite a benzophenone 

moiety that could subsequently abstract a hydrogen radical from a benzylic 

methyl group. This creates two free radicals that can then combine to form a 

covalent crosslinked bond. Qiang et al. have extensively described this 

crosslinking reaction and explored the effect of thickness, atmosphere, and 
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aging.15 Other systems have been studied utilizing this crosslinking reaction.15-

17 However, in the previous work, the two key components were within the same 

polymer by polymerizing tetramethylbisphenol A or tetramethylbisphenol F with 

4’4-difluorobenzophenone. 

 

 

Figure 4.1. Bisphenol A poly(arylene ether ketone) and poly(2,6-dimethyl-1,4-phenylene 
oxide) (Figure used with permission from Elsevier). 

 

In this study, blends were explored as a function of the molecular weight 

of the PPO. The 22,000 Mn PPO was used to study the effect of PPO/BPA-PAEK 

composition on the properties of the blended films. NMR, DSC, gel fractions, 

tensile and transport properties were used to characterize the films.  

4.2 Experimental  

 
4.2.1 Materials 
 
N,N-Dimethylacetamide (DMAc), toluene, pyridine, and 2,6-

dimethylphenol were purchased from Sigma Aldrich. DMAc was vacuum distilled 

from calcium hydride. Toluene, pyridine, and 2,6-dimethylphenol were used as 

received. 4,4’-Difluorobenzophenone and bisphenol A were kindly donated by 

Solvay and recrystallized from 2-propanol and toluene, respectively. Potassium 

carbonate was purchased from Fisher Scientific and dried at 150°C under 

vacuum. Copper(I) chloride was purchased from Alfa Aesar and used as received. 
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Hydrochloric acid and methanol were purchased from Spectrum Chemicals and 

used as received. Chloroform, purchased from Spectrum Chemicals, was stored 

over activated 3Å molecular sieves. Ultra-high purity (UHP) oxygen gas (99.993%) 

used for synthesis was purchased from Praxair, and UHP gases (99.999%) used 

for gas transport measurements were purchased from Airgas. 

 

4.2.2 Synthesis of BPA-PAEK 

 
Synthesis of the BPA-PAEK polymer was adapted from previous 

literature.18-22 Bisphenol A (67.713 g, 296.6 mmol), 4,4'-difluorobenzophenone 

(65.643 g, 306.4 mmol), and DMAc (600 mL) were charged to a three-neck flask 

equipped with a N2 inlet, mechanical stirrer, and Dean-Stark trap. Toluene (300 

mL) and K2CO3 (48.352 g, 349.8 mmol) were added to the flask, and the Dean 

Stark trap was filled with toluene. The apparatus was placed in a silicone oil 

bath that was heated to 155°C to begin azeotropic removal of water. After 4 h, 

the toluene and water were removed from the Dean-Stark trap. The oil bath was 

maintained at 150°C for 12 h, then the reaction was allowed to cool to room 

temperature. The polymer solution was filtered to remove any excess K2CO3 or 

by-product salts. The polymer solution was precipitated into deionized water, 

then the polymer was stirred in deionized water at 80°C to further assist in the 

removal of salts and solvents. The white polymer was filtered and dried at 110°C 

under vacuum. Yield was 81%. 
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4.2.3 Synthesis of 6,000, 17,000 and 22,000 Mn poly(2,6-
dimethyl-1,4-phenylene oxide)s 

 

PPO synthesis was adapted from Hay et al.,23 and the protocol for 

synthesizing an ~6,000 Mn oligomer is provided. A 500-mL, 4-neck, round 

bottom flask equipped with an overhead stirrer, oxygen inlet tube, and condenser 

was charged with 250 mL of pyridine and 0.5 g (0.005 moles) of copper(I) 

chloride. Oxygen gas (0.1 SCFH) was passed through the vigorously stirred 

solution for 30 min, and the solution became dark green.  Then, 10 g (0.082 

mole) of 2,6-dimethylphenol was added. The reaction mixture became dark 

orange and the temperature was increased from 25 to 45°C. Oxygen flow was 

terminated after 1 h and the reaction was stirred for 2 h. The solution became 

viscous and the color of the solution returned to dark green. The reaction mixture 

was cooled to room temperature and slowly added into 500 mL of methanol to 

precipitate the polymer, then the polymer was filtered and washed thoroughly 

with methanol containing a small amount of hydrochloric acid. The product was 

dissolved in chloroform, filtered and re-precipitated into methanol. After 

filtration, the faint yellow powder was dried at 110°C for 24 h under vacuum. 

Yield: 7.1 g, 71%. The structure was confirmed by 1H-NMR. 

For the 17,000 Mn PPO, a 1-L, 4-neck, round bottom flask was used and 

800 mL of pyridine, 2.0 g (0.02 moles) of copper(I) chloride. Oxygen gas (0.1 

SCFH) was passed through the vigorously stirred solution for 30 min, and then 

30 g (0.246 mole) of 2,6-dimethylphenol was added. Oxygen flow was terminated 

after 3 h and the reaction was stirred for 2 h. The product (23.4 g, yield 78%) 
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was obtained and the structure was confirmed by 1H-NMR. For the 22,000 Mn 

PPO, a 500-mL, 4-neck, round bottom flask was used and 250 mL of pyridine, 

1.0 g (0.01 mole) of copper(I) chloride. Oxygen gas (0.1 SCFH) was passed 

through the vigorously stirred solution for 30 min, and then 10 g (0.082 mole) of 

2,6-dimethylphenol was added. Oxygen flow was terminated after 4 h and the 

reaction was stirred for 2 h. The product (8.0 g, yield 80%) was obtained and the 

structure was confirmed by 1H-NMR. 

4.2.4. SEC of the PPO Polymer Series 
 

SEC was conducted to measure molecular weights and distributions of the 

PPO polymers. The eluent was CHCl3. The column set consisted of two Shodex 

KF-801 columns connected in series with a guard column having the same 

stationary phase. The columns and detectors were maintained at 35°C. An 

isocratic pump (Waters 515 HPLC Pump, Waters Technologies) and 717 Waters 

autosampler were used for mobile phase delivery and sample injection. 

Calibrations were performed using a set of nine Shodex polystyrene standards 

spanning the entire column molecular weight range. Molecular weights were 

calculated based on the polystyrene standards. 

4.2.5. SEC of BPA-PAEK 
 

SEC was conducted to measure the molecular weight and distribution of 

the BPA-PAEK. The mobile phase was DMAc distilled from CaH2 containing dry 

LiCl (0.1 M). The column set consisted of 3 Agilent PLgel 10-μm Mixed B-LS 

columns 300 x 7.5 mm (polystyrene/divinylbenzene) connected in series with a 
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guard column having the same stationary phase. The columns and detectors 

were maintained at 50oC. An isocratic pump (Agilent 1260 infinity, Agilent 

Technologies) with an online degasser (Agilent 1260), autosampler and column 

oven were used for mobile phase delivery and sample injection. Multiple 

detectors connected in series were used for the analyses. A multi-angle laser light 

scattering detector (DAWN-HELEOS II, Wyatt Technology Corp.), operating at a 

wavelength of 658 nm, a viscometer detector (Viscostar, Wyatt Technology 

Corp.), and a refractive index detector operating at a wavelength of 658 nm 

(Optilab T-rEX, Wyatt Technology Corp.) provided online results. The system was 

corrected for interdetector delay and band broadening using a 21,000 g/mole 

polystyrene standard. Data acquisition and analysis were conducted using Astra 

6 software from Wyatt Technology Corp. Validation of the system was performed 

by monitoring the molar mass of a known molecular weight polystyrene sample 

by light scattering. The accepted variance of the 21,000 g/mole polystyrene 

standard was defined as 2 standard deviations (11.5% for Mn and 9% for Mw) 

derived from a set of 34 runs. The specific refractive index value was calculated 

based on the assumption of 100% recovery. Molecular weights were calculated 

from the light scattering data. 

4.2.6. Film-casting 
 

The polymers (0.6 g) were weighed into a small glass vial with a magnetic 

stir bar at the desired wt/wt ratio. Chloroform (20 mL) was added to the vial. The 

solution was filtered through a 0.45-μm syringe filter into a clean glass vial. A 6” 

x 6” glass plate with the corners cut off (34 in2 area) was placed in a base bath 
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for 30 min to clean the surface. The glass plate was rinsed and dried, then placed 

on a level surface for casting. The solution was poured onto the plate and the 

solution was spread to the edges of the plate until it covered the whole glass 

plate. A glass dome with 2 outlets was used to cover the plate. One outlet was 

fitted with a syringe filter to inhibit dust from entering the glass container and 

the other was connected to the house air stream running at 2 SCFH. The plate 

was left undisturbed for a minimum of 30 min, then transferred to an oven at 

110°C for an additional 30 min. Once removed from the oven, the film was 

secured to the glass plate with clips and placed into a DI water bath for 1 min to 

assist with film removal. The free-standing films were then placed in a vacuum 

oven set at 110°C for 2 h without vacuum and then for 10 h with vacuum. The 

resulting films were between 20 and 30 µm thick. 

4.2.7. Proton Nuclear Magnetic Resonance (NMR) Spectroscopy 
 

The compositions of the blends were confirmed via NMR. 1H-NMR analysis 

was performed on a Varian Inova spectrometer operating at 400 MHz. All spectra 

were obtained from 15% (w/v) 1-mL solutions in chloroform-d. The two peaks 

used in the calculation were from the three hydrogens on each benzylic methyl 

group (PPO) and from the four aromatic hydrogens nearest the ketone linkage 

(BPA-PAEK). 

4.2.8. Thermogravimetric Analysis (TGA) 
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Thermal stabilities of the polymers were investigated using a TA 

Instruments TGA Q5000 under a N2 atmosphere with a purge rate of 25 mL min-

1. The heating rate was 10°C min-1 from room temperature to 700°C. 

 

4.2.9. Differential Scanning Calorimetry (DSC) 
 

The thermal properties were investigated with a TA Instruments DSC 

Q2000. The polymers were heated under N2 at 60 mL/min to ensure an inert 

atmosphere. The heating rate was 10°C min-1 to 350°C, then the sample was 

cooled to 0°C at 10°C min-1. It was heated once more to 350°C at 10°C min-1 and 

the reported DSC thermograms are from the second scans. Reported Tg’s were 

measured at the midpoint. 

4.2.10. UV Spectroscopy 
 

UV spectra of the bulk polymers and the blends were collected using a 

Shimadzu Corp. UV – 1601 UV analyzer. Solutions (0.05 mg/mL) of the samples 

in chloroform were analyzed in quartz cuvettes placed in the sample cell with 

chloroform in a similar cuvette in the reference cell. A 50 W Tungsten bulb (from 

1100 to 340.8 nm) and a deuterium bulb (340.8 to 190 nm) were used as the 

light sources. Scans were conducted in ‘Spectrum Mode’ sweeping wavelengths 

from 700 to 190 nm. 
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4.2.11 UV Crosslinking 
 

The polymer membranes were placed between an upper quartz and a lower 

glass plate. The setup was passed under a Heraeus UV Fusion “H+” bulb (200 to 

450 nm wavelength range) via a conveyor belt set at 6 ft/min. This procedure 

was repeated until the film was exposed to the desired amount of radiation. A 

UV Power Puck was used to measure the amount of energy that the sample was 

exposed to, and this was multiplied by the number of passes. 

4.2.12 Gel Fraction Measurements 
 

Crosslinked films were dried at 120°C under vacuum overnight. Then 0.1-

0.2 g of the crosslinked film was placed in a 20-mL scintillation vial filled with 

chloroform and stirred overnight. The remaining solid was filtered through a 

Buchner funnel having a pre-weighed filter paper. The filter paper with the gelled 

polymer on it were dried at 120°C under vacuum overnight, then weighed once 

more to obtain the final weight. Gel fractions were calculated by Equation 4.1.  

 

(4.1) 

 
4.2.13 Gas Permeability Measurements 

 

 The pure gas permeabilities for a series of light gases (H2, CH4, N2, O2, CO2) 

were measured at 35°C in a constant-volume, variable-pressure apparatus as 

described elsewhere.1-2 The membrane sample, after being epoxied to a brass 

support disk, was loaded into a stainless steel Millipore filter holder (Millipore, 
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Billerica, MA, USA) inside a temperature-regulated water bath. The downstream 

pressure was measured with a MKS Baratron 626B transducer (MKS, Andover, 

MA, USA) with a max pressure of 10 Torr, and the pressure in the upstream was 

measured using a Honeywell Super TJE transducer (Honeywell Sensotec, 

Columbus, Ohio, USA) with a max pressure of 1500 psig.  The feed pressure of 

each gas was varied between 3 and 17 atm, and both the upstream and 

downstream pressures were recorded in a custom Python application using 

National Instruments.  Each sample was degassed overnight prior to measuring 

transport of the gas, and the stainless steel upstream line connected to the feed 

gas cylinder was flushed and degassed for a minimum of 45 min prior to each 

test to prevent contamination from other gases. 

4.2.14 Tensile Properties 
 

Tensile samples were cut from solvent cast films using a Cricut Explore 

One™ computer controlled cutting machine. The resulting samples were 

consistent with sample Type V described in ASTM D638-14. Nine samples 

produced by the cutter were inspected for any visible flaws, defects, or inclusions 

that arose during the casting process. The six highest quality samples were 

selected for testing. The sample thickness was measured at both ends of the 

narrow section using a Mitutoyo digimatic micrometer model MDC-1”SXF. 

Uniaxial load tests were performed using an Instron ElectroPuls E1000 testing 

machine equipped with a 250-N Dynacell load cell. The crosshead displacement 

rate was 5 mm min-1 and the initial grip separation was 25 mm. Nominal strain 

was calculated by dividing the change in grip separation by the initial grip 
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separation. Tensile strength was calculated by dividing the load by the average 

cross-sectional area of the narrow section, which was based on the average of 

the two sample thickness measurements and a sample width of 3.18 mm. 

4.3 Results and Discussion 

 
NMR and SEC were used to characterize the PPO and BPA-PAEK molecular 

weights and the results are shown in Table 1 and Figure 2. The PPO 

nomenclature is based on the Mn’s from SEC. PPO oligomers with a series of 

molecular weights were produced to investigate structure-property behavior as 

a function of the molecular weights of the PPO component. 

 

Table 4-1. Molecular weights of the polymers          

 
Mn (kDa) 

NMR 

Mn (kDa) 

SEC 

Mw (kDa) 

SEC 

PDI 

SEC 

BPA-PAEK - 52 78 1.5 

2k PPO 1.0 2 3.2 1.7 

6k PPO 4.0 6 11.8 2.0 

17k PPO 13 17 50.2 3.0 

19k PPO 33 19 55.8 2.9 

22k PPO 19 22 109 5.0 



116 

 

 

Figure 4.2. SEC refractive index curves of the PPO oligomers (Figure used with 
permission from Elsevier). 

 

DSC thermograms of the films are shown in Figure 4.3. Figure 4.3A 

compares two films of blends with different PPO molecular weights of 2,000 and 

22,000 g/mole at a wt/wt composition of 33/67 PPO/BPA-PAEK relative to their 

controls. Thermogram 2 shows the 2,000 g/mole PPO/BPA-PAEK blend with a 

Tg of 149°C. This Tg is located between the two control Tgs, curves 1 and 3, which 

suggests that the 2,000 g/mole PPO is miscible with BPA-PAEK at those 

compositions. Curve 4.4 shows the thermogram of a high molecular weight 

22,000 g/mole PPO/BPA-PAEK blend that produced two Tgs, one at 152 and 

another at 213°C. These two Tgs correspond with the control Tgs in curves 3 and 
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5 which indicates that the 22,000 Mn PPO produced an immiscible blend with 

BPA-PAEK at those compositions. The Tgs of the blend are slightly reduced in 

comparison to the respective control polymers. A definite reason for this behavior 

is unclear, but it does occur consistently. This can be observed in Figure 3B with 

the lower Tgs corresponding to the BPA-PAEK in blends with the 6,000, 17,000, 

19,000 and 22,000 PPO. 

 

Figure 4.3. A) DSC thermograms of the 2,000 g/mole PPO/BPA-PAEK 33/67 wt/wt 
and the 22,000 g/mole PPO/BPA-PAEK 33/67 wt/wt blends with their respective controls. B) 

comparison of each of the PPO molecular weights blended with BPA-PAEK at the 33/67 wt/wt 

composition of PPO/BPA-PAEK (Figure used with permission from Elsevier). 

 

Figure 4.3 B compares blends with the five PPO polymers with different 

molecular weights with 67 wt% of BPA-PAEK. Thermogram 1 shows the single Tg 

for the 2,000 g/mole PPO/BPA-PAEK blend.  Once the molecular weight of the 
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PPO in the blends was increased to 6,000 Mn, two clear Tgs emerged, and this 

was also true as the molecular weight was increased further, thus indicating the 

presence of two phases. The upper Tg in the 6,000 Mn PPO/BPA-PAEK blend, 

which correlates to the PPO phase, is lower than the 17,000, 19,000, and 22,000 

upper PPO Tg’s in the blends. This is expected since Tg is a function of molecular 

weight.24 In Figure 4.4, the 6,000 Mn PPO non-crosslinked blend (curve 2) is 

compared to its BPA-PAEK control (curve 1), the 6,000 PPO control (curve 4), 

and the crosslinked blend (curve 3). The PPO Tg in the non-crosslinked blend 

correlates with the control 6,000 Mn PPO Tg. Once crosslinked, at least the upper 

Tg was slightly raised, and this was attributed to reduced mobility, particularly 

of the PPO chains.25 

 

 

Figure 4.4. DSC thermograms of 6,000 g/mole PPO/BPA-PAEK 33/67 wt/wt non-
crosslinked and crosslinked blends with the controls (Figure used with permission from 

Elsevier). 
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 The crosslinking reaction is activated via UV light and occurs between the 

activated ketone carbon and benzylic radical. Figure 4.5 shows the solution UV 

absorbance spectra of the six control polymers. At a given concentration, the 

PPO absorbs significantly less light than BPA-PAEK in the wavelength range of 

interest (200 to 450 nm). The absorbance of the BPA-PAEK results in ketone 

excitation from the nonbonding to the antibonding state.26 Therefore, in later 

discussions regarding the gel fractions as a function of PPO weight composition, 

it will be important to remember that blends containing a greater PPO content 

will not absorb as much light as blends with higher compositions of the BPA-

PAEK. This is beneficial because the UV light will penetrate further into the film 

to crosslink more polymer chains. 

 

 

Figure 4.5. Solution UV absorption spectra of the PPO and BPA-PAEK (Figure used 

with permission from Elsevier). 
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The extent of crosslinking was explored by measuring gel fractions. The 

set of gel fractions shown in Figure 4.6 compares the five PPO molecular weights 

blended with BPA-PAEK along with those for the 19,000 g/mole PPO 

homopolymer. The films were exposed to 11, 23, or 34 J/cm2 of energy in efforts 

to optimize the UV exposure. The higher exposure resulted in increased gel 

fractions in the blended films but not in the PPO homopolymer control. The 

control PPO film did not undergo significant crosslinking which showed the 

importance of the ketone group to the crosslinking reaction. The blend with the 

2,000 PPO/BPA-PAEK 33/67 wt/wt composition only reached gel fractions a 

little above 20%, and this was much lower than the gel fractions obtained with 

blends having higher molecular weight PPOs. This was attributed to the fact that 

higher molecular weight PPO contains more benzylic crosslinkable methyl 

groups per mole (i.e., higher functionality), and thus requires fewer crosslinks to 

reach gelation.  

Figure 4.6. Gel fractions after UV crosslinking of PPO/BPA-PAEK blends over a range 

of PPO molecular weights (Figure used with permission from Elsevier). 
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The 22,000 Mn PPO was used to explore gel fractions and gas separation 

properties in these blends as a function of PPO composition. Figure 4.7 compares 

the gel fractions of four blend compositions. Unexpectedly, there was not a 

significant change in gel fraction as a function of composition. This is likely a 

result of several competing factors. One is that the amount of crosslinks may 

have decreased with less BPA-PAEK content simply because fewer ketone groups 

that participate in the crosslinking reaction were present. Secondly, the UV light 

should penetrate more deeply into the film with increased PPO content since the 

PPO absorbs less light relative to the BPA-PAEK. These factors produce results 

that are counter to each other, so this may lead to the insignificant change shown 

in Figure 4.7. 

Figure 4.7. Gel fractions after UV crosslinking of blends of 22,000 Mn PPO with BPA-

PAEK over a range of compositions (Figure used with permission from Elsevier). 
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It is expected that the phase structure of the blends is also a contributing 

factor. The DSC thermograms in Figures 4.3-4.4 show two Tgs for all of the PPO 

molecular weights except for the very low 2000 Mn polymer, thus strongly 

suggesting that two phases are present. However, high gel fractions were 

obtained after crosslinking blends of the 22,000 Mn PPO/BPA-PAEK, and it is 

postulated that this can only occur when the benzylic methyl groups are in the 

same phase as the ketone groups. This suggests some level of miscibility within 

the system. It is believed that there are two phases within the blends and that 

each contain both PPO and BPA-PAEK. Referring back to Figure 4.4 where Tgs 

measured by DSC are reported for blends of the PBA-PAEK with the 6,000 Mn 

PPO, the Tg of the phase that contains the higher volume fraction of PPO 

increases upon crosslinking. This suggests a decrease in molecular mobility after 

crosslinking. While it is reasoned that crosslinking may increase compatibility 

(or the level of miscibility), we are cognizant of the fact that these films were 

crosslinked in the solid state well below either Tg, and also that Tg would reflect 

both any change in miscibility but also changes in mobility. The morphology of 

the blends was not explored in this study but would provide information 

regarding the unique behavior of this system. 
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Figure 4.8. Comparison of oxygen and nitrogen transport in blends of the 22,000 Mn 
PPO/BPA-PAEK at different compositions and the controls. The dashed line represents linear 

behavior.4, 7, 8 (Figure used with permission from Elsevier). 

 

The permeabilities and ideal selectivities for the 22,000 g/mole PPO/BPA-PAEK 

films with different compositions are shown in Table 4-2, and a graph showing 

their placement on the O2/N2 upper bound is given in Figure 4.8. The linear 

dashed line in Figure 4.8 represents the transport properties that would be 

expected for miscible blends.27, 28 As would be expected in these multiphase 

blends, the membranes with high compositions of PPO have higher 

permeabilities and lower selectivities and this is attributed to the high free 

volume of PPO. A few commercial polymers are included in Figure 4.8, and the 

33/67 22,000 Mn PPO/BPA-PAEK showed better selectivity than either 

polysulfone or cellulose acetate.  

 



124 

 

  

 

Figure 4.9. Comparison of 22,000 Mn PPO/BPA PAEK non-crosslinked and crosslinked 
blends at different compositions relative to the controls. The dashed line represents the linear 

behavior and the numbers on the graph are permeabilities and selectivities with the format 

(x,y).7, 8 (Figure used with permission from Elsevier). 

 

The 33/67, 67/33, and 90/10 22,000 Mn PPO/BPA-PAEK films were 

crosslinked via exposure to UV radiation and the results are provided in Figure 

4.9 along with the bulk and non-crosslinked controls. The 90/10 22,000 Mn 

PPO/BPA-PAEK crosslinked membrane exhibited good selectivity and 

permeability for O2/N2 separation in a film that was comprised largely of a readily 

available commercial polymer. As discussed previously, the UV light was able to 

penetrate further into this film to crosslink more polymer and therefore increase 

the selectivity substantially. Secondly, the UV exposure created a gradient of 

crosslinked material through the thickness of the film. Therefore, the highly 
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crosslinked surface likely contributed to the high selectivity while the lightly 

crosslinked center of the film likely contributed to the high permeability .15, 17  

Table 4-2. Transport properties of BPA-PAEK blends with PPO at 35 °C and 3 atm 

(Table used with permission from Elsevier). 

* Values are from Sanders et al.4 

Pure 22,000 g/mole PPO has suitable mechanical properties for 

application in gas separation membranes. Therefore, the tensile properties of the 

non-crosslinked blends at all blend ratios were compared to those of pure PPO 

films. Steel with control nonparametric multiple comparisons analysis29 

(conducted using a 95% confidence interval and 100% PPO as the control data 

O2 N2 H2 CH4 CO2

(Barrer) (Barrer) (Barrer) (Barrer) (Barrer)

BPA-PAEK Control 0.66 0.1 6.3 8.2 0.12 2.7

20/80 22k PPO/BPA-

PAEK NonXL
1.1 0.17 6.2 13 0.19 4.5

33/67 22k PPO/BPA-

PAEK NonXL
1.4 0.22 6.1 16 0.24 5.8

33/67 22k PPO/BPA-

PAEK XL
1.1 0.17 6.6 16 0.15 4.5

67/33 22k PPO/BPA-

PAEK NonXL
6.5 1.3 4.8 54 1.5 28

67/33 22k PPO/BPA-

PAEK XL
3.7 0.58 6.3 45 0.47 14

80/20 22k PPO/BPA-

PAEK NonXL
8.6 1.8 4.8 70 2.1 36

90/10 22k PPO/BPA-

PAEK NonXL
11.7 2.5 4.7 90 2.9 50

90/10 22k PPO/BPA-

PAEK XL
5.7 0.9 6.3 68 0.71 22

22k PPO Control 13.4 2.8 4.7 105 3.3 57

Matrimid® * 2.1 0.32 6.6 18 0.28 10

Cellulose Acetate - 

2.45 *
0.82 0.15 5.5 12 0.15 4.8

Polysulfone * 1.4 0.25 5.6 14 0.25 5.6

O2/N2 

Selectivity
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set) shows no statistical differences between the modulus data sets or the tensile 

strength at yield data sets for any of the samples. Using the same type of analysis 

for the elongation and strength at break data sets, the only blends that showed 

a statistical difference were those comprised of 20 and 33% PPO (Figure 4.10). 

Thus, even though these are two-phase blends, the mechanical properties 

remain consistent with those of pure PPO over a wide range of PPO-rich blend 

ratios. For BPA-PAEK-rich blends (33% PPO or less) the properties of BPA-PAEK 

dominate the mechanical responses, which result in higher strength and 

elongation at break. 

Figure 4.10. Tensile strength at break data. Only the 0, 20, and 33% PPO data sets are 

statistically different from the 100% PPO control data set. (Figure used with permission from 
Elsevier). 

 

Blends containing 33 wt% PPO and 67 wt% of BPA-PAEK of varying 

molecular weights were also tested in tension. Despite the higher fraction of BPA-
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PAEK, the molecular weight of the PPO had a significant impact on the 

mechanics of the films. Films containing the 2,000 and 6,000 g/mole PPO 

exhibited a brittle failure mechanism with little to no yielding (Figure 4.11-A) 

while films containing higher molecular weight PPO displayed yielding and 

drawing behavior (Figure 4.11-B). This result confirms that the mechanics of the 

blends are highly dependent on the molecular weight of the PPO, even when the  

Figure 4.11. Representative load-displacement curves for A) 67% BPA-PAEK blended 

with 33% 6,000 g/mole PPO (shows brittle failure mode), B) 67% BPA-PAEK blended with 33% 
22,000 g/mole PPO (shows yielding, drawing, and strain hardening behavior) (Figure used with 

permission from Elsevier). 

 

BPA-PAEK is the dominant phase. 

4.4 Conclusions 

 
 PPO and BPA-PAEK were blended to form membranes that were phase 

separated except for the samples with the very low Mn PPO. The DSC results 

showed that the 6000, 17,000, 19,000, and 22,000 blended films had two Tgs 

that closely correlated with the corresponding homopolymer Tgs, suggesting that 
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they had a two-phase nature. Despite the immiscibility of these films, the gel 

fractions showed significant insolubility after UV exposure. Gel fractions as a 

function of the 22,000 Mn PPO composition were explored and did not show any 

significant change. This is likely a result of several competing factors. One trend 

is that as the PPO composition is increased, there is a lower ketone content which 

participates in the crosslinking reaction. Counter to that is that with increased 

PPO content, UV light can penetrate further into the film and crosslink more 

chains. This is because PPO absorbs significantly less UV light than the BPA-

PAEK as shown via solution UV absorbance spectra.  

The 33/67 wt/wt PPO/BPA-PAEK demonstrated the best permselectivity 

performance with respect to the linear behavior due to its increased permeability 

with little decrease in selectivity. However, with respect to the upper bound, the 

90/10 PPO/BPA-PAEK had the best performance due to PPO’s high permeability. 

Between the three crosslinked blended films, the 90/10 PPO/BPA-PAEK gained 

the most selectivity and maintained a larger amount of its permeability. This can 

be attributed to a greater degree of UV light penetration into the film to crosslink 

more polymer chains due to PPO’s lower absorbance. Another reason is that the 

UV exposure created a gradient of crosslinked material that created a selective 

surface and a permeable center.  

Overall, we were able to blend a small amount of BPA-PAEK with the 

commercially used PPO to create mechanically robust crosslinkable polymer 

films. In comparison to commercial gas separation polymers, the 33/67 wt/wt 

22,000 PPO/BPA-PAEK blend outperformed polysulfone and cellulose acetate 
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without any crosslinking. In the future, such systems might be able to crosslink 

substantially with even less of the ketone-containing polymer. Additionally, PPO 

could be blended with other materials to focus on other gas pairs and 

applications. 
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5.1 Introduction 

 
Hydrogen gas as a green fuel is a high energy molecule that can be used in fuel 

cells to generate electricity for the grid and automobiles.1 Among different commercial 

pathways for hydrogen gas production,2-5 electrolysis of water using proton exchange 

membranes has attracted much attention as a result of positive aspects such as 

producing high purity product,6 high current density7, 8 and fast kinetics at elevated 

temperatures.9 The electrolyzers can also be coupled to renewable energy sources such 

as wind turbines or solar cells as environmentally friendly electricity producers. 

Hydrogen produced by electrolysis can be directly used in a fuel cell to provide a 

potential alternative to fossil fuels for generating electricity. 

The state-of-the-art PEM for electrolysis of water is DuPont’s perfluorosulfonic 

acid membrane, Nafion. Nafion is a good proton conductor and it is highly 

chemically resistant and mechanically robust at temperatures below its Tg. However, 
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it has drawbacks including high gas permeability and poor mechanical stability above 

the  relaxation temperature of ~80oC and at the high operating pressure of the 

electrolyzer. Such operating conditions eventually result in loss of mechanical strength 

and reduced proton conductivity.10-12 Sulfonated random and block copolymers such 

as polyimides,13, 14 poly(arylene ether ketones),15 poly(arylene ether sulfones)16-19 and 

polybenzimidazoles20 have been intensively investigated as PEMs in fuel cells. Fuel 

cells and electrolyzers have similar requirements regarding membrane properties. Both 

systems operate under highly acidic conditions and this places special stability 

requirements on the membranes for extended use. High temperature water 

electrolyzers are operated under harsher conditions than fuel cells including a higher 

pressure and fully hydrated environment and this requires a robust membrane to 

withstand any reactive radicals that may form as well as hydrolysis reactions.8, 21, 22 

However, in the literature, there are not as many studies on potential alternatives for 

Nafion for electrolysis of water. Creating a PEM that has decreased gas permeability 

to minimize gas crossover and superior conductive properties relative to 

perfluorosulfonic acid membranes is a challenge that needs to be addressed. 

Smith et al.23 prepared a poly(ether ketone) via step growth polymerization and 

post sulfonated this polymer in concentrated sulfuric acid at elevated temperatures. 

In comparison with Nafion, this copolymer had comparable proton conductivity, 

lower gas permeability and better mechanical stability for use in electrolysis of water 

with higher efficiencies, most likely as a result of its microphase separated structure. 

Albert et al.24 grafted styrene and acrylonitrile and a crosslinker onto an ethylene 

tetrafluoroethylene film using radiation, then post-sulfonated the styrenic rings. This 

synthesis method resulted in a cost effective membrane with better mechanical 
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properties than Nafion, but using aliphatic chains in PEMs can lead to lower 

chemical resistance under harsh electrochemical conditions.25 Moreover, 

inhomogeneous sulfonic acid distribution across the membranes resulted in high 

membrane area resistance. High membrane resistance could also be at least partially 

attributed to the presence of non-conductive hydrophobic polymer on the membrane 

surface that acts as a water (mass) transfer inhibitor as suggested by Takimoto et al.26  

It is known that a direct synthesis route to disulfonated polysulfones using pre-

disulfonated comonomers allows control over factors including random distribution of 

the sulfonic acid groups, ion exchange capacity (IEC) of the membrane, morphology 

and proton conductivity and it can also avoid crosslinking of the membrane.16, 27-29 

In this work, gas permeability and proton conductivity in PEMs were investigated 

in two series of sulfonated poly(arylene ether sulfone) statistical copolymers. These 

series were synthesized based on the difference between phenolic monomers and their 

ratio in the polymer backbone. One series contains solely hydroquinone (HQ) as a para-

substituted comonomer. The second series contains 25 mole % of resorcinol (RSC) as 

a meta-substituted phenolic comonomer, co-reacted into a HQ-based linear copolymer. 

Both series of copolymers were synthesized by direct synthesis of disulfonated 

dichlorodiphenyl sulfone via step-growth polymerization. Fundamental properties of 

the PEMs for high temperature water electrolysis systems such as water uptake of the 

membranes in liquid water at room and elevated temperatures, H2 gas permeability, 

mechanical stability, and the ratio of 
𝑃𝑟𝑜𝑡𝑜𝑛  𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

𝐺𝑎𝑠  𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦
 from room temperature to 100oC 

were established and compared with Nafion. 
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5.2 Experimental 

 

5.2.1 Materials 

  
Toluene was purchased from Sigma-Aldrich and was used as received. 1,4- 

Benzenediol (hydroquinone, HQ) was provided by Eastman Chemical Company. 4,4'-

Dichlorodiphenylsulfone (DCDPS) was provided by Solvay Advanced Polymers. 1,3-

Benzenediol, resorcinol (RSC, >99%), was purchased from Sigma-Aldrich. DCDPS, HQ, 

and RSC were recrystallized from toluene and dried under vacuum at 120°C prior to 

use. N,N-Dimethylacetamide (DMAc) was purchased from Sigma-Aldrich and distilled 

from calcium hydride before use. Calcium hydride (90−95%) was purchased from Alfa 

Aesar. 2-Propanol was obtained from Fisher Scientific and used as received. Sulfuric 

acid (H2SO4, 98%) was purchased from Spectrum Chemical and used as received. 

Potassium carbonate (K2CO3) was purchased from Aldrich and dried under vacuum at 

180oC prior to use. 3,3'-Disulfonated-4,4' dichlorodiphenylsulfone (sDCDPS, >99%) 

was purchased from Akron Polymer Systems and was dried at 180oC prior to use. 

DuPont’s Nafion 212 was provided by Giner Electrochemical Systems.  

 

5.2.2 Synthesis of Statistical Copolymers 

 
Aromatic nucleophilic substitution step copolymerization was used to synthesize 

both series of disulfonated poly(arylene ether sulfone) copolymers. A typical HQS-20 

with 20% of the repeat units disulfonated was synthesized as follows. HQ (36.33 mmol, 

4.00 g), DCDPS (29.06 mmol, 8.3451 g), SDCDPS (7.265 mmol, 3.57 g), and DMAc (55 

mL) were charged into a 250-mL three neck round bottom flask equipped with a 

mechanical stirrer, condenser, nitrogen inlet, and Dean-Stark trap filled with toluene. 

The mixture was stirred in an oil bath at 150oC until all the monomers completely 
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dissolved. K2CO3 (47.22 mmol, 6.52 g), and toluene (25 mL) were added into the flask. 

The reaction was refluxed for 4 h to azeotropically remove water from the system. 

Toluene was drained from the Dean-Stark trap, and the oil bath temperature was 

raised to 180oC to remove residual toluene from the reaction. The reaction solution 

was stirred for 48 h to complete polymerization, then allowed to cool to room 

temperature. After dilution of the resulting solution with DMAc (150 mL), it was filtered 

to remove the salt. The transparent solution was precipitated by addition into 

isopropanol with vigorous stirring. The white fibers were filtered and then stirred in 

boiling DI water for 4 h to remove any residual DMAc. The copolymer was filtered and 

dried at 120oC under reduced pressure in a vacuum oven. Yield of this copolymer 

synthesis was 94% copolymer.   

Synthesis of HQ0.75RSC0.25-XX copolymers: A typical HQ0.75RSC0.25-19 with 19 of 

the repeat units disulfonated was synthesized as follows. HQ (27.24 mmol, 3.00 g), 

RSC (9.08 mmol, 1.00 g), DCDPS (28.33 mmol, 8.137 g), SDCDPS (8.0 mmol, 3.93 g), 

and DMAc (55 mL) were charged into a 250-mL three neck round bottom flask 

equipped with a mechanical stirrer, condenser, nitrogen inlet, and Dean-Stark 

apparatus filled with toluene. The mixture was stirred in an oil bath at 150°C until the 

monomers completely dissolved. K2CO3 (47.22 mmol, 6.52 g), and toluene (25 mL) were 

added into the flask. The reaction was refluxed for 4 h, the toluene was drained from 

the Dean-Stark apparatus, then the oil bath temperature was raised to 180°C to 

remove residual toluene from the reaction. The solution was stirred for 48 h at 180°C, 

then cooled to room temperature. The solution was diluted with DMAc (150 mL), the 

filtered to remove the salt. The transparent solution was precipitated into isopropanol. 

The white fibers were filtered and stirred in boiling DI water for 4 h. The copolymer 
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was then filtered and dried at 120°C under reduced pressure in a vacuum oven. Yield 

of this copolymer synthesis was 94% copolymer. 

 

5.2.3. Nuclear Magnetic Resonance Spectroscopy (NMR) 

 
1H NMR analysis of the statistical copolymers was conducted on a Varian Unity 

Plus spectrometer operating at 400 MHz. The spectra of the copolymers were obtained 

from a 10% (w/v) solution in DMSO-d6. 

 

5.2.4 Size Exclusion Chromatography (SEC) 

 
Molecular weights and polydispersities of the polymers were measured using 

SEC. The mobile phase was DMAc distilled from CaH2 containing dry LiCl (0.1 M). The 

column set consisted of 3 Agilent PLgel 10-mm Mixed B-LS columns 300 * 7.5 mm 

(polystyrene/divinylbenzene) connected in series with a guard column having the same 

stationary phase. The columns and detectors were maintained at 50°C. An isocratic 

pump (Agilent 1260 infinity, Agilent Technologies) with an online degasser (Agilent 

1260), autosampler and column oven were used for mobile phase delivery and sample 

injection. A system of multiple detectors connected in series was used for the analyses. 

A multi-angle laser light scattering detector (DAWN-HELEOS II, Wyatt Technology 

Corp.), operating at a wavelength of 658 nm, a viscometer detector (Viscostar, Wyatt 

Technology Corp.), and a refractive index detector operating at a wavelength of 658 nm 

(Optilab T-rEX, Wyatt Technology Corp.) provided online results. The system was 

corrected for interdetector delay and band broadening using a 21,000 g/mole 

polystyrene standard. Data acquisition and analysis were conducted using Astra 6 

software from Wyatt Technology Corp. Validation of the system was performed by 

monitoring the molar mass of a known molecular weight polystyrene sample by light 
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scattering. The accepted variance of the 21,000 g/mole polystyrene standard was 

defined as 2 standard deviations (11.5% for Mn and 9% for Mw) derived from a set of 

34 runs. Specific refractive index values were calculated based on the assumption of 

100% recovery. 

 

5.2.5 Membrane casting and characterization 

 
The copolymers in their salt form were dissolved in DMAc (~6% w/v), and then 

filtered through a 0.45 m Teflon syringe filter. The solutions were cast onto clean 

glass substrates and dried under an infrared lamp at 50-60°C for 8 h. Afterwards, the 

membranes were placed in a vacuum oven under reduced pressure at 120-140°C for 

4 h. The membranes were soaked in water for an additional 24 h to remove residual 

solvent and to delaminate them from the glass plates. The membranes were converted 

to their acid form by boiling in 0.1 M H2SO4 for 2 h and they were then boiled in DI 

water for 2 h to remove residual acid. 

 

5.2.6 Ion Exchange Capacity (IEC) 

 
Dry membranes in their acid form were weighed, then soaked in 1 M NaCl 

solution for 48 h to convert them to their salt form and eliminate HCl. Each membrane 

solution was titrated with 0.1 N NaOH solution. The IEC of each membrane in units of 

mequiv/g of dry membrane was calculated from equation 5.1: 

𝐼𝐸𝐶 =
𝑉∗𝑁

𝑀
 𝑥 1000       (5.1) 

Where V is volume of NaOH, N is NaOH normality, and M is the mass of the dry 

membrane. 
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5.2.7 Water Uptake at Room and Elevated Temperatures 

 
The water uptakes of the membranes were determined gravimetrically. First, the 

membranes in their acid form were dried at 120°C under vacuum for 24 h and weighed. 

These membranes were soaked in water at room temperature for 48 h. Wet membranes 

were removed from the liquid water, blotted dry to remove surface droplets, and quickly 

weighed. For high temperature water uptake, the previously wet membranes were 

placed in boiling water for at least 4 h. Then the hot, wet membranes were removed 

from the boiling water, immediately blotted dry to remove surface droplets, and quickly 

weighed. The water uptake of the membranes was calculated according to equation 

5.2, where mass dry and mass wet refer to the masses of the dry and the wet 

membranes, respectively. 

 

Water Uptake (%) =  
𝑀𝑎𝑠𝑠𝑤𝑒𝑡 − 𝑀𝑎𝑠𝑠𝑑𝑟𝑦

𝑀𝑎𝑠𝑠𝑑𝑟𝑦
 × 100   (5.2) 

 

5.2.9 Differential Scanning Calorimetry (DSC) 

 
The glass transition temperatures (Tgs) of the copolymers were investigated using 

a TA Instruments DSC Q200. For dry samples, standard aluminum hermetic pans 

were used, and for hydrated samples, high volume DSC pans were used. The samples 

were hydrated by immersion in deionized water for 24h prior to loading into the DSC 

pans. The polymers were heated under nitrogen at a rate of 10 °C min -1 to 200 °C, 

cooled at a rate of 10 °C min-1 to 0 °C, and heated again at a rate of 10 °C min-1 to 240 

°C. The Tg’s of the samples were determined from the second heat by finding the 

inflection point of the W/g vs. temperature curve with the aid of TA Universal Analysis 

software.   
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5.2.10 Tensile Tests 

 
Tensile samples were cut from hydrated solvent cast films using a Cricut Explore 

One™ computer controlled cutting machine. Nafion samples were prepared in the 

same manner from Nafion 212. The resulting dogbone shaped samples were 

consistent with sample Type V described in ASTM D638-14. The sample films were 

inspected for any visible flaws, defects, or inclusions that may have arisen during the 

casting process. The seven highest quality samples were selected for testing. The 

sample thickness was measured at five points along the narrow section using a 

Mitutoyo digimatic micrometer model MDC-1”SXF. Uniaxial load tests were performed 

using an Instron ElectroPuls E1000 testing machine equipped with a 250 N Dynacell 

load cell. The instrument was fitted with a water bath and the samples were completely 

immersed in deionized water. The samples were allowed to equilibrate in the water for 

at least 3 minutes before testing to obtain fully hydrated mechanical data. For high 

temperature hydrated tests, the tank was fitted with an immersion heater and was well 

insulated to maintain the water at the target temperature of 80°C. For all mechanical 

tests, the crosshead displacement rate was 10 mm/min and the initial grip separation 

was 25 mm.  

Young’s moduli were calculated from the slope of the initial linear region of the 

loading curve. The yield point was considered to be the intersection of the load curve 

with a 1% offset of this modulus line. This offset was chosen because it correlated with 

the yield point for lower IEC samples, some of which showed a distinct yield point in 

the load-displacement curve. Nominal strain at yield was calculated by dividing the 

change in grip separation by the initial grip separation. Tensile strength at yield was 

calculated by dividing the load by the average cross-sectional area of the narrow 
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section, which was based on a sample width of 3.18 mm and the average of the five 

sample thickness measurements. Since the instrument’s stroke was limited to around 

5 cm (200% strain for this sample geometry) and some of the samples did not fail 

within this range, the ultimate properties of the polymer are not presented here. 

However, because most samples failed above 60% strain and above 20 MPa stress, we 

consider these polymers to have suitable ultimate properties for separation 

applications. 

 

5.2.11 H2 Gas Permeability (P)  

 
A membrane was loaded into a Fuel Cell Technologies standard fuel cell 

hardware set. This set-up was installed inside a TestEquity environmental chamber 

with both heating and cooling capabilities. All flows were controlled or measured with 

Alicat mass flow controllers and meters. A flow of carrier gas was established on one 

side of the cell and the humidified permeant gas to the other.  For these tests, over-

humidified (condensing) permeant gas was used to simulate the flooded membrane of 

the electrolyzer. The permeant diffuses through the membrane, and a slipstream of the 

carrier gas is sent to an Agilent microGC for analysis of the permeant. The amount of 

permeant in the carrier gas was used to calculate the permeation rate of that gas 

through the membrane at that specific temperature according to equation 5.3. Then 

the temperature was changed and the process repeated. 

 

𝑷 =
𝑫𝑻

𝒕𝑨𝜫 
            (5.3) 
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5.2.12 Proton Conductivity (σ)  
 

The conductivity test stand consisted of a house-made four-point probe 

assembly with platinum electrodes and a Wayne-Kerr LCR meter.  The membrane was 

clamped between the probe assembly and placed in the water bath at room 

temperature.  The water bath was heated steadily to 100°C and AC impedance 

measurements were taken at intervals of 10°C as the assembly was heated and cooled.  

Using the dimensions of the membrane, the conductivity of the ionomer was calculated 

based on equation 5.4: 

 

𝝈 =
𝒍

𝑹𝑨
        (5.4) 

 

 

5.2.13 Performance 

  

The ratio of 
𝜎

𝑃
 was calculated for selected membranes at temperatures of 30, 60, 

90 and 100°C. The performance of each copolymer was calculated by normalizing the 

𝜎

𝑃
 to that of Nafion at each temperature based on equation 5.5: 

 

𝑷𝒆𝒓𝒇𝒐𝒓𝒎𝒂𝒏𝒄𝒆 =

𝛔𝒑𝒐𝒍𝒚𝒎𝒆𝒓
𝑷𝒑𝒐𝒍𝒚𝒎𝒆𝒓
𝛔𝑵𝒂𝒇𝒊𝒐𝒏

𝑷𝑵𝒂𝒇𝒊𝒐𝒏

     (5.5) 

where polymer/Ppolymer are the ratio of proton conductivity to H2 gas permeability for 

each copolymer and Nafion/PNafion are the ratio of proton conductivity to H2 gas 

permeability through Nafion,  respectively. 
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5.3 Results and Discussion 

 

5.3.1. Synthesis and Characterization of Statistical Copolymers 

 
Synthesis of sulfonated poly(arylene ether sulfone) random and block 

copolymers have been intensively studied by many research groups.30-34 In this study, 

two series of random copolymers were synthesized via step-growth polymerization 

based on the reaction shown in Scheme 5.1.  It is noteworthy that as more resorcinol 

(the meta-substituted bisphenol) was incorporated into such copolymers, this 

detracted from the mechanical properties. Thus, only copolymers with 25 mole % of 

resorcinol together with 75 mole % of hydroquinone, where the mechanical properties 

were considered to be good, were pursued in this study.  

 

  

 
Figure 5.1. Random copolymer synthesis of a 100% para-substituted phenolic HQ-based 

copolymer or a 75% para- and 25% meta-substituted phenolic HQRSC copolymer 

 

Reactions were designed so that the IEC of a copolymer in the hydroquinone-

based series would match with one in the HQ0.75RSC0.25 series. SEC confirmed that 

the molecular weight of each copolymer was well above the threshold entanglement 

point which is ~10,000 g/mole,35, 36 and therefore was suitable for these investigations. 

Representative 1H NMR spectra of HQ 16 and HQRSC 17 in Figure 5.1 confirm the 
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structures of these random copolymers. The molecular weights and IECs of the 

membranes are shown in Table 5-1.  

 

 

Table 5-1. Degree of disulfonation, IEC per gram of dry copolymer, and molecular weights of 

the copolymers 

Copolymer-Degree of disulfonation IEC 

(meq/g) 

Mw 

(kDa) 

HQRSC 17 0.95 107 

HQRSC 19 1.08 108 

HQRSC 24 1.33 70 

HQRSC 25 1.36 92 

HQRSC 32 1.63 104 

HQ 16 0.93 153 

HQ 20 1.12 199 

HQ 23 1.29 80 

HQ 25 1.39 101 

HQ 30 1.59 91 
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Figure 5.2. 1H NMR spectra of HQ 16 (left) and HQRSC 17 (right) 

 

5.3.2 Membrane Water Uptake  

 

In general, an increase in water uptake correlates with a large increase in the 

proton conductivity of PEMs. This has been attributed to water molecules weakening 

the electrostatic interaction between H+ ions and the polymer backbone fixed SO3- 

groups, thus resulting in faster H+ ion transfer.37 However, high water uptake directly 

correlates to a decrease in mechanical properties of the membrane in an 

electrochemical device.21, 38, 39 Figure 5.2 shows the weight percent of water uptake at 

room temperature and ~80°C for both series of copolymers.  

                                                  

Figure 5.3. Water uptake of the membranes at room temperature (Left) and high temperature 
(Right). 
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As expected, water uptake increases with IEC and the degree of disulfonation in 

both series. For cases of polysulfones without sulfonate groups and with varying meta 

versus para orientation of the backbone rings, it has been shown that polymers with 

meta-substituted rings in the dry state pack more tightly, have lower free volume, and 

generally have lower gas permeabilities.40 The anticipated decrease in gas permeability 

with incorporation of the resorcinol was indeed one of our prime motivations for 

undertaking this study. The present case, however, is much more complicated than 

studying polymers in their dry state since the fixed sulfonate groups lead to significant 

water uptake. Figure 5.2 clearly shows a large increase in water uptake in the 

disulfonated copolymers that contain some resorcinol relative to those containing only 

the para-substituted bisphenol. However, this is only prominent above the IECs that 

are of most interest for electrolysis (IEC ~0.9 and ~1.1 in meq/g of dry polymer). Figure 

5.2 also shows increased water uptake at elevated temperatures relative to ambient 

temperature, but there is little difference in water uptake at the two temperatures at 

the lower IEC points of most interest.  

 

5.3.3 Membrane Thermal Properties 

 

As shown in Figure 5.3, the glass transition temperatures of these copolymers 

in the dry state are high and they increase with increasing IEC for both the HQ and 

HQRSC copolymers. As the number of sulfonate groups are increased in the backbone, 

the chains stiffen and therefore are less mobile and unable to explore various 

conformations at low temperatures. Furthermore, the 100% HQ copolymers have 

higher Tg’s at each comparable IEC than their HQRSC analogues in the dry state. This 

can also be explained by the chain stiffness. As confirmed by the modulus data that is 

discussed in this paper, the para-substituted hydroquinone moiety leads to a more 
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rigid chain than the meta-substituted resorcinol moiety. This also follows the trend 

noted with para versus meta-substituted rings without the added sulfonate groups.41 

Figure 5.4. Tgs of the random copolymers in their dry and hydrated states. 

 

In the hydrated state, HQ and HQRSC copolymers both show decreasing Tgs with 

increasing IEC. This is expected because as the number of sulfonic acids increases, 

the water uptake increases, leading to increased plasticization of the polymers. It is 

known that hydration of the membranes causes plasticization, resulting in decreased 

glass transition temperatures.41, 42 Interestingly, the HQ and HQRSC copolymers show 

a slight difference in Tg from one another at comparable IECs in the hydrated state. 

Figure 5.4 shows Tg vs water uptake for the HQ and HQRSC copolymers. Two 

morphological regimes are suggested with the transition between regimes occurring at 

water uptakes of 40-60%, where the slopes of the curves appear to change. This 

transition is consistent with a transition from localized hydrophilic clusters to a 

percolating network of hydrated polymer, as presented elsewhere.43  

The distinction between the two morphological regimes may be explained by the 

way in which the copolymers interact with water. As described by Roy et al. in reference 



147 

 

45, ~ 9 moles of water per sulfonic acid group are non-freezable, while additional water 

was characterized as “loosely bound” to the sulfonic acid groups or “free water”.44 A 

morphological transition was suggested with the rise in “free water” that occurred at 

an IEC of 1.2-1.4 meq/g and that corresponded to ~40-50% by weight of water uptake. 

The present paper expands such correlations for both hydroquinone and resorcinol-

containing random copolymers. HQ 20 and HQ 23 have IECs and water uptakes of 

1.12 meq/g and 27 % uptake and 1.29 meq/g and 36 % water uptake, respectively. 

By correlating these materials with those described earlier,44 this correlates with 9 

moles of non-freezable water and 5 and 7 moles of freezable water, respectively. In 

agreement with earlier suggestions, Figure 5.4 shows an abrupt change in the slope of 

Tg with water uptake at ~40-50% water. We believe this also signifies a change in 

morphology at these compositions. Above approximately 50% water uptake, the 

hydrated regimes reach a percolation threshold, and a dominant amount of the water 

is considered to be free or unbound to the hydrophilic segments, and therefore does 

not lead to a strong plasticization effect.44,45  At this point and above, the non-freezing 

water remains constant at 9 moles and freezing water content starts to rise from 

approximately 5 moles in HQ 20 to 19 moles of water in HQ 30. 
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Figure 5.5. Tg vs room and high temperature water uptake for HQ and HQRSC copolymers. 

 

5.3.4 Mechanical Properties  

 

As shown in Figure 5.3, all of these hydrated copolymers are in the glassy state 

at both ambient temperature and 80°C, but the copolymers with IEC’s greater than 

1.1 mequiv/g are fairly close to Tg at 80°C. The moduli displayed in Figure 5 are typical 

for glassy polymers (~109 Pa) at ambient temperature for those of most interest with 

IEC’s of 0.9 and 1.1 mequiv/g, even in their fully hydrated state. Consistent with the 

decrease in Tg as IEC is increased to ~1.2 and higher, with the concomitant large 

increase in water uptake, the hydrated moduli drop drastically. Figure 6 shows the 

large drops in moduli at low water uptake (and low IECs), with a leveling out of moduli 

at high water uptakes. This also correlates well with the suggestion that there is a 

change in hydrated morphology at approximately 40-60% water uptake. While such a 

change in morphology has been suggested earlier, we believe this is the first time that 

the hydrated mechanical properties have been correlated with such changes. For 

copolymers with high water uptakes, we expect to have high free water content and a 

percolating network morphology,44 and this is accompanied by a decrease in 

mechanical properties.  
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Even for the high IEC disulfonated polysulfone copolymers, both the strengths 

at yield and the elastic moduli are notably higher than for Nafion under similar 

hydration conditions. For lower IEC disulfonated random copolymers at room 

temperature and in the hydrated condition, the strength at yield is between 20 and 30 

MPa and the modulus is between 800 and 1200 MPa. This result indicates that these 

copolymers are significantly more mechanically robust in the hydrated state than the 

current state of the art material, Nafion, due to the robustness of the aromatic 

backbone.  

 

 

Figure 5.6. Young’s moduli vs. IEC for polymer films in the fully hydrated state at room and 
high temperatures. 

 

The aromatic copolymer membranes with fully para-substituted comonomers 

(HQ series) have consistently higher moduli at a given IEC than partially meta-

substituted copolymers (HQRSC series), even in the fully hydrated state (Figure 5.5). 

The trend in the modulus vs. water uptake plot shown in Figure 6 is remarkably similar 

to the Tg data presented in Figure 5.4. It similarly shows two distinct regimes, with the 

transition between regimes occurring near 50% water uptake. The consistency of the 

trend in mechanical properties and thermal properties supports the occurrence of a 
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morphological transition in these random copolymer systems as the degree of 

disulfonation is increased. 

 

 

Figure 5.7. Transition between morphological regimes shown by Young’s moduli vs. water 

uptake for hydrated membranes. 

 

5.3.5 Proton Conductivity 

 
In this study, the proton conductivities of the copolymer membranes and Nafion 

were measured in liquid water at four temperatures: 30, 60, 90, and 100°C. In each 

hydrocarbon-based copolymer series, two polymers with IEC=0.9 and 1.1 meq/g were 

emphasized due to their reasonable water uptakes and superior mechanical 

properties. Copolymers with the lower IECs (HQ 16 and HQRSC 17) have similar IECs 

to Nafion. Copolymers with IEC=1.1 meq/g (HQ 20 and HQRSC 19) showed 

comparable water uptakes at elevated temperatures to that of Nafion (40-42%). Table 

5-2 shows the copolymers of interest and their relative proton conductivity at four 

temperatures. 
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Table 5-2. Relative proton conductivity of the selected copolymers compared with Nafion in 

liquid water 

Temperature 

(oC) 

Conductivity 

HQ 16 

(S/cm) 

HQRSC 17 

(S/cm) 

HQ 20 

(S/cm) 

HQRSC 19 

(S/cm) 

Nafion 

(S/cm) 

30 0.03 0.06 0.06 0.08 0.08 

60 0.06 0.08 0.09 0.12 0.13 

90 0.07 0.11 0.12 0.16 0.21 

100 0.08 0.12 0.13 0.18 0.23 

 

Increasing temperature from 30 to 100°C results in improved proton 

conductivity in all of these membranes including Nafion.46 This can be attributed to 

increased water uptake at higher temperatures.47 Comparison of proton conductivities 

in two hydrocarbon-based copolymers at a given IEC revealed that copolymers 

containing the RSC comonomer have slightly higher proton conductivity than those of 

the solely HQ containing copolymers. The difference in proton conductivity becomes 

more pronounced when temperature is increased from 30 to 100oC. This remarkable 

difference is correlated with increased chain flexibility in the RSC containing 

copolymers that have lower Tgs in liquid water. In addition, it is hypothesized that the 

RSC comonomers decrease the rigidity relative to the HQ-based copolymers and allow 

for more mobility in the presence of water.  

When IEC is increased in a series of copolymers, proton conductivity increases 

as expected.47 Increasing the number of sulfonic acid groups on the backbone brings 

more water molecules into the membrane and improves proton transfer. Similar 

results are obtained when the m-substituted phenolic comonomer is incorporated into 
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the polymer backbone. This may allow for increased chain movement and water uptake 

by increasing the volume and chain spacing. The higher proton conductivity of Nafion 

at any given temperature may be due to its lower pKa than hydrocarbon-based 

copolymers.48 

 

5.3.6 H2 Gas Permeability in Saturated Water Conditions 

 
Decreasing gas permeability (i.e., crossover) in PEMs is an important factor for 

increasing efficiency of an electrolysis cell and safety.49 Like proton conductivity and 

mechanical properties, H2 gas permeability is highly dependent on water content in 

the PEM which acts as a plasticizer in the membrane by reducing the Tg.50 Figure 5.7 

shows H2 gas permeability through these PEMs in saturated water at various 

temperatures. 

 

 

Figure 5.8. H2 gas permeability, P, through selected membranes in saturated water vapor at 

various temperatures 

 

Comparison of gas permeability in hydrocarbon-based copolymers and Nafion 

shows two main regions and trends. At low temperature below 40°C, H2 gas 
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permeability of the Nafion membrane is slightly lower than that of the poly(arylene 

ether) copolymers, while with increasing temperature, the opposite is observed. 

Increasing temperature results in undesirable increased gas permeability in the Nafion 

membrane, such that above 60oC a sharp increment is observed. However, gas 

permeability in the disulfonated copolymers only increases slowly and steadily. This 

behavior in PEMs is related to their Tgs. As shown in the bottom of Figure 5.3, the Tgs 

of all of these copolymers where the gas permeabilities were measured are above the 

measurement temperatures, so they are all in the glassy state. Nafion has a 

significantly lower Tg relative to those of the aromatic copolymers.45, 51, 52 When Nafion 

is plasticized by water, its Tg decreases further to lower temperatures.47 The drastic 

increase in gas permeability in the water at 60oC and above is due to the low polymer 

Tg.  

Unlike Nafion that has a low Tg, these disulfonated copolymers with higher wet 

Tgs show low gas permeabilities due to their aromatic rings and increased chain 

rigidity. Investigation of the effect of symmetric and asymmetric aromatic comonomers 

on gas permeability of glassy copolymers confirms that meta-substituted comonomers 

act as a good gas barrier in the copolymer, even in the hydrated state.40 As expected, 

Figure 5.5 shows that incorporation of the meta-substituted RSC comonomer into 

these HQ-based copolymers resulted in lower gas permeabilities in this temperature 

range. 

 

5.3.7 Performance 

 
The ratio of proton conductivity () and gas permeability (P), defined as 

𝜎

𝑃
 gives 

better insight regarding the performance of a membrane in the water electrolysis cell. 
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Performance of each selected copolymer, normalized to that of Nafion, (equation 5.4) 

over the range of 30-100oC are shown in Figure 5.8. 

 

 

Figure 5.9. Performance of the selected copolymers at various temperatures 

 

At low temperature where the proton conductivity of Nafion is higher than for 

the disulfonated copolymers and gas permeability is comparable, Nafion shows better 

performance. However, at the mid-temperature of 60oC, due to increased conductivity 

for the disulfonated copolymers, and slow gas permeabilities, their performance is 

comparable to that of the Nafion. The /P parameter at high temperature such as at 

100oC, where Nafion shows the highest conductivity, shows an opposite trend. Under 

these conditions, the disulfonated copolymers show significantly better results. This is 

due to improved conductivity at the higher temperature, but with controlled gas 

permeability in the disulfonated copolymers while Nafion shows much higher 

undesirable gas permeability. 
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5.4 Conclusions 

 
Two series of hydrocarbon copolymers, based on completely para-substituted 

and partially meta-substituted compositions, were synthesized for high temperature 

water electrolyzers. Addition of resorcinol, the meta-substituted comonomer, to the 

para-substituted copolymer structure results in decreased chain stiffness (decreased 

hydrated moduli with meta-substitution) and increased water absorption. These 

factors are reflected in the increased proton conductivities of the meta-substituted 

copolymers in the hydrated state.  

Despite the slightly lower proton conductivities of the selected hydrocarbon-

based copolymers in comparison to Nafion, they showed remarkably lower H2 gas 

permeabilities, particularly at elevated temperatures. This is attributed to their much 

higher Tgs in their hydrated form relative to the perfluorinated polymer. In fact, Nafion 

has such a high gas permeability that having exceptional proton conductivity at 

elevated temperature was not sufficient to elicit reasonable performance. In addition 

to gas permeability, mechanical properties of this ionomer near 100°C are 

unsatisfactory for long term performance as a high temperature electrolysis 

membrane. In contrast, the aromatic HQ 17 and HQRSC 19 copolymers showed good 

proton conductivity, excellent mechanical properties, and good /P performance ratios 

at elevated temperatures in their hydrated state. 
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Chapter 6: Recommended Future Work 

 

6.1 Future Work Towards Melt-spinnable Polyacrylonitrile 

Copolymer Precursors for Carbon Fibers 

 
 

 The most obvious future recommendation would be to investigate the melt-

extrusion of the PAN-MA/modifier mixtures that performed well in the rheological 

studies detailed in this chapter, and to optimize the precursor fiber properties that 

could be derived from a melt process. If the extrusion is successful, the resulting 

precursor fibers should be characterized by scanning electron microscopy, mechanical 

analysis, and carbon fiber conversion. A full characterization of the resulting carbon 

fibers should be performed, with a particular emphasis on the mechanical analysis.  

It would be interesting to determine interrelationships among the mechanical 

properties of the carbon fibers relative to those of the melt-extruded PAN-MA precursor 

fibers, and to compare these properties to commercial carbon fibers. It would also be 

interesting to determine the effect of each particular PAN-MA modifier composition on 

the potential precursor fiber properties, and to relate that to the resulting carbon fiber 

mechanical properties. The author suspects that precursor fibers produced using a 

composition containing adiponitrile could have improved mechanical properties 

relative to precursor fibers produced from solution spinning. Adiponitrile acts as 

physical crosslinking agent between neighboring PAN-MA chains which should result 

in increased orientation of the chains therefore increasing the modulus of the system. 

These improved mechanical properties should carry over to the resulting carbon fibers.   
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Another possible future study may include the exploration of additional melting 

point modifying agents and combinations of modifiers. One example would be the 

application of tertiary modifier compositions to decrease the amount of water that is 

needed. Preliminary exploration into this possibility has shown promising results for 

PAN-MA/ACN/DMF/H2O 75:5:5:15 wt:wt:wt:wt as shown in Figure 6.1. The analysis 

indicated that the tertiary mixture had two Tgs and a Tm near 142°C.  

Figure 6.1. DSC Thermogram for PAN-MA/ACN/DMF/H2O 75:5:5:15 wt:wt:wt:wt. 

 

 Recently the author has made an interesting discovery. PAN-MA was dissolved 

in ADPN at ~100°C to make a 5 wt% solution. Upon cooling, the solution produced a 

very firm gel, which is reversible upon re-heating. The results are shown in Figure 6.2. 
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Figure 6.2. Sol-gel formation from 5 wt% solution of PAN-MA dissolved in adiponitrile at 

~100°C.  

 

The phenomenon of PAN-based sol-gels is not a novel discovery, but prior work 

in the area required precursor mixtures to be of a much higher concentration to 

produce fairly firm gels ( ≥ 20 wt %).1 The author believes the physical crosslinking 

between the nitriles along the PAN-MA chain and adiponitrile allows gelation at much 

lower concentrations. Extensive research into the rheological characteristics of PAN-

based sol-gels produced from various solvents has been performed,1-4 but this research 

has not been applied to solutions produced from difunctional modifiers such as 

adiponitrile. Potential applications for PAN-based sol-gels include precursors to 

electrospun nanofiber mats5 and ion conducting polymeric gels for batteries.6 
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