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ABSTRACT

The following studies describe the synthesis and properties of a family of
poly(arylene ether ketone)s which are well known to have good thermal stability,
mechanical durability, and other film properties. These poly(arylene ether ketone)s were
functionalized with fluorine, oxidized, blended, and crosslinked to increase performance
with focus on materials for polymeric capacitors and gas separation membranes.

There is a need for polymeric capacitors with improved energy storage density
and thermal stability. In this work, the affect of polymer molecular structure and
symmetry on Tg, breakdown strength, and relative permittivity was investigated. A
systematic series of four amorphous poly(arylene ether ketone)s was compared. Two of
the polymers had symmetric bisphenols while the remaining two had asymmetric
bisphenols. Two contained trifluoromethyl groups while the other two had methyl
groups. The symmetric polymers had Tg's of approximately 160 °C while the asymmetric
polymers showed higher Tg's near 180 °C. The symmetric polymers had breakdown
strengths near 380 kV/mm at 150 °C. The asymmetric counterparts had breakdown
strengths near 520 kV/mm even at 175 °C, with the fluorinated polymers performing

slightly better in both cases. The non-fluorinated polymers had higher relative



permittivities than the fluorinated materials, with the asymmetric polymers being better in
both cases.

Two amorphous, high glass transition, crosslinkable poly(arylene ether)s for gas
purification membranes have been studied. The polymers were polymerized via step
growth and contained tetramethyl bisphenol F and either 4,4’-difluorobenzophenone or
4,4’-dichlorodiphenylsulfone. The benzylic methylene group in tetramethyl bisphenol F
can undergo oxidation reactions and crosslinking with UV light. The polymers were
oxidized under two different conditions, one by chemical treatment using oxone and KBr
and one by elevated thermal treatment in air. Thermogravimetric analysis, *H-NMR and
attenuated total reflectance Fourier transform infrared spectroscopy revealed the progress
of the thermal oxidation reactions. Both polymers produced tough, ductile films and gas
transport properties of the non-crosslinked linear polymers and crosslinked polymer was
compared. Crosslinking was performed by irradiating polymer films for one hour on each
side in air under a 100W high intensity, long-wave UV lamp equipped with a 365-nm
light filter. The O, permeability of tetramethyl bisphenol F containing non-crosslinked
poly(arylene ether ketone) was 2.8 Barrer, with an O,/N, selectivity of 5.4. Following
UV crosslinking, the O, permeability decreased to 1.8 Barrer, and the O,/N, selectivity
increased to 6.2.

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) is a commercial polymer that is
utilized for gas separation membranes. It has a relatively high free volume with high gas
permeabilities but suffers from low gas selectivities. In this study, PPO polymers with
number average molecular weights of 2000, 6000, 17,000, 19,000 and 22,000 were

synthesized and blended with a poly(arylene ether ketone) synthesized from bisphenol A



and difluorobenzophenone (BPA-PAEK) to make UV-crosslinkable films. The ketone
and benzylic methylene groups on the BPA-PAEK and the PPO polymers respectively
formed crosslinks upon exposure to broad wavelength UV light. The crosslinked blends
had increased selectivities over their linear counterparts. DSC thermograms showed that
the blends with all but the lowest molecular weight PPO had two Tg’s, thus suggesting
that two phases were present, one high in PBA-PAEK and the other high in PPO
composition. The PBA-PAEK blend with the 2000 Mn PPO showed only one T4 between
the two control polymers. Despite the immiscibility of these films, the gel fractions after
UV exposure were high. Gel fractions as a function of the amount of the 22,000 Mn PPO
were explored and did not show any significant change. UV spectroscopy of the
individual components and the blends showed that more broad wavelength light was
transmitted through the PPO component, so it was reasoned that films that was high in
PPO composition crosslinked to deeper depths. The O,/N, permeabilities and selectivities
were measured for the linear and crosslinked films. Between the 33/67, 67/33, and 90/10
22k PPO/BPA PAEK crosslinked blended films, the 90/10 PPO/BPA PAEK gained the
most selectivity and maintained a larger amount of its permeability. In comparison to
commercial gas separation polymers, the non-crosslinked 33/67 22,000 Mn PPO/BPA
PAEK blend outperformed polysulfone and cellulose acetate with a 2.45 degree of
acetylation. Overall, we were able to blend a small amount of BPA PAEK with the

commercially used PPO to create a mechanically robust crosslinked polymer film.
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GENERAL AUDIENCE ABSTRACT

The following studies describe the synthesis and properties of a family of
engineering polymers which are well known to have good thermal stability, mechanical
durability, and other film properties. The two main areas of application are high
temperature capacitors and gas separation membranes.

Today's electronics are involved in many vital functions of everyday life and
capacitors serve key roles in these devices. Because of miniaturization and increased
energy consumption in such applications, new materials for capacitors must be developed
that can store more energy. In this study, four different polymers were synthesized and
compared to isolate the most beneficial structural differences in relation to energy
storage. Two of the polymers had symmetric functional groups while the remaining two
had asymmetric functional groups. Two contained fluorine while the other two did not
contain any fluorine. This study showed that the asymmetric fluorine containing polymer
had more potential to store energy than the symmetric counterpart.

Gas separations via membranes have grown over the past approximately 50 years
due to reduced energy consumption, equipment size, and waste generation. Currently,

membrane based gas separation is used to separate various gas pairs in applications



including nitrogen enrichment, acid gas treatment, ammonia purge gas recovery, refinery
gas purification, and dehydration. There are issues that need to be addressed within these
areas such as gas purity, polymer softening over time due to CO, adsorption
(plasticization), physical aging, and chemical and thermal stability of the membranes. To
address these issues, this paper explored the benefits of crosslinkable polymers as gas
separation membranes. The first gas separation study utilized a polymer that contained a
group that can undergo an oxidation reaction. This reaction was done via a chemical
treatment as well as via elevated thermal treatment in air. This oxidation reaction created
a group that would interact with UV light which would then react with another group
within the polymer to create a crosslinked polymer. A crosslinked polymer is when the
polymers within the system are connected to each other via chemical or other bonds.
Once the polymers were crosslinked via UV light, gas separation selectivity was
increased over the non-crosslinked films.

The next system used a blend of two polymers to create a crosslinked polymer.
One polymer in the blend is a commercial polymer that is utilized for gas separation
membranes which would be beneficial for commercialization. Gas can move through the
commercial polymer at relatively high rates but suffers from low gas selectivities. The
other polymer contains a group that will interact with UV light and then react with the
commercial polymer to form crosslinks to connect the two chains. The crosslinked blends
were tested and had increased selectivities over their non-crosslinked counterparts.
Overall, we were able to blend a small amount of an engineering polymer with the

commercial polymer to create a mechanically robust crosslinked polymer film.
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Chapter 1: Polymeric Microlayered Dielectrics via Forced

Assembly Coextrusion

1.1 Introduction

Electronics today are involved in many vital functions of everyday life, with
capacitors being essential components of these devices. The nature and function of a
capacitor in an electronic device can drastically change depending on the type of
dielectric material and the type of current used in the capacitor. Because of this,
capacitors can be used for energy storage, filtering (controlling the flow of current),
tuning (frequency bypassing), blocking (filtering AC from DC or vice versa), bypass
(frequency separation), and many more applications.” 2 The main focus of this section
will be on the types of dielectric materials, specifically polymers, and how the industrial
and the academic community have advanced capacitor performance using polymeric

materials.

1.1.1 Discovery of Capacitors

The first capacitor was created by Pieter van Musschenbrock in 1746 in an
attempt to electrify water.! At the time little was known about the nature of electricity,
with the theory on electricity still undefined. For the experiment he lined the inside and
the outside of a jar with copper foil. The inside foil was attached to the negative terminal
and the outside was attached to a positive terminal, and when Musschenbrock applied a
voltage from the battery nothing happened to the water. However, while discarding the

water and disconnecting the battery, Musschenbrock touched one of the electrodes and



was shocked from the built up charge. This first experiment was named a Leyden jar due

to the location of invention at the University of Leiden.

1.1.2 Principles of Capacitors

From the Leyden jar, capacitors have advanced in shape, materials, and construction but
the principles remain the same. One electrode is positively charged while the other is
negatively charged, and both must be separated by a dielectric material. In the Leyden jar
the dielectric material was glass, but the dielectric layer can be as simple as air or as
complicated as multi-layered polymeric materials.? For this discussion, we refer to the

separating layer as the dielectric material.
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Figure 1.1 Depiction of four stages of capacitor operation. The power source is represented
by the blue (negative electrode) and red (positive electrode). The capacitor is represented by
the two black lines with a space in between which represents the two electrodes that can be

either negatively or positively charged.

In Figure 1.1, there are four example circuits which include a capacitor, power
source, and light bulb to help give a basic idea of how a capacitor functions. In the first

circuit, the direct current (DC) power source and light bulb is disconnected from the



capacitor so there is no capacitance being produced. Once the connection is established
between the power source and the capacitor in the second circuit, the electrons will flow
from the anode of the DC power source to the left electrode of the capacitor. The
electrons quickly accumulate, creating a negative charge on the left side of the capacitor.
Consequently, the right electrode begins to build up a positive charge. An electric field is
created within the dielectric material, which is the mechanism of energy storage within
the capacitor. In the third figure, the connection is broken between the power source and
the capacitor. Even though the capacitor has no power source, the energy level is
maintained between the two electrodes and within the dielectric layer. If too much time
passes before the stored energy is used, the negative charge will dissipate to the positive
electrode, reducing the electric field and therefore the stored energy. However if the
stored energy is used within a short time of charging, it can power electrical devices, such

as a light bulb which can be seen in the fourth circuit.

Polarized
+ + + + + + + + + + + +

Unpolarized

Figure 1.2 The un-polarized versus the polarized state of a dielectric material.

When an electric field is applied between the electrodes, the dielectric material
becomes polarized. This polarization is depicted in Figure 1.2 where the material initially
shows a completely random distribution of polar groups with no electric field, but the
polar groups align with the electrodes once the field is applied. When the electric field is
removed, the polar groups within the material return to their original random orientation
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with an overall neutral charge. There are a few cases (ferroelectric materials) where the

polar groups do not return to the random orientation, but this will be discussed later.

1.1.3 Permittivity and Dielectric Constant

The performance of a capacitor depends heavily on the material chosen as the
dielectric. The absolute permittivity is the measure of how an applied electric field
interacts with a dielectric material; it measures the electric field that is generated from
any polarizable aspects within that material. Therefore, if the material has a high capacity
to be polarized, it will be able to sustain a greater electric field and have a larger absolute
permittivity. ®

The relative permittivity is the absolute permittivity of the material divided by the

vacuum permittivity as shown in Equation 1.1

(@)

&(w) = (1.1)

€o
where g(w) is the frequency dependent relative permittivity, €(w) i1s the absolute
permittivity of the material, and & is the vacuum permittivity. Historically, the value of
the relative permittivity was called the dielectric constant but in recent years the term
relative permittivity is preferred over dielectric constant. This is because dielectric
constant has been used to describe several different concepts over the years, clouding its
definition when used today. Furthermore, the term dielectric constant implies that it is a
constant number, but it is frequency-dependent. This is because the relative permittivity
(or dielectric constant) is a complex value and has real and imaginary components as
shown in Equation 1.2.2
&(w) = &' (w) +ie" () (1.2)

Some examples for relative permittivity values are listed in Table 1.1.



Table 1.1 Relative permittivity values for materials currently and previously used as

dielectrics.4, 5

Material Relative Permittivity
Vacuum 1

Air 1.02
Teflon 2.1
Polyethylene 2.3-2.7
Bi-axially Oriented Polypropylene (BOPP) | 2.4
Polystyrene 25-2.9
Fluorinated Polyimide 25-29
Polycarbonate (PC) 2.8

Poly Arylene Ether 2.8-2.9
Polyimide 2.8-3.2
Fluorosilicate Glass 3.2-4.0
Polyester (PET) 3.3

SiO; 3.9-45
Paper (Kraft) 4
Poly(vinylidene fluoride) (PVDF) 612
Porcelain 6.2
Mica 7.5
Glass 7.6
Neoprene 9.8

H,0 78

TiO, 100

Vacuum permittivity has an assigned value of one and this is used as the
standard.® Most polymers fall in the range from 2 to 4, except ferroelectric materials such
as PVDF, which will be discussed in greater detail in a later section. Mica was one of the
first materials used as a dielectric because it naturally breaks into flat, thin layers, which
may then be coated and used as dielectrics.” Mica is still used today for applications in

extreme environments because of its stable properties over a wide range of temperatures.



However, due to the expensive processing and material cost, clay (porcelain) replaced
mica. Clay (porcelain) is still a market leader due to decreased cost with adequate
performance.? Paper also became popular, and was used because it was much more
mechanically stable in comparison to the other materials, but it also must be specially
processed for use as a dielectric material. Finally, plastics have become popular because
of superior mechanical properties, low material cost, processability, and in some cases

self-healing properties.?

1.2 Dielectric Testing and Characterization Techniques

1.2.1 Dielectric Spectroscopy
Dielectric Spectroscopy is used to explore the dielectric properties of a material and takes
advantage of the complex nature of permittivity. The permittivity of a dielectric material
is split into €’ (storage or real permittivity) and €’ (loss or imaginary permittivity). The
relationship between storage and loss permittivity is shown in Equation 1.3 and is
displayed graphically in Figure 1.3.°

e (w) = £'(w) +ie"(w) (1.3)

10)0B4 SSO07

Real Permittivity

Figure 1.3 Graphical representation of the relationship between complex, real, and loss

permittivity.



The storage permittivity represents the component of complex permittivity that is
able to release all of the energy used to polarize the material. The loss permittivity is the
component representing energy lost due to friction, inelastic scattering (i.e. permanent
dipole switching and charge migration), and displacement current. The angle between the
storage permittivity and the complex permittivity is referred to as 6, and tan 6 is the ratio
between ¢’ and €. In Equation 3, each permittivity is dependent on frequency, which
indicates that the values of £*, &, and €”* will change with applied frequency. *’

In most polymeric dielectric materials, there are four main contributors to the
polarization of a material: electronic, atomic, orientation, and ionic. Electronic
polarization is the alignment of the electron cloud with the applied electric field. This
movement of the electron cloud is in respect to the atom’s nucleus which creates an
overall polarization.” Atomic polarization is the movement of two covalently
bonded, non-polar atoms with respect to the electric field. This movement induces an
overall polar moment in the non-polar atoms that would not naturally exist.

Similar to atomic polarization, orientation polarization is the alignment of covalently
bonded atoms with the electric field. However, orientation polarization occurs only in
polar domains. The origin of the name, orientation, is because it is the orientation of
polar atoms and molecules with the electric field whereas atomic polarization is the
creation of polarization. An example of the difference between atomic and orientation
polarization would be with CO, versus H,O. Carbon dioxide is non-polar and when an
electric field is applied, the CO, would have an induced polarization. Water already has

an existing polar moment but when an electric field is applied the polar moment will



orient with the electric field. Orientation polarization can also be referred to as dipolar
polarization. ’

lonic polarization is when displacement occurs between two ionically charged
atoms that are not covalently bonded such as NaCl. Orientation and ionic polarization are
similar, in that, both types of polarization are related to two atoms moving with respect to
each other. However, the elastic force bringing the two atoms back to the original
position (after the electric field is removed) is starkly different. The elastic force in
atomic polarization results from a covalent bond and ionic polarization results from ionic
bonds. Since the covalent bond brings the two atoms back to their original position very

quickly, the two types of polarization occur on different time scales.’
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Figure 1.4 The frequency ranges for the four common relaxations. The y-axis is unit-less. 5

https://en.wikipedia.org/wiki/Dielectric_spectroscopy, Public Domain.



The time scale of the polarization mechanism has a significant impact on the properties of
dielectrics. This time scale can be measured via dielectric spectroscopy and an example is
shown in Figure 1.4. The top graph is the storage permittivity (molar polarization) and
the bottom is the loss permittivity (dissipation). The two peaks in the 10' and 10"
frequency range correspond to electronic and atomic polarizations respectively.” This is
because these two types of polarization involve motions that recover very quickly once
the electric field is removed. Also, electronic and atomic polarization involve low loss
permittivity and therefore release more of the stored energy. This is advantageous
because electronic and atomic polarizations can quickly store and release energy, while
ensuring that the energy loss is insignificant.

At lower frequencies the relaxations due to larger motions such as orientation and ionic
polarizations appear in the spectra. These polarizations are at lower frequencies because
the associated movements take longer to align with the electric field. They cannot
contribute to the high frequency range because the time in between the applied
alternating current does not give the dipole or ionic groups enough time to align with the
electric field. However, since the orientation and ionic moieties are larger, they are able

to contribute a greater amount to the permittivity of the material.

1.2.2 Breakdown Strength or Dielectric Strength

Breakdown strength measurements are simple in nature and the needle-plane
method is depicted in Figure 1.5. The film is coated with the plane electrode (the negative
electrode in Figure 1.5) and a charged needle is applied to the other surface. The charges
can be reversed so the needle can be either negative or positive. The applied voltage is

then increased incrementally until the film catastrophically breaks.*



Positive Electrode

Negative Electrode

Figure 1.5 Depiction of the needle-plane electrode apparatus for measuring breakdown

strength.

1.2.3 Polarization Hysteresis

(MV/m)

A
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energy released

Electric field

Figure 1.6 Polarization curves for a linear dielectric (A) and ferroelectric (B) material.

https://en.wikipedia.org/wiki/Ferroelectricity, Public Domain. Graph C shows where the

energy is lost when using a ferroelectric material.9 “Zhu, L.; Wang, Q., Macromolecules

2012, 45 (7), 2937-2954.” Reprinted with permission of American Chemical Society, 2016,

Copyright “2012” American Chemical Society.

A polarization curve (Figure 1.6) is used to characterize the effect of an electric

field on a dielectric material. A voltage is applied to the capacitor, which creates an

electric field and the amount of electric displacement is measured. Electric displacement

measures the extent of polarization with units of Coulomb/area (mC/m?). A coulomb (C)

is a unit of charge and is defined as amperes (current) per second. Current is the flow of
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electrons, therefore electric displacement describes how many electrons flow and stay in
the capacitor over time and in a specific area of the capacitor.

The plots of both a linear dielectric and a ferroelectric material are shown in Figure 1.6.
The dielectric plot shows a linear polarization process, from complete polarization while
the electric field is being applied, to zero polarization without an electric field. The
ferroelectric material shows a more complex process including a hysteresis loop. In a
hysteresis loop, energy is lost to the process which may be quantified by the area of the
loop. The energy loss is due to friction and irreversible polarized ions and polar groups.
This can be seen in the last image of Figure 1.6. The hysteresis loop is diagrammed
further in Figure 1.7 and more detail on ferroelectric materials will be discussed in the

materials section.’
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Figure 1.7 (a) An in-depth graph of the polarization hysteresis loop for a ferroelectric
material. (b) Corresponding depiction of the polarization process of Regions I, I, 111, and
IV.” From “Kao, K.-C., Dielectric phenomena in solids : with emphasis on physical concepts
of electronic processes. Academic Press: Amsterdam; Boston, 2004.” Reprinted with

permission of Elsevier, 2016, Copyright “2004” Elsevier.
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The curve in Figure 1.7 (a) is numbered to help identify the sections and each of the listed
regions has a corresponding depiction in Figure 1.7 (b). The first region, denoted H, is the
beginning of any orientation in the direction of the applied field. Once the electric field is
increased to region II, the polar domains begin orienting in the “easy” direction. In the
“easy” direction, the polar domains are much more susceptible to orientation and a
weaker electric field is needed to align the polar regions. During region I11, the remaining
un-oriented polar domains are aligned in the “easy” direction. The final section, region
IV, is the orientation of the polar domains in a final, more difficult, direction. This final
polarization requires an increased applied electric field.” *

Once the ferroelectric material is completely polarized, removal of the electric field
results in a different path on the hysteresis curve. To return on the same path, the polar
domains would have to be randomly oriented but from this point on, the polar domains
will be partially oriented. The return to zero polarization requires an electric field in the
opposite direction, which requires the use of additional electrical energy. This indicates
that part of the process is irreversible. Since this is an irreversible process, energy is lost
which may be calculated by taking the area of the curve. The polarization hysteresis is
one of the main challenges with the use of ferroelectric materials as a dielectric layer, but

new techniques are being investigated to circumvent these problems.

1.3. Polymeric Material for Capacitors

1.3.1 Polyester

Polyesters were one of the first polymers to be used as the dielectric layer within a

capacitor’. Interest began at Dupont in the 1950’s using Mylar polyester.'? Poly(ethylene
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terephthalate) (PET) is synthesized through step growth polymerization of ethylene
glycol and terephthalic acid.™

DuPont reported good dielectric properties throughout a range of frequencies and
temperatures.’* ** The reported temperature range for utilizing Mylar films is between -
55 °C and 85°C. The maximum use temperature is limited to 85 °C as beyond that point,
Mylar will be reach its glass transition temperature and the properties will decline

quickly.

1.3.2 Polypropylene

Polypropylene (PP) has been one of the most popular polymeric materials for use
as a dielectric film, especially if it is bi-axially oriented (BOPP).*>*" Polypropylene is
synthesized through chain growth polymerization using a Ziegler-Natta catalyst to control
the stereochemistry.™® The advantages of using PP are that it is produced on a large scale,
inexpensive, and that once oriented, the PP film gains beneficial thermal, mechanical, and
electrical properties.'®?° The capacitors that are produced from these films have reported
large energy densities and breakdown strengths which is what originally brought interest

to PP as a dielectric material.'’

1.3.3 Polycarbonate

For high temperature applications, polycarbonate (PC) capacitors are one of the
best options®. It is produced via step growth polymerization between bisphenol A and
phosgene in the presence of base.** The patent to use polycarbonate as a capacitor was
filed by General Electric in 1965.% These capacitors were of interest for many aerospace,
military, and other specialty applications because the polycarbonate operating
temperature range spans from -55 °C to 125°C. Also the dielectric properties are stable
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across this temperature range, allowing for consistent performance in many different

environments.?

1.3.4 Polyimides

Polyimides gained interest as a dielectric material because of their excellent
thermal properties, such as high Tg, and good mechanical properties.?® Some commercial
polyimides are Kapton and Matrimid.?* #* Polyimides are synthesized through a reaction
between dianhydrides and diamines. The classic polyimide polymerization proceeds via a
two step process involving a poly(amic acid) which then forms the polyimide.'
Polyimides are oxidatively stable and show good organic solvent resistance which is
beneficial in harsher environments. Some of them can be used continuously at high
temperatures such as 300-350°C.?*% Polyimides have reported dielectric constants near 3
to 3.5, which does not change significantly beyond 100°C.%* There is a significant range
of dielectric constant values because various substituents and structure changes can affect
the value. Current research into polyimides as dielectric materials includes blending with
nanoparticles, creating composite materials, and synthesizing polyimides with

asymmetric structures.?’°

1.3.5 Ferroelectric Materials — PVDF

Ferroelectricity refers to the ability of some materials to be permanently polarized
or un-polarized through the use of an electric field.'* Most materials will become
unpolarized with the removal of an electric field. However, ferroelectric materials will
maintain their polarization after the electric field is removed but their polarization can be
reversed by applying an electric field in the opposite direction.* The polarization can
produce interesting changes to the material’s physical dimensions and temperature,
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referred to as piezoelectric and pyroelectric materials respectively. These materials are
very useful in many sensor applications.**

Because of the unique nature of ferroelectric materials and their high relative
permittivity, much research has been published on these materials as dielectrics.***” One
polymer of interest is poly(vinylidene fluoride) (PVDF). With relative permittivity values
reaching 12 (this number can change depending on the crystallinity), PVDF could be
used to produce an inexpensive and efficient capacitor. However, the performance of

these materials is strongly dependent on its polarization curve.” %

1.4. Forced Assembly Multilayer Coextrusion Process

Many techniques have been developed to increase the performance of polymer
systems through the use of polymer blending, block copolymerization, and additives. One
technique of interest is forced assembly microlayer coextrusion, which creates a film with
alternating layers of two or more polymers. Each film can vary from 32 to 4096 layers
that afford individual layer thicknesses down to the nanometer scale, in some cases
approaching the radius of gyration of the individual molecules. This polymer architecture
enables novel polymer systems that provide unique information and performance.
Finally, microlayering can produce this unique structure at a large scale using an

economically viable processing method.*
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Figure 1.8 The initial technique created at Dow for microlayered films of two different
materials.*® Schrenk, W. J., SPE J. 1973, 29 (6), 38. SPE Journal is out of print. Mr. Allen

Lee at Dow was contacted regarding this image.

The forced assembly microlayer film technique was developed during the 1970’s
at Dow Chemical Company and was headed by Water Schrenk, Douglas Chisholm,
Kenneth Cleereman, and Turner Alfrey Jr. Schrenk and Alfrey initially developed and
published a coextrusion multilayer blown film system that could create layered films
through a rotating die.**** In this process, two polymers of similar viscosities are
coextruded and processed though a die, as shown in A of Figure 1.8 The two polymer
flows are then rotated by either the inner mandrel or outer ring that creates the desired
multilayered flow. Figure 1.8 also depicts the four different layer patterns that can arise

from the different modes of die rotation.*® This process affords the desired layered films.
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Figure 1.9 A depiction of how the forced assembly microlayer coextruder produces multi-
layer films.>® “Ponting, M.; Hiltner, A.; Baer, E., Macromolecular Symposia 2010, 294 (1),
19-32.” Reprinted with permission of John Wiley and Sons, 2016, Copyright “2010” John

Wiley and Sons.

At Case Western Reserve University (CWRU), a forced assembly microlayer
coextruder has been developed within the National Science Foundation Center for
Layered Polymeric Systems (CLiPS).**>* Figure 1.9 depicts the microlayer coextruder at
CWRU and the function of the layer multipliers.®® Initially the two extruders melt and
thrust polymer forward into a feed block, where the two polymers are stacked to create a
bi-layered polymer flow. Once stacked the layer multipliers split, compress, and spread
the polymer flow to be stacked again. The number of layers in the flow is again doubled,
and continues to be doubled with each multiplier added in series. Before reaching the die,
an additional polymer can be added to both sides of the flow in order to improve the final
quality. This additional layer is able to reduce the force of drag on the key microlayered
flow while being compressed by the die into film form. A cooling roll can be used after
the die to slowly or quickly cool the film and can control the extent of drawing, which
influences the final thickness of the film.%% %%
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Figure 1.10 The two different layer multiplier designs and corresponding layer thickness
consistency verses layer number.* “Ponting, M.; Hiltner, A.; Baer, E., Macromolecular
Symposia 2010, 294 (1), 19-32.” Reprinted with permission of John Wiley and Sons, 2016,

Copyright “2010” John Wiley and Sons.

Experimentation with the layer multipliers has produced additional layer
uniformity of the microlayered system along with asymmetric layering capabilities. Each
multiplier has a pathlength, variable L, which affects its layering ability. In Figure 1.10,
two different pathlengths are labeled with the corresponding lengths and the graph
compares the consistency of the two designs. The Design 2 layer multipliers showed
greater uniformity over a range of layer numbers and superior average layer thickness,

with Design 2 being 69 + 8um and Design 1 being 71 + 17um.** >
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Figure 1.11 A depiction of how the forced assembly microlayer coextruder can produce
asymmetric layered films.>® “Ponting, M.; Hiltner, A.; Baer, E., Macromolecular Symposia
2010, 294 (1), 19-32.” Reprinted with permission of John Wiley and Sons, 2016, Copyright

“2010” John Wiley and Sons.

Further complexity was added to the multipliers by introducing an uneven split of the bi-
layered polymer flow (Figure 1.11). This causes an asymmetric distribution of layer
thickness throughout the film, which is useful for specific applications such as polymeric
lenses. The asymmetric layers were imaged using AFM as shown in Figure 1.11, with the
experimental and modeled values displayed to the right. For further control of the
asymmetric layer thicknesses, many “uneven” multipliers can be placed in series
followed by “even” multipliers. Detailed work and control has gone into asymmetric
microlayered materials, but the focus of this work will be on the symmetrical layering

technique. 3>

1.5. Microlayered Films as Dielectric Materials

Prior research has shown that barriers to electric breakdown channels can augment the
performance through dielectric strength, also known as breakdown strength.®® °’

Essentially, the layers or fillers in the polymer film impede the voltage breakdown
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pathway and allow for the material to be operated at higher voltages and therefore higher
capacitance. The architecture of the forced assembly microlayer films would take
advantage of this behavior and bring about further investigation into the electrical
benefits of this unique structure.

To take advantage of the microlayered system, the initial study by Wolak et al. utilized a
polymer with a high dielectric constant and microlayered it with a polymer that had a
high breakdown strength.”® A common choice for a polymer with a high dielectric
constant is poly(vinylidene fluoride) copolymerized with hexafluoropropylene (PVDF-
HFP Grade: Solef 21508), which has a dielectric constant ranging from 10 — 15. The
optimal polymer for high breakdown strength is polycarbonate (PC) which withstands
voltages up to 600 kV/mm and has a dielectric constant around 3. These two polymers
were processed into films with 32 and 256 layers, and the composition was systematically

varied which allowed them to explore the effect of each polymer on the overall system. >®
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Figure 1.12 The relationship of permittivity performance with the change in PC and PVDF
composition.”® “Wolak, M. A.; Pan, M.-J.; Wan, A.; Shirk, J. S.; Mackey, M.; Hiltner, A_;
Baer, E.; Flandin, L., Applied Physics Letters 2008, 92 (11), 113301.” Reprinted with

permission of AIP Publishing LL.C, 2016, Copyright “2008” AIP Publishing LLC.
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Figure 1.12 shows the permittivity or dielectric constant with changing composition at
100 Hz. The films with larger percentages of PVDF-HFP had the highest permittivity,
which decreased with increasing PC content. This trend follows Equation 1.4 for

permittivity with changing volume fractions of two different dielectric materials.

= (1.4)

Er €r1 Er2
The variable & is the overall permittivity while €1 and &, are the permittivities of each
individual material and ¢; and ¢, are the respective volume fractions. The experimental

values were within 3% of the predicted values from Equation 1.4.%®
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Figure 1.13 The relationship of energy density and dielectric strength (breakdown strength)
performance with the change in PC and PVDF.”® “Wolak, M. A.; Pan, M.-J.; Wan, A.;
Shirk, J. S.; Mackey, M.; Hiltner, A.; Baer, E.; Flandin, L., Applied Physics Letters 2008, 92
(11), 113301.” Reprinted with permission of AIP Publishing LLC, 2016, Copyright “2008”

AIP Publishing LLC.

The microlayering technique increased the performance by as much as 20% and
60% in dielectric strength and energy density respectively (Figure 1.13 where solid
circles represent 32 layers and open circles correspond to materials with 256 layers). The
highest performance with regards to dielectric strength (breakdown strength) was with 10

wt% of PVDF-HFP and 90% PC, which is expected because PC is a high breakdown
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strength polymer. Once the energy density of the dielectric is considered the trend
reverses and higher weight percentages of the PVDF-HFP within the films are preferred.
This correlates to the high dielectric constant of PVDF-HFP which allows for more

energy to be stored within the electric field.*®

1.5.1 Effect of Polarization Hysteresis on the Microlayer Structure
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Figure 1.14 Hysteresis loops for PVDF and PC controls along with the microlayered
systems.”® “Mackey, M.; Schuele, D. E.; Zhu, L.; Flandin, L.; Wolak, M. A.; Shirk, J. S.;
Hiltner, A.; Baer, E., Macromolecules 2012, 45 (4), 1954-1962.” Reprinted with permission

of American Chemical Society, 2016, Copyright “2012” American Chemical Society.

In Figure 1.14 (a.), the polarization hysteresis loops of PVDF and PC are
compared. The PVDF curve has a large area which indicates that the electric field
permanently polarizes PVDF. Upon further examination, PVVDF maintains electric
displacement even though the applied electric field is 0. This indicates that the electric

field has permanently oriented a portion of the PVDF’s polar groups. Permanent
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polarization or orientation will reduce the performance of the capacitor and therefore
should be reduced in any ideal dielectric material. An example of minimal hysteresis is

the PC curve seen in Figure 1.14 (a.).>®
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Figure 1.15 Hysteresis loop area plotted against PVDF layer thickness with various applied
voltages: (a) 300 MV/m (b) 400 MV/m and (c) 500 MV/m* “Mackey, M.; Schuele, D. E.;
Zhu, L.; Flandin, L.; Wolak, M. A.; Shirk, J. S.; Hiltner, A.; Baer, E., Macromolecules 2012,
45 (4), 1954-1962.” Reprinted with permission of American Chemical Society, 2016,

Copyright «“2012” American Chemical Society.

Even though the hysteresis for the PVDF polarization curve is larger, the amount
of electric displacement is higher, indicating that it can store more energy. By
microlayering PVDF and PC, Mackey et al. showed in Figure 1.14 (B, C, and D) that the
combination of the two polymers provides a film with a low hysteresis loop and higher
electric displacement.®® Furthermore, the amount of layers was increased, causing the
individual layer thickness to decrease which showed the effect of the individual layer
thickness on the hysteresis loop. It was found that the smaller the individual layer
thickness became, the smaller the hysteresis loop area. In Figure 15, this is shown by
measuring the loop area and subsequently plotting it against the individual PVDF layer
thickness. When comparing the PC to PVDF ratio, the area of the hysteresis loop

increased with increasing PVDF content. In another experiment, the electric field was
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increased in Figure 1.15 from 300 MV/m to 400 MV/m to 500 MV/m. Increasing the
electric field also increased the hysteresis loop. This trend corresponds to the enhanced
electrical displacement that occurs with an increase in electrical field (Figure 1.15).%°

1.5.1.1 Charge Migration
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Figure 1.16 A schematic of how charge migration can be reduced in layered polymeric
films.®® “Mackey, M.; Schuele, D. E.; Zhu, L.; Flandin, L.; Wolak, M. A.; Shirk, J. S.;
Hiltner, A.; Baer, E., Macromolecules 2012, 45 (4), 1954-1962.” Reprinted with permission

of American Chemical Society, 2016, Copyright “2012” American Chemical Society.

Mackey et al proposed that charge migration, which is the movement of ions
within an applied electric field, could possibly be causing the changes in hysteresis with
layer thickness.*® This can best be imagined through the top row of images in Figure 1.16
where two materials (PVDF and PC) are coextruded into the nano-confined microlayer
architecture. The ideal situation occurs when the ions remain associated with oppositely
charged ions and do not move from their original position.° Thus, one way to maintain

capacitor performance over time is to confine the ion movement.> ¢
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Mackey et al. proposed the images in Figure 1.16 to explain the benefits of
microlayered systems and their ability to reduce charge migration.>® Essentially, the
smaller the individual material layer becomes, the more ion confinement occurs which
reduces the effects of charge migration. By reducing charge migration, the microlayered
architecture maintains the desired ion proximity discussed earlier.>® Sawada et al.
attributed the ions in the PVDF to surfactant residue originating from the suspension
polymerization with a concentration of <1 ppm by weight.*

Another aspect associated with charge migration is the difference in permittivity
of the two coextruded materials. In this coextruded system PVDF has a high permittivity
where PC has a lower permittivity. The difference in permittivity causes each interface to
act as a barrier to ions and therefore impedes the movement of ions into the next layer.>®
®! This is especially important to increase the breakdown strength because the buildup of

ions on the electrode surface will produce heat and cause catastrophic failure.®*%*

1.5.2 Dielectric Spectroscopy of Microlayer Films

Dielectric spectroscopy is used to examine the ionic and dipolar relaxations of multilayer
films which occur at low frequencies. One such example was investigated in the work by
Mackey et al. in which varying multilayer systems where made with PVDF and PC.
Figure 1.17 shows the tan o over a frequency range for this multilayered system. The high
frequency peak showed relatively little change with the different layer thicknesses while
the low frequency peak showed a drastic reduction in the tan 6 as the layer thickness
decreased. The high frequency peak was identified as the o crystallinity peak of the

PVDF and is not associated with charge migration. The authors associated the change in
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the lower frequency peaks as a reduction in the charge migration as the layer thickness

decreased.”® ®
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Figure 1.17 The tan & plotted against the frequency for the PVDF and PC control and the
microlayered films® “Mackey, M.; Schuele, D. E.; Zhu, L.; Flandin, L.; Wolak, M. A_;
Shirk, J. S.; Hiltner, A.; Baer, E., Macromolecules 2012, 45 (4), 1954-1962.” Reprinted with
permission of American Chemical Society, 2016, Copyright “2012” American Chemical

Society.

lon motion requires energy, which cannot be recaptured because ion migration is
inelastic. Therefore, charge migration contributes to the PDVF hysteresis loss. To
examine this loss, the output energy density and unrecovered energy of each material is
graphed against the applied electric field in Figure 1.18. For this test, energy was applied
to the capacitor and the output energy density was recorded. The output energy density
was subtracted from the input energy density and was then divided by the input energy

density to get the percent unrecovered energy.*®
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Figure 1.18 The output energy density and percent unrecovered energy plotted against
electric field for the PVDF and PC control and the microlayered films® “Mackey, M.;
Schuele, D. E.; Zhu, L.; Flandin, L.; Wolak, M. A.; Shirk, J. S.; Hiltner, A.; Baer, E.,
Macromolecules 2012, 45 (4), 1954-1962.” Reprinted with permission of American Chemical

Society, 2016, Copyright “2012” American Chemical Society.

Figure 1.18 (a) shows how much output energy was recovered versus the applied electric
field. The optimal dielectric material will have a higher output energy density along with
a low amount of unrecovered energy. PVDF does show high output densities, but the
unrecovered energy is high as well. Furthermore, it does not reach high electric field
values. The PC control shows low output energy but has low unrecovered energy and can
go to higher electric fields. The microlayered material performs well in both of the areas
as shown in Figure 1.19, where the output energy density and unrecovered energy are
plotted against the PVDF layer thickness. Through the microlayering process the output
energy density was increased in comparison to the PC control. The unrecovered energy
did show a clear downward trend with lowered PVDF layer thickness. Overall, the
microlayering process was able to lower the unrecovered energy while maintaining a high

output energy density.*®
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Figure 1.19 The output energy density and percent unrecovered energy plotted against
PVDF layer thickness for the PVDF and PC control and the microlayered films at 400
MV/m applied voltage® “Mackey, M.; Schuele, D. E.; Zhu, L.; Flandin, L.; Wolak, M. A.;
Shirk, J. S.; Hiltner, A.; Baer, E., Macromolecules 2012, 45 (4), 1954-1962.” Reprinted with
permission of American Chemical Society, 2016, Copyright “2012” American Chemical

Society.

1.5.3 Breakdown Strength and Imaging of the Breakdown Site

Mackey et al. explored the breakdown process and what aspects impede and enhance
performance using PVDF-HFP and PC. The first test compared the microlayered system
to a melt blended system. To blend the PVDF-HFP and PC, an extruder melts and
combines the two materials into a single flow. The flow is pushed through a flat die
which creates the dielectric film. Figure 1.20 shows that the blended film produced a
decrease in breakdown strength with respect to the weighted average of the two
polymers. This drop is due to the immiscible nature of the PVDF-HFP/PC system, which
creates heterogeneous interfaces within the film. By multilayering the two immiscible
polymers, the breakdown strength is increased significantly above the control polymers.

The interfaces between the two heterogeneous polymers can be parallel to the applied
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electric field and therefore act as breakdown pathways for the current. The results in
Figure 1.20 show that the multilayer architecture enhances the breakdown strength. The
increased performance can be attributed to several reasons which will be discussed later,
but Figure 1.20 points to the layered structure. Through the microlayering process a film
is produced with perpendicular interfaces to any applied electric field which impedes the

breakdown process.*°
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Figure 1.20 Comparison of the layered (32 Layer, 12 pm, PC/PVDF-HFP) and blended
films (PC/PVDF-HFP) as a function of polycarbonate content.’® “Mackey, M.; Hiltner, A;
Baer, E.; Flandin, L.; Wolak, M. A.; Shirk, J. S., Journal of Physics D: Applied Physics 2009,

42 (17), 175304.” Reprinted with permission of IOP Publishing, 2016, Copyright “2009”

IOP Publishing.
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Figure 1.21 Comparison of the optical micrographed damage sites for three dielectric films
(a) PC control (b) 32 Layer, 12pm, PC/PVDF-HFP with PC closest to the positive needle

electrode (¢) 32 Layer, 12um, PC/PVDF-HFP with PVDF-HFP closest to the positive needle
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electrode’® “Mackey, M.; Hiltner, A.; Baer, E.; Flandin, L.; Wolak, M. A.; Shirk, J. S.,
Journal of Physics D: Applied Physics 2009, 42 (17), 175304.” Reprinted with permission of

IOP Publishing, 2016, Copyright “2009” IOP Publishing.

Traditional breakdown sites of monolithic polymer films (using a positive needle
electrode) produce a simple hole in the film as shown in Figure 1.21 (a). However the
optical micrograph of the multilayered PVDF-HFP/PC shows a distinct tree-like pattern
surrounding the breakdown hole (Figure 1.21 (b)). This phenomenon is further changed
depending on which material is facing the surface and adjacent to the positive electrode
(Figure 1.21 (b) and (c)). When the PC layer (the higher breakdown strength material) is
near the electrode the pinhole is encircled by the tree patterns.'® When the PVDF-HFP
layer (higher dielectric constant material) is touching the electrode the treelike behavior
was produced but also resulted in delamination of one or more layers. The difference in
the two breaking patterns is due to the high breakdown strength of PC versus PVDF-
HFP. The PC layer that is nearest to the positive electrode is able to reach higher electric
fields. The PVDF-HFP layer is not able to reach higher electric field values, but the
microlayered film does have this ability. Therefore, the PVDF-HFP top layer

delaminates, creating the breakdown pattern seen above.™
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Figure 1.22 Comparison of optical micrographed damage sites resulting from applied
electric fields from 450 kV/mm to 950 kV/mm at intervals of 100 kV/mm for 32 Layers, 12
pm, PC/PVDF-HFP with PC closest to the positive needle electrode™® “Mackey, M.; Hiltner,
A.; Baer, E.; Flandin, L.; Wolak, M. A.; Shirk, J. S., Journal of Physics D: Applied Physics
2009, 42 (17), 175304.” Reprinted with permission of IOP Publishing, 2016, Copyright

“2009” I0P Publishing.
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Investigation into the two different damage patterns was continued by gradually
increasing breakdown strength from 450 to 950kV/mm (at intervals of 50 kV/mm), once
for PC touching the needle and again with PVDF-HFP touching the needle. The optical
micrograph and the corresponding current profile of the 450 to 950 kV/mm (at intervals
of 100 kV/mm) for PC nearest the positive needle is shown in Figure 1.22 (the optical
micrographs of the PVDF-HFP nearest to the positive electrode can be seen in reference
7). The current profile below the corresponding micrograph is the graph of the current
over time which includes the input current (how much current is stored in the capacitor’s
electric field) and the output current (how much current was retained after time passed or
in this case how much current was remaining after the treeing or delamination). As the
applied electric field increases, the amount of treeing increases in diameter. The increased
electric field also correlates to a higher input current which was observed in the Figure

1.22 current profiles.*
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Figure 1.23 Input charge, discharge, and unrecovered charge plotted against electric field

for 15, 12, 9, 6, 4.5, and 3 pm overall film thicknesses of the 32 Layer, PC/PVDF-HFP film
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with PC layer closest to the positive needle electrode'® “Mackey, M.; Hiltner, A.; Baer, E.;
Flandin, L.; Wolak, M. A.; Shirk, J. S., Journal of Physics D: Applied Physics 2009, 42 (17),
175304.” Reprinted with permission of IOP Publishing, 2016, Copyright “2009” 10P

Publishing.

In Figure 1.23 the input, output (discharge), and unrecovered charge of the
50PC/50PVDF-HFP, 32 layers, at various overall film thicknesses is plotted against
electric field. The large arrow signifies the electric field value for the onset of the tree-
like breaking. As the overall film thickness is decreased, the point at which the treeing
occurs moves to higher applied electric fields. This is why there are no arrows for films
below 6 um. This behavior can be explained by the units for electric field which is kV per
mm of thickness. The thicker films reach higher values of electric field, but dielectric
thickness must also be taken into consideration. This indicates that a large overall electric
field is required to cause the local charge build up within the layered structure to cause

the tree like patterns around the breakdown sites.*°
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Figure 1.24 Unrecovered charge plotted against tree area for 15, 12, and 9 pm overall film
thicknesses of the 32 Layer, PC/PVDF-HFP film with PC layer closest to the positive needle
electrode.”® “Mackey, M.; Hiltner, A.; Baer, E.; Flandin, L.; Wolak, M. A.; Shirk, J. S.,
Journal of Physics D: Applied Physics 2009, 42 (17), 175304.” Reprinted with permission of

IOP Publishing, 2016, Copyright “2009” IOP Publishing.
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After the films begin to tree in Figure 1.23 (a), the amount of input charge begins to
increase. However, Figure 1.23 (b) does not show an increase in the output which
indicates that energy is being lost in the treeing process. This is confirmed in Figure 1.23
(c) which shows the loss of energy in the multilayered films beginning at the tree
initiation. Therefore, the tree pattern absorbs the electric energy but cannot give it back.
In Figure 1.24, this is further shown by plotting the unrecovered charge against the tree
area (found by outlining the tree pattern and taking the area). It shows that as the
thickness of the film becomes larger the tree area becomes larger and with more tree area
there is an increase in unrecovered charge. However, the treeing breakdown pattern can
be avoided by reducing the thickness of the film and the benefits of the multilayer
structure will be maintained. Each of the layer interfaces will still build up local charge

and the effects of defects and impurities will still be reduced.*

Figure 1.25 SEM images of focused ion beam milling process and the delamination of the
layers caused by the breakdown process® “Wolak, M. A.; Wan, A. S.; Shirk, J. S.; Mackey,
M.; Hiltner, A.; Baer, E., Journal of Applied Polymer Science 2012, 123 (4), 2548-2557.”
Reprinted with permission of John Wiley and Sons, 2016, Copyright “2012” John Wiley

and Sons.
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Wolak et al. characterized the breakdown in layers towards the center of the film, rather
than just on the surface. In order to do this, a film that already had a breakdown pin hole
was cut using focused ion beams in a systematic manner. After each cut was made the
surface of the hole was imaged using SEM. An example of the technique and results can
be seen in Figure 1.25. From this technique, the layer delamination within the film
indicates the effectiveness of the layered structure to act as barriers to the electric

breakdown pathway. ®°

1.5.4 Dielectric Lifetime of Multilayer Films
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Figure 1.26 The relationship of 63.2% failure lifetime with the change in PC and PVDF.
The layered films were compared by the amount of layers within the film. Additionally the
results were compared to a blended film and a weighted average.®* “Zhou, Z.; Mackey, M.;
Carr, J.; Zhu, L.; Flandin, L.; Baer, E., Journal of Polymer Science Part B: Polymer Physics
2012, 50 (14), 993-1003.” Reprinted with permission of John Wiley and Sons, 2016,

Copyright ©“2012” John Wiley and Sons.

Zhou et al. investigated the long term stability of the microlayered polymer system in
comparison to control and blended films. The results of the study can be seen in Figure

1.26 and it is clear that the multilayered architecture is superior to the blended system.
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The two layer system does not do as well but once the layers are increased to at least 32
the lifetime performance is significantly increased. The polycarbonate shows the best
lifetime but the PVDF has superior dielectric performance so the layered structure has
merged polycarbonate superior lifetime performance and PVDEF’s superior energy storage
performance.®

Zhou et al. proposed reasoning for this increased performance based on the data and prior
research. Mainly it is due to the deceased amount of charge migration which has been
proven in the layered structure.®® ® The charge migration traditionally affects the
dielectric properties but in the case of lifetime performance charge build up actually
increases the heat on the dielectric surface which eventually leads to catastrophic failure.
By introducing more layers the multilayer structure inhibits the excessive built up of

charge on the surface and allows for enhanced lifetime.®?

1.6 Summary

In summary, polymers have become a popular choice as a dielectric material because of
superior mechanical properties, low material cost, processability, and in some cases self-
healing properties.? Force assembly microlayer coextrusion has been utilized to increase
dielectric film performance.'®*%°*%"%% | this process, two polymers are multilayered in a
film to create a structure with many parallel alternating layers.* This is advantageous for
capacitors because the properties of two different materials can be combined and each
interface of the two polymers works to bolster the overall dielectric properties.***® One of
the polymers, the insulating layer with low dielectric constant, is chosen to have high
breakdown strength and low loss, e.g. poly(ethylene terephthalate)®® or

10,58,59,61,62,64,

polycarbonate % The other polymer has a high dielectric constant such as
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10,61 58,59,62-65

poly(vinylidene fluoride) or its copolymers that can increase the energy
density.

Mackey et al. fount that the multilayer structure would reduce the hysteresis loop area
when compared to PVDF. The hysteresis was further reduced when the individual layer
thickness was reduced. Mackey et al. proposed that this could be attributed to the
reduction of charge migration within the layered system.>® Mackey et al. found that
multilayer architecture also enhances the breakdown strength with respect to the linear
wt% PC composition. This was attributed to the many perpendicular interfaces which
impedes the breakdown process.”® Zhou et al. found that introducing more layers the

multilayer structure inhibits the excessive built up of charge on the surface and allows for

enhanced lifetime.%?
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Chapter 2: Fluorinated Poly(Arylene Ether Ketone)s for High

Temperature Dielectrics
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2.1. Introduction

Today's electronics are involved in many vital functions of everyday life and
capacitors serve key roles in these devices." Because of miniaturization and increased
energy consumption in such applications, new dielectric materials must be developed
with higher energy density while maintaining low loss of that energy. * Considerable
research has been devoted to polymeric dielectric materials due to their ease of
manufacturing, high breakdown strength, low loss, and self-clearing capabilities. > ©
Biaxially oriented polypropylene is widely regarded as the current state-of-the-art
material and it is well known that many of its properties originate from the biaxial
orientation process.”® However, the use of biaxially oriented polypropylene is limited

due to its poor performance above ~85 “C and low energy density.” % *°

A processing technique under investigation to increase dielectric film

performance has been termed forced assembly microlayer coextrusion.***® In this
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process, two polymers are multilayered in a film to create a structure with many parallel
alternating layers.® This is advantageous for capacitors because the properties of two
different materials can be combined and each interface of the two polymers works to
bolster the overall dielectric properties.'" *? One of the polymers, the insulating layer with
low dielectric constant, is chosen to have high breakdown strength and low loss, e.g.

11-17

poly(ethylene terephthalate)*®, polycarbonate’*™’, or polysulfone®. The other polymer

12,15, 19

has a high dielectric constant such as poly(vinylidene fluoride) or it's copolymers™

13,14, 1618 that can increase the energy density. The layered structure leads to build-up of
Maxwell-Wagner-Sillars interfacial polarization at the interfaces. The charge buildup at

these interfaces allows the films to discharge along the interfaces and thus results in

higher breakdown strengths™.

In this work, four different poly(arylene ether)s were synthesized to compare
symmetric and asymmetric fluorine-containing structures versus their non-fluorinated
counterparts. Prior work on low dielectric polymers as insulators showed that asymmetric
versus symmetric fluorination could affect a material's overall polarization®’. Therefore,
this paper describes poly(arylene ether ketone)s (PAEKSs) with systematic fluorine- and
non-fluorine containing geometries that could be melt processed for use in capacitors
(Fig. 2.1). In the future, they could be layered with poly(vinylidene fluoride) to explore
the effect that fluorination and symmetry have on the interfaces of the microlayer film
architecture. Literature shows that increasing the strength of the interface can increase the
breakdown strength of layered dielectric films®. It was reasoned that added fluorine
structures in the polymers may improve interactions with fluorinated high dielectric

constant materials such as PVDF.
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Figure 2. 1 The polymer chemical structures

2.2. Experimental

Materials

N,N-Dimethylacetamide (DMACc), dichloromethane, triflic acid, toluene, 4,4'-(1-
phenylethylidene)bisphenol, 2,2,2-trifluoroacetophenone, and phenol were purchased
from Sigma Aldrich. DMAc was vacuum distilled from calcium hydride. Triflic acid,
toluene, dichloromethane, 2,2,2-trifluoroacetophenone and phenol were used as received.
4,4'-(1-Phenylethylidene)bisphenol was dried at 110 °C under vacuum. 4,4’-
Difluorobenzophenone and bisphenol A were kindly donated by Solvay and
recrystallized from 2-propanol and toluene, respectively. 4.4°-
Hexafluoroisopropylidenediphenol was obtained from Ciba and purified by sublimation,
followed by recrystallization from toluene. Potassium carbonate was purchased from

Fisher Scientific and dried at 150 °C under vacuum.
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Synthesis of 1,1-bis(4-hydroxyphenyl)-1-phenyl-2,2,2-trifluoroethane (the bisphenol
monomer for 3FBPAP)

Phenol (41.32 g, 440 mmol) and 2,2,2-trifluoroacetophenone (19.32 g, 110 mmol)
were charged to a 250-mL, three-neck, round bottom flask equipped with a magnetic stir
bar, N, inlet, and an addition funnel fitted with a drying tube and heated to 45 °C. Once a
homogeneous solution was achieved, triflic acid (3.8 mL, 42 mmol) was introduced
dropwise while maintaining the temperature at 45 °C. After 1 h, the slurry was treated
with 200 mL of hot deionized water and the product was isolated by filtration. The pink
solid was stirred in 200 mL of hot deionized water for 30 min, vacuum filtered, and
washed with hot water, then dichloromethane. The product was dried at 80 °C under

vacuum for 24 h. Yield was ~90%. The mp was 215 °C, consistent with literature®.

Synthesis of BPA, 6FBPA, 3FBPAP and BPAP poly(arylene ether ketone)s

The procedure for all four polymers was the same. A representative synthesis of
the BPA polymer was adapted from previous literature®*?. For example, bisphenol A
(67.713 g, 296.6 mmol), 4,4'-difluorobenzophenone (65.643 g, 306.4 mmol), and DMACc
(600 mL) were charged to a three-neck flask equipped with a N, inlet, mechanical stirrer,
and Deane Stark trap. Toluene (300 mL) and K,CO3 (48.352 g, 349.8 mmol) were added
to the flask and the Deane 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 K,CO3 or by-product salts. The

polymer solution was precipitated into deionized water, then the polymer was stirred in
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deionized water at 80 °C to further assist the removal of salts and solvents. The white

polymer was filtered and dried at 110 °C under vacuum. Yield was 81%.

The values for the remaining three reactions were as follows. For the 6FBPA
polymer the amounts of the materials were: 4,40- hexafluoroisopropylidenediphenol
(2.733 g, 8.128 mmol), 4,4'-difluorobenzophenone (1.814 g, 8.468 mmol), DMAc (24
mL), toluene (12 mL), and K2CO3 (1.3800 g, 9.985 mmol). Yield was 92%. For the
3FBPAP polymer the amounts of the materials were: 1,1-bis(4-hydroxyphenyl)-1-phenyl-
2,2,2-trifluoroethane (9.960 g, 28.93 mmol), 4,4'-difluorobenzophenone (6.481 g, 30.25
mmol), DMAc (24 mL), toluene (12 mL), and K2CO3 (6.4370 g, 46.57 mmol). Yield
was 82%. For the BPAP polymer the amounts of the materials were: 4,4'-(1-
phenylethylidene)bisphenol (2.081 g, 7.167 mmol), 4,4'-difluorobenzophenone (1.600 g,
7.469 mmol), DMAc (24 mL), toluene (12 mL), and K,COj3 (1.2300 g, 8.899 mmol).

Yield was 89%.

Proton nuclear magnetic resonance (NMR) spectroscopy
'H 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.

Film-casting

The polymer (0.4 g) was weighed into a small glass vial with a magnetic stir bar.
Chloroform (11 mL) was added to the vial to obtain a 2.5 wt% solution. The solution was
filtered using a 1-mm syringe filter into a clean glass vial. A 5 x 5 glass plate was placed
in a base bath for 30 min for surface treatment. 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
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glass dome with 2 outlets was used to cover the plate. One outlet was fitted with a syringe
filter and the otherwas 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. The filmwas removed from the glass plate using a razor blade by

slowly lifting the edges until the film came off.

Size exclusion chromatography (SEC)

SEC was conducted to measure molecular weights and distributions. The mobile
phase was DMACc distilled from CaH, containing dry LiCl (0.1 M). The column set
consisted of 3 Agilent PLgel 10-um Mixed B-LS columns 300 x 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 was 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-HELEQOS 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
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deviations (11.5% for M, and 9% for M,,) derived from a set of 34 runs. Specific

refractive index values were calculated based on the assumption of 100% recovery.

Thermogravimetric analysis (TGA)
Thermal stabilities of the polymers were investigated using a TA Instruments
TGA Q5000 under a N, atmosphere with the N, running at 25 mL/min. The heating rate

was 10 °C/min from room temperature to 700 °C.

Differential scanning calorimetry (DSC)

The thermal properties were investigated with a TA Instruments DSC Q200. The
polymers were heated under N to ensure an inert atmosphere at 60 mL/min. The heating
rate was 10 °C/min to 350 °C, then the sample was cooled to 0 °C at 10 °C/min. It was
heated once more to 350 °C at 10 °C/min and the reported DSC thermograms are from

the second scans.

Refractive indices

The refractive indices of PAEK films were characterized using a 2010 Metricon
instrument with a 633 nm laser at room temperature. The PAEK films were brought into
contact with the base of a prism with a known refractive index. The laser beam began
horizontal (90°) to the prism/polymer interface so all light was totally reflected, and then
it rotated until it was normal to the prism/polymer interface (0°). At some angle between
90° and 0° the reflected laser light intensity decreased which indicated the critical angle.

The refractive indices of the films were calculated by Snell's Law (equation (2.1))

n,sind, = ngsinby (2.1)
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where n, and ny are the refractive indices of the prism and the film, respectively, 0, is the

critical angle and 6; equaled 90° %.

Breakdown strength

Breakdown strengths of the PAEK films were measured with a needle-plane
electrode. The needle electrode was the positive side and the diameter of the needle tip
was 40 mm. The negative electrode was a 3 x 10 cm rectangular aluminum plate. A
Quadtech (Marlborough, MA) Guardian 20-kV HiPot tester was used as the voltage
source and the voltage ramp speed was 500 V/s. The breakdown strength measurements
were carried out in an oil bath at 25, 75, 125, 150, and 175 °C with twenty repetitions for

each film at each temperature.

Dielectric thermal analysis (DETA)

Dielectric spectroscopy was measured with a frequency sweep from 0.01 Hz to
10000 Hz at 25 °C at a constant voltage of 1 V using a Novocontrol (Hundsangen,
Germany) spectrometer. Electrodes on each side of the film were sputtered-coated with
gold using an EMS Q300 T sputter coater (Electron Microscopy Science, Quantum
Technologies, Ashford, Kent, England). The diameter of the gold electrode was 1 cm.
Prior to testing, the films were dried for 24 h at 120 °C. The frequency sweep
measurements were carried out at room temperature and the temperature sweep heating

rate was 5 °C/min.

2.3. Results and discussion

The structures, molecular weights and thermal properties of the poly(arylene ether

ketone)s were characterized by proton NMR, SEC and DSC. The *H NMR spectra shown
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in Fig. 2.2 confirmed the expected chemical structures. The integral values were

consistent with the expected structures and no extraneous peaks were observed.
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Figure 2. 2 Confirmation of structure via proton NMR

The SEC results showed that the polymer My,’'s were within close range of each
other and that high molecular weights had been achieved (Table 2.1 and Fig. 2.3). The
PDI's were all symmetric and comparable to each other. Step growth polymerization PDI
values should ideally be two. The lower values may be due to lower molecular weight
chains being lost during precipitation as well as the fact that light scattering calculations

of broad molecular weight polymers tend to overestimate the Mn and thereby reduce the

PDI.
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Table 2. 1 Molecular weights in DMAc with 0.1 M LiCl at 50 °C

M, (kDa) | PDI
BPA PAEK 78 15
6FBPA PAEK 67 1.4
BPAP PAEK 67 15
3FBPAP PAEK 62 1.4
10F — 1 - BPA
— 2 - 6FBPA
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Figure 2. 3 Molecular weights by light scattering SEC

The DSC thermograms for the four polymers are shown in Fig. 2.4. The two
symmetric polymers have Tg's near 160 °C while the two asymmetric polymers have Tg's
near 180 °C. This increase is most likely caused by increased stiffness of the polymer
backbone caused by introducing a phenyl substituent into the linking group in the
bisphenol monomers. A stiffer backbone requires more energy to begin long-range
segmental motion. Both of the fluorine-containing polymers have slightly higher Tg's
than their nonfluorinated counterparts. The larger fluorine atom may cause more steric

hindrance than the hydrogen, therefore leading to a stiffer polymer structure.
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Figure 2. 4 DSC thermograms showing the glass transition temperatures

The calculated breakdown strengths of each of the materials as functions of
temperature are listed in Table 2.2. At 25 °C, the trend is 3FBPAP > BPAP > 6FBPA >
BPA with a difference of approximately 20 V between each. This can also likely be
correlated to stiffness because breakdown strength has been shown to increase with
Young's modulus®® !, As the temperature is increased, the two asymmetric polymers
maintain higher calculated breakdown strengths, most likely due to their higher Tg's and
stiffer backbones. Even at 175 °C, the calculated breakdown strengths of the asymmetric

polymers are greater than those of the symmetric polymers at 125 °C.
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Table 2. 2 Calculated breakdown strengths measured via a needle-plane electrode method. The

units of breakdown strength are volts/film thickness (kvV/mm).

0 0 0 0 0o
25 C 75 C 125 C 150 C 175 C

BPA PAEK 782+35 | 563+44 | 412+52 | 36522 |-

6FBPA PAEK 803+55 | 583+20 [410+34 |396+28 |-

BPAP PAEK 821+45 | 75333 [ 651+50 | 615+27 [ 511+36

3FBPAP PAEK 840+45 765+33 662+49 641+26 523+31
The relative permittivity (¢) was measured from 10™ to 10° Hz (Fig. 2.5). The

trend in relative permittivity for the four polymers is BPAP > BPA > 3FBPAP > 6FBPA.
The differences can be attributed to their fluorine content, introduction of a phenyl ring,
and their symmetric versus asymmetric structures. Increased fluorine content in the
polymer increases the fractional free volume, and an increase in fractional free volume
decreases the amount of polarizable content per unit volume. With less material to be
polarized, the relative permittivity will be lower *2. Thus, it is reasonable to expect that
6FBPA and 3FBPAP would have lower relative permittivities than BPA and BPAP,
respectively. Xie et al. made a series of poly(arylene ether ketone)s using 4,4’-
difluorobenzophenone which showed comparable results to our own. Their
nonfluorinated poly(arylene ether ketone) had an ¢ of 2.95 at 1 MHz where as our BPA-
based poly(arylene ether ketone) had an € of 2.94 at 0.1 MHz *. Further literature shows
that the € of both our fluorinated and non-fluorinated PAEK polymers are in the expected

value range*3°.
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Figure 2. 5 The relative permittivity of each material over varying frequency at 25°C

Introduction of a phenyl ring in the bisphenol linking group increases the relative
permittivity because its polarizability to weight contribution is higher than for the methyl
or trifluoromethyl groups. This can be explained using the Vogel model polarization
group contribution values®’. The phenyl group has a polarization contribution of 123.5
and a MW of 77 to give a polarizability/ weight ratio of 1.604. In comparison, the methyl
group has a polarization contribution of 17.66 and a MW of 15 to give a ratio of 1.177.
The trifluoromethyl group has a polarization contribution of 86.4 and a MW of 69 to give
a ratio of 1.252. The phenyl group contributes more polarization to the relative
permittivity than the methyl or trifluoromethyl groups, and this can be correlated to its

easily polarized aromaticity®>. Other poly(ether ketone)s with highly aromatic structures
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and ketones have high ¢ values, thus showing their structural importance to the polymer ¢

for dielectric films'® 3% 3°,

The higher performance of BPAP and 3FBPAP over their symmetric
counterparts, BPA and 6FBPA, can be linked to their asymmetric methyl or
trifluoromethyl groups. In the symmetric polymers the methyl or trifluoromethyl groups
have an opposing group with the same composition so the dipole will be canceled.
Without the opposing group, the asymmetric polymers have a net dipole and any group
with a net dipole will contribute to orientation polarization (dipole polarization).
Orientation polarization is one of the three main types of polarization that can contribute
to the overall polarizability, which is one of the main factors in determining the relative

permittivity. The three types are electronic, atomic, and orientation polarization®.

In order to examine the contribution of incorporating fluorine in an asymmetric
geometry, relative permittivities (¢) measured by dielectric spectroscopy were compared
with the squares of the refractive indices, also known as the Maxwell €. Equation (2.2)
shows the relationship between the refractive index and relative permittivity. The
difference between the measured and Maxwell € provides some understanding of the
contributions of orientation polarization to the permittivities in the polymer systems. This
is because the Maxwell model represents the € at high frequencies, which is dominated by
electronic polarization. The measured & by dielectric spectroscopy was at lower
frequencies and has orientation polarization contributions. Therefore the difference gives

an indication of the orientation contribution of the material.

2
Emaxwell X T (2.2)
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In Fig. 2.6 the left graph compares the measured € at 1 kHz to the Maxwell ¢ of

the symmetric PAEK structures. The dashed line is included to make a better comparison

between the two € values. The measured € and Maxwell comparison were extremely close

since BPA and 6FBPA are both symmetric and therefore have no orientation polarization.

The right graph makes the same comparison but with the two asymmetric structures. In

this case there is a difference between the measured € and the Maxwell comparison lines.

This is expected since the orientation polarization due to the asymmetric trifluoromethyl

group will be greater than for the asymmetric methyl. This is confirmed since the

measured & by dielectric spectroscopy has a less negative slope than the Maxwell

comparison. This indicates that orientation polarization contributes more to the 3FBPAP

measured ¢ than it contributes to the BPAP «¢.
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Figure 2. 6 Comparison of the measured relative permittivity by dielectric spectroscopy versus the

squared refractive indices. The left graph is the comparison of the symmetric PAEK structures and

the right graph is the comparison of the asymmetric structures. Relative permittivities were

measured by dielectric spectroscopy at 1 kHz
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2.4. Conclusions

In summary, we were able to make high molecular weight BPA, 6FBPA, BPAP,
and 3FBPAP based poly(arylene ether ketone)s via nucleophilic aromatic substitution
step growth polymerization. All four polymers displayed high Tg's with those of the
asymmetric PAEK's approximately 20 °C higher than their symmetric counterparts, most
likely due to increases in backbone stiffness. Consistent with the DSC results, the
breakdown strengths of the asymmetric PAEK's were higher than for the symmetric
polymers. The trend in € was BPAP > BPA > 3FBPAP > 6FBPA and this was attributed
to fluorine content, replacement of the methyl or trifluoromethyl in the bisphenol linking
groups with the phenyl ring, and the asymmetric structure. Introduction of fluorine in
place of hydrogen results in increased fractional free volume, and this reduces the
polarizable content per unit volume. The phenyl ring has a superior polarizability to
weight ratio. The asymmetric structure results in larger dipoles which contribute to
orientation polarization. This was confirmed by comparing the relative permittivities
measured at 1 kHz to the Maxwell model relative permittivities (squares of the refractive
indices). This suggests that asymmetric structures with higher relative permittivities

would be advantageous for multilayer capacitors with PVDF or its copolymers.

It is reasoned that energy storage density would be improved in multilayer films
with increased interaction at the interface between the two materials. Thus, our approach
has been to design engineering polymers that contain fluorinated groups so that they will
interact positively with PVDF at the interfaces between the layers. The maximum energy
storage density in an insulating material is proportional to the dielectric constant times

the square of the breakdown strength. The breakdown strengths of these amorphous
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poly(arylene ether ketone)s are higher than the aromatic polycarbonates that were studied
previously. For example, at 125 °C, bisphenol A polycarbonate had a calculated
breakdown strength of 540 kV/mm™ while 3FBPAP PAEK has a calculated breakdown
strength of 622 kV/mm. Moreover the Tg of bisphenol A polycarbonate is 150 °C
whereas the Tg of 3FBPAP PAEK is 183 °C, and both have excellent mechanical
properties. Thus, we believe that these poly(arylene ether ketone)s have potential for
incorporation into multilayered (thin-film) capacitors with PVDF as a high dielectric
constant layer. The processing parameters for making multilayered capacitors through
forced assembly microlayer coextrusion and the dielectric properties of those materials
with poly( arylene ether ketone)s and high dielectric constant fluorinated polymers will

be a major focus of a forthcoming publication.
2.5. Supplemental Information

2.5.1. Experimental
Materials

In each multilayer system, one polymer has high breakdown strength and the
other has high dielectric constant. PVDF homopolymer, Solef 6010 with a weight
average molecular weight of 64,000 g/mol from Solvay Solexis, was chosen as the high
dielectric constant material and was used in all three systems. PC, Calibre 200-6 with a
number average molecular weight of 24,500 g/mol from Dow Chemical Company, was
chosen as one of the high breakdown strength materials. PSF, Udel® P-3703 with a
number-average molecular weight of 9,780 g/mol from Solvay Solexis, was another high
breakdown strength material. The 6FBPA PAEK was the third material and the synthesis

is reported in the section 2.2. The films were coextruded with sacrificial polyethylene
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(PE) skin layers on both sides of the layered film in order to improve the film surface
smoothness, handleability, and resistance to damage. This skin was peeled off before any
measurements were carried out. A coextrusion temperature of 250 °C was chosen based
on the rheological compatibility of the polymers. The polymer rheology was
characterized using a melt flow indexer (MFI), on Kayeness Galaxy 1, at a shear rate that
is similar to extrusion conditions (10 s™). Prior to processing the resin, it was dried in a
oven under vacuum at 80 °C for 48 h.

Dielectric Hysteresis Measurements.

Electric displacement-electric field (D.E) hysteresis measurements were carried
out on a Premiere Il ferroelectric tester from Radiant Technologies, Inc. The applied
voltage was a bipolar triangular waveform at 1 Hz. An electrostatic sandwich technique
was used to apply electrodes, which were 5.8 um metalized BOPP films, on both sides of
the film. An 80-um thick Kapton mask with a 1-cm diameter hole was used to control the
area under high fields. In each sample, electric fields from 100 to 500 MV/m were
applied to the sample in 50 MV/m increments. This electrostatic sandwich setup
performed better without any insulating oils because the oil could prevent two metalized
BOPP films from coming together and establishing a tight contact with the test film. To

ensure safety, all high field measurements were remotely controlled with a computer.
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2.5.2 Results and Discussion

Table 2. 3 Relative permittivity, Tg, Tm, and breakdown strength values for 6FBPA PAEK, PC,

PSF, and PVDF.

Relative Breakdown | Breakdown
Permittivity Tg (°C) | Tm (°C) | Strength at | Strength at
125 °C 150 °C
6FBPA PEAK 2.7 165 - 410 396
Polycarbonate (PC) 2.8 147 - 540 190
Polysulfone (PSF) 3.1 185 - 580 530
PVDF 12 -35 177 365 -

The 6FBPA PAEK, PC and PSF were multilayered with PVDF into 32 layer films
with a 50/50 composition. The overall thickness of the film was ~400 um giving an
individual layer thickness of 12 pm. The 6FBPA PAEK multilayered film was compared
to multilayered films of PC and PSF. The Ty, €, and breakdown strength of each
individual polymer are shown in Table 2.3. The three engineering polymers have similar
performance in all three areas but PC’s low Ty produced poor breakdown strength at 150

°C.
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Figure 2. 7 Comparison of breakdown strength versus temperature of the microlayered

films to commercial dielectric films.

The breakdown strengths of the multilayered films are shown in Figure 2.7. The
system with the best performance in both temperature and dielectric strength was
PVDF/PSF. The 6FBPA PAEK maintained similar performance up to 150 °C which
correlates with its Ty, thus resulting in softening beginning at 165 °C. Both PSF and
6FBPA PAEK performed better than the commercial materials, poly(ethylene

terephthalate) (PET) and biaxially oriented polypropylene (BOPP) at all temperatures.
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Figure 2. 8 Hysteresis loops of the three microlayered films.

The hysteresis results of the three multilayered systems are shown in Figure 2.8.
The 6FBPA PAEK showed similar performance to the PC whereas the PSF showed
significant hysteresis upon greater applied electric field. The main difference between
PSF and the other two polymers is the sulfone linkage, indicating that it may be

susceptible to permanent polarization or that it has an adverse effect on the PVDF

crystallinity.
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Figure 2. 9 The relative permittivity (left graph) and Tan 6 data for the three multilayered

systems.

The € and tan & were measured with DETA and the data is shown in Figure 2.9.
The € of the 6FBPA PAEK is lower at lower frequencies but higher at higher frequencies.

The low frequency is dominated by ionic polarization which means that the 6FBPA
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PAEK has lower ion or impurity content than PC or PSF. The higher ¢ at lower frequency
is interesting because 6FBPA PAEK has a lower € than PC or PSF. Therefore, the
fluorine within the 6FBPA PAEK may positively interact with the fluorine in the PVDF
to increase the €.

The tan 6 of the 6FBPA PAEK was reduced over the entire frequency range,
indicating that there was a reduction in the loss of permittivity and therefore the 6FBPA
PAEK was more efficient. The reduction at low frequencies can similarly be attributed to
lower impurity content. At high frequencies, the reduction could also be attributed to the
6FBPA PAEK fluorine positively interacting with PVDF. Further investigation of this is
needed and it would be possible to use FT-IR and X-ray diffraction to see if there is any

change in the PVDF when layered with 6FBPA PAEK versus PC or PSF.

2.5.3. Conclusions

The 6FBPA PAEK was able to be processed with PVDF via forced assembly
microlayer coextrusion. The breakdown strength of the PAEK was similar to PSF which
was superior to PC. Hysteresis performance of the PAEK and PC was superior to PSF
which is likely related to the sulfone linkage. The PAEK showed lower ¢ at lower
frequencies but higher ¢ at higher frequencies which indicates the presence of fewer
impurities and higher polarizability. Tan o also confirmed the reduction of impurities and
showed an increase in efficiency over a wide range of frequencies. Overall, 6FBPA
PAEK multilayered with PVDF performed well in terms of hysteresis, breakdown
strength, and relative permittivity. This could be attributed to the interaction between the
fluorine in 6FBPA PAEK and PVDF. Further investigation of this is needed to see if

there is any change in the PVDF when layered with 6FBPA PAEK versus PC or PSF.
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Chapter 3: Synthesis, Oxidation, and Crosslinking of
Tetramethyl Bisphenol F (TMBPF)-Based Polymers for

Oxygen/Nitrogen Gas Separations
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3.1. Abstract

Amorphous, high glass transition, crosslinkable poly(arylene ether)s for gas
purification membranes have been synthesized. The polymers include a moiety capable
of several oxidation reactions and UV crosslinking. Structural identification was
confirmed by *H-NMR and IR spectroscopy and molecular weights were determined by
size exclusion chromatography. The polymers were subjected to oxidation under two
different conditions, one by chemical treatment using Oxone and KBr and one by
elevated thermal treatment in air. Differential scanning calorimetrey and
thermogravimetric ~ analysis were used for thermal characterization, and
thermogravimetric analysis, 1H-NMR and attenuated total reflectance fourier transform

infrared spectroscopy revealed the progress of the thermal oxidation reactions. Both
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polymers produced tough, ductile films and gas transport properties of the non-
crosslinked linear polymers and crosslinked polymer are compared. The O, permeability
of one exemplary non-crosslinked poly(arylene ether) was 2.8 Barrer, with an O,/N;
selectivity of 5.4. Following UV crosslinking, the O, permeability decreased to 1.8

Barrer, and the O,/N, selectivity increased to 6.2.

3.2. Introduction

Polymeric membranes are important for the separation of gases in a variety of
industrial applications.* Several excellent reviews have detailed industrial gas separations
including the removal of carbon dioxide from natural gas,? nitrogen enrichment from air,’
hydrogen recovery and a variety of smaller membrane markets."* These reviews also
discuss some of the challenges associated with gas separation membranes such as
achieving higher selectivity to provide higher purity products at high yield and making

membranes more robust to harsh operating conditions and resistant to plasticization.

Transport of gases in dense polymeric membranes is based on the solution-
diffusion model; the permeability of a gas across the membrane is the product of
diffusion and solubility coefficients.>> One measure of the ability of a membrane to
separate a pair of gases is the ratio of the permeability coefficient of the more permeable
gas to that of the less permeable gas, known as selectivity. The selectivity may be further
separated into the product of solubility selectivity and diffusivity selectivity, the latter
generally being the dominant factor controlling overall selectivity of glassy polymers.®
Gas diffusion is very sensitive to the size of the diffusing gases and the availability of
free volume within the polymer membrane.”® A desirable gas separation membrane

exhibits both high permeability and selectivity; however, an inherent trade-off
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relationship between these two properties has been identified. Membranes with high gas
permeability typically have lower selectivity, and vice-versa. This observation led to the
development of the concept of the upper-bound by Robeson, which is typically
represented as a log-log plot of selectivity versus permeability.” The upper-bound plots
were revised upwards once9 based on the development of new classes of polymer
membrane materials and have a mathematical and theoretical basis derived by Freeman.®
Freeman, among others, noted that the most widely used approach to prepare materials
with properties above the upper bound was to simultaneously increase polymer backbone

stiffness and interrupt interchain packing to increase diffusivity.

Several families of glassy polymers have been investigated to explore the
influence of polymer structure on gas transport properties. For example, one early effort
studied the effect of tacticity on poly(methyl methacrylate).'® Polyimides typically have
good gas separation properties and are of significant interest in the field because of their
chemical robustness and low chain mobility.™** Another candidate for gas separation
polymers are polysulfones due to their chemical stability and excellent mechanical
properties, along with inherent rigidity due to in chain aromatic rings. The effect of
variations in backbone chemical structure on permeability and selectivity of polysulfones
has been studied.**'* For example, changes to the isopropylidene group, which influences
bond rotation and intersegmental packing,”® the effect of symmetry of phenylene
linkages, and methyl group placement™® all have significant influence on gas separation
properties of polysulfones. Several specialty polyimides have exceeded the upper bound
by undergoing a chemical transformation to form carbon membranes at very high

temperatures, such as that induced via pyrolysis between 550-800 °C.}" Additionally,
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thermal rearrangement of ortho-positioned polyhydroxyimide precursors produce
crosslinked polybenzoxazoles with much narrower pore size distributions than the
precursor polyimides and, in some cases, gas separation properties beyond the upper

bound.*®

One intriguing approach for improving the properties of gas separation
membranes is to crosslink them, which is a well-known method to decrease chain
mobility. In the late 1980s, Hayes demonstrated that UV crosslinked aromatic polyimides
had a significantly higher selectivity than their linear analogs.'® The effect of UV
crosslinking on gas separation properties of the polyimides has been studied,?>* and the
effects of crosslinking have also been decoupled from thermal annealing.?** These
crosslinked membranes are especially effective in CO,/CH, separations, because
crosslinking greatly improves resistance to plasticization by CO,% or in some cases

interrupts polymer crystallization.?’

In this paper, a poly(arylene ether sulfone) and poly(arylene ether ketone) have
been synthesized from inexpensive reagents that contain moieties for UV crosslinking
and an additional site for chemical oxidation. The materials considered in this study
contain, in each repeat unit, a moiety derived from 4,4’-methylenebis(2,6-
dimethylphenol), which has been used previously in polymers for forward osmosis®® and
as a self-cross-linked material for fuel cells.?® This benzylic methylene group may be
oxidized to a carbonyl by several routes and then UV crosslinked by benzylic hydrogen
abstraction. This structure also provides the ability to UV crosslink a poly(arylene ether
ketone) to increase backbone stiffness and interrupt chain packing by oxidizing the

crosslinked polymeric backbone in the solid state. The synthesis and characterization of
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these polymers are described, and investigations of several oxidation routes are
discussed. Initial film casting, UV crosslinking, and gas transport properties are also

discussed.

3.3. Experimental

Materials

2,6-Dimethylphenol (2,6-xylenol, 99+%), 37% formaldehyde in H,O (formalin),
phosphorous pentoxide (P,Os), lithium bromide (LiBr) and potassium bromide (KBr)
were purchased from Sigma-Aldrich. N-Methyl-2-pyrrolidone (NMP), methanol (MeOH)
and sulfuric acid were purchased from Spectrum Chemical. Chloroform (CHCIs), N,N-
dimethylacetamide (DMACc) and acetonitrile (CH3CN) were purchased from Fisher.
DMAC used as a reaction solvent was dried with calcium hydride (CaH,), distilled under
reduced pressure and stored over 3A molecular sieves before use. Calcium hydride (90-
95%) and potassium peroxymonosulfate (Oxone) were purchased from Alfa Aesar. 4,4’-
Difluorobenzophenone (DFB) was purchased from TCI. 4,4’-Dichlorodiphenylsulfone

(DCDPS) was kindly provided by Solvay and recrystallized from toluene before use.
Synthesis of 4,4 -methylenebis(2,6-dimethylphenol)

The synthesis of 4,4’-methylenebis(2,6-dimethylphenol), tetramethyl bisphenol F,
hereafter referred to as TMBPF, was adapted from a traditional synthesis of a phenol-
formaldehyde resin.*® Excess 2,6-xylenol (415.83 mmol, 50.80 g) was added to a 250-mL
three-necked flask equipped with a condenser, mechanical stirrer, and addition funnel.
The 2,6-xylenol was heated in a thermocouple regulated oil bath to 90 °C and stirred as it

began to melt. Sulfuric acid (0.5 g) was added very slowly via the addition funnel, which
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changed the reaction solution to a dark pink color. The addition funnel was rinsed with
DI water to ensure that all of the acid catalyst was transferred into the reaction flask.
Formalin (37% by mass formaldehyde in H,O, 15 mL) was added slowly via the addition
funnel over the course of several hours; during this time, the reaction solution turned
lighter in color and significantly more opaque. As more product continued to form, the
reaction mixture transformed from a liquid to a solid. The crude product was removed
from the flask and filtered using an aspirator and washed copiously with hot DI water.
The crude product was dried at 70 °C in a convection oven and was recrystallized from

MeOH to obtain a 90% vyield. The melting point of the recrystallized solid was 177 °C.
Synthesis of bis-(2,6-xylenol)-F-DFB poly(arylene ether) ketone (TMBPF-DFB)

The TMBPF-DFB polymer was synthesized using a nucleophilic aromatic
substitution procedure previously reported.** TMBPF (39.01 mmol, 10.0000 g), DFB
(39.01 mmol, 8.5121 g) and DMACc (62 mL) were added to a 250-mL three necked flask.
The reaction flask was equipped with a mechanical stirrer, nitrogen inlet, and Dean-Stark
trap filled with toluene. A stirring, thermocouple regulated oil bath was heated to 155 °C.
After a homogeneous solution was obtained and the oil bath was at 155 °C, K,COs; (54.61
mmol, 7.5482 g) and toluene (31 mL) were added, which immediately turned the light
yellow solution a deep violet color. The reaction was stirred at 155 °C for 3 h to
azeotropically remove any water, and then the bath was heated to 175 °C. Toluene and
water were drained from the Dean Stark trap, and the reaction was maintained at this final
temperature overnight. After 16 h, the viscous solution was diluted with additional
DMACc (62 mL) and filtered through celite using an aspirator. The polymer solution was

precipitated into rapidly stirring DI water to produce a fibrous white solid, filtered using
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an aspirator, and then boiled several times in DI water to remove any residual salt by-

product. The solid polymer was finally dried at 150 °C in vacuo.
Synthesis of bis-(2,6-xylenol)-F-DCDPS poly(arylene ether) sulfone (TMBPF-DCDPS)

The TMBPF-DCDPS polymer was synthesized in the same manner as the
TMBPF-DBF polymer, except DCDPS (39.01 mmol, 11.2023 g) was used instead of
DFB, and more DMACc (71 mL) was used to obtain the same monomer concentration due

to higher total monomer mass.
Oxidation of TMBPF-DCDPS polymer with Oxone/KBr

Oxidation of the TMBPF-DCDPS polymer was adapted from a literature
procedure for the oxidation of small molecules with benzylic methylene linkages.*?
TMBPF-DCDPS polymer (1.0 g) was added to CH3CN (26 mL) and DI water (2 mL) in a
100-mL round bottom flask. Oxone (4.675 mmol, 0.712 g) and KBr (1.063 mmol, 0.126
g) were added to the flask. The flask, under air, was sealed with septa and stirred in a
thermocouple regulated water bath at 45 °C. After several hours, the temperature was
raised to 60 °C, and the reaction was stirred overnight. The heterogeneous reaction was
poured directly into stirring DI water (250 mL), stirred for several hours, filtered on an

aspirator, and dried overnight at 70 °C in a convection oven.
Thermal oxidation of TMBPF polymers

The TMBPF polymers were thermally treated in air in a Lindberg/Blue M 1200
°C box furnace. Once the oven reached the specified temperature, the polymer inside of
an open scintillation vial was placed into the oven. After a designated time, the vial was

removed and sealed for analysis.
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Structural Characterization

Proton nuclear magnetic resonance (‘H NMR) spectroscopy was performed on a
Varian Inova spectrometer operating at 400 MHz. All spectra were obtained from 15%
(w/v) 1 mL solutions in deuterated chloroform (CDCls). Fourier Transform Infrared
Spectroscopy with attenuated total reflectance (FTIR-ATR) was applied to the polymers
to observe the conversion of the methylene bridge to the carbonyl group as a result of
oxidation. The FTIR-ATR spectra were recorded on an FTIR spectrometer (Varian 670
FTIR) equipped with an ATR attachment with a diamond crystal. The spectral resolution
was 4 cm™, and 32 background scans were performed. A small amount of polymer was
placed on the diamond crystal, and the FTIR spectrum was measured with 32 scans. The
spectra were baseline corrected and normalized based on the initial C=0 group stretch at
ca. 1525 cm™. All measurements were performed at ambient temperature. Intrinsic
viscosities (IV) and molecular weights of the polymers 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 Technologies, Santa Clara, CA), autosampler and column oven used for mobile
phase delivery and sample injection, and three Agilent PLgel 10um Mixed B-LS columns
300 7.5 mm connected in series with a guard column as the stationary phase. A system of
multiple detectors connected in series was used for the analysis. A multi-angle laser light
scattering (MALS) detector (DAWN-HELEOS II, Wyatt Technology Corporation,
Goleta, CA), operating at a wavelength of 658 nm, a viscometer detector (Viscostar,
Wyatt Technology Corporation, Goleta, CA), and a refractive index detector operating at

a wavelength of 658 nm (Optilab T-rEX, Wyatt Technology Corporation, Goleta, CA)
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provided online results. The system was corrected for interdetector delay, band
broadening, and the MALS signals were normalized using a 21,720 g/mol polystyrene
standard obtained from Agilent Technologies or Varian. Data acquisition and analysis
was conducted using Astra 6 software (Wyatt Technology Corporation, Goleta, CA). The
mobile phase was NMP, which was vacuum distilled over P,Os before use. The salt,
0.05M dried LiBr, was added and dissolved in the NMP before the solvent was degassed
and filtered. 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-um PTFE filters.
Molecular weight values were measured using light scattering, and the intrinsic viscosity
values were measured online. Specific refractive index increment (dn/dc) values were
calculated for each backbone type based on 100 % mass recovery using the Astra 6

software.
Thermogravimetric analysis (TGA)

The thermal stability and oxidation of the polymers were investigated using a TA
Instruments TGA Q5000. The polymers were first heated under a nitrogen atmosphere at
a rate of 10 °C min™ to 600 °C to test the thermal stability in an inert atmosphere. The
thermal oxidation reaction and consequent weight gain were performed in air by heating

at 10 °C min™ to 220 °C, then 1 °C min™ to 450 °C, and finally 10 °C min™ to 700 °C.
Differential scanning calorimetry (DSC)

The glass transition temperatures (Tg) of the polymers were investigated with a
TA Instruments DSC Q200. The polymers were heated under nitrogen at a rate of 10 °C
min™ to 350 °C, cooled to 50 °C, and heated again at a rate of 10 °C min™ to 350 °C. The

DSC thermograms shown are the second scan.
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Film preparation

To prepare films, 0.8 g of polymer was added to 20 mL of chloroform (CHCIs) in
a scintillation vial, and the mixture was stirred until a homogeneous, transparent solution
was obtained. The solution was syringe filtered through a 1.0 pm filter into a new vial.
The vial was sonicated 3 times for 60 minutes each to remove dissolved gases. The
solution was cast on a 10 x 15 cm clean, dry glass plate on a level casting surface and
then dried in air at ambient conditions overnight. The following day the air dried film was
removed, the edges were trimmed, and the film was dried at 120 °C under vacuum before
gas transport experiments. TGA thermograms showed that these drying conditions were

suitable for the complete removal of solvent.
UV Crosslinking

Crosslinking was performed by irradiating polymer films in air under a 100W
high intensity, long-wave UV lamp equipped with a 365-nm light filter (Blak-Ray B-100,
UVP). The film was placed about 3.5 cm from the UV lamp and irradiated for one hour

on each side. At this distance, the UV intensity was measured to be 19.7 mW cm™.
Gel Fractions

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 CHCI; and stirred
overnight. The remaining solid was filtered, transferred to a pre-weighed vial, and dried
at 120°C under vacuum overnight to the final weight. Gel Fractions were calculated by

equation 1.
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Gel Fraction (%) =

x 100
Winitiat (3.1)

Density Measurements

Density was measured using a Mettler Toledo balance equipped with a density
measurement kit. Ethanol was chosen as the reference liquid because the samples tested

showed low ethanol uptake over the time scale of the density measurement.
Gas Permeation Measurements

Gas permeation properties were measured using a constant-volume/variable-
pressure method.*®* The upstream portion of the system was constructed from
commercially available Swagelok parts using Swagelok tube fittings. Welded joints and
VCR connections were used in the downstream portion to minimize leaks. The
membrane was housed in a stainless steel Millipore filter holder (Millipore, Billerica,
MA, USA) with an included support. A Honeywell Super TJE 1500 psi (10.3 MPa)
transducer (Honeywell Sensotec, Columbus, Ohio, USA) was used to track upstream
pressure, and a MKS Baratron 626 transducer (MKS, Andover, MA, USA) was used to
measure downstream pressure. The permeabilities of N, and O, were measured at 35 °C

at 10 atm feed pressure.

3.4. Results and Discussion
Synthesis of Tetramethyl Bisphenol F monomer (TMBPF)
The TMBPF monomer is commercially available, and may be easily synthesized

from inexpensive 2,6-xylenol and formalin via electrophilic aromatic substitution as

shown in Figure 3.1.

80



O
_l_
o &,

Formalin (37% w/v Formaldehyde)

4h

H,SO
o0c | Y

Figure 3. 1 Synthesis of TMBPF via electrophilic aromatic substitution

TMBPF is the key monomer in these polymers, because the benzylic methyl
groups are necessary for UV crosslinking and the benzylic methylene group may undergo
an oxidative chemical transformation.® A slight excess of 2,6-xylenol was used to drive
the reaction to completion.* The reaction occurs very rapidly under the conditions
utilized. A temperature of 90 °C was used to ensure that homogeneous stirring could
occur. The 2,6-xylenol and sulfuric acid were charged to the flask and heated to 90 °C,
then the formalin was added slowly. Upon formalin addition, the reaction shifted from a
liquid to solid phase in addition to exhibiting a color change, which indicated the
formation of product as TMBPF has a significantly higher melting point than 90 °C and
is insoluble in water. Isolation of the monomer product was also very efficient. Washing
with near boiling water was effective for removing residual acid and starting material.
Upon drying, any residual 2,6-xylenol impurity in the crude product was assessed
qualitatively by the presence of an orange/pink color, which is completely removed upon

recrystallization from methanol to yield white crystals.
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Characterization of TMBPF monomer

The 'H-NMR spectrum of TMBPF is shown in Figure 3.2. All of the peaks
integrate quantitatively with regard to the molecular structure. The *H-NMR spectrum did
not show any organic side products or contaminants, including starting material. The
melting point of the recrystallized product was 177 °C as measured via a melting point

apparatus and this was in good agreement with reported values (177 °C).*
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Figure 3. 2 *"H-NMR spectrum of TMBPF monomer

Synthesis and NMR of TMBPF polymers

Poly(arylene ether)s are potentially important candidates for gas separation
materials, and poly(arylene ether sulfone)s in particular have already found wide
application in the field.%3® The success of poly(arylene ether)s as gas separation
membranes has in part been due to their mechanical robustness and high chemical

stability.%"3®
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The TMBPF containing poly(arylene ether ketone) (TMBPF-DFB) and
poly(arylene ether sulfone) (TMBPF-DCDPS) in this study were synthesized by
nucleophilic aromatic substitution with a weak base.*** The syntheses of the
poly(arylene ether sulfone) and poly(arylene ether ketone) are shown in Figures 3.3 and
3.4 respectively. Upon addition of toluene and K,COs, both reaction solutions turned a
deep violet color immediately, which persisted throughout the course of the reaction. In
both reactions, toluene was used as an azeotropic solvent to remove water formed by the
K2.COj3 reaction with the bisphenol. Water could potentially react with the activated
dihalide monomer at higher temperatures and upset the reaction stoichiometry, leading to
low molecular weight polymers. It was important to use a heat gun to dry the joints on the
three-necked flask during the azeotropic reflux, where water may have become trapped.
After the water was removed from the reaction, toluene was drained, and the flask was
brought to the final reaction temperature. Difluorobenzophenone is more reactive than
dichlorodiphenyl sulfone, because the carbon-fluorine bond is more polarized than a
carbon-chlorine bond, and therefore, it more efficiently stabilizes the Meisenheimer
complex intermediate.®® Thus, the final temperature of the poly(arylene ether ketone)
reaction was 20 °C lower than that of the poly(arylene ether sulfone) reaction. Both

reactions exhibited high viscosity after 16 hours and were stopped at this time.
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Figure 3. 3 Synthesis and *H NMR spectrum of the TMBPF-DCDPS polymer

After polymer isolation and drying, the TMBPF polymers were characterized by a

variety of spectral and thermal methods. *H-NMR was performed to ensure polymer

structural identification and removal of solvent. Figures 3.3 and 3.4 demonstrate that all

of these objectives were achieved, as the integrations corresponded to the expected

structures and no impurities or endgroups were observed in the spectra, an indication of

high molecular weight.
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Figure 3. 4 Synthesis and *H NMR spectrum of TMBPF-DFB polymer

SEC of TMBPF polymers

The polymers were sufficiently high in molecular weight to form transparent,
ductile films. SEC of the polymers quantitatively substantiated high molecular weight,
and these results are shown in Figure 3.5 and Table 3.1. The polymers have a monomodal
Gaussian distribution and polydispersity index (PDI) that one would expect from a step
growth polymerization. The PDI should theoretically be 2. However, some lower
molecular weight material is likely lost during polymer isolation, thereby decreasing the

observed PDI.
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Figure 3. 5 SEC of TMBPF containing polymers

Table 3. 1 SEC of TMBPF containing polymers

Sample Mn (kDa) Mw(kDa) PDI [n](dL/g) dn/dc (mL/g)
TMBPF-DCDPS  66.2 1275 1.9 0.61 0.14
TMBPF-DFB 51.7 927 1.8 0.54 0.15

Oxidation of TMBPF-DCDPS polymer with Oxone/KBr

UV crosslinking of these polymers requires the presence of aromatic carbonyl
groups in the backbone and labile hydrogens such as those on the benzylic pendent
methyl groups (or residual bridging methylene groups).** The methylene bridge of the
TMBPF group in the backbone of the polymer can be converted to a carbonyl via
oxidation.** Oxidation of the TMBPF containing poly(arylene ether sulfone) was initially

attempted using potassium peroxymonosulfate (Oxone®) and KBr in a procedure adapted
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from the oxidation of small molecules containing benzylic methylene linkages.** The
poly(arylene ether sulfone) was initially studied in this reaction because the un-oxidized
form does not contain carbonyl linkages, so the progress of this reaction could be

followed by tracking the growth of the carbonyl ketone peak by FTIR spectroscopy.

The small-molecule procedure called for addition of Oxone and KBr in molar
stoichiometries of 2.2 and 0.5 respectively. Because each repeat unit contained one
benzylic methylene group capable of oxidation, the molecular weight of the repeat unit

was used as the molar mass to determine 1 equivalent for stoichiometric considerations.

Addition of TMBPF-DCDPS polymer to water/acetonitrile (7/93 v/v) turned the
liquid a light amber color, and addition of Oxone and KBr produced a slight red tint that
quickly disappeared upon stirring. It was apparent that the polymer was insoluble in the
solvent mixture, and gradual heating to 45 °C or 60 °C did not noticeably improve the
solubility. The solvent system of aqueous acetonitrile was important for the success of
oxidation in the small molecule reactions.®* Water is the source of oxygen in the oxidized
product, and changing the solvent to DMSO or DMF produced very low yields. One trial
reaction for oxidizing the TMBPF-DCDPS was performed in chloroform, a good solvent
for this polymer, but this also led to low levels of conversion with side reactions

including crosslinking.

Spectral analysis of the oxidation reaction was done using *H NMR and FTIR-
ATR spectroscopy. The *H NMR spectra of TMBPF-DCDPS and its partially oxidized
analog are shown in Figure 3.6. Most notably, the benzylic methylene peak ¢ decreased
to about 80% of its initial value, indicating near 20% conversion to the oxidized product.

The peaks corresponding to the pendent methyl groups (a) and the aromatic protons
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adjacent to the benzylic methylene moiety, b, also decreased and new peaks, a’ and 5’
appeared downfield relative to the initial control peaks. This downfield shift of the b’
peak is also consistent with the electron withdrawing nature of the new carbonyl linkage
compared to the original methylene group. Peaks d and e were less affected by this
chemical transformation because of their distance from the methylene or carbonyl group,
but a broadening of these peaks was observed. FTIR-ATR spectra of the TMBPF-
DCDPS polymer and its partially oxidized analog are presented in Figure 3.7. Several
signature peaks of the control polymer structure are highlighted, including the sulfone
linkage and the benzylic methylene linkage. Most importantly, the partially oxidized
polymer had a signature peak at 1656 cm™, indicating the appearance of a carbonyl group

that was not observed in the control polymer.
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Figure 3. 6 'H NMR of TMBPF-DCDPS before and after oxidation with Oxone/KBr
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Figure 3. 7 IR of TMBPF-DCDPS before and after oxidation with Oxone/KBr

UV crosslinking of the oxidized TMBPF-DCDPS polymer

One important test on the partially oxidized TMBPF-DCDPS polymer was to
determine whether it would crosslink upon exposure to UV radiation. The UV
crosslinking mechanism involves excitement of the benzophenone ketone group to form a
diradical followed by hydrogen abstraction from a benzylic position to form an OH, then
radical-radical coupling..”* The TMBPF-DCDPS control polymer without the
benzophenone moiety was incapable of UV crosslinking under the conditions utilized.
Two films were prepared to test the self-crosslinking reaction, one of the TMBPF-
DCDPS control and one of the partially oxidized system. Both films were cast from
chloroform, dried, and then exposed to UV light. After irradiation, both films were
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weighed and extracted with chloroform. The TMBPF-DCDPS film quickly dissolved,
indicating 0% gel fraction and no crosslinking. However, the partially oxidized TMBPF-
DCDPS film was largely undissolved after one day and had a gel fraction of 80%, thus

demonstrating a high level of network formation.
TGA of TMBPF polymers under N,

In addition to chemical and mechanical stability, high thermal stability is also
desired for some gas separation applications. Some hydrogen separations are performed
near 100°C today, and there is discussion of performing separations at even higher
temperatures, such as those involved in production of synthesis gas, which potentially
require membrane stability above 300 °C,' and pre-combustion carbon capture, which
may require membranes that are stable up to 150°C or higher.** The thermal stability of
the TMBPF polymers was initially tested under pure nitrogen, as shown in Figure 3.8.
Both polymers had very high thermal stabilities, showing no weight loss until 400 °C and

a 10% weight loss above 450 °C.
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Figure 3. 8 TGA of unoxidized TMBPF containing polymers in N;

TGA of TMBPF polymers in Air

Thermogravimetric analysis of the TMBPF polymers was also performed in air,
and the results are presented in Figure 3.9. The polymers both showed a very interesting
phenomenon, weight gain in the region of 250 to 325 °C. It became apparent that the
benzylic methylene linkage could thermally oxidize at elevated temperatures in the
presence of oxygen. The molecular mass difference between non-oxidized and oxidized
polymer was calculated for the TMBPF containing poly(arylene ether ketone) and
poly(arylene ether sulfone). The theoretical weight gain required to oxidize each
methylene group to a carbonyl in the TMBPF-DFB polymer was 3.2%, and it was 3.0%
for the TMBPF-DCDPS polymer. The theoretical weight percent increase was higher for

the ketone system because of its lower molecular weight repeat unit. The actual weight
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gains shown in Figure 3.9 were approximately 90% of the theoretically possible weight
gains, suggesting a high level of oxidation. The temperature ramp above 220 °C was
done at 1 °C /min, because incomplete oxidation was observed at higher heating rates

(i.e., 10 °C /min).
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Figure 3. 9 TGA of TMBPF containing polymers in air

Thermal properties of TMBPF polymers under N,

DSC was performed to identify the glass transition temperatures (Tg’s) of the
TMBPF polymers. The samples were heated to 350 °C to erase their thermal history,
cooled, and then heated again to 350 °C to produce the thermograms in Figure 3.10. DSC
was performed under an inert atmosphere to eliminate the possibility of thermal
oxidation. Distinct endothermic transitions indicative of the Tg were found at 213 °C for
TMBPF-DFB and 235 °C TMBPF-DCDPS. The Tg’s were in the range expected for
poly(arylene ethers); notably, the Tg of TMBPF-DCDPS was in excellent agreement with

a prior study that investigated the effect of polysulfone backbone structure on Tg.* The
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poly(arylene ether sulfone) had a Tg more than 20 °C higher than that of the poly(arylene
ether ketone), likely due to increased restrictions to rotation about the sulfone linkage
relative to the carbonyl linkage. Results indicated that thermal oxidation in air began at
approximately 20 °C above the Tg of the polymers, as shown in Figure 3.9 by weight
gain. These results seem to suggest that extensive chain motion is needed for the

oxidation process.

6 -
—@— MBPF-DFB
—il— TMBPF-DCDPS

Heat Flow (mW)

N, atmosphere
10°C / min to 350°C

Down .2

T Y T ’ T ¥ T J T ¥ T
S0 100 150 200 250 300 350

Temperature °C)

Figure 3. 10 DSC of TMBPF containing polymers in N,

NMR of thermally oxidized TMBPF-DFB polymer

To investigate the thermal oxidation reactions, the TMBPF-DFB polymer was
heated in air to 260 °C, well above Tg, and held for 10 min. The TMBPF-DCDPS
polymer was heated to 280 °C in air, well above Tg, and held for 120 min. The TMBPF-
DCDPS polymer was heated at a higher temperature and for a longer time to account for

the slower oxidation rates observed via TGA. During these times, the polymers changed
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from white to a light yellow color. The *H NMR spectrum of the soluble fraction of the
thermally oxidized TMBPF-DFB is shown in Figure 3.11, and the spectrum for oxidized

TMBPF-DCDPS is shown in Figure 3.12.

8.0 7.5 70 65 60 55 50 45 40 35 3.0 2.5 2.0

Figure 3. 11 *"H-NMR of thermally oxidized TMBPF-DFB

Similar to the results obtained via partial Oxone/KBr oxidation, the thermal
oxidation reactions were analyzed by *H NMR spectroscopy. The spectra show that the
TMBPF-DFB polymer was oxidized to 75% conversion, and the TMBPF-DCDPS
polymer was oxidized to 45% conversion, based on integration of the benzylic methylene
peak (i.e., peak c in Figures 3.11 and 3.12) before and after thermal oxidation. The
signal-to-noise ratio was lower in the thermal oxidation spectra compared to the
Oxone/KBr oxidation because of poor solubility in the deuterated solvent, presumably as

a result of thermal crosslinking concurrent with the ozone oxidation reaction. The growth
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of several small peaks (Figures 3.11 and 3.12) may also indicate increased structural

complexity as the polymers began to crosslink. The rates and temperatures of these

thermal oxidation reactions and how they can be decoupled from crosslinking will require

significantly more research.
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Figure 3. 12 *H-NMR of thermally oxidized TMBPF-DCDPS

FTIR of the thermally oxidized TMBPF-DCDPS polymer

Figure 3.13 shows the FTIR spectra of the thermally oxidized TMBPF-DCDPS

compared to the untreated sample. In the thermally oxidized sample, a carbonyl peak

appeared that was not present prior to oxidation.
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Figure 3. 13 IR of thermally oxidized TMBPF-DCDPS

Initial gas transport results

The effect of UV crosslinking on gas permeation properties was of interest for
this research.. A control film was cast from the TMBPF-DFB polymer and then cut in
half. Permeabilities and selectivities of five different gases were directly tested on one
half. The other half was exposed to UV irradiation to induce photochemical crosslinking.
The mechanism for this photochemical reaction is benzylic hydrogen abstraction by an

excited state benzophenone moiety,**

which has been shown to produce polyimides
with high selectivity.®® The gel fraction of this UV irradiated half was measured to be
100%, indicating that a highly crosslinked network was obtained. The density of the
linear TMBPF-DFB polymer was 1.116 + 0.003 g mL™ and the density of the crosslinked
TMBPF-DFB polymer was 1.146 + 0.004 g mL™. The densification of the polymer

membrane upon UV crosslinking was expected based on prior literature, and reflects a
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decrease in interchain spacing.®’ The pure gas permeabilities and selectivities of these

two films are shown in Tables 3.2 and 3.3, where they are compared with UDEL™

polysulfone. The TMBPF-DFB linear polymer was not oxidized or crosslinked, whereas

the TMBPF-DFB crosslinked polymer was not oxidized, but it was crosslinked with UV

irradiation to afford a 100% gel fraction. The transport properties of the TMBPF-DFB

linear and TMBPF-DFB crosslinked polymers are also shown in Fig. 14, where they are

graphed with a commercial polysulfone, polyimide (Matrimid), and the 1991 and 2008

upper bounds.

y

O /N Selectivit

2008 Upper Bound

1991 Upper Bound

TMBPF-DFB
TMBPF-DFB Linear
Crosslinked
L ] L IIII L L L L1 1 III L L L L Ll III
10° 10’ 10°

O, Permeability (Barrer)

Figure 3. 14 Upper bound plot comparison of linear and crosslinked TMBPF-DFB °
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Table 3. 2 Pure gas permeabilities of linear and crosslinked TMBPF-DFB

Polysulfone'®: CO,, CH, at 10 bar and 35 °C; O, N,, H, at 1 bar and 35 °C

Gas permeability (Barrer) at 10 atm

& 35 °C

02 N2 COy CH4 Ha
TMEPE-DFE linear 2.8 0.52 10 0.54 29
TMEPE-DFE crosslinked 18 0.29 7.1 0.25 23
Bisphenol A polysulfone® 14 0.25 56 0.25 14
Tetramethyl bisphenol A polysulfone® 56 1.06 21 0.95 32

Table 3. 3 Pure gas selectivities of linear and crosslinked TMBPF-DFB

Polysulfone'®: CO,, CH, at 10 bar and 35 °C; O, N,, H, at 1 bar and 35 °C

Gas selectivity at 10 atm & 35 °C

02/Nz CO2/CHs Hz/N2 Hz/CH4 CO2/N;

TMBPF-DFB linear 5.4 19 75 72 19
TMBPF-DFB crosslinked 6.2 28 79 92 24
Bisphenol A polysulfone® 5.6 224 56 56 224
Tetramethyl bisphenol A polysulfone® 5.3 22 30 34 19.8

The films demonstrate the expected relationship of crosslinking leading to
decreased gas permeability and improved selectivity. An additional benefit of
crosslinking of thin films is a reduction in physical aging.*® The reduction of permeability
after UV crosslinking has also been attributed to membrane densification.*® Notably, the

crosslinked TMBPF-DFB films had both higher permeability and selectivity compared to
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UDEL polysulfone. One reason for the greatly enhanced gas permeability of the TMBPF
systems is the presence of the numerous bulky methyl groups along the polymeric
backbone. These two samples represent a minor set that was obtainable from these
TMBPF polymer series. The pure gas permeability was measured at five different

pressures, which is graphed in Figures 3.15 and 3.16.
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Figure 3. 15 Permeability as a function of feed pressure for linear TMBPF-DFB
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Figure 3. 16 Permeability as a function of feed pressure for UV-crosslinked

TMBPF-DFB

In Figure 3.15, the permeability of CH4 and CO, decreased slightly as upstream
pressure was increased, because of their condensability.”® The effect of decreasing
permeability in glassy polymers as a function of upstream pressure has been attributed to
the dual-sorption model.® An increase in upstream pressure effectively reduces the
Langmuir term and thus reduces permeability. Interestingly this phenomenon was less

pronounced in Figure 3.16 for the highly crosslinked TMBPF-DFB.

3.5. Conclusions

In this paper, an economical route was presented to synthesize the TMBPF
monomer and two TMBPF containing poly(arylene ether) materials. High molecular
weights were demonstrated quantitatively by SEC, and ductile films were obtained. The

polymers were capable of backbone modifications that included thermal and chemical
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oxidation and photochemical crosslinking. Thermal oxidation of the benzylic methylene
groups somewhat above T, was more successful than solution oxidation with ozone/KBr,
in terms of conversion. Both polymers were capable of producing crosslinked films with
high gel fractions through thermal crosslinking. *H NMR and FTIR spectroscopy were
used for structural verification of the TMBPF monomer, TMBPF containing polymers,
and conversion of the polymers to their oxidized forms. The thermal oxidation reaction
was also studied by TGA, and quantitative proof of the oxidation was presented by
demonstrating theoretical weight gains. Initial gas transport properties demonstrated that
crosslinking these polymers produced more highly selective membranes at the cost of

reduced gas permeability.
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3.6. Supplemental Information

3.6.1. Results and Discussion

The TGA thermogram in Figure 3.17 compares the wt% gain of TMBPF-DFB
discussed in Part 1 but at different isothermal temperatures. The four temperatures were
240, 250, 260 and 270 °C and these were chosen based on the onset of wt gain shown in
Figure 3.9. The weight gain increased with increasing isotherm temperature. However,
after the initial significant weight gain, the materials gained weight at the same rate

regardless of the isotherm temperature. Therefore, the isotherm temperature mainly
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affects the slope of the initial weight gain and the trend is that the higher the temperature,

the steeper the slope.
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Figure 3. 17 Comparison of four isotherm temperatures under air of TMBPF-DFB

The TMBPF-DCDPS was tested using the same method and the results are shown
in Figure 3.18. The three isotherm temperatures that TMBPF-DCDPS was tested at
showed different slopes at the beginning and throughout the test. When compared to
TMBPF-DFB at 260 °C, (Figure 3.19) the TMBPF-DCDPS did not undergo a significant
early weight gain. This could be attributed to two factors. One reason is that the low Tg
of the TMBPF-DFB allows for the oxidation to occur at lower temperatures and at higher
rates. The Tg’s were found at 213 °C for TMBPF-DFB and 235 °C TMBPF-DCDPS. The
last possible reason is that the ketone linkage within the TMBPF-DFB initially

accelerates the reaction and/or causes a second type of reaction to occur.
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Figure 3. 18 Comparison of three isotherm temperatures under air of TMBPF-DCDPS

Weight Percent

100%

105% -

104% 4

103% 4

102%

101%

1 ——2- TMBPF-DCDPS

—1 - TMBPF-DFB 1

Air Atmosphere
60°C/min to 260°C for Isotherm

hd L) hd T v L) hd T A T
50 100 150 200 250 300
Time (Minutes)

Figure 3. 19 Comparison of TMBPF-DFB and TMBPF-DCDPS under a 260 °C isotherm

After investigating the effect of temperature on the oxidation, the air flow rate was

changed from 20 mL/min to 40 mL/min and 80 mL/min. In Figure 3.20 it is clear that the

higher flow rate results in a greater weight gain rate. This is expected because the

oxidation would occur at faster rates with more oxygen.
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Figure 3. 20 Comparison of three flow rates on the weight gain of TMBPF-DCDPS under a

270 °C isotherm

Figure 3.21 shows comparisons of weight gains for TMBPF-DFB when heated for an
extended period at two different temperatures. When held at 280 °C, the weight reached a
maximum relatively quickly and then the sample began to lose weight. After 1800
minutes, the gain was almost half of the maximum gain that occurred at around 800
minutes, likely signifying polymer degradation. In the future, mass spec in conjunction
with TGA could identify what is being lost. When heated at 260 °C for extended times,
the material did not lose weight but did begin to plateau. Therefore, the oxidation is
sensitive to the temperature and a lower temperature produces the greatest weight gain
after a significant time frame. The same test was run on TMBPF-DCDPS and produced

similar trends.
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Figure 3. 21 Comparison of TMBPF-DFB under an extended isotherm at 260 °C and 280 °C

After oxidation at each of the temperatures, the TMBPF-DFB sample was brought
back to 40 °C and this resulted in another small weight gain (see the small gains on the
right of Figure 3.21). This, however, was quickly lost once the temperature was raised
towards 700 °C. Other testing procedures were used to further explore this peak which
will be termed the “room temperature peak” (RTP). All of these tests (Figure 3.22 to
Figure 3.26) used TMBPF-DCDPS but the RTP also occurred in TMBPF-DFB. The first
test was to determine if the RTP would continue to occur over time and multiple cycles.
After oxidation at 280 °C for 10 hours, the temperature was cycled between 30 and 100
°C. Every time the temperature was decreased, the weight increased and then decreased
again once the temperature was increased. The amount of increase and decrease did not

change in any of the cycles which showed the RTP’s reproducibility.
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Figure 3. 22 Exploration of the RTP to determine repeatability

As shown In Figure 3.23, the polymer was oxidized for 24 hours in air and then the gas in
the TGA was switched to nitrogen. The RTP still occured but was reduced in size. Figure
3.24 shows the RTP with the sample tested under nitrogen superimposed onto the RTP
curve under air and the difference in weight gain is apparent. This indicates that this peak
was related to the atmosphere which means that the polymer was absorbing either the gas
itself or a small amount of water that was present. Water is very likely because when the
temperature was cycled between 100 and 150 °C, no weight change was produced. If it
was a gas (other than water vapor) being absorbed, it is reasoned that the peak should
continue to occur when the sample is cycled between two temperatures above 100 °C.
However, water would not be absorbed significantly above 100 °C due to its boiling
point. Therefore, it is likely that the RTP is the rapid absorption of water upon cooling
and removal of water upon heating. The high degree of hydrophilicity could be attributed

to the high ketone content after oxidation of the methylene linkage.

106



To confirm that this does not occur in all polymers, Radel 5000 was subjected to the
same heating protocol. Figure 3.25 compares the TMBPF-DCDPS to Radel 5000 and

Figure 3.26 superimposes temperature cycling of the Radel 5000 with the TMBPF-

DCDPS temperature cycling.
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Figure 3. 23 Exploration of the RTP under a nitrogen atmosphere
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Figure 3. 24 Comparison of the RTP under both nitrogen and air atmosphere
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Figure 3. 25 Comparison of the TMBPF-DCDPS RTP against another sulfone material that

does not oxidize
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Figure 3. 26 RTP of TMBPF-DCDPS with Radel 5000 superimposed for a closer

comparison

3.6.2. Conclusions

TGA was utilized to explore the oxidation of TMBPF-DFP and TMBPF-DCDPS.

TMBPF-DFB produced a very rapid initial weight gain upon heating to elevated
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temperatures, followed by a smaller, but steady gain. In contrast, TMBPF-DCDPS did
not undergo a significant initial gain, but it increased in weight much more gradually
throughout the entire isotherm. This can likely be attributed to less distance between it’s
Tg and the oxidation temperature. TMBPF-DFB was heated over an extended period at
260 and 280 °C. The isotherm at 280 °C showed a relatively rapid weight gain and
reached a maximum at 800 minutes but began to lose weight following the maximum,
likely corresponding to some polymer degradation. At 260 °C the gain was greater than at
280 °C and the sample did not lose weight, but this polymer required significantly more
time to surpass the 280 °C maximum gain. The “room temperature peak” (RTP) that
occurred after oxidation was investigated. Its reproducibility was confirmed and based on
comparison with Radel 5000, the RTP does not occur in all polymers. The RTP size did
change with the applied gas which indicates it was product of the exposure atmosphere.
Therefore, the RTP was attributed to absorption of a gas or water vapor within the
atmosphere. The peak size did not increase when the sample was cycled at temperatures

above 100 °C, thus suggesting that the peak was likely attributable to water absorption.
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4.1. Introduction

Gas separations via membranes have grown over the past approximately 50 years due to
reduced energy consumption, equipment size, and waste generation relative to cryogenic
distillation and absorption processes. Currently, membrane based gas separation is 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.” There are issues that need to be addressed within these
areas such as gas purity, CO, and other condensable gas plasticization, physical aging,
and chemical and thermal stability of the membranes.?

Major performance standards for non-porous membrane gas separation are permeability
and selectivity. Permeability is the rate at which the gas moves through the material
under a given pressure gradient and is a function of solubility and diffusivity. Solubility
is a thermodynamic term that describes the sorption of molecules in a film. Diffusivity,

which is usually the rate limiting step, is a kinetic term that describes the rate at which
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molecules move through a film.> * Selectivity is the permeability ratio of two gases of
interest, and this is usually expressed with the faster gas in the numerator. The best
performance occurs when the permeability and selectivity of the membrane is high.* *
However it is known that there is a tradeoff between permeability and selectivity which
results in an upper bound. The first upper bound was reported by Robeson in 1991 and
this has been theoretically explained by Freeman.>”’

Glassy polymers such as polyarylene ethers 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. 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 Plastics, now Sabic Plastics.® It gained interest as a gas
membrane material due to its aromatic ether chemical and conformational structure. The
kinked ether linkages and benzylic methyl groups inhibit packing.? Its non-polar structure
further assists in the non-packing nature and therefore PPO has a high fractional free
volume.? ® However, the high free volume leads to reduced selectivities when compared
to other commercial materials and a significant amount of research has been attempted to
solve this problem.*® !

In this paper, a bisphenol A based poly(arylene ether ketone) (BPA PAEK) has been
blended with PPO to produce a UV crosslinkable material with improved selectivity.
Miscible and immiscible blends have been studied and modeled as gas separation
membranes. Miscible blends show linear behavior between the permeability and

selectivity of the control polymers with composition, similar to random copolymers.*?
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There can be negative deviation from linearity which has been modeled by Paul.*® This
deviation is due to densification which can be attributed to positive interactions between
the two blended polymers.*® Immiscible blends are more complex and will positively or
negatively deviate from the linear behavior along the composition range depending on
which phase is continuous.'? The transport behavior at the extremes of composition can
be described by a parallel or series model. If the more selective polymer is continuous
throughout the blended film, it will follow the series model predictions. Counter to that, a
blended film with a continuous permeable polymer will follow the parallel model
predictions. A series polymer blend produces selectivity that is positive and permeability
that is negative with respect to the linear behavior in a graph of volume fraction versus
selectivity or permeability respectively. The parallel model for immiscible blends shows
the opposite behavior and results in permeability that is positive and selectivity that is
negative with respect to the linear behavior in a graph of volume fraction versus
selectivity or permeability.*> The intermediate compositions are much more difficult to
predict and require more complex models, but they are outside of the scope of this paper.

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
aging.” ** Selectivity can increase because crosslinking controllably reduces the free
volume within the polymer, which improves the size sieving capability. Gas
plasticization occurs when a sufficiently high concentration of a permeant gas builds up
within the film and causes swelling which can decrease diffusion selectivity. Crosslinking
inhibits this swelling and can reduce the overall effect of plasticization. Aging involves

the gradual densification of a polymer over time and can decrease the permeation and
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increase selectivity. By crosslinking the film, the aging rate may be reduced. This can be
attributed to the fact that the crosslinked film has reduced free volume prior to aging.
Both crosslinking and aging increase selectivity by reducing free volume, however
literature has reported that crosslinking has a more pronounced effect for UV-irradiated
polyarylates.* *°

The focus of this study has been to UV crosslink PPO to enhance the transport
properties. PPO was blended with BPA PAEK and the structures are shown in Figure 4.1.
The key crosslinking groups within the polymers are the benzophenone in the BPA
PAEK and the benzylic methyl groups in the PPO. UV light was used to excite a
benzophenone moiety and abstract a hydrogen radical from a benzylic methyl group. This
creates two free radicals which can then combine to form a covalent crosslinked bond.
Qiang et al. has extensively described this crosslinking reaction and explored the effect of
thickness, atmosphere, and aging.® Other systems have been studied utilizing this
crosslinking reaction.™ *® However, in the previous work, the two key components were

within the same polymer structure by polymerizing tetramethylbisphenol A or

tetramethylbisphenol F with 4’4-difluorobenzophenone.

OO ““{?O@"%

Bisphenol A Based Poly(arylene ether ketone) (BPA PAEK) Poly(p-phenylene oxide) (PPO)

Figure 4. 1 Bisphenol A based poly(arylene ether ketone) and poly(2,6-dimethyl-1,4-

phenylene oxide).

PPO is already used as a membrane material and the monomers used to make the BPA

PAEK are both commercially available. In this study, blends were explored as a function
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of the molecular weight of the PPO. Based on the data, a 22,000 M, 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

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(l) chloride
was purchased from Alfa Aesar and used as received. Hydrochloric acid and methanol
were purchased from Spectrum Chemicals and used as received. Chloroform, purchased
from Spectrum Chemicals, was stored over activated 3A molecular sieves.
Synthesis of BPA PAEK

Synthesis of the BPA polymer was adapted from previous literature!”%.
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 N, inlet,
mechanical stirrer, and Dean-Stark trap. Toluene (300 mL) and K,CO3 (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
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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 the removal of
salts and solvents. The white polymer was filtered and dried at 110 °C under vacuum.

Yield was 81%.

Synthesis of 4kK, 13k and 19k M, poly(2,6-dimethyl-1,4-phenylene oxide)s

PPO synthesis was adapted from Hay et al. and the protocol for synthesizing the
6k M, oligomer is provided. Procedures for the 17k and 22k M, polymers are briefly
described at the end of this section.?” 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(l) 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
reprecipitated into methanol. After filtration, the faint yellow powder was dried at 110 °C
for 24 h in vacuo. The product (7.1 g, yield 71%) was obtained. The structure was

confirmed by *H-NMR.
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For the 17k M, poly(2,6-dimethyl-1,4-phenylene oxide), a 1 L 4-neck round
bottom flask was used and 800 mL of pyridine, 2.0 g (0.02 moles) of copper(l) chloride,
and 30 g (0.246 mole) of 2,6-dimethylphenol were added. The product (23.4 g, yield
78%) was obtained and the structure was confirmed by 'H-NMR. For the 22k M,
poly(2,6-dimethyl-1,4-phenylene oxide), a 500-mL 4-neck round bottom flask was used
and 250 mL of pyridine, 1.0 g (0.01 mole) of copper(l) chloride and 10 g (0.082 mole) of
2,6-dimethylphenol were added. The product (8.0 g, yield 80%) was obtained and the
structure was confirmed by *H-NMR.

Size Exclusion Chromatography (SEC)

SEC was conducted to measure molecular weights and distributions. The eluent
was CHCI;. 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 (Water 515 HPLC Pump, Waters
Technologies), and 717 Waters autosampler 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 (mini-DAWN, Wyatt Technology
Corp.), operating at a wavelength of 658 nm, and a refractive index detector operating at
a wavelength of 880 nm (Waters 410, Waters Technology) were employed. Calibrations
were performed using a set of nine Shodex polystyrene standards spanning the entire

column molecular weight range.

Film-casting
The polymer or 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 to
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obtain a 2 wt% solution. The solution was filtered using a 0.45 pum 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 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 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 pm

thick.

Proton nuclear magnetic resonance (NMR) spectroscopy

The composition of PPO to BPA PAEK was determined 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 benzene hydrogens nearest the ketone linkage (BPA PAEK).

Thermogravimetric analysis (TGA)
Thermal stabilities of the polymers were investigated using a TA Instruments
TGA Q5000 under a N, atmosphere with the N, running at 25 mL/min. The heating rate

was 10 °C/min from room temperature to 700 °C.
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Differential scanning calorimetry (DSC)

The thermal properties were investigated with a TA Instruments DSC Q2000. The
polymers were heated under N, at 60 mL/min to ensure an inert atmosphere. The heating
rate was 10 °C/min to 350 °C, then the sample was cooled to 0 °C at 10 °C/min. It was
heated once more to 350 °C at 10 °C/min and the reported DSC thermograms are from

the second scans.

UV Spectroscopy

The UV spectra of the bulk polymers and the blends were collected using a
Shimazdu 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 nm to 340.8
nm) and a Deuterium bulb (340.8 nm to 190 nm) were used as the light sources. Scans
were conducted in ‘Spectrum Mode’ sweeping wavelengths from 700 to 190 nm.
UV Crosslinking

The polymer membranes were placed between an upper quartz and a lower glass
plate. The setup was then passed under a Heraeus UV Fusion “H+” bulb 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.
Gel Fraction Measurement

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 pre-weighed Buchner funnel
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filter paper and dried at 120°C under vacuum overnight and weighed once more to obtain

the final weight. Gel fractions were calculated by equation 4.1.

Wfinal

Gel Fraction (%) = x 100

Winitial 4.)

Pure Gas Permeability Measurements
The pure gas permeabilities for a series of light gases (Hz, CHs, N2, Oz, CO,) were
measured at 35 °C in one of two constant-volume, variable-pressure apparatus as
described elsewhere.> The membrane sample, after being epoxied to a brass support
disk, was loaded into a stainless steel Millipore filter holder (Millipore, 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.
Tensile Properties

Tensile samples were cut from the 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. The nine samples produced by the cutter
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were then 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 250N Dynacell load cell. The
crosshead displacement rate was 5 mm/min and the initial grip separation was 25 mm.
Nominal strain was calculated by dividing the change in grip separation by the initial grip
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 4.1 and Figure 4.2. The PPO nomenclature is
based on the SEC M,’s. 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 in chloroform at 35 °C

M, (kDa) | M, (kDa) | M,, (kDa) | PDI
NMR SEC SEC SEC
BPA PAEK | - 52 78 15
2k PPO 1.0 2 3.2 17
6k PPO 4.0 6 118 2.0
17k PPO 13 17 50.2 3.0
10k PPO__ | 33 19 55.8 2.9
22k PPO__ | 19 22 109 5.0
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Figure 4. 2 Molecular weights of the PPO oligomers by SEC

The DSC thermograms of the films are shown in Figure 4.3. Figure 4.3A
compares two blended films with different PPO molecular weights of 2k and 22k at a
wt/wt composition of 33/67 PPO/BPA-PAEK relative to their controls. Thermogram 2
shows the 2k PPO/BPB-PAEK blend and its Ty is 149 °C. This Ty is located between the
two control Ty’s, curves 1 and 3, which suggests that the 2k PPO is miscible with BPA-
PAEK. Curve 4 shows the thermogram of a high molecular weight 22k PPO/BPA-PAEK
blend that produced two Tg’s, one at 152 and another at 213 °C. These two Tg’s
correspond with the control T4’s in curves 3 and 5 which indicates that the 22k PPO

produced an immiscible blend with BPA-PAEK. The Tgy’s of the blend are slightly
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reduced in comparison to the respective control polymers T4’s. A definite reason for this
behavior is unclear but it does occur consistently. This can be observed in Figure 4.3B

with the lower Tg’s corresponding to the PBA-PAEK in blends with the 6, 17, 19, and

22k PPO.
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Figure 4. 3 Figure 4.3A shows DSC thermograms of the 2k PPO/BPA-PAEK 33/67 and the
22k PPO/BPA-PAEK 33/67 wt/wt composition blends with their respective controls. Figure
4.3B compares all of the PPO molecular weights blended with BPA PAEK at the 33/67

wt/wt composition of PPO/BPA PAEK.

Figure 4.3B 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 2k PPO/BPA-PAEK blend. Once the molecular weight of the PPO in the blends was

increased to 6k M, two clear Ty’s emerged and this was also true as the molecular weight
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was increased further, thus indicating the presence of two phases. The upper Tg in the 5k
PPO/BPA-PAEK blend, which correlates to the PPO phase, is lower than the 17, 19, and
22k upper PPO Ty’s in the blends. This is expected since Ty is a function of molecular
weight. In Figure 4.4, the 6k PPO uncrosslinked blend (curve 2) is compared to its BPA
PAEK control (curve 1), the 6k PPO control (curve 4), and the crosslinked blend (curve
3). The PPO Ty in the uncrosslinked blend correlates with the control 6k PPO T, Once
crosslinked, at least the upper T4 was slightly raised and this was attributed to reduced

mobility, particularly of the PPO chains.
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Figure 4. 4 DSC thermograms of 6k PPO/BPA PAEK 33/67 wt/wt uncrosslinked and

crosslinked blends with the controls.
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The crosslinking mechanism discussed in the introduction is activated via UV
light and is a reaction between the ketone and benzylic methyl groups. Figure 4.5 shows
the solution UV absorbance spectra of the six control polymers. PPO has significantly
less absorbance than BPA PAEK. The significant absorbance of the BPA PAEK can be
attributed to the ketone excitation from the nonbonding state to the antibonding state.
Therefore, in later discussions regarding the gel fractions as a function of PPO weight
composition, it will be important to remember that a greater PPO content will not absorb
as much light as blends with higher compositions of the PBA-PAEK. This is beneficial

because the UV light will penetrate further into the film to crosslink more polymer

chains.
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Figure 4. 5 Solution UV absorption data of the PPO and BPA PAEK.

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 19k PPO homopolymer. The films were exposed to
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11, 23, or 34 Jlcm? 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 2k
PPO/BPA 33/67 wt/wt blend only reached gel fractions a little above 20 %, and this was
much lower as compared to the gel fractions obtained with blends having higher PPO
molecular weights. This was attributed to the fact that higher molecular weight PPO
contains more benzylic crosslinkable methyl groups per mole, and thus requires fewer

crosslinks to reach gelation.
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Figure 4. 6 Gel fractions after UV crosslinking of PPO/BPA-PAEK blends over a range of

PPO molecular weights

The 22k M, 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
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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 are

present. Secondly, the UV light should penetrate more deeply into the film with

increasing PPO content since the PPO absorbs less of the light relative to the PBA-

PAEK. These factors are counter to each other which may cause the insignificant change
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Figure 4. 7 Gel fractions after UV crosslinking of blends of 22k M,, PPO with BPA-PAEK

over a range of compositions

It is expected that the phase structure of the blends is also a contributing factor.

The DSC thermograms in Figures 4.3-4 show two Tg’s for all of the PPO molecular
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weights except for the very low 2000 M, polymer, thus strongly suggesting that two
phases are present. However, high gel fractions were obtained after crosslinking blends of
the 22k 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 indicates 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. The morphology of the blends was not

explored in this study but would provide regarding the unique behavior of this system.

4 BPA PAEK Contral

1 20/80 PPO/BPA UnXL

12 4 33/67 PPO/BPA UnXL

4 67/33 PPO/BPA UnXL

1 <« 80/20 PPO/BPA UnXL
1 P> 90/10 PPO/BPA UnXL

10 4 @ PPO Control

% Matrimid ®

@ Cellulose Acetate - 2.45
Polysulfone

Log O,/N, Selectivity

’ | ’.

Log O, Permeability (Barrer)

Figure 4. 8 Comparison of oxygen and nitrogen transport in 22k M, PPO/BPA PAEK
blends at different compositions and the controls. The dashed line represents the linear

behavior.

The permeabilities and ideal selectivities for oxygen versus nitrogen gases

through 22k PPO/BPA PAEK films with different compositions are shown in Figure 4.8
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on an upper bound graph, and the values are provided in Table 4.2. The linear dashed line
in Figure 4.8 represents the expected transport properties of miscible blends. In these
multiphase blends, as would be expected, the membranes with high compositions of PPO
have higher permeabilities and lower selectivities and this is attributed to the high free
volume of PPO. When the high-selectivity polymer, BPA-PAEK, comprises a large
volume fraction of the continuous phase, the membranes exhibit transport properties
similar to a series model. On the other hand, when the high-permeability polymer, 22k
M, PPO, occupies a large volume fraction of the continuous phase, the films have
transport properties similar to a parallel model. The commercial polymers were included
in Figure 4.8 and the blended materials showed better performance polysulfone and
cellulose acetate. Matrimid® performs slightly better than the 33/67 22k PPO/BPA PAEK

but crosslinking has the potential to close that performance gap.
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Figure 4. 9 Comparison plot of 22k PPO/BPA PAEK linear and crosslinked blends at
different compositions and the controls. The dashed line represents the linear behavior and

the numbers on the graph are permeability and selectivity values with the format (x,y).

The 33/67, 67/33, and 90/10 22k 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 uncrosslinked controls. The 90/10 22k PPO/BPA PAEK crosslinked membrane
yielded quite interesting transport results in that good selectivity and permeability were
obtained for oxygen/nitrogen 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 crosslinked surface likely
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contributed to the high selectivity while the lightly crosslinked center of the film likely
contributed to the high permeability.™

Table 4. 2 Transport properties of bisphenol A based poly(arylene ether ketone) blends with

poly(2,6-dimethyl-1,4-phenylene oxide)

* Values are from Sanders et al.

o, N, O./N H, CH, CO,

(Barrer) | (Barrer) | 22 | (Barrer) | (Barrer) | (Barrer)
BPA PAEK Control 0.66 0.10 6.3 8.2 0.12 2.7
20/80 22k PPO/BPA UNXL | 1.1 0.17 6.2 13 0.19 45
33/67 22k PPO/BPA UNnXL | 1.4 0.22 6.1 16 0.24 5.8
33/67 22k PPO/BPA XL 1.1 0.17 6.6 16 0.15 4.5
67/33 22k PPO/BPA UnXL | 6.5 14 4.8 54 1.6 28
67/33 22k PPO/BPA XL 3.7 0.59 6.3 45 0.47 14
80/20 22k PPO/BPA UnXL | 8.7 1.8 4.8 70 2.1 36
90/10 22k PPO/BPA UnXL | 12 2.5 4.7 90 2.9 50
90/10 22k PPO/BPA XL 5.7 0.90 6.3 68 0.71 22
22k PPO Control 13 2.9 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 55 12 0.15 4.8
Polysulfone * 1.4 0.25 5.6 14 0.25 5.6

The tensile properties of the uncrosslinked blends at all blend ratios presented
above were compared with those of pure 22k PPO, as it has suitable mechanical
properties for gas separation membrane applications. Based on the data obtained from
thin film samples (Table 3), there is no statistical difference between the mechanical

properties of the blends and 22k PPO. It should be noted that BPA-PAEK tends to show
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significant strain-hardening behavior at high elongations, which led to very high strength
and strain at break values for some PAEK-rich blend samples. All polymer samples in
this analysis displayed a non-uniform yield and draw behavior and no direct strain
measurement technique was employed during testing, therefore the strain at break values
presented here should serve for comparison purposes only.

Table 4. 3 Mechanical properties of uncrosslinked BPA-PAEK blends with 22k M, PPO

compared to neat 22k M,, PPO

Blend range PPO Range
Tensile strength at break 52 — 134 MPa 61 — 76 MPa
Tensile strength at yield 62 — 85 MPa 71 - 82 MPa
Nominal strain at break 0.34-1.84 0.14-0.62
Nominal strain at yield 0.04 -0.06 0.05-0.07
Young’s modulus 1810 — 2370 MPa 1860 — 2290 MPa

Blends containing 67 wt% BPA-PAEK and 33 wt% PPO of varying molecular
weights were also tested in tension. Despite the higher fraction of BPA-PAEK, the
molecular weight of the PPO had a significant impact on the mechanics of the films.
Films containing the 2k and 6k PPO exhibited a brittle failure mechanism with little to no
yielding while films containing higher molecular weight PPO displayed similar yielding

and drawing behavior.

4.4 Conclusion

In conclusion, we were able to blend PPO and BPA-PAEK to make membranes
that were phase separated except for the samples with the very low M, PPO. The DSC
results showed that the 5k, 17k, 19k, and 22k blended films have two Tg’s that closely
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correlated with the corresponding homopolymers T, which indicates immiscibility.
Despite the immiscibility of these films, the gel fraction results showed significant
insolubility after UV exposure. Gel fraction as a function of 22k PPO composition was
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 will be a
lower ketone content which begins the crosslinking reaction. Counter to that is that with
increased PPO content, the UV light will be able to penetrate further into the film and
crosslink more chains. This is because PPO absorbs significantly less UV light than the
BPA PAEK which was shown via solution UV absorbance spectra.

The gas permeability and selectivity was measured for the linear blend films and
the results followed the modeled behavior with the BPA PAEK continuous films having
series model behavior and 22k PPO continuous films having parallel model behavior.
With respect to the linear behavior between the two control polymers, the 33/67
PPO/BPA PAEK has the best performance due to its increased permeability with little
decrease in selectivity. However, with respect to the upper bound, the 90/10 PPO/BPA
PAEK is has the best performance due to PPO’s high free volume. 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 which 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 a mechanically robust crosslinkable polymer film. In
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comparison to commercial gas separation polymers, the 33/67 22k PPO/BPA PAEK

blend was able to outperform polysulfone and cellulose acetate - 2.45 without any
crosslinking. Matrimid® was able to outperform the uncrosslinked blended films with
regards to gas separation but crosslinking has the potential to close that gap. In terms of

expense, Matrimid® has been known to be an expensive polymer whereas PPO is more

economical.? Further, Matrimid® suffers from plasticization whereas our crosslinked

blends would be less likely to suffer from that issue.? In the future, the system might be
able to utilize even less of the ketone containing polymer and still maintain
crosslinkability. Additionally, PPO can be blended with other materials to focus on other

gas pairs and applications.
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Chapter 5: Recommended Future Research

5.1 Fluorinated Poly(Arylene Ether Ketone)s for High Temperature

Dielectrics — Bulk and Multilayered Films

The multilayered 6FBPA-PAEK showed good performance in breakdown
strength, hysteresis, relative permittivity, and Tan 6. However, isolating the effect of the
fluorine in the 6FBPA PAEK on PVDF was not explored. This would be possible if BPA
PAEK was also microlayered with PVDF and the differences between BPA PAEK and

6FBPA PAEK could be compared.

One way to study the differences it to utilize the “pulse” process which is how
small batches of polymer are microlayer coextruded. In the case of this study, we have
undersized batches because the polymer is synthesized in lab. In the process, a material
that is available in large guantities (secondary polymer) is processed first to achieve a
steady flow. Once the flow is achieved, the polymer of interest (primary polymer) is
added to the hopper and is processed. The secondary polymer is then added again to
maintain flow. The final film will have an area with the primary polymer and PVDF
along with a transition section on both sides where there is a mixture of the primary and

secondary polymers. An example film depiction is in Figure 5.1.
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Figure 5. 1 Figure 5.1 Depiction of a film processed via the “pulse” microlayer coextrusion
Process.

The first step would be to confirm the integrity and composition of the primary
polymer/PVDF region to verify the expected system. This could be done using FT-IR or
NMR by confirming the peaks of the primary polymer and absence of secondary polymer
peaks. Once confirmed, small samples along the machine direction could be cut that span
through the secondary polymer/PVDF, the primary-secondary/PVDF, and primary
polymer/PVDF sections as represented by the grey dashed line in Figure 5.1. The
breakdown strength, hysteresis, relative permittivity, and Tan & properties could then be
tested and compared along the machine direction. Further, these samples would be
analyzed via FT-IR and X-ray diffraction to see if there are any changes in the PVDF
crystallinity or structure as the material is transitioned from the secondary polymer to the
primary polymer. The FT-IR and X-ray diffraction testing would be similar to the testing
seen in Mackey et al." These measurements would be most effective if 6FBPA PAEK
was the primary polymer and BPA PAEK was the secondary polymer. Another option

would be to use polycarbonate and then process the BPA PAEK and then 6FBPA PAEK.
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5.2 Synthesis, Oxidation, Crosslinking and Characterization of
Tetramethyl Bisphenol F (TMBPF)-Based Polymers for

Oxygen/Nitrogen Gas Separation

TMBPF-DFB and TMBPF-DCDPS were able to be thermally oxidized but
required temperatures above the Ty’s. Therefore, it would have limited use as a gas
separation membrane because commercial membranes are made into hollow fibers with a
dense outer layer and porous substrate.? If the hollow fibers were subjected to the thermal
treatment, the porous substrate would collapse, rendering it useless. A possible solution
to this problem is to incorporate the benzylic methylene group into a polymer with a
significantly higher Tg such as a polyimide. If it is possible to oxidize the polymer below

Tg, this method of crosslinking would become more commercially viable.

5.3 Poly(2,6-dimethyl-1,4-phenylene oxide) and Bisphenol A

Poly(arylene ether ketone) Blends for Gas Separation Membranes

The most significant future recommendation would be to conduct a thin film
study similar to the one done by Qiang et al. using this blended system. The films used
in Chapter 4 were between 25 to 30 um and UV light is unable to completely penetrate
the film which means that there will be a gradient of crosslinked polymer. Further
complications occur when the composition of PPO is changed which causes the UV
absorption of the material to change. These two factors make it difficult to make any

definitive comparisons between the different crosslinked blends or even other materials.

Further exploration into this system’s morphology would be beneficial and might

able to answer many questions. DMA testing would be able to confirm or give a better
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look at why both Tg’s decrease rather than moving towards the center which is the
expected behavior of partially miscible polymers.* Light scattering measurements might
be beneficial because there is a noticeable difference in the transparencies of the films
depending on the molecular weight. However, this might have issues if the refractive
indices similar. Further techniques to characterize blends can be found in Robeson’s
“Polymer Blends: A Comprehensive Review” such as solid state NMR, IR, and UV-

visible spectroscopy.*
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