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Abstract

Synthesis and Characterization of Toughened Thermally Rearranged
Polymers, Poly(2,6-Dimethylphenylene-oxide) Based Copolymers and

Polymer Blends for Gas Separation Membranes

Wenrui Zhang

Thermally rearranged (TR) polymers have outstanding gas separation properties,
but are limited in their industrial application due to being mechanically brittle. A
series of low volume fraction of a poly(arylene ether sulfone) (PAES) block was
introduced into the TR precursor polyhydroxyimide (PI) chain to improve mechanical
properties without compromising gas transport properties. The multiblock
copolyhydroxyimide incorporated the PAES in systematically varied amounts and
copolymerized it with 4,4'-(hexafluoroisopropylidene)diphthalic anhydride and
3,3’-dihydroxy-4,4’-diaminobiphenyl. Before thermal rearrangement, the PI-co-PAES
precursors exhibited much more improved mechanical properties (tensile stress and
strain at break) than those of homo polyimide precursor. After thermal rearrangement,
tensile stress and strain at break of all TR copolymers decreased comparing to their
corresponding precursors, but improved comparing to the homo TR polymer.

Poly(phenylene oxide) (PPO) based copolymers (Chapter 4) and polymer blends
(Chapter 5) were also studied for use as gas separation membranes. The polymer

materials were cast into films, then crosslinked in the solid state with UV light. The



ketone and benzylic methyl groups crosslinked upon exposure to UV light. For the
study of PPO copolymers, copolymers were prepared by polycondensation of a
difunctional PPO oligomer with 4,4’-difluorobenzophenone or
1,3-bis(4-fluorobenzoyl)benzene respectively. This study offers a means for
fabrication of membrane films, fibers or composites, as well as tuning of gas transport
properties through crosslinking in the solid state. While for the study of PPO polymer
blends, PPO polymers with My’s from 2000-22,000 g/mole were synthesized and
blended with a poly(arylene ether ketone) derived from bisphenol A and
difluorobenzophenone (BPA-PAEK). The crosslinked blends had improved gas
selectivities over their linear counterparts. The 90/10 wt/wt 22k PPO/BPA PAEK
crosslinked blends gained the most O2/N; selectivity and maintained a high

permeability.



General Audience Abstract

Synthesis and Characterization of Toughened Thermally Rearranged
Polymers, Poly(2,6-Dimethylphenylene-oxide) Based Copolymers and

Polymer Blends for Gas Separation Membranes

Wenrui Zhang

Membrane gas separation has become a fast-growing industrial technology
because of its many advantages over traditional separation technologies including low
capital cost and energy consumption relative to thermal distillation methods, and
higher operational flexibility. Currently, membrane gas separation is widely used in
processing raw natural gas to meet certain specifications before delivery to pipelines.
Researches in this dissertation mainly focus on synthesis and characterization of
membrane gas separation materials. In chapter 3, one type of thermally rearranged
copolymer membrane was obtained, which could be potentially used in industrial field
due to its improved mechanical property. In chapter 4 and 5, a series of
poly(phenylene oxide) based copolymers and blends were studied. After
UV-crosslinking reaction, poly(phenylene oxide) membranes showed improved gas

selectivities over their linear counterparts.
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CHAPTER 1: LITERATURE REVIEW

1.1 Introduction

1.1.1 History of Membrane Gas Separation

Many early studies were focused on natural materials. In the middle of the 18"
century, Jean Antoine Nollet reported the first semi-permeable membrane which was a
pig bladder. Nollet realized that ethanol passed through the pig bladder faster than
water.! About 100 years later, John Kearsley Mitchell recognized that hydrogen passes
through the wall of balloons made of natural rubber.> Further experiments were
carried out by Thomas Graham in 1866 in order to show that gases permeate rubber
materials at different rates. He also stated that the rate of diffusion of a gas is
inversely proportional to the square root of its molar mass.

A milestone in membrane history was the application of the innovative concept
of high-flux asymmetric reverse osmosis membranes in production of potable water
from sea water*. Later, in 1980, Permea (now a division of Air Products) launched the
first large scale gas separation “Prism” membrane system by adapting this technology.
This membrane system can be used to separate and recover hydrogen gas from the
purge gas streams of ammonia plants. A number of such plants were implemented in
the 80s and 90s. The success of the Prism membrane gave a strong push to other
companies to explore their own technologies for membrane gas separations. Later,
cellulose acetate membrane systems for carbon dioxide separation® were introduced

by Cynara (now part of Natco), Separex (now part of UOP), and GMS (now part of
1



Kvaerner). In 1990, nitrogen separation membranes were produced by Generon (now
part of MG), Praxair, and Medal.’ Several polymeric membrane systems were

developed by companies for specific separations which are shown in Figure 1.1.

Dried CA membranas
for CO2/CHy
natural gas separations
Separex, Cynara, GMS

Generon
produces first
Nafalr
separation gystem
1982
Medal
Loeb and Sourirajan polyimide
make the first hnllnv:ﬁher
anlsotropic f::e CE:;;
'"";T;';T"E separation
Installed
1994
——
L1 | 1 | ] ]
1850 "7 1950 1960 1870 1980 1990 2000
H
Graham's Spiral-wound Permea First propylene/M
Law of P and PRISMD sepal:atizﬂ p;:lvn'l'l:s;2
Diffusion hollow-fiber membranes instalied
developed for 1980
revearse osmosis
First commercial
van Amerongen, Advanced membrane vapor separation
Barrar make materials for plants installed
first systematic Oo/Na: Ha/N2 by MTR, GKSS,
permeability and I-Ilz.f-CH;; Nitto Denko
measurements separations 1988
launched by
Ube, Medal, Generon
1987

Figure 1.1 Milestones in the industrial application of membrane gas separation systems.*

Although the theories of gas diffusion through membranes have been
investigated for more than 100 years, membrane gas separation was only applied in
industry over the past 30 years. Baker* in 2002 estimated that the market scale of
membrane gas separation technology in the year 2020 ($760 million per year) will be

five times greater than that of the year 2000 ($150 million per year). Presently,



membrane gas separation has become the most robust of separation technologies in

the industrial market.

1.1.2 Principles of Membrane Gas Separation

1.1.2.1 Overview

Membrane gas separations rely on different permeation rates for the gases to be
separated. Two models are used to describe the permeation process. The pore-flow
model is the early explanation for the gas permeation process. Gases can be separated
by pressure-driven convective flow through micropores. A separation is achieved
between different gases due to one of the gases being excluded from some of the
pores in the membrane. This is often called sieving. Another model is the
solution-diffusion model membranes without permanent pores. This has been widely
used over the past 40 years as an explanation for transport in electrodialysis, reverse
osmosis, and pervaporation. In this theory, gases will first dissolve in the membrane
and then diffuse through it down a concentration gradient. A separation is achieved
between different gases because of differences in the amount of material that
dissolves in the membrane and the rate at which the material diffuses through the

membrane.

1.1.2.2. Solution-Diffusion Model

The permeability through dense polymers is considered to be a solution-diffusion
process. In the solution-diffusion model, transport occurs by diffusion. The

component to be transported must first dissolve in the membrane. The general
3



approach of the solution-diffusion model is to assume that the chemical potential of
the feed and permeate fluids are in equilibrium with the adjacent membrane surfaces
such that appropriate expressions for the chemical potential in the fluid and membrane
phases can be equated at the solution-membrane interface. This principle is more
important for dense membranes without pores such as those used for reverse osmosis
and in fuel cells.

Using the solution-diffusion model, the gas permeability coefficient’ can be
written as the product of a gas solubility coefficient, S, and a concentration-averaged,
effective diffusion coefficient, D

P=DS (1-1)
where P is the permeability coefficient, D is the diffusivity coefficient and S is the
solubility coefficient. In the literature,®® the widely employed units for P are
cc(STP)-cm/(cm?-sec-cmHg) describing the gas permeating a membrane at steady
state (cc(STP)) with a thickness (cm), a membrane area (cm?), a time interval (sec)
with a pressure drop across the membrane (cmHg). The unit for D is cm?/sec and S
is cc(STP)/cm’-cmHg. The permeability coefficient unit commonly reported in the
literature is the Barrer defined by: 1 Barrer = 10"%cc(STP)-cm /(cm?-sec-cmHg).

The appropriate SI unit is kmol'm'm™-s'-kPa™! or m*(STP)-m-m2-s!-kPa’.

For a pure gas permeating through a polymer film or membrane, gas permeability,
P, is defined as the trans-membrane pressure difference, p2-pl, and thickness
normalized steady-state gas flux, N’

P=Nl/(p2-pl) (1-2)



where 1 is the membrane thickness, p2 is the upstream pressure, and pl is the
downstream pressure. Unlike flux, which depends upon 1 and Ap (differential
pressure), P is typically viewed, to a first approximation, as being a material property
that is much less dependent than flux on membrane thickness and Ap. Each polymer
has a different permeability coefficient for each gas, and the faster permeation of
some gases relative to others provides the basis for the use of polymers to separate gas
mixtures. The range over which permeability can vary in different polymers is
enormous.

Diffusion is an activated energy process that can be expressed by an Arrhenius
relationship:

D=D,exp€E,/RT) (1-3)
where Eq is the activation energy of diffusion and Dy is the pre-exponential factor.
The solubility coefficient can be expressed by the Van’t Hoff relationship

S =S, expCAH, / RT) (1-4)
where AH, is the heat of solution and Sy is the pre-exponential factor. Combining
these equations gives:

P=FexptE,/RT) (1-3)
where E, is the activation energy of permeation and £, = E,; + AH . The value of Eq
(and thus E,;) is different below and above the glass transition temperature.

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

(e.g., A and B) is the ideal selectivity, o ap'":

a a5=Pa/PB (1-6)



Since P=DS, a a3 =DaSa/ DeSz (1-7)
Like permeability, the ideal selectivity is often treated as a material property of

a polymer.
1.1.2.3. Free Volume Concept

There are spaces between polymeric chains that are designated as free volume
(i.e., unoccupied volume). '! Free volume can vary as a function of temperature,
chemical structure of the polymer, physical conformations, etc. Free volume is highly
related to diffusivity and permeability, but hardly to solubility'>. When it comes to
membrane gas separation for different gases, free volume distribution turns out to be
an important factor. Cohen and coworkers reported the relationship between free

volume and diffusion co-efficiency, shown in the following equation'*!3:

*

D:Aexp(—;—;r) (1-8)

In this equation,  is an overlap factor which is introduced to prevent double
counting of free volume elements, v~ is the minimum required volume of the void
that is related to the molecule size, and FFV is the fractional free volume of the

polymer'®, and can be expressed as!®

v v—-v, L-13> v,
f 0 _ Z (1_9)
v

FFV = ——=
L L

where vr is the free volume of the polymer; v (cm?/g) is the experimental specific
volume of the polymer; vo (cm?/g) is the theoretical occupied volume (volume of the
polymer extrapolated to absolute zero) of the polymer chains. It is typically calculated

by group contribution theory as described by Bondi'® and vw is the van der Waal’s
6



volume of groups comprising all polymer chains.

A continuous redistribution of free volume is allowed by polymer chain
movement in the rubbery state (beyond Ty), and the redistribution of free volume can
also occur at slower rates in the glassy state (below Tg). Figure 2 shows the

relationship between temperature and free volume in amorphous polymers.
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Figure 1.2 Specific volume (bold line) and occupied volume (dotted line) vs temperature curves

for an amorphous polymer!’

In Figure 1.2, the slope of specific volume versus temperature changes at the
glass transition temperature as a rubbery polymer is cooled. As a result, a difference
between the specific volume of the glass and extrapolated specific volume of the

rubber at 0 °K is yielded.

1.1.2.4. Trade-Off Relationship between Permeability and Selectivity

Polymeric membranes have been under development since the 1980s, and a

significant research domain is structure-property relationships related to membrane



gas transport properties’. To achieve enhanced gas transport properties, a large
number of polymers have been synthesized and modified, and this has led to the
recognition of a trade-off relation between selectivity and permeability'®2!. Polymers
with higher selectivity are less permeable, while those that are more permeable have

less selectivity (Figure 1.3).
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Figure 1.3 The 1991 upper bound correlation for O»/N, separation

In 1991, this notion was explained by Robeson quantitatively?’. The available
published transport property data of a multitude of various rubbery and glassy
polymers in the literature was plotted, and thus the term of “upper bound” relating to
the limitations of gas separation membranes was coined. This upper bound is based on
an empirical correlation between log-selectivity and log-permeability for the
separation of oxygen and nitrogen (Figure 1.2). In the figure, a linear trend was
observed, as the selectivity (o) increases as the permeability (P) decreases, and

vice-versa. Equation 1-10 describes the “upper bound”:



_ A4/B
@urp = BasslFy (1-10)

In equation 1-10, Aa/s and Bass are the upper bound slope and front factor, respectively,
and they are constants for gas pair A and B based on empirical observations initially
reported by Robeson for common gas pairs. The equation expresses the linear
relationship, as the permeability of an upper bound polymer gas A (Pa) increases, the

selectivity of the polymer for gas A over gas B decreases, and vice versa.

Robeson’s observed empirical upper bound relationship is based on experimental
data, however, it was supported Freeman and coworkers®* by theoretical analysis. The

upper bound slope Aas was predicted using activation energy theory as

dp+dg

Ragp = (7 = 1= (B (dp — dy) (1-11)

da and dg represent the penetrant diameter of polymer A and B. Comparing the
value of the (dp+da)/da® term, ds-da dominates, and this yields an accurate agreement
between theory and experimental observation. The front factor Pas was further
analyzed with the result of an upper bound slope Aa/s, giving a relatively complicated

relationship?*:
— Sa cMyB — — 1za -
B/ SBSA exp{ ?\%[b fx(RT)]} (1-12)

where Sa and Sp are the gas solubilities of A and B in the polymer, and the
solubilities can be determined by the relationships with gas boiling point Ty, critical
temperature Tc, or penetrant Lennard-Jones temperature (ea/k) by equations 1-13,

1-14 and 1-15%:



InS=m + 0.025Ts (1-13)
InS= x + 0.016T. (1-14)
InS= y + 0.023(s/k) (1-15)

where m, x and y values vary for different polymers. These correlations apply for both
aromatic and aliphatic polymers®®, with the exception of perfluorinated polymers

where the slopes are different.

Equation 1-16 describes the linear relationship between the activation energy of
diffusion Eq and diffusivity Do, and from this equation, constants a and b (in equation

1-12) are determined?:
InDy = a2 —b (1-16)

Finally, the f parameter can be determined by Equation 1-17, which relates the
activation energy of diffusion?’ Eq with the diameter of the penetrating molecule d.
The values of ¢ and f are constants and adaptable with respect to a specific polymer.
Freeman found that the value of f to obtain a match between the empirical upper

bound and his theory is approximately 12600 cal/mole.
Eg=cd* —f (1-17)

To achieve better gas transport properties, novel polymers have been designed
and synthesized for gas separation membranes, and this has provided access to more

data and the appearance of more advanced materials such as “thermally rearranged”
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(TR) polymers. As a result, the original upper bound was traversed as expected. In
2008, the tradeoff relationship between permeability and selectivity was re-addressed
by Robeson to include new data, and the upper bound was shifted?®. A significant
contribution of the upper bound shift for He/H> separation was mostly made by
perfluorinated polymers (Figure 1.4). The superior separation property of the
perfluorinated polymer is due to the high solubility of the gas in the perfluorinated
polymer. The permeability-selectivity tradeoff relationships were established based on
membrane performance at 25-35°C, primarily because most permeability data in the
literature were from measurements made in this temperature range. Recently, Rowe
and coworkers developed a model that describes the predicted upper bound behavior
shifts vertically with temperature?®, based on Freeman’s theoretical framework of the
trade-off relationship. The predicted upper bound shifts vertically with temperature,
and the direction and magnitude of the shift depends on the sizes and condensabilities

of the gases considered.
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Figure 1.4 The 2008 upper bound correlation for He/H» separation?®

1.2 Gas Separation Membranes

Since Permea built the first hydrogen separation Prism membrane plant in 1980,
membrane-based gas separation has rapidly grown into a $1.9 billion business (2015),
and is expected to reach close to $2.6 billion by 2020%. In the past few decades,
hundreds of thousands of new polymer membrane materials have been reported>®2,

and many have substantially high permeabilities and selectivities. In this section,

several classes of polymer membrane materials will be reviewed.

1.2.1 Polyimides(PI)

Polyimides are a class of polymer containing imide repeat units. They have been
in mass production since 1955. Due to their high heat-resistance, polyimides have
diverse applications in different areas, e.g. high temperature plastics, adhesives,
dielectrics, photoresists, nonlinear optical materials, and membrane materials for

separation®3.

Polyimide membranes can be extremely robust and can withstand
prolonged use at temperatures around 200°C or short exposure to temperatures up to
400°C. Their remarkable thermal stability is closely dependent on the molecular
structure of the repeat unit. Aromatic polyimides also tend to have good gas
permeabilities with high selectivities, which makes them a good competitive gas

separation membrane candidate. DuPont first applied polyimide membranes to

separate helium from natural gas in 1962. In 1981, Ube Industries launched another
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polyimide membrane production of Upilex-R. Since then, polyimide gas separation
materials have been widely studied and still maintain interest®!.

Matrimid® is a thermoplastic polyimide based on
5-amino-1-(4-aminophenyl)-1,3,-trimethylindane and 6-amino-1-(4-aminophenyl)
-1,3-trimethylindane*. It is a soluble fully imidized polyimide with excellent gas
separation properties. Comparing with some other commercialized gas separation
polymers such as Udel, cellulose acetate, etc., Matrimid has better gas separation
properties, especially in CO,/CHs separation. However, similar to all the linear
polymer membranes, Matrimid membranes suffer significant plasticization under CO>
exposure. As a result, the selectivity of CO»/CH4 decreases with time. As the
concentration of gas inside the polymer increases, the polymer can swell, which
increases free volume and chain motion that, in turn, increase gas diffusion
coefficients and decrease diffusion selectivity. This phenomenon is known as
plasticization®2. To overcome plasticization in the linear polyimide membranes, some
methods have been adopted by thermal treatment**3> and chemical crosslinking®6-8.
The plasticization can be reduced after thermal treatment or forming the crosslinked

polymer structure, but at the same time, the permeability of these modified

membranes usually decrease °.
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Figure 1.5 Structures of three commercial polyimides
Recently, fluorinated polyimides (Figure 1.5) have also been widely studied due

to their excellent gas separation properties***!

. Fluorinated polyimides generally
contain an aromatic imide moiety with hexafluoroisopropylidene linkages. The
hexafluoroisopropylidene group increases the stiffness of polymer chain relative to an
isopropylidene and decreases the chain packing efficiency due to steric hindrance.
This creates more free volume and increases the permeability.

Recently, a series of soluble polyimides with high gas permeability have been
reported*>*’. All of these polyimides share some common characteristics, such as
bulky side groups and non-coplanar spatial configuration. As a result of designing
these structural features, polyimides can be highly permeable due to high free volume
in the polymer structure. However, it is more difficult and less economical to obtain

these polyimides than that of typical polyimides because multiple steps of synthesis
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and purification are required.

1.2.2 Poly(Phenylene Oxide) (PPO)

In 1959, Hay and coworkers synthesized poly(2,6-dimethyl-1,4-phenylene oxide)
(PPO)* shown in Figure 1.6. It was the first commercial poly(phenylene oxide) and
was commercialized by General Electric*® (now Sabic Innovative Plastics) and AKZO
later®. The PPO polymer can be synthesized by various polymerization methods,
including oxidative coupling polymerization of 6-xylenol (Figure 1.7) and aromatic
nucleophilic substitution. Oxidative coupling polymerization is competitive because

of the moderate reaction temperature, halogen-free monomers and environmentally

friendly byproducts.>!
CH,
o} PPO®
n
CH;
Figure 1.6 Poly(phenylene oxide)
CH,
C-O coupling
- °h
CH,
o, CH,
OH
CuCl
CH,  Pyridine H;C CH;
| ———
C-C coupling o
H,C CH,

Figure 1.7 Oxidation coupling reaction
Like many glassy polymers, PPO and its derivatives are of interest for gas

separation applications because of their excellent transport properties. They have been
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extensively studied as potential membranes for CO,/CHs separation systems. The
methyl groups on the polymer backbone of PPO can disrupt of chain packing to
increase free volume, which enhances gas diffusion and gives a high permeability to
PPO. This high permeability makes it extremely attractive for gas separation
applications, but unfortunately the selectivity of the PPO membrane is too low for
many gas separation applications. Therefore, PPO and its derivatives such as
brominated PPO, nitrated PPO, sulfonated PPO, etc. have been studied to improve its
selectivity.

It has been reported that PPO and its carboxylated derivative (CPPO) can adsorb
COz and CH4 and their binary mixtures®>. The dual model sorption model predicts
mixed gas sorption based on pure gas sorption parameters. Polymers with different
chemical structures having a wide range of permeabilities have been included in in a
paper to extend the mixed gas sorption database, and to confirm the accuracy of the
accuracy of the model®®. Therefore, those mixed gas dual mode sorption model with
confirmed accuracy can be applied to any gas/polymer system.

It was found that the permeability of PPO varies with the degree of bromination,
and the magnitude of the change is related to the nature of the gas®*>°. For example,
the percentage of increase is higher for a gas with lower condensability, and
concentration-averaged diffusivities of CH4 and CO; also show some variation with
the extent of bromination. It is also worth noting that when the bromination was
increased to 91%, the diffusivity of CO: increased notably, but CH4 decreased slightly.
These observations were interpreted in terms of changes in the average packing,
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torsional mobility of the chain segments, and the cohesive energy density of the
polymer. IR spectra of brominated high molecular weight PPO membranes revealed
that brominating PPO at the phenyl ring results in decreasing both the in-plane C-H
bending (1180 cm!) and the C-O-C torsional motion (1300 cm'). At 37.4%
bromination and higher, splitting in the 1180 cm™! band was observed due to different
modes for C-H bending occurring, because a portion of the methyl groups were
hindered by adjacent bromine substituents. Comparing with PPO, as the degree of
bromination was increased to 37.4%, the permeability of gases in the brominated PPO
membranes only increased slightly, while the permeability of gases almost doubled at
60% bromination®®. In summary, both the IR spectral observations and the trend in
gas permeability data confirmed the proposed mechanism that higher bromination
degrees are needed to increase the rate of diffusional jumps by enhancing the
permeability of gases through stiffening the PPO backbone.

Another PPO derivative membrane was prepared by chemical modification
through sulfonation using chlorosulfonic acid®’. The modified structure of PPO and its
interactions with gaseous molecules were confirmed by FTIR and X-ray diffraction. It
was tested for the separation of CO,/CHsmixtures. Differential scanning calorimetry
(DSC) and scanning electron microscopy (SEM) was used to investigate thermal
stabilities of the modified polymers and membrane morphology, respectively, while
the tensile strength was measured to evaluate their mechanical stabilities. The
modified forms of PPO showed relatively lower mechanical property than the
unmodified polymer membrane.
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1.2.3 Cellulose Acetate (CA)

Cellulose esters (Figure 1.8) have been commercialized for over a century as
natural polymers, because of their enhanced physical properties by esterification of
cellulose into various useful forms. Cellulose esters can be applied as adhesives,
coatings, liquid crystal displays, biodegradable plastics, and separation media®. In the

1980s, cellulose acetate was introduced for reverse osmosis membranes and

commercialized later for gas separations, especially for natural gas separations®-!,
oH OCOCH,
OH o o H,COCO
Ho— = I”””I//\\\“ § )I\OJ\ /CSCOCO/\\ ””llu\\\\\““ 0
S o—_4¢ 0

H,50, © n

o " HsCOCO OCOCHS
OCOCH,
Cellulose Cellulose Triacetate

Figure 1.8 Acetylation of cellulose

Cellulose acetate can be produced by acetylation of cellulose using acetic
anhydride or acetic acid®®. The exchange of a hydroxyl group with acetate groups
reduces crystallinity and hydrogen bonding to improve the solubility of cellulose
acetate in common solvents and processibility via various methods. As only three
functional groups of cellulose can be converted to acetate groups in one repeating unit,
the degree of acetylation (degree of acetate substituents, DS) is generally from zero to
three. DS has been shown to affect gas transport properties of cellulose acetate. As it
increases, the permeability of cellulose for all common gases increases®’. By

replacing the polar hydroxyl group by the bulky acetate group, hydrogen bonding is
18



reduced, and this decreases the polymer density to provide a polymer structure with
higher free volume.

Cellulose acetate membranes have been well developed and applied in industry,
because of their low cost and abundance®?. However, a crucial weakness of cellulose
acetate membranes is that they can be plasticized by CO; and this decreases
membrane selectivity. For CH4/CO; separation, the reduction of membrane selectivity

is undesirable because it decreases methane recovery in natural gas separations.

1.2.4 Polysulfone (PSF)

Polysulfones are a family of engineering thermoplastics with high chemical and
thermal stability. In the backbone structure, the existence of electron withdrawing,
kinked, sulfone groups (aryl-SO,-aryl) and rigid phenylene rings restrict molecular
mobility, resulting in a completely amorphous material with high Tg, high strength,
good creep resistance, dimensional stability, and high heat deflection temperatures®®
63 A great number of polysulfones have been commercialized, such as Udel®,
Victrex®, Radel®R and Radel®A (Figure 1.9). Most commercial polysulfones can be

synthesized by nucleophilic aromatic substitution.
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Figure 1.9 Structures of commercial polysulfones

The first polysulfone membrane used for gas separation, bisphenol A sulfone
(Udel®), was developed by Monsanto in the late 1970s. Since then, the gas separation
performance of these commercial polysulfones and their variants have been
comprehensively studied. For commercial polysulfones, the permeability coefficient
for all gases ranks in this order: Udel®~ Radel®R> Radel®A> Victrex®.

Aguilar-Vega and coworkers assessed the effect of substitution of aromatic
groups on the bisphenol connector unit of bisphenol-A based polysulfone materials on
their gas transport properties®®. Substitution of a methyl group by a phenyl ring results
in a slight increase in permeability coefficients, and with similar to slightly higher
selectivity for all gases comparined with polysulfone. The increases in permeability
are related to the larger fractional free volume derived from aromatic substitution.
Replacing the methyl groups in the polysulfone by two locked phenyl rings (fluorene
bisphenol polysulfone) leads to doubling of permeability and solubility coefficients.
The fluorene based polysulfone materials were shown to have the highest thermal and

oxidative stability by thermal measurements, and they also have the largest fractional
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free volume and the largest permeability coefficients. Therefore, such aromatic
substitutions can be useful for developing gas separation membranes, which can be
used in harsh thermal or oxidative environments.

A series of phenyl-substituted polysulfones were tested for their gas permeability,
diffusivity, and solubility at 35 °C and pressures up to 20 atm®. Gas permeabilities
and diffusivities were significantly lower for polysulfones bearing aryl substituents
relative to those of unmodified polysulfones, and this was attributed to the increased
restriction to sub-Tg torsional motion and decreased fractional free volume in the
substituted polymers. Benzylic amine-substituted polysulfones exhibited higher CO-
solubility and CO,/CHs solubility selectivity compared with polysulfone, most
probably because of the favorable interactions between basic CH>-NH> groups and
CO2 molecules. However, CO> diffusivity in substituted polysulfones was not as high
as expected considering free volume, which indicates that benzylic amine moieties
and CO> interactions might be strong enough to block CO> mobility in the modified
polymer. All the above results agree with infrared spectroscopy data that indicated the
benzylic amino groups undergo a reversible reaction with CO, and form carbamate
moieties.

Investigation were conducted to understand effects of the symmetrical structure
of phenylene linkages and methyl group placement on the properties of
polyether-polysulfones prepared from 4,4'-difluorodiphenyl sulfone and bisphenols®®.
The symmetrical polysulfones were found to have lower selectivity coefficients and
higher gas permeabilities compared with the asymmetrical polymers. The

21



polysulfones that were di-methylated or with m-phenylene linkages on the bisphenol
unit had lower fractional free volumes and glass transition temperatures, but higher
sub-T, relaxation temperatures. Generally, the chains of the asymmetrical polymers
were more efficiently packed and appeared to have greater mobility constraints,
stemming from both intramolecular and intermolecular origins, than their symmetric
counterparts. All of these features influenced properties and especially their
permeation behavior.

Unmodified and aryl-nitrated polysulfones have also been reported. Their gas
permeabilities and permselectivities include CO2, CHa, Oz and N»®’. Permeabilities for
all gases decreased with aryl nitration, but permselectivity increased for CO2/CH4 and
02/N> gas pairs. These results were attributed to changes in torsional mobility,
packing density, and inter-chain attractions derived from the polar nitro group.

Polysulfone oligomers have have also been shown to be good toughening agents
for epoxy thermosets to improve the mechanical prosperity of the systems. Yoon et al.
investigated amine-terminated polysulfone modifiers that varied in molecular weights
from 5000 to 20000 g mole™!. Significant improvements in fracture toughness of
thermoplastic-modified networks were achieved®®’’. Varley examined the effect of
addition of a reactive controlled molecular weight (M,~8000 g/mole) polysulfone on
the final properties and network structure of a Trisglycidyl-p-aminophenol (TGAP) /
4,4’-diamino-diphenyl-sulfone (DDS) system after cure and post-cure. The toughness
was found to be related to morphology of this copolymer system, with relatively small
increases in toughness observed when the morphology remained dispersed particulate
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or co-continuous in nature. An obvious large increase in toughness was observed
when the morphology became phase inverted’!"’2.

Compared with other commercial polymers including polycarbonate, cellulose
acetates and polyimides, polysulfones remain competitive for Ho/N> separations but

not for CH4/CO; separations.

1.3 Thermally-Rearranged (TR) Polymers

1.3.1 Overview of Thermal Rearrangement Technique

Recently, Park et al. introduced a new class of polymer membranes that he called
“Thermally-Rearranged (TR) Polymers” with outstanding gas transport properties,
especially for CO2/CHj4 separations (Figure 1.10). These TR polymers can be prepared
by a thermal rearrangement process in the solid state of thermally rearrangeable
precursor ortho-hydroxy polyimides’7%. Synthesis of TR precursor polyimides and
the thermal rearrangement process of precursor polyimides will be reviewed later in

this chapter.
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Figure 1.10 CO/CHj4 separation properties of various emerging polymer materials reported in the

literature®. Black and red symbols represent TR polymers.

Thermally rearrangeable precursor polyimides are a family of polyimides with
ortho-functional aromatic imide repeat units. The ortho-position functionality has
been postulated to include -OR, -SR and —NR groups. In the thermal rearrangement
process, soluble precursor polyimides partially or completely rearrange to insoluble
polybenzoxazoles (PBOs) if OR or OH are in the ortho-position to the imide. Each
mole of repeat unit is able to release two moles of CO; to form a new benzoxazole
unit via either intramolecular or intermolecular routes. It is believed that the free
volume increases after the thermal rearrangement is due to CO> molecules escaping
from the original polymer matrix, and intermolecular rearrangement causes
crosslinking of the polymer structure. This process provides excellent resistance to

CO»-induced plasticization of the TR polymers.

24



1.3.2 Synthesis of TR precursor polyimides

Aromatic TR precursor polyimides were synthesized by several different
methods, and research revealed that synthetic routes can also affect the gas transport
properties. In this section, three different synthetic strategies will be discussed.
Technically, all these synthetic methods can be applied to produce TR precursor

polyimides.
1.3.2.1 Two-step polyimide synthesis

Polyimides, as a class of high-performance polymer, often contain wholly
aromatic backbones, with excellent thermal stability and chemical resistance, as well
as good mechanical properties’”’. Most commonly, polyimides are prepared through
condensation, or step polymerizations of organic diamines with organic
tetracarboxylic acids or derivatives, such as dianhydrides or tetraacid chlorides. A
general chemical structure of an aromatic or cycloaliphatic polyimide is given in
Figure 1.11. Commonly used dianhydrides and diamines are provided in Figure 1.12,

along with acronyms that will be used throughout this dissertation.
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R' = aliphatic or aromatic

Figure 1.11 Generic structure of a polyimide
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Figure 1.12 Commonly used aromatic dianhydrides and aromatic diamines in polyimide synthesis



The first report of polyimide synthesis was in 1908 by Marston Bogert’.
However, it was nearly fifty years until high molecular weight polyimides were
reported by DuPont in the 1950s’°. The most common procedure for synthesizing
polyimides is the classical two-step poly(amic-acid) method. The reaction proceeds
first by combination of an aromatic diamine with a dianhydride at ambient
temperature in a dry, polar aprotic solvent®® such as N-methylpyrrolidinone (NMP),
dimethylformamide (DMF), or N,N-dimethylacetamide (DMAc). The resultant
poly(amic-acid) intermediate forms rapidly and is subsequently dehydrated (cyclized)
by either thermal or chemical imidizations to the imide product, as shown in Figure
1.13. Kapton™(DuPont), was one of the first commercial polyimides developed in the
1950’s and it is synthesized by the two step reaction of PMDA with
4,4’-diaminodiphenyl ether (ODA). In 1962, Endrey first achieved a high molecular
weight polyimide using this synthetic route and it has received large attention over the

past few decades due to its attractive soluble poly(amic-acid) intermediate®!.
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Figure 1.13 Formation of a polyimide via a poly(amic-acid) intermediate.

Many polyimides are infusible, intractable, and exhibit poor processability due to
their planar, aromatic nature. Therefore, they must be processed or shaped into usable
materials in the first stage prior to imidization in the second. The two-step method
became popular because it allowed commercial processing of polyimides via the
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soluble poly(amic-acid) pre-polymer. The following discussion will address issues
relevant to the poly(amic acid) synthetic route such as solvent selection, reaction
conditions and the mechanism of imidization.

In the classical two-step reaction, a suitable diamine can be combined with a
dianhydride to generate a poly(amic-acid) in a polar aprotic solvent (NMP, DMAc,
DMF, DMSO) at ambient temperature. Dry reaction conditions are critical to the
attainment of high molecular weight poly(amic-acid)s. Nucleophilic attack by the
amine nitrogen’s lone electron pair onto the sp2 carbon of the carbonyl displaces the
carboxylate functionality, and, following proton transfer, creates a polyimide
intermediate ~ with  an  ortho-substituted  carboxylic acid (or an
o-carboxycarboxyamide)®?>. Figure 1.14 shows the reversible formation of a
poly(amic-acid), and the forward reaction rate constant is much larger than the
reverse®®. The figure illustrates a straightforward reaction of monomer to

poly(amic-acid).
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Figure 1.14 Mechanism of Poly(amic-acid) formation
Polyimide formation is a condensation reaction and therefore monomer purity
and precise stoichiometry are vital for the formation of high molecular weight
polymer. Being a second-order reaction, an increase in monomer concentration will

form higher molecular weight polyimides as well as reduce the amount of impurities
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from solvent degradation. Likewise, increasing the monomer concentration will result
in higher amine/water ratios, diminishing the effect of water formed via
cyclodehydration into the imide structure on the dianhydride monomers®*. The
two-step method is also sensitive to temperature. The reaction is exothermic and
cooler temperatures are favored to drive the equilibrium. Typically, synthesis of
poly(amic-acid)s is conducted at temperatures between -20 and 70 °C, and a viscosity
increase is evident when equimolar amounts of monomer have reacted. Synthesis
temperatures exceeding 70°C inhibit the attainment of high molecular weight due to
the effect on the equilibrium of the poly(amic-acid) formation®’.

Side reactions have been historically elusive to quantify, as they are accompanied
by inconsistent concentrations of impurities. They can be eliminated under rigorous
conditions with carefully dried solvents and pure monomers. One side reaction that is
unavoidable is the reverse equilibrium reaction to regenerate diamine and dianhydride.
Because the equilibrium constant (Keq) for the reaction is so large, the reverse
reaction does not prohibit producing high molecular weight polymer®S. If this were the
only side reaction present, the number-average degree of polymerization (Xn)
calculated for most poly(amic-acids) would be greater than 300, as (X,~ Keq”).
Practically, poly(amic-acid)s typically have X, values between 25 and 275, or a
number-average molecular weight (My) of 10,000 to 100,000%°.

Dianhydride hydrolysis by traces of water remaining in the polar aprotic solvent
(DMAc, NMP, etc.) or introduced with the monomers is the most significant side
reaction in the polymerization and will prohibit high molecular weight by offsetting
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stoichiometry due to hydrolysis of the dianhydride or amide linkage. Hydrolysis of

8788 "as shown in Figure

the dianhydride with water results in a di-acid functionality
1.15. Water introduced from improperly dried solvent or monomer is not the only
source of water in the reaction. Upon imide ring closure, water is produced and can
effect hydrolysis reactions on other chains or react with nearby amide groups. It has
been shown that the choice of dehydrating agent can play a role in forming an imide

or imine structure in studies comparing the effect of tertiary amines in selecting for

one structure or the other®”.
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Figure 1.15 Possible reactions of the dianhydride route to imide formation
Solvent degradation to monofunctional amines is a common source of impurity
in amide solvents®®. Monofunctional amines will compete with a diamine in the

reaction with a dianhydride, effectively capping one end of the polymer chain, and
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upset the reaction stoichiometry.

The second step in the two-step method is conversion of the soluble
poly(amic-acid) into the (usually) intractable polyimide. Thermal imidization is
commonly used to form polyimides, usually after casting a film. The poly(amic-acid)
is taken through a heating cycle, often step-wise, ranging in temperatures from
100-400°C under vacuum or inert atmosphere®® 3+ °!. One of the most conventional
heating cycles maintains a temperature of 100°C for one hour, within one-hour the
system is heated to 200°C and maintained one hour, before finally heating to 300°C
and holding for an hour. Final imidization temperatures vary due to the numerous
molecular structure combinations possible, but the temperature should exceed the
glass-transition temperature (Tg) of the polyimide to ensure adequate molecular
mobility for the ring formation. As the conversion from poly(amic acid) to polyimide
proceeds, the Ty increases and molecular mobility decreases. At a given temperature,
the polymer transitions from a flexible rubber into a rigid glass. Although the exact
mechanism is still not clear, it is proposed to go through a nucleophilic substitution
type mechanism involving the amide nitrogen and the ortho-carboxylic acid. Two

acceptable mechanisms proposed by Harris’ are shown in Figure 1.16.
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Figure 1.16 Two possible mechanisms of thermal imidization

The degree of imidization that ultimately occurs under thermal conditions is in

itself variable and concerns over the completeness of reaction have been expressed®”

2. The extent of imidization is most notably a function of the heating cycle.

Fourier-transform infrared spectroscopy (FTIR) is the primary method used to

quantify the degree of imidization. Three characteristic absorption bands are primarily
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used: 1780 cm! (C=O asymmetric stretch), 1380 cm™(C-N stretch), and 720
cm(C=0 symmetrical bending stretch)’!. It has been postulated that films are the
easiest to imidize, fibers are the hardest, and powders are intermediate. The degree of
imidization in films ranges from 92-100%. However, for fibers, the degree of
imidization is sometimes below 90%°°.

The chemical imidization of a poly(amic-acid) utilizes catalysts and chemical
reagents to dehydrate the poly(amicacid) at ambient temperatures®! *>4. While there
is an economical benefit in reducing the amount of energy required to cyclodehydrate,
the thermal route is often preferred industrially’’. A benefit of chemical imidization is
that the polymer is not exposed to harsh thermal conditions which could degrade the
mechanical integrity and molecular weight of the polymer”. According to the patent
literature®!- 3, the poly(amic-acid) is dehydrated by treatment with a lower molecular
weight fatty “monobasic” acid anhydride, i.e. acetic anhydride. Endrey states that
although cyclodehydration can occur solely in the presence of the carboxylic acid
anhydride, it is beneficial to add a stoichiometric amount of a tertiary amine as a base
catalyst to aid the cyclization. The most commonly used dehydrating reagents are
equimolar mixtures of pyridine/acetic anhydride or acetic anhydride/triethylamine®’.
In the chemical imidization method, the polyimide may precipitate from the mixture
depending on its solubility. Premature precipitation may indicate low molecular
weight as polymerization will cease upon precipitation due to the heterogeneous

conditions in the reaction.
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Figure 1.17 Mechanism of chemical imidization

Chemical imidization begins through formation of a complex between the
pyridine and acetic anhydride, as seen in Figure 1.17, which leads to formation of two
mixed anhydride structures through a nucleophilic substitution reaction. The tertiary
amine (pyridine in this case) serves two important roles. First, it converts the
anhydride into its ionic form, promoting its nucleophilicity. It also serves as the
counter-ion in the salt that forms when the acetate deprotonates the carboxylic acid.
The carboxylate is more nucleophilic than the acid and is thus more prone to
nucleophilic attack to form the mixed anhydride. Note that the mixed anhydride
formation in the first step eliminates the carboxylic acid proton and eliminates the
reverse reaction. Reaction pathway A produces the imide from cyclization of the

mixed anhydride and is thermodynamically favored.
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Figure 1.18 Mechanism of the rearrangement from isoimide to imide

The other possible mixed anhydride, the precursor to pathway B, can follow
pathway B to form the isoimide structure, which under certain conditions can
isomerize to form the desired imide product. A detailed mechanism®® for isoimide to
imide isomerization is shown in Figure 1.18.

Developments in the synthesis of polyimides improved the solubility of new
wholly aromatic polyimides, driving investigations of a single-step solution
imidization route. This method reacts an aromatic diamine and dianhydride in a
stirred, high-boiling solvent at temperatures usually between 180-220°C and requires

solubility of the final polyimide®®*’

. Unlike the two-step method, where the
poly(amic-acid) is formed as a prepolymer and processed before a final imidization
step, solution imidization reaction conditions cause chain extension and imidization to
occur simultaneously. Commonly, solution imidization is performed using solvents in

conjunction with a tertiary amine catalyst. The most commonly used solvents are

nitrobenzene, a-chloronaphthalene, o-chlorophenol, m-methoxyphenol, and m-cresol
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with an isoquinoline catalyst®®. Occasionally, the polyimide will precipitate from the
reaction due to crystallization. Harris et al. reasoned that higher temperatures allow
excellent solvation of the polyimide and can be used to achieve conformations
amenable to higher degrees of chain packing, which leads to crystallization and
precipitation.

An important feature aside from polymer solubility in the solution imidization
method is the use of an azeotropic distillation to remove the water produced upon
cyclodehydration to the imide®. This is achieved by addition of a Dean-Stark
condenser to the reaction vessel and performing the reaction at elevated temperatures
(150-180°C). The azeotropic solvent is refluxed throughout the course of reaction to
remove any traces of water during the polymerization. In such a system, traces of
water produced upon imide ring closure will be less likely to disrupt the stoichiometry
of the reaction due to the azeotropic distillation. Common azeotropic solvents utilized

are o-dichlorobenzene (0-DCB), xylene, toluene or cyclohexylpyrrolidone.
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Figure 1.19 Possible imidization mechanism of the one-step, or solution imidization route
Kim et al. proposed a cyclization mechanism for one-step solution imidization!%,
provided in Figure 1.19. It was shown that solution imidization occurs under unusual
kinetics and followed an acid-catalyzed second order reaction, which could allow
milder reaction conditions with lower temperatures and shorter times. Furthermore,
the solution imidization process is not hindered by the increase in glass transition

temperature that is observed in solvent cast film imidization.
1.3.2.2 Ester-Acid Method

In the 1970s, NASA termed the reaction PMR for polymerization of monomeric
reagents'®!. The PMR method uses soluble, hydrolytically stable monomers that react
at temperatures in excess of the polymer Ty to form a polyimide. The PMR-15

polyimide, an important aerospace composite matrix, is synthesized via this route by
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combining the dimethyl ester of 3,3’,4,4’-Benzophenone-tetracarboxylic dianhydride
(BTDA) and 4,4'-Methylenedianiline (MDA). The reaction route to form a
crosslinkable PMR resin is shown in Figure 1.20!%2. The polymer is endcapped with
the ester-acid of norbornenedicarboxylic anhydride (NA) to allow post-imidization

crosslinking.
o ¢} o o
OH H, HsCO OH
2 + @+1) PN < > —C 4@*”‘2 o
OCH, HO OCH,
o [} o
J 120- 230C
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275-325C
Thermally Crosslinked Polyimide Resin
Figure 1.20 Proposed mechanism for polyimide formation via the ester acid route
This ester-acid method provides a few advantages over the two-step route. Any
trace water present in the reaction will not hinder the formation of high molecular
weight polyimide because the diester-acid, not the anhydride, is the monomeric
reagent. In addition, the ester-acid is generally more soluble in polymerization
solvents than the respective dianhydride or tetra-acid. Moy et al. proposed an
103

anhydride formation mechanism for polyimide formation via the ester acid route

shown in Figure 1.21.
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Figure 1.21 Proposed mechanism for polyimide formation via the ester acid route

1.3.2.3 Other Polyimide Synthetic Strategies

Springer et al. first reported the trans-imidization reaction where phthalimide
was treated with methylamine at room temperature to yield N-methylphthalimide by
stirring the intermediate in water'%*. The trans-imidization method is also known as
the amine-imide exchange reaction. Using a system of difunctional monomers with
increased reactivity, Imai et al. were able to obtain high molecular weight polyimides
via trans-imidization'®. The reaction is shown in Figure 1.22. The reaction is slow but

formed high molecular weight poly(amic amide) in seven days at room temperature.
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Heating to 240°C cyclized the poly(amic amide) to the polyimide. The byproduct,
ethyl carbamate, was removed under vacuum. The interchange reaction requires that

the exchanging diamine be as (or more) basic than the monoamine being displaced.

o) o

Figure 1.22 Synthesis of a polyimide via trans-imidization

1.3.3 Thermal Rearrangement Process

Figure 1.23 shows the TR conversion from a 6FAP-6FDA-EA TR precursor to a
6FAP-6FDA-EA TR polymer (EA stands for the synthetic route of the precursor
polyimide as the Ester-Acid route). Generally, the thermal rearrangement process
occurs as the temperature reaches the glass transition temperature of the precursor
polyimides. Ideally, the potential range of the thermal rearrangement reaction is from

near the glass transition temperature to the temperature where degradation begins to
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occur on the polymer membrane. A TGA curve shown in Figure 1.24 of a
6FAP-6FDA-EA TR precursor shows the thermal rearrangement range highlighted!®.
The TR conversion of the membrane is controlled by the heat treatment time and the
temperature. For example, low-conversion samples were held at 350°C for 60 minutes,
and high-conversion samples were held at 450°C for 30 minutes.
meta position
O RO
TR temp.
T IEN{ LN “@% DN
- leaving group
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CF3 CFs
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N O CFa 5 | A CRals | ) 6FAP-6FDA TR polymer

T,
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300 2 or 450°C
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- Heating: 5°C/min
25 N, atmosphere

time
Figure 1.23 Thermal Rearrangement of 6FAP-6FDA-EA TR polymer and its protocol

The degree of thermal rearrangement conversion of the membranes was
calculated by the weight difference between the precursors and the final TR polymer,
since a significant weight loss occurs during the thermal treatment process. Therefore,
the degree of conversion towards the final thermally rearranged product is usually
defined as:
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Figure 1.24 Thermal gravimetric analysis of TR precursor polyimides

The experimental mass loss is the weight loss measured after the thermal treatment
and the theoretical mass loss is the expected weight loss assuming that the
imide-to-benzoxazole conversion is fully achieved (release of two CO, per repeat unit
when the ortho substituent is OH).

The assessment of conversion from Equation 1-18 assumes that the actual mass
loss is exclusively due to the imide-to-benzoxazole rearrangement conversion.
However, thermal degradation, particularly at high temperatures, may also contribute
to weight loss simultaneously with the imide-to-benzoxazole rearrangement process 2.
Additionally, conversion of the polyimide to the TR polymer could proceed via an
intermolecular reaction as well as through intramolecular conversion. Furthermore,
during the thermal conversion, loss of pendant ortho substituents such as acetate
groups, leaving a hydroxyl group in their place, would then undergo the thermal

rearrangement to form the benzoxazole moieties. Thus, in those cases, the acetate
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groups must also be accounted for in the weight loss!%6-107,
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Figure 1.25 Proposed mechanism for imide to benzoxazole rearrangement

As a result of limited characterization methods, the mechanism of the thermal
rearrangement process of ortho-functionalized polyimides is still under investigation.
However, it is widely accepted that the TR process partially undergoes intermolecular
as well as intramolecular rearrangement during the thermal treatment!%®1%. The
resultant polybenzoxazoles are insoluble due to this crosslinking and they have
enhanced CO; résistance against plasticization after the heat treatment. There is a
commonly satisfied hypothesis that the mechanism involves intra- and inter-
molecular cyclization, forming a benzoxazole structure from imide structures shown

in Figure 1.25"%1 In this proposed mechanism, the starting material
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ortho-hydroxyimide rearranges to a carboxyl-benzoxazole followed by
decarboxylation in the range of 300450 °C, and ends up with a fully aromatic
benzoxazole repeat unit structure in the polymer backbone. After thermal
rearrangement, the newly formed, crosslinked polybenzoxazole chains are much more
rigid than the precursor chains, so that any physical changes such as relaxation after

the TR conversion becomes less likely'%.

1.4 UV-Crosslinked Polymers

High permeability and high selectivity are two fundamental characteristics
required of polymeric membranes to improve gas separation processes. The other key
factor is maintaining this performance over the life of the membrane. A major issue is
that of so-called physical aging, which is the densification of a glassy membrane over
time. This is accelerated in these very thin membranes due the large amount of surface
area. Membrane performance can be improved by the synthesis of new polymers, by
modification of existing polymers, or by a combination of the two. There are some
indications from the literature that crosslinking of polymeric membranes with high
performance gas separation properties may be a useful way to change the balance
between intrinsic permeability and selectivity in a beneficial manner!''?!1,
Crosslinked polymer films offer obvious advantages as membranes, particularly in

terms of stability. Without crosslinking the material will tend to swell when exposed

to certain gas mixtures, and hence separation properties are affected!!”!2°,
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The first reported UV-crosslinked polymer with improved gas separation
performance was found in the patent literature'?!. Since then, many studies have been
focused on the effect of UV crosslinking on the gas permeation properties of polymer
films'?2. Kita and co-workers expressed that UV crosslinking can cause increasing of
selectivity of thick polyimide films, but it was difficult to compare these data with the
intrinsic properties of homogeneous polymers with curing because the degree of
crosslinking in the film was not uniformly distributed. Wright et al. applied a UV

crosslinking strategy to polyarylate films to improve their selectivity'?.
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Figure 1.26 The proposed UV crosslinking mechanism for a benzophenone-based polyarylate

where X is the connector group: C(CH3)., C(CF3); or fluorene.

A mechanism for UV crosslinking of polymers with a benzophenone unit and a

benzylic hydrogen donor group have been extensively studied. The widely accepted

112, 124-125

mechanism is shown in Figure 1.26. Under UV exposure, the benzophenone
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carbonyl pi bond will be cleaved to provide a carbon radical and an oxygen radical.
The oxygen radical trends to abstract a relatively labile benzylic hydrogen from a
nearby source to form another carbon radical. At least two types of crosslinked
products can form. The progress of this crosslinking reaction can be tracked by FTIR

spectroscopy with the decay of the benzophenone carbonyl peak (1678 cm™).
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CHAPTER 2: MONOMER PURIFICATION AND

SYNTHESIS

2.1 Introduction

Step-growth polymerizations involve the stepwise, sequential condensation of
difunctional monomers. To produce high molecular weight, linear polymers, several
general criteria need to be met. These critical requirements include that (1) the
monomers must have perfect difunctionality; (2) high monomer and reagent purity
must be achieved to ensure one-to-one molar stoichiometry of monomers; (3)
monomers need to have high reactivity towards one another, and not participate in any
side reactions; and (4) very high (> 99%) conversion is also required. The following
sections describe the careful purification and preparation of solvents and monomers

required for these polymerizations.

2.2 Purification of Solvents and Reagents

Methanol

Chemical Structure: CH3;OH
Source: Spectrum Chemicals
Molecular Weight: 32.04 g/mole
Boiling Point: 64.7°C

Purification: Used as received for polymer precipitations.
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Ethanol

Chemical Structure: CH;CH,OH

Source: Spectrum Chemicals

Molecular Weight: 46.07 g/mole

Boiling Point: 78.4°C

Purification: Used as received and as a solvent for recrystallization and the Ester-Acid

polymerization reaction.

Isopropanol

Chemical Structure:

OH

N

Source: Spectrum Chemicals
Molecular Weight: 60.10 g/mole
Boiling Point: 82.6°C

Purification: Used as received for polymer precipitations and recrystallization.

Chloroform

Chemical Structure: CHCl;
Source: Spectrum Chemicals
Molecular Weight: 119.38 g/mole

Boiling Point: 61.2°C
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Purification: It was stored over activated 3A molecular sieves and used as a solvent

for titration and film casting.

Toluene

Chemical Structure:

O

Molecular Weight: 92.14 g/mole

Source: Sigma Aldrich

Boiling Point: 110.6°C
Purification: Used as received and as an azeotropic solvent for polymerization

reaction.

Pyridine

Chemical Structure:

Source: Sigma Aldrich

Molecular Weight: 79.10 g/mole

Boiling Point: 115.6°C

Purification: Used as received and as a solvent for the synthesis of poly(phenylene

oxide) oligomers.
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Triethylamine (TEA)

Chemical Structure:

B

SN
Source: Sigma Aldrich
Molecular Weight: 101.19 g/mole
Boiling Point: 89.5°C
Purification: Used as received and as a base for the Ester-Acid polymerization

reaction.

1,2-Dichlorobenzene (0-DCB)

Chemical Structure:

Cl

Cl

Source: Sigma Aldrich

Molecular Weight: 147.01 g/mole

Boiling Point: 180.5°C

Purification: Used as received and as an azeotropic solvent for Ester-Acid

polymerization reaction.

N-Methyl-2-Pyrrolidone (NMP)

Chemical Structure:
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Source: Sigma Aldrich

Molecular Weight: 91.3 g/mole

Boiling Point: 202-204°C

Purification: NMP was vacuum distilled from calcium hydride and stored in a flask

with activated 3A molecular sieves.

N,N-Dimethylacetamide (DMAc)

Chemical Structure:
0
Py
Source: Sigma Aldrich
Molecular Weight: 87.12 g/mole
Boiling Point: 165.1°C

Purification: DMAc was vacuum distilled from calcium hydride and stored in a flask

with activated 3A molecular sieves.

Potassium Carbonate

Chemical Structure:

0]

PN

K*-0 O K+
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Source: Sigma Aldrich

Molecular Weight: 138.21 g/mole

Purification: Potassium carbonate was received as a white solid and if necessary
ground by mortar and pestle. Potassium carbonate was dried under vacuum at 160°C

for 12 hours before use as a base in polymerization reactions.

Copper (I) Chloride

Chemical Structure: CuCl
Source: Sigma Aldrich
Molecular Weight: 99.00 g/mole

Purification: Copper Chloride was reagent grade purity (97+%) and used as received.

Trifluoromethanesulfonic acid (Triflic Acid)

Chemical Structure:

n—/2~0

F3C_

(]

Source: Sigma Aldrich
Molecular Weight: 150.08 g/mole
Boiling Point: 162°C

Purification: Used as received.

Phenol
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Chemical Structure:
O

Molecular Weight: 94.11 g/mole

Source: Sigma Aldrich

Melting Point: 40.5 °C

Purification: Used was received.

2,2,2-Trifluoroacetophenone

Chemical Structure:
: (0]
CF

Molecular Weight: 174.12 g/mole

3

Source: Sigma Aldrich

Boiling Point: 165-166 °C

Purification: Used was received.

3-Aminophenol (m-AP)

Chemical Structure:

HO. : _NH,

Molecular Weight: 109.13 g/mole

Source: Acros Organics

Melting Point: 120-124°C
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Purification: m-AP was received as a light yellow solid and used as an end-capping

reagent for oligomerizations.

2.3 Purification of Monomers

4,4’-Dichlorodiphenyl sulfone (DCDPS)

O

Molecular Weight: 287.15 g/mole

Chemical Structure:

O

Source: Solvay

O—wn—="0

Melting Point: 145-147°C
Purification: DCDPS was recrystallized from toluene and produced large white
crystals that were pulverized prior to drying. DCDPS was dried under vacuum at

100°C for 12 hours before use in polymerization reactions.

4,4’-Biphenol (BP)

Chemical Structure:

Source: Eastman Chemical
Molecular Weight: 186.21 g/mole

Melting Point: 282-284°C
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Purification: BP was received as a sample in monomer grade purity and dried under

vacuum at 100°C overnight before use in polymerization reactions.

2,2°-Bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6 FDA)

Chemical Structure:

0 CCF, o
Source: Air Products & Chemicals
Molecular Weight: 444.24 g/mole
Melting Point: 244-247 °C
Purification: 6FDA was received as a white solid and dried under vacuum at 160°C

for 24 hours before use in polymerization reactions.

3,3"-Dihydroxybenzidine (p-HAB)

Chemical Structure:

HO,

- O O "

OH

Source: TCI Chemicals
Molecular Weight: 216.24 g/mole
Melting Point: 292 °C

Purification: p-HAB was recrystallized from a mixture of DMAc and methanol, and
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dried under vacuum at 80°C for 12 hours before use in polymerization reactions.

2, 6-Xylenol

Chemical Structure:

OH

Source: Sigma Aldrich

Molecular Weight: 122.16 g/mole

Melting Point: 43-45°C

Purification: 2,6-Xylenol was received as a yellow solid with purity 99+%. It was

heated at 80°C for 0.5 h to melt it before use in polymerization reactions.

4,4°-Difluorobenzophenone (DFB)

Chemical Structure:

[0}
JORON
Source: TCI Chemicals
Molecular Weight: 218.20 g/mole
Melting Point: 102-105°C

Purification: DFB was received as a sample in monomer grade purity and dried under

vacuum at 60°C for 12 h before use in polymerization reactions.
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1,3-Bis(4-fluorobenzoyl)benzene
Chemical Structure:
o] [o]

F l l I F
Source: Sigma Aldrich
Molecular Weight: 322.31 g/mole
Melting Point: 181-183°C
Purification: 1,3-Bis(4-fluorobenzoyl)benzene was received as a white solid with

purity 98+%. It was dried under vacuum at 100°C for 12 h before use in

polymerization reactions.
2.4 Synthesis of Monomers

1,1-bis(4-hydroxyphenyl)-1-phenyl-2,2,2-trifluoroethane (3 F-Bisphenol)
3F-Bisphenol was used as a monomer to produce fluorinated poly(arylene ether

ketone)s for high temperature dielectrics. This work was published!?® in 2016.

OH
|O CF3 C]

Molecular Weight: 344.33 g/mole

Chemical Structure:

HO

Procedure: 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, 41.32 g (0.44 mole) of
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phenol, 19.32 g (0.11 mole) of 2,2,2-trifluoroacetophenone were added and heated to
45°C. Once a homogeneous solution was achieved, 3.8 mL (4.2*10 mole) of triflic
acid was introduced dropwise while maintaining the temperature at 45°C. After 1 hour,
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 minutes, vacuum filtered, washed with hot water, methylene chloride and dried at
80°C with full vacuum applied for 24 hours before use in polymerization reactions.
Yield is ~90%. The m.p. was 226°C, consistent with literature'?’. The proton NMR

spectrum is provided in Figure 2.1.
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Figure 2.1 'H-NMR of 3F-bisphenol

1,1-Bis(3-amino-4-hydroxyphenyl)-1-phenyl-2,2,2-trifluoroethane (3FAP)
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3FAP was used as a monomer to produce TR precursor polyhydroxyimide
polymers with improved mechanical properties by replacing the —CF3 group with the

more rigid phenyl group in the monomer structure.

HO OH
|O CF, O
HoN NH,

Molecular Weight: 374.36 g/mole

Chemical Structure:

CFs 70% HNO GFs =\ /=
10 10 T 0
HO O O OH Acetic acid Pd/C, Hydrazine Hydrate HO N\ // N\ // OH
_ =
‘ 15C, 1.5h O,N ‘ NO, NMP. 70 C, 8h HoN L

N
3F-Bisphenol yield: 70% yield: 81%
m.p.=153~154 C m.p.=216~217 C
3FNP 3FAP

Figure 2.2 Synthesis of 3FAP
Procedure (Figure 2.2): Starting from 3F-bisphenol, it is a two-step reaction to make
3FAP. The first step is nitration of 3F-bisphenol to  obtain
1,1-bis(3-nitro-4-hydroxyphenyl)-1-phenyl-2,2,2-trifluoroethane (3FNP). To a 500
mL, three neck round bottom flask equipped with a magnetic stir bar, N> inlet and an
addition funnel fitted with a drying tube, 25.00 g (0.073 mole) of 3F-bisphenol and
120 mL of acetic acid were added and cooled to 15°C in a cold water bath. To the
mixture, 15 g of concentrated nitric acid (70% HNO3) in 80 mL of acetic acid was
added dropwise. After 1.5 hours, the yellow product precipitated. About 500 mL of
cold water was added, the product was filtered and washed multiple times with cold
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water and dried under vacuum at 80°C for 12 hours. It was recrystallized in ethanol
and dried under vacuum at 80°C for 24 hours to obtain a yellow crystal product with a

yield of 70%. The proton NMR spectrum for this intermediate is shown in Figure 2.3.
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Figure 2.3 'H-NMR of 3FNP

The second step is to reduce the nitro groups to form amine groups on both sides.
To a 250 mL, three neck round bottom flask equipped with a mechanical stirrer, N>
inlet and an addition funnel fitted with a drying tube, 20.00 g (0.046 mole) of 3FNP,
1.00 g of Pd/C and 150 mL of NMP were added. The reaction mixture was heated in
an oil bath at 70°C and stirred. Hydrazine hydrate!?® (15 mL, 0.322 mole) was added
dropwise through the addition funnel. After addition, the mixture was stirred for 12
hours at 70°C. The reaction mixture was filtered through Celite and precipitated in
1000 mL of isopropanol. The gray solid was filtered, then dried under vacuum at
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80°C for 24 hours. The yield was 81%. The m.p. was 216-217°C, consistent with

129

literature' . The proton NMR spectrum is provided in Figure 2.4.

D30

Figure 2.4 '"H-NMR of 3FAP

Poly(Arylene Ether Sulfone) (PAES) Oligomer

PAES oligomers (Figure 2.7) were used as prepolymers to produce thermally
rearrangeable polyhydroxyimide block copolymers with improved mechanical
properties.
Chemical Structure:

(o)
n

Molecular Weight: ~15,000 g/mole My
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Figure 2.5 Synthesis of an amine terminated PAES oligomer with a targeted M, of 15000 g/mol
Procedure: A targeted M, of 15,000 g/mole M, PAES oligomer was prepared via the

synthetic route!’

shown in Figure 2.7. To a 500 mL, three neck round bottom flask
equipped with a mechanical stirrer, N> inlet and toluene filled Dean Stark trap with
condenser, 13.576 g (0.0729 mol) of biphenol, 21.537 g (0.075 mol) of DCDPS, 0.456
g (418 mmol) of m-AP, and 10.88 g (0.0788 mol) of K2CO3 (about 5% molar excess)
were added, then 145 mL of DMAc and 70 mL of toluene were added. The reaction
mixture was stirred at 140°C for 4 hours with N> passing through the flask. The
temperature was then raised to 170°C. After 20 hours, the reaction mixture was
removed from the oil bath and filtered to remove salt. The dark solution was then
precipitated into isopropanol and stirred overnight. A white fibrous product was
obtained after filtration, and it was then placed in an oven under vacuum at 100°C for
24 hours. '"HNMR was used to confirm the structure and calculate the molecular
weight. As shown in Figure 2.8, the M, of the PAES oligomer was about 18,000

g/mole. Potentiometric titration with 0.01 N HClO4 as a titrant was also used to verify

the molecular weight, which was 14500 g/mole as a result.
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Figure 2.6 '"H-NMR of PAES oligomer with a targeted M, of 15,000 g/mole

PPO Oligomer

A series of PPO oligomers with systematically varied molecular weights were
used to blend with a poly(arylene ether ketone) to produce UV-crosslinkable polymer
blends.

Chemical Structure:
n
Molecular Weight: ~6000 g/mole M,

Pyridine
n OH + n20, ——» 0 o) OH
CuCl
n

Figure 2.7 Synthesis of PPO oligomer
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Procedure: PPO synthesis was adapted from Hay et al.*8%

, and the protocol for
synthesizing an ~6,000 M, oligomer is shown in Figure 2.9. Pyridine (250 mL) and
0.5 g (0.005 mol) of CuCl were charged to a 500-mL, 4-neck, round bottom flask
equipped with an overhead stirrer, oxygen inlet tube, and condenser. Oxygen gas (0.1
SCFH) was passed through the 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. The
oxygen flow was terminated after 1 h and the reaction was stirred for 2 h. The
solution became viscous and the color of the solution returned to dark green. The
reaction mixture was cooled to room temperature and slowly added into 500 mL of
methanol to precipitate the polymer, then the polymer was filtered and washed
thoroughly with methanol containing a small amount of hydrochloric acid. The
product was dissolved in chloroform, filtered and re-precipitated into methanol. After
filtration, the faint yellow powder was dried at 110 °C for 24 h under vacuum. Yield
was 71%. The structure was confirmed by 'H-NMR. As shown in Figure 2.10, the M,
of the PPO oligomer was about 4100 g/mole. Size Exclusion Chromatography (SEC)

was also used to measure molecular weights and distributions of the PPO oligomer.

For this PPO oligomer, the M, was 6000 g/mole with a PDI of 2.0 based on SEC data.
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REARRANGED POLYMERS FOR GAS SEPARATION

MEMBRANES

Wenrui Zhang?, Britannia Vondrasek?, Gregory C. Miller?, Shreya Roy Choudhury?,
Ran Liu?, Sue J. Mecham®, James E. McGrath?, J. J. Lesko!, Benny D. Freeman®, Judy
S. Riffle®*

*Macromolecules Innovation Institute, Department of Chemistry, Virginia Tech, 325
Stanger Street, 133 Kelly Hall, Blacksburg, VA 24061, USA

®Department of Chemistry, Lineberger Comprehensive Cancer Center, Eshelman
School of Pharmacy, Carolina Center for Genome Sciences, and Institute for
Nanomedicine, University of North Carolina, Chapel Hill, North Carolina 27599,
United States

‘Department of Chemical Engineering, Texas Materials Institute, Center for Energy
and Environmental Research, The University of Texas at Austin, 10100 Burnet Road,
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3.1 Abstract

Linear polyhydroxyimides can be rearranged to form crosslinked polybenzoxazoles
upon heat treatment. Such thermally rearranged (TR) polymers have outstanding gas
separation properties, but are limited in their industrial application due to their
becoming mechanically brittle upon heat treatment.”74 121-132 A Jow volume fraction
of a poly(arylene ether sulfone) (PAES) block was introduced into the TR precursor

polyhydroxyimide chain to improve mechanical properties. The PAES oligomeric
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toughener was prepared from 4,4'-biphenol, 4,4'-dichlorodiphenylsulfone and
endcapped with m-aminophenol. The multiblock copolyhydroxyimide incorporated
the PAES in  systematically varied amounts copolymerized  with
4,4'-(hexafluoroisopropylidene)diphthalic anhydride and 3,3’-dihydroxy-4,4’-diamino
biphenyl. The thermal rearrangement was carried out on the series of
polyhydroxyimide-co-PAES copolymers to convert the polyhydroxyimide segments
to the polybenzoxazoles. Before thermal rearrangement, the
polyhydroxyimide-co-PAES precursors exhibited improved mechanical properties
(tensile stress and strain at break) relative to the homopolyimide precursor. After
thermal rearrangement, tensile stress and strain at break of all the TR copolymers
decreased compared to their corresponding precursors, but the properties were

improved relative to the homo TR control polymer.

3.2 Introduction

Membrane gas separation has become a fast-growing industrial technology
because of its many advantages over traditional separation technologies including low
capital cost and energy consumption relative to thermal distillation methods, and
higher operational flexibility.* ® 7 133 Currently, membrane gas separation is widely
used in processing raw natural gas to meet certain specifications before delivery to
pipelines. Removal of CO; from natural gas is required in this process to minimize
corrosion of the pipelines.'** In order to achieve better separation productivity, several

challenges need to be addressed including the trade-off between permeability and
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selectivity, and the reduction of CO;-induced plasticization. An ideal polymeric
membrane for separation of CO> from CHs should achieve both high permeability and
high selectivity, have good resistance to chemicals, plasticization, and
thermo-oxidation, and have excellent mechanical properties.'® 23

Recently, Park et al. reported a family of gas separation membrane materials

375 which are derived from aromatic

known as thermally rearranged (TR) polymers,
polyhydroxyimide precursors via thermal treatments (350-450°C) in an inert
atmosphere. In this process, the soluble polyimide precursors containing hydroxyl
groups ortho to the imide ring undergo inter- and intra-molecular rearrangements and
transform into insoluble polybenzoxazoles.!*? It has been demonstrated that dense
membranes prepared from these TR polymers exhibited outstanding performance for
CO2/CH4 separation with high gas permeability, high selectivity and excellent
resistance to CO, induced plasticization.!3! Smith et al. investigated TR polymers
prepared from 3,3’-dihydroxy-4,4’-diaminobiphenyl (HAB) and
2,2’-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA), and showed
that the thermally rearranged product exhibited good gas transport properties.!° Guo
et al. demonstrated that the glass transition temperatures of the polyhydroxyimide TR
precursors played an important role in determining the optimum TR temperatures. !
However, all of these TR polymers suffer a critical problem in that the membrane’s
mechanical properties dramatically decrease after undergoing the TR process, and this
severely limits their potential utilities.”>”’* *! To improve mechanical properties

without sacrificing outstanding gas transport performance, the introduction of
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toughening materials into the polymer may be a good solution. It has been reported
that functional oligomeric poly(arylene ether sulfones) (PAES) can be good
toughening agents for high performance composite materials.t%7% 130

In this chapter, a series of toughened thermally rearrangeable copolymers based
on PAESs, polyhydroxyimides (HAB and 6FDA) and their corresponding TR
polymers are presented. Synthesis, chemical characterization, membrane preparation,

mechanical properties and single gas permeability/selectivity of TR precursors and

TR copolymers are discussed.

3.3 Experimental

Materials

3-Aminophenol, triethylamine, acetic anhydride, calcium hydride (CaH>),
potassium carbonate (K»CO3), and anhydrous 1,2-dichlorobenzene (0-DCB,
anhydrous) were purchased from Sigma-Aldrich and used as received. Nitric acid,
acetone, toluene, isopropanol, methanol and ethanol were purchased from Spectrum
Chemicals and used as received. Dimethylacetamide (DMAc) and N-methyl-2-
pyrrolidone (NMP) were purchased from Fisher. DMAc and NMP were used as
reaction solvent and were dried over CaH», distilled under reduced pressure and
stored over 3 A molecular sieves before use. p-HAB was purchased from TCIL. 6FDA
was kindly provided by Air Products and dried in a vacuum oven at 160°C before use.
4,4’-Dichlorodiphenylsulfone (DCDPS, 99%) and 4,4’-biphenol were kindly provided

by Solvay and DCDPS was recrystallized from toluene before use.
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Synthesis of a Controlled 15,000 Molecular Weight (Mn) Amine-End-Capped
PAES.

4,4’-Biphenol (13.5765 g, 72.91 mmol), DCDPS (21.5370 g, 75.00 mmol),
3-aminophenol (0.4563 g, 4.18 mmol), K>CO;3; (10.88 g, 78.80 mmol) (about 5%
molar excess), 145 mL of DMAc and 70 mL of toluene were introduced into a 3-neck,
500-mL round bottom flask equipped with an overhead stirrer, toluene filled
Dean-Stark trap, with condenser, and nitrogen inlet. A stirring, thermocouple
regulated, oil bath was used to heat the reaction mixture to 140°C. The reaction was
stirred at 140°C until all water was azeotropically removed with toluene. The
temperature was then increased to 170°C, and the water and toluene were drained
from the Dean-Stark trap. After 20 h, the amber opaque solution was cooled to room
temperature and filtered. The resulting transparent solution was precipitated into 2 L
of IPA as a white solid. The oligomer was filtered, washed with IPA, and dried under

vacuum at 90°C for one day. Yield was 95%.

Synthesis of a series of PAES based HAB-6FDA polyhydroxyimide copolymers
(PAES-HAB-6FDA) via an ester acid method.

Aromatic polyhydroxyimides containing PAES segments were synthesized via
the ester-acid method.!*¢ The synthesis of a 5 wt% amine-end-capped PAES based
HAB-6FDA polyhydroxyimide copolymer (5%PAES-HAB-6FDA) is illustrated as a
representative example of synthesis.

6FDA (10.000 g, 22.51 mmol) was introduced into a 3-neck flask equipped with

an overhead stirrer, absolute ethanol filled Dean-Stark trap, with a condenser, and a
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nitrogen inlet. Then, 60 mL of absolute ethanol and 6.58 mL of triethylamine (47.27
mmol) were introduced. A stirring, thermocouple-regulated, oil bath was used to heat
the reaction to 100°C. The mixture was refluxed with stirring for 1 h, then the trap
was drained. When distillation of ethanol ceased, the trap was again drained and
refilled with 0o-DCB. p-HAB (4.8563 g, 22.46 mmol) and PAES (0.7819 g, 0.0521
mmol) were dissolved in 36 mL of DMAc and then introduced to the reaction flask
followed by 11 mL of 0-DCB (~4/1, v/v) to produce a solids content of ~30% wt/v.
The mixture was heated at 160°C for 24 h, and then at 180°C for 48 h. The reaction
solution was allowed to cool and then precipitated in IPA. The product was dried
under vacuum at 180°C for one day. Yield was 95%.
Synthesis of PAES-HAB-6FDA based polyacetylimide (PAES-HAB-6FDA-Ac)
Acetylation of PAES-HAB-6FDA polyhydroxyimides were carried out by
following a modified literature method.!*” The acetylated PAES-HAB-6FDA
polyacetylimide is hereafter referred to as PAES-HAB-6FDA-Ac. The synthesis of a
5%PAES-HAB-6FDA-Ac is provided as a representative example of synthesis. To a
100-mL, three-neck round bottom flask equipped with a mechanical stirrer, a N> inlet
and a condenser, 5%PAES-HAB-6FDA polyhydroxyimide (5.00 g, 7.5 eq hydroxyl
units), 7 mL of acetic anhydride (75 mmol, 10 M excess per hydroxyl unit) and 6 mL
of pyridine (75 mmol) were added in 50 mL of anhydrous NMP. The solution was
heated to 50°C and maintained at that temperature for 24 h with continuous stirring
and a N purge. The resulting viscous solution was cooled to room temperature and
precipitated in an excess amount of stirred methanol. The acetylated polyacetylimide
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(5%PAES-HAB-6FDA-Ac) was filtered and dried under vacuum at 180°C overnight.
Yield was 99%.
Film Casting

One g of PAES-HAB-6FDA was dissolved in 40 mL of DMAc (~2.5%, w/v).
The mixture was stirred until a homogeneous solution was obtained. The solution was
filtered with a pressure filter through Whatman™ qualitative filter paper and then
through a 0.45 um filter to remove any dust and particulates. This solution was
sonicated for 60 min to remove dissolved gases. A 5 x 5 inch glass plate was
cleaned with acetone and dried before use. The solution was cast on the glass plate on
a leveled casting surface in a vacuum oven following the protocol below. It was
heated at 25 — 100°C for 2 h without vacuum; then at 100 — 120°C for 2 h without
vacuum; 120 — 140°C for 2 h without vacuum; 140 — 160°C for 4 h without vacuum;
then at 160°C for 8 h in a vacuum oven under full vacuum. The film was soaked in DI
water overnight while covered with a glass plate to avoid curling. The surface water
was removed with a Kimwipe and the film was dried at 100°C for 2 h and then the
temperature was raised to 160°C under vacuum for 12 h.
Thermal Rearrangement of PAES-HAB-6FDA films

The PAES-HAB-6FDA films were converted to their corresponding
polybenzoxazole films via thermal rearrangement (TR) using a Thermolyne 47900
muffle furnace in air. In the TR process, the polymer films were first pre-heated at
300°C for 1 h in air before being heated at the desired TR temperature. The TR films
were obtained by holding them at the TR temperature of 400°C for 1 or 2 h. The
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percent TR conversion, as presented in equation 3-1, is defined as 100 times the ratio
of the actual mass loss upon thermal rearrangement relative to the theoretical mass
loss:

%TR Conversion = Measured Weight Loss/Theoretical Weight LossX100% (3-1)
Characterization

"H nuclear magnetic resonance ('"H NMR) experiments were conducted on a
Varian INOVA 400 MHz NMR spectrometer operating at 400 MHz to confirm the
chemical structures of the polyhydroxyimides and the oligomeric modifiers. All
spectra were obtained from ~10% (w/v) polymer solutions in deuterated
dimethylsulfoxide (DMSO-d¢) at room temperature.

Potentiometric titration was used to determine the number average molecular
weight of Amine-End-Capped PAES. A 0.001 N HCIO4 solution was used as a titrant
to react with amine end groups. The potential change was monitored with a
potentiometer (Fisher Scientific Accumat Model 910) equipped with a pH probe
(Orion 9272BN PerpHect Sure Flow). PAES (0.1 g) was dissolved in 50 mL of
chloroform. Then the PAES solution was titrated with the 0.001 N HClO4 solution.
The equivalence point was determined by the change of conductance (potential
change). This process was repeated three times and the amount of consumed HCIO4

solution was used to calculate the M, of the PAES oligomers based on equation 3-2.

MaSSpAES

<M, >=
n Volumepycr04%0.001x0.5

(3-2)
Fourier Transform Infrared spectroscopy with Attenuated Total Reflectance
(FTIR-ATR) was used to follow the structural changes of the polyhydroxyimides
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during the TR process. The FTIR-ATR spectra were recorded on an FTIR
spectrometer (Bruker Tensor 27) equipped with an ATR attachment with a horizontal
diamond crystal. The resolutions of the spectra were 4 cm™ and 64 background scans
were collected. A small amount of polymer film was placed on the diamond crystal
and the FTIR spectrum was measured with 64 scans. All measurements were
performed at ambient temperature.

Thermogravimetric analysis (TGA) was performed with a TA Instruments TGA
Q500. Fully dried samples were evaluated over the range of 50-700°C at a heating
rate of 10°C min™' in a N2 atmosphere and in air. Differential scanning calorimetry
(DSC) was performed with a TA Instruments DSC Q1000 in a nitrogen atmosphere at
a heating rate of 10°C min™' to determine the thermal transitions of the polymer films.
The glass transition temperature was taken as the midpoint of the change in slope of
the baseline.

Size exclusion chromatography (SEC) was conducted on the HAB-6FDA-Ac
polyacetylimides to measure molecular weight distributions. The solvent was DMAc
that was distilled from CaH> and that contained dry LiCl (0.1 M). The column set
consisted of 3 Agilent PLgel 10-um Mixed B-LS columns 300x7.5 mm
(polystyrene/divinylbenzene) connected in series with a guard column having the
same stationary phase. The column set and detectors were maintained at 50°C. An
isocratic pump (Agilent 1260 infinity, Agilent Technologies) with an online degasser
(Agilent 1260), autosampler and column heater was used for mobile phase delivery
and sample injection. A system of multiple detectors connected in series was used for
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the analyses. A multi-angle laser light scattering (MALLS) detector
(DAWN-HELEOS II, Wyatt Technology Corp.), operating at a wavelength of 658 nm,
a viscometer detector (Viscostar, Wyatt Technology Corp.), and a refractive index
detector operating at a wavelength of 658 nm (Optilab T-rEX, Wyatt Technology
Corp.) provided online results. The system was corrected for interdetector delay and
band broadening and the light scattering detectors were normalized using a (721K
g/mole polystyrene standard obtained from Agilent?). 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/mol polystyrene standard was defined as 2 standard deviations (11.5% for M, and 9%
for My) from a set of 34 runs. The Astra software was used to calculate the dn/dc of
the known concentration samples based on an assumption of 100% recovery of the
injected sample. The calculated dn/dc for each sample was used to measure the
molecular weight averages using the light scattering and refractive index results from
the SEC experiments.
Gel Fraction Measurements

Gel fractions are the weight percents of the cross-linked/insoluble portion of the
films. Sample films were dried at 120°C under vacuum overnight. Then 0.1-0.2 g (W)
of the initial film sample was placed in a 20-mL scintillation vial filled with DMAc
and stirred at 100°C overnight. The remaining solid was filtered, transferred to a
pre-weighed vial, and dried in vacuum oven at 120°C overnight. The final weight (W5)
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was taken the next day. Gel fraction values (wt%) were calculated by dividing the
weight of the dried gel portion (W) by the initial mass of the film (W) as shown in
equation 3-3.
Gel Fraction% =://—£ X 100 (3-3)

Mechanical Property Measurements

Mechanical properties were measured using an Instron Elecropuls E1000 fitted
with a 250 N load cell. The film thickness was measured based on the average of 5
points at the narrow section of dogbones using a Mitutoyo digimatic micrometer
model MDC-1”SXF. Thin films used for tensile testing in this study ranged in
thicknesses between 20 and 40 pum. Dogbone-shaped thin film specimens (sample
Type V of ASTM D638-14) were cut using a Cricut Explore One™ computer
controlled cutting machine. After a sample was mounted in the grips, it was pulled at
3 mm/min until it failed. A stress-strain plot was prepared for each sample, and tensile
stress and elongation at break were recorded. At least three samples were tested for
each material. The Young's modulus was estimated by taking the ratio of stress to
strain in the initial linear region of each stress/strain plot.
Pure Gas Permeability Measurements

Pure-gas permeability coefficients were measured using a constant
volume-variable pressure method.!*® A gas at a feed pressure of po was applied to the
upstream side of the film, and gas permeated through the film into a calibrated
downstream chamber of volume, V. Permeabilities of Ha, CHa, N2, Oz, and CO; were
measured in that order at 35 °C and feed pressures ranging from 3 to 17 atm for the
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polyhydroxyimides and their TR analogs. The permeability of gas A, Pa, was
calculated as follows in equation 3-4:

Pa = i () e = () 64
where 1 is film thickness, R is the gas constant, T is absolute temperature, A is the film
area, and (dp/dt)icax and (dp/dt)ss are the rates of pressure rise in the downstream
volume during the leak test and when the gas permeation through the film was at
pseudo-steady state, respectively. The leak test was conducted by isolating the
downstream and upstream sections of the permeation system and monitoring changes
in the downstream pressure for about 1 h. Permeabilities are reported in units of
Barrer, where 1 Barrer is 1071°10 cm?(STP) cm/cm? s cmHg. Pure-gas selectivity, oass,
is defined as the ratio of pure-gas permeabilities in equation 3-5:

app = 2 (3-5)

Pp

where Pa is the permeability coefficient of the more permeable gas, and Pg is the

permeability of the less permeable gas.

3.4 Results and Discussion

Synthesis and structural characterization of the amine-endcapped polysulfone
oligomers (PAES)

In our group’s previous work, mechanical properties and morphologies of
reactive polysulfone toughened epoxy networks were invesitgated.®> 13%140 Duyctile
polysulfone was suggested as a good toughening agent and this was highly dependent

of the excellent adhesion developed between the polysulfone and epoxy phases due to
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the chemical bonds.®® In these studies, bisphenol A was used as the monomer to
produce polysulfone oligomers as toughening agents because it is molecularly
miscible with the epoxy precursors. Bisphenol A also contains the 2,2’-isopropylidene
moiety which leads to polymers with higher fractional free volume and thus higher
gas permeabilities for gas separation.’? 2% '*! However, in this work, 4,4 -biphenol
was used instead of bisphenol A (Figure 3.1) for synthesis of the PAES oligomers to
be copolymerized into the polyhydroxyimides and then thermally rearranged to
toughened polybenzoxazole copolymers. The primary reason for incorporating
biphenol rather than bisphenol A is the instability of the aliphatic isopropylidene unit

under the required high TR temperature.

Figure 3.1 4,4’-biphenol (left) and Bisphenol A (right)

The effect of molecular weights of the polysulfone on mechanical properties was
also studied. Based on their results, a number average molecular weight of 15,000
g/mole of PAES was selected as a good toughening segment. This provides good
mechanical properties as well as reactivity and processability.®®7% 140 The synthesis of
amine-endcapped polysulfone oligomeric toughening agents shown in Figure 3.2 was
performed using nucleophilic aromatic substitution step polymerization with a weak
base.!**!*3 A monofunctional amine m-AP was added in amounts calculated by the
modified Carothers equation to target a number average molecular weight of 15,000

g/mole and to provide functional aromatic amine groups to afford covalent
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incorporation into the polyhydroxyimide copolymers on both chain ends. This allows
the oligomers to further react with a dianhydride to form polyimides. The commercial
monomer DCDPS was used to form sulfone linkages in this PAES oligomer.
Relatively high reaction concentration (25 wt/v%) was used to ensure high monomer
conversion to obtain good control over molecular weight as required for step-growth
polymerizations. Toluene was used as the azeotropic solvent to remove water both
from monomers and K>CO3; decomposition. The water appeared as a cloudy layer in
the bottom of the Dean-Stark trap. Refluxing was continued until no more water was
observed in the distillate. The temperature was raised slowly to the final reaction
temperature by heating the oil bath to 170°C, and then toluene was slowly removed
until the initial charged volume was collected. The reaction viscosity appeared
unchanged after 24 hours. Since the molecular weight of these polymers was targeted
at 15,000 g/mol, no obvious change in viscosity was anticipated or observed. The

solution was brown near the end of the reaction.
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Figure 3.2 Synthetic scheme for amine-endcapped polysulfone oligomers (PAES)
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After a total of 24 hours reaction time, the reaction mixture was removed from
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the oil bath and filtered to remove salt. The brown solution was precipitated into 2
liters of a mixed solution (isopropanol:water =1:1) and stirred overnight to remove
residual water soluble salt. A white fibrous product was obtained after filtration that
was then dried in the oven under vacuum at 90°C for 24 hours.

One method that was utilized to confirm the chemical structure and determine
the molecular weight of the Amine-End-Capped PAES oligomers was by 'H-NMR as
shown in Figure 3.3. No residual starting materials were observed in the 'H-NMR
spectra. All of the proton signals were assigned (Figure 3.3). Three peaks (g, f, €) in
the range 6.3-6.5 ppm are aromatic signals from the m-AP endgroups. The upfield
signal 1 corresponds to the active amine protons. Four peaks (a, b, ¢, d) in the
downfield region are aromatic resonances from the polysulfone backbone structure. A
<My> of 19,500 g/mole was calculated (Figure 3.4) by comparing the integration
values of the m-AP endgroups (g) to the aromatic DCDPS (c+d) or BP (a+b) peaks in

the oligomer backbone.
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Figure 3.3 '"H NMR confirms the structures of Amine-End-Capped PAES

Sum of the peak areas due to 2 m-AP endgroup protons (g)
Number of oligomer chains= (g)/2
Area due to DCDPS (c+d) or BP (atb) protons
Number of repeat units (RU) = (c+d)/8

<Mn>=% X 400 + 43 = -2 X 400 + 43~19500 g/mol

Figure 3.4 Sample calculation of the molecular weight using '"H NMR for a PAES oligomer with
a targeted <Mn> of 15,000 g/mol. EG, RU, and MW represent endgroup, repeat unit, and

molecular weight, respectively

Potentiometric titration of the amine endgroups was also conducted to determine
the molecular weights of the Amine-End-Capped PAES oligomers since titrations are
inherently more accurate than NMR data. A non-aqueous titration process was utilized

by using a strong acid solution (0.001 N perchloric acid HCIO4 dissolved in acetic
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acid) to titrate the weakly basic aromatic amine endgroups. Three parallel trials of
titration were carried out, and a <M,> of 14,500 g/mol was calculated by equation 3-2
based on the titration data in Table 3.1.

Table 3.1 Summary of titration results

Trial 1 Trial 2 Trial 3 Average
Mass of PAES (g) 0.0955 0.1020 0.1040 0.1005+0.0036
Volume of HCIO4 (L) 0.01378 0.01390 0.01390 0.013860.00001
M, of PAES (g/mol) 13860 14676 14964 14500+467

Comparing the above two results, the molecular weight obtained from NMR is
less reliable since the peak corresponding to the repeating unit is too broad to
integrate accurately. Therefore, the titration values were used in the subsequent block
copolymer calculations.

Synthesis of a series of PAES based HAB-6FDA polyhydroxyimide copolymers
(PAES-HAB-6FDA)

A series of PAES-HAB-6FDA charged with different weight percentages of
PAES were synthesized from dianhydride and diamine monomers via an ester-acid
method.!*> % In this process (Figure 3.5), a hydrolytically unstable dianhydride
monomer was first placed into the reaction flask and reacted with ethanol to form a
hydrolytically stable intermediate with ester and acid groups on both sides. Next, the
macromonomer Amine-End-Capped PAES and the diamine monomer HAB were
dissolved in the reaction solvent and then introduced to the system with the

intermediate from the first step. After 48 hours, high molecular weight block
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copolymer products were obtained.
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The concentrations of PAES in the PAES-HAB-6FDA copolymers were
confirmed by 'H-NMR. The copolymer with 15 wt% of PAES is referred to as 15%
PAES-HAB-6FDA and its '"H-NMR spectrum is shown in Figure 3.6. Comparing the
"H-NMR spectra of the copolymer products with those of three starting materials, it
was found that all of the resonances had shifted, thus indicating that all of the
monomers were chemically linked to form block copolymers instead of blends. No
end group peak signals of PAES were observed in the 'H-NMR spectra, which
suggested that high conversion from PAES to copolymers had been achieved. Four
signals (C, D, A and B) are aromatic protons from the PAES segments, and the

remaining peaks correspond to the HAB-6FDA polyhydroxyimide segments.
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Figure 3.7 'H-NMR spectra comparison of copolymers with different amounts of PAES (from

bottom to top is 5%, 10%, 15%, and 30% PAES-HAB-6FDA, respectively)

An overlay of "TH-NMR spectra is shown in Figure 3.7. In these spectra, it can be
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clearly seen that integration values of the protons from the PAES increase with
increasing amount of PAES charged into the system. Each weight percentage of PAES
in the block copolymers was calculated based on the corresponding 'H-NMR
spectrum. The results for each block copolymer are shown in Table 3.2, and the
theoretical results are very close to the experimental values.

Table 3.2 Summary of different composition of PAES-HAB-6FDA copolymers

PAES Charged (wt%) 5% 10% 15% 30%

Calculated PAES (wt%) | (5.97+0.82)% | (10.23+0.83)% | (14.63+0.85)% | (30.90+0.85)%

Synthesis of PAES-HAB-6FDA based polyacetylimide (PAES-HAB-6FDA-Ac)
Previous studies have demonstrated that polyhydroxyimides have higher
viscosities than their polyacetylimide substituents due to the effect of hydrogen
bonding interactions in polyhydroxyimides.!'"> *” The polyhydroxyimides also
interact with SEC column to yield low mass recovery and inaccurate molecular
weight results. In order to obtain reproducible and acceptable molecular weight
information from SEC, acetylation reactions of PAES-HAB-6FDA block copolymers
were conducted to reduce the hydrogen bonding interactions (Figure 3.8). In the
acetylation reaction, an excess of acetic anhydride was used to ensure full
replacement of hydroxyl groups. The polyacetylimide products were easily purified
by precipitation and filtration. After acetylation, 'H-NMR was used to characterize the

reaction conversion.
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Figure 3.8 Acetylation from PAES-HAB-6FDA to polyacetylimides

In Figure 3.9, the top spectrum is based on the 15%PAES-HAB-6FDA
polyhydroxyimide and the signal k corresponds to the active proton in the hydroxyl
group. In the bottom spectrum, the active proton signal is no longer present in the
downfield area but a proton signal from the acetyl methyl group appeared upfield. All
the other signals were observed with slightly different chemical shifts in the
polyhydroxyimide and polyacetylimide spectra (Figure 3.9). A comparison of the
spectra before and after acetylation indicated that full conversion had been achieved

and that all of the hydroxyl groups had been converted to acetyl groups.
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PAES-HAB-6FDA-Ac were characterized by SEC (Table 3.3). High molecular
weights were obtained for all of these block copolymers. The high molecular weights
may contribute to the improved mechanical properties. Higher contents of PAES in
the block copolymers tend to yield lower molecular weights. This could be a
consequence of a larger deviation from stoichiometry when a higher amount of PAES
is charged. Although the number average molecular weight of the Amine-End-Capped
PAES oligomers was based on titration, the <M,> of the macromonomer is still an
average of the molecular weight of the individual chains and therefore the PAES
molecular weight is not as consistent and accurate as the molecular weights of the
pure low molar mass monomers HAB and 6FDA. When more PAES was introduced
to obtain a higher wt% of PAES in the product, a greater deviation of stoichiometry

could result in lower molecular weight of the final block copolymer.

Table 3.3 Summary of molecular weights of PAES-HAB-6FDA copolymers from SEC

PAES PI 5% 10% 15% 30%
(6FDA-HAB) | PAES-PI-Ac | PAES-PI-Ac | PAES-PI-Ac | PAES-PI-Ac
M(kDa) 18.6 41.1 94.3 88.8 62.6 59.9
My(kDa) | 29.4 81.7 282.0 300.9 205.1 207.1
PDI 1.6 2.0 3.0 34 33 3.5
dn/dc 0.2084 0.1309 0.1009 0.1499 0.1514 0.1639
(mL/g)

In Figure 3.10, SEC light scattering (red) and refractive index (blue)
chromatograms of 5%PAES-PI-Ac are shown as representative for all block
copolymers. The polymer peak is highlighted from 19 min to 31 min showing the
range in which the molecular weight was measured. The distribution appears to be
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bimodal or to have a shoulder but this is not believed to be the case for these
copolymers. Due to the significant difference in the refractive index increment
between the PAES and the polyimide blocks (0.21 and 0.13 respectively) and the fact
that the PAES block is of significant molecular weight, it is anticipated that the
incorporation of the large PAES block is not constant across the molecular weight
distribution. PAES has a higher refractive index than the polyhydroxyimide because
sulfur content usually leads to significant shifts in refractive index toward the high RI
side. The intensity of the light scattering signal is proportional to the refractive index
increment squared as well as the molar mass and concentration based on Eq 3-6. The
shoulders in both the light scattering and refractive index signals at low elution
volume indicate that the high molecular weight fraction has more of the high
refractive index component (PAES) when compared to the low molecular weight
fraction. Intuitively this makes sense as the inclusion of a 15K g/mole PAES-diamine
rather than a low molecular HAB diamine automatically increases the chain molecular
weight by approximately 15K g/mole meaning that the chains that incorporate PAES
are more likely to be on the higher molecular weight end of the distribution and those
that do not incorporate the PAES are automatically more likely to be on the low end

of the molecular weight distribution.
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Figure 3.10 SEC chromatograms of 5%PAES-PI-Ac. The red one is from light scattering (LS)

detector, while the blue one is from differential refractive index (dRI) detector.
2
R9=MW><K><(%) X c Eq 3-6

In this equation, the intensity of scattered light is measured as the Raleigh ratio Ry, Mw is
weight average molecular weight, K is a constant and c is concentration. (dn/dc) is the

refractive index increment of any polymer and solvent combination.

Thermal properties of TR precursors and their TR copolymers

Thermal conversion of the polyhydroxyimides to their corresponding
polybenzoxazoles produces carbon dioxide as a by-product and also results in
crosslinked products. TGA scans can provide an estimate of the temperature/time
regime that is needed to convert the polymers and evolve the by-product. Figure 3.10
presents TGA scans for the 5%PAES-HAB-6FDA block copolymer and the TR
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conversion. Typicallyy, TGA scans of the TR polymers derived from the
polyhydroxyimides display a two-stage weight loss.”> 1%7- 14 The first stage, between
300 and 500°C, is the so called TR region and the weight loss is primarily related to
the thermal rearrangement with evolution of carbon dioxide. The second stage,
starting after the TR region, is attributed mainly to thermal degradation of the TR
polymer backbone. The observed TR region weight losses of the PAES-modified
PAES-HAB-6FDA block copolymers containing 5, 10, 15 and 30 wt% PAES matched
their corresponding theoretical weight losses with complete TR conversion from

polyhydroxyimide precursors to polybenzoxazole TR polymers.
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Figure 3.11 Thermogravimetric analysis of 5%PAES-HAB-6FDA TR polymers
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Table 3.4 Summary of TR conversion and gel fraction of TR films

Weight loss after TR at 400°C 1 h

Precursors Measured Theoretical TR Gel
Conversion fraction
0%PAES-6FDA-HAB 3.8% 14.1% 27.0% 95%
5%PAES-6FDA-HAB 6.9% 13.4% 51.5% 100%
10%PAES-6FDA-HAB 8.3% 12.7% 65.2% 100%
15%PAES-6FDA-HAB 9.3% 12.0% 78.0% 100%
30%PAES-6FDA-HAB 8.6% 9.9% 87.7% 100%

In Table 3.4, the %TR conversions and gel fractions of block copolymers
containing different amounts of PAES are presented. The gel fractions are a
measurement of the weight fraction of the cross-linked/insoluble portion in a film
sample. In the case of the TR process, the insoluble fraction of the TR film originates
from both intramolecular rearrangements (formation of possibly insoluble PBOs) and
intermolecular rearrangements or cross-linking (formation of insoluble networks)'.
In this study, all TR films achieved high gel fractions due to the formation of either
insoluble PBOs or crosslinked structures. The %TR conversion indicates the amount

of polyhydroxyimide segments that were converted to polybenzoxazole segments. It

was found that higher contents of PAES in the precursor block copolymer resulted in
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higher %TR conversions. A possible explanation is that the PAES provides better
chain mobility due to its lower Tg, which facilitates the thermal rearrangements.
Compared with the 0%PAES control polymer film, the polymer film that contains
30%PAES undergoes thermal rearrangement to achieve higher %TR conversion under
the same heat treatment conditions.

30% TR with 87.7% conversion
--“-‘1H_Hh—h__-—ﬂ_1ﬁf—\ri_

30% TR precursor

oemmpaner
/

-OH

/

7
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Figure 3.12 Comparison of FTIR-ATR spectra betweem 30% PAES-HAB-6FDA TR precursor

polymers (bottom) and 30% PAES-HAB-6FDA TR polymers with a 87.7% TR conversion (top)

The structural changes upon conversion from HAB-6FDA polyhydroxyimide to
polybenzoxazole during thermal rearrangements were tracked with FTIR-ATR by
qualitatively observing the decreased absorbance of —OH group (~3400 cm™) and
imide peaks C=0O (~1720 cm™).1’> 137 1% Taking 30% PAES-HAB-6FDA TR
copolymers as an example, comparison of FTIR-ATR spectra between the precursor
copolymers (bottom) and TR copolymers with a 87.7% TR conversion (top) is shown
in Figure 3.11. Thermal rearrangement of polyhydroxyimide TR precursors to
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polybenzoxazoles reduced the amount of hydroxyl and ketone groups and thus

declined peak intensities at ~3400 cm™ and ~1720 cm™! in FTIR spectrum.

Mechanical properties

Mechanical properties are one of most important performance parameters for a
gas membrane material. Poor mechanical properties are a major obstacle against
commercialization of the polybenzoxazole thermally rearranged membranes.'*¢ Good
mechanical strength is required to withstand high pressure during operation and also
for the films to be sufficiently robust for membrane fabrication. Mechanical properties
of TR polymer films depend on many factors including the casting procedure, TR
protocol, molecular weight, rate of tensile deformation, and extent of any crosslinking
or branching.'*” In this study, mechanical properties of PAES-HAB-6FDA copolymers
with various compositions of TR precursor films and their corresponding TR
polybenzoxazole analogs were investigated. Stress, strain and toughness value (area
under the curve) at break as well as Young's moduli are shown in Table 3.5. Overlay
curves from Instron tests are shown in Figure 3.13.All of the precursor films were
heated in a TR process at 400°C for 1 hour except the 0%PAES precursor control film,

which was prepared by TR450°C for 2 hours to ensure high TR conversion.
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Figure 3.13 Instron data curves. Top one is for TR precursor films (non-TR) and bottom one is for
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The weight average molecular weights of different precursor polymers are
labeled in the brackets. All of the PAES-HAB-6FDA precursors exhibit high tensile
strength (stress) at break (>100 MPa). Meanwhile, the elongation (strain) at break
increases from 6% to 31% by incorporating PAES contents up to 30%. The tensile

stress of pure PAES is ~54 MPa, and the elongation at break is ~48%.!** The
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improvement of elongation with slightly lower stress in a block copolymer with
higher PAES content is mainly caused by introducing the PAES oligomer toughening
agent segments into the homo TR polymer (HAB-6FDA). After the TR process, the
TR films are not as tough as the TR precursor films, since both the tensile strength
and elongation decrease significantly. Compared with the homo TR polymer film of
0%PAES-HAB-6FDA-TR, 30%PAES-HAB-6FDA-TR exhibits much better
mechanical properties with doubled tensile strength and elongation, almost four times
toughness value at break.

It is well-known that deterioration of the mechanical properties of these TR
membranes is largely due to the decomposition that occurs during the thermal
rearrangement process at high temperatures.!*> % In order to demonstrate the effect
of molecular weight on mechanical properties, two 15% PAES block copolymers, low
(Mw~45kDa) and high (My~205kDa) molecular weights, were measured. Before the TR
process, the low and high MW films showed similar mechanical properties. After the
TR process, the high MW film maintained relatively good mechanical properties
while the stress and strain of the low MW film dropped dramatically to only half of

those properties of the high MW film.
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Table 3.5 Summary of tensile properties of PAES-HAB-6FDA copolymers

Stress (MPa) Strain % Modulus Toughness** TR
@ break @ break (GPa) (MPa) conversion %

0% (81.7kDa)* 101+6 6.4+0.8 2.06+0.09 4.70£1.70 NA
0% TR (81.7kDa) 59+10 2.310.4 2.61£0.16 0.91+0.34 80.0
5% (282kDa) 1262 6.1+0.7 3.51+0.07 6.35+1.31 NA
5% TR (282kDa) 99+6 3.3+0.5 3.19+0.25 2.33+0.59 51.5
10% (300kDa) 12345 7.6+0.2 3.27+0.12 8.33+2.64 NA
10% TR (300kDa) 60+10 2.0+0.3 3.13+0.11 0.72+0.27 54.2
15% (205kDa) 12242 13.5+0.7 3.10+£0.19 22.90+5.95 NA
15% TR (205kDa) 88+8 3.3+0.3 2.90+0.26 1.82+0.35 78.0
30% (207kDa) 108+1 31.0+£0.3 2.82+0.11 30.91+3.40 NA
30% TR (207kDa) 105+16 4.7+0.3 2.55+0.33 3.30+0.51 87.7

Note: *the weight average molecular weights are included in brackets.

** Toughness is value of the area under the stress/strain curve.
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Recently, some studies showed that mechanical properties of the thermally
rearranged polymers can be improved by combining TR polymers with other
materials. Li et al. reported that TR polymers derived from spirobisindane-containing
polyhydroxyimides yielded good tensile stress (70-95 MPa) with very high
elongations at break (15%-20%), which were about four times higher than those of the
TR polymers from this study.!®® Scholes et al. blended a thermally rearrangable
polyhydroxyimide (HAB-6FDA) with a “non-TRable” polyimide (4MPD-6FDA)
(2,3,5,6-tetramethyl-1,4-phenylene diamine (4MPD)) that provided additional
flexibility. For example, with 25 wt% of 4MPD-6FDA in the blend, tensile stress and
elongation at break increased by 40% and 190%, respectively, relative to those of
HAB-6FDA TR polymers.!”! Zhuang et al. reported mechanically tough, TR
random/block poly(benzoxazole-co-imide)s with tensile strengths of 72—114 MPa and
elongations at break of 5—16%, with a ~40% increase of tensile strengths and ~60%
increase of elongation, relative to those of HAB-6FDA TR polymers.'# 32 Liu et al.
demonstrated the effect of 2,2’-bis(3-amino-4-hydroxyphenyl)-hexafluoropropane
(APAF) content on the mechanical property change of random copolyimides of
APAF/HAB-6FDA. These APAF/HAB-6FDA TR copolymers had tensile strengths of
65-77 MPa and elongations at break of 2.5-3.7% while HAB-6FDA TR
homopolymers had a tensile strength of 85 MPa and elongations at break of 4.0%.'%
It 1s difficult to directly compare the mechanical property data among different
systems due to different methods and conditions utilized, including synthesis, film

casting, TR process, and tensile test, etc. However, it is feasible to evaluate the
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improvement of mechanical properties by comparing strengths and elongations of the
toughened polymers with those of corresponding non-toughened polymers. Take
30%PAES-HAB-6FDA as an example, doubled tensile strength and elongation at
break were obtained after PAES toughening, while in previous studies about
enhancement of 0-40% in tensile strength and 0-300% in elongation. Therefore, the
above discussion demonstrate that our PAES toughened TR polymer films have some
advantages over other toughened TR systems, especially in improving tensile

strength.

3.5 Conclusions

Thermally rearranged (TR) block copolymers were prepared from a series of
PAES oligomers based on HAB-6FDA polyhydroxyimide precursors. Potentiometric
titration was used to determine the number average molecular weight of the PAES
oligomer to ensure a perfect stoichiometry for step-growth polymerization of high
molecular weight block copolymers. Structures of the PAES oligomers and block
copolymers were confirmed by 'HNMR. FTIR-ATR was used to confirm the
structural changes of the polyhydroxyimides during the TR process.
Thermogravimetric analysis (TGA) showed similar thermal stability and
rearrangements (weight loss in TR region) for all precursor film samples. As the
PAES toughening agent content was increased, TR conversion increased due to better

chain mobility provided by PAES structures. In addition, mechanical properties of the
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membranes increased after introducing PAES. The 30%PAES-HAB-6FDA block
copolymers exhibited the best mechanical properties with doubled tensile strength and

elongation at break compared with the homo TR polymer 0%PAES-HAB-6FDA.
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4.1 Abstract

Poly(phenylene oxide)-poly(arylene ether ketone) (PPO-PAEK and PPO-PAEKK)
copolymers  were prepared by polycondensation of a  difunctional
poly(2,6-dimethylphenylene oxide) oligomer with 4,4’-difluorobenzophenone or
1,3-bis(4-fluorobenzoyl)benzene respectively and their properties were compared to a
homopolymer from 2,2-bis(4-hydroxy-3,5-dimethylphenyl)propane
(tetramethylbisphenol A, TMBPA) and difluorobenzophenone. The polymers were
cast into films, then crosslinked in the solid state with UV light with the wavelength
of 365-nm at room temperature to form asymmetrically crosslinked thermoset

membranes with high gel fractions. This approach offers a means for fabrication of
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membrane films, fibers or composites, as well as tuning of gas transport properties
through crosslinking in the solid state. Structural analysis via NMR, IR, and UV-vis
spectroscopy confirmed the expected copolymer compositions and provided support
for a free radical crosslinking reaction involving coupling between the aromatic
ketone and labile benzylic methyl groups. Introduction of the ketone group resulted in
a decrease in permeabilities, but an increase in selectivities for O»/N, and CO»/CHgs
gas pairs over unmodified PPO. Additionally upon crosslinking a large shift was
seen in the gas properties of all the membranes, with permeability decreasing and the

selectivity increasing for the O>/N> and CO,/CHj4 gas pairs.

4.2 Introduction

Poly(2,6-dimethylphenylene oxide) (PPO) and its derivatives have been
extensively studied as potential membranes for CO./CHs4 separation systems.* '3
These polymers, like many other glassy polymers, are of interest for gas separation
applications because of their excellent transport properties, and specifically PPO due
to its high permeability.??>*2¢ The high permeability of PPO is primarily attributed to
enhanced gas diffusion through increased free volume induced by the disruption of
chain packing by the methyl groups on the polymer backbone.'** This high
permeability makes it extremely attractive for gas separation applications,
unfortunately the selectivity of the PPO membrane is too low for many gas separation

applications.

Derivatives of PPO have included modifications of the polymer by electrophilic
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aromatic substitution with bromo, nitro, sulfonic acid, and other various groups on the
open ortho positions on the aromatic backbone.?7 67155 Additionally, effects of side
chain substitution have been investigated with carboxylation and esterification of the
methyl substituent, and also replacement of the methyl group with aromatic
rings.'*%1> Bromination of PPO causes a stark increase in permeability over that of
the unmodified PPO, with relatively little decrease in gas selectivity, resulting in
highly permeable PPO membranes.’® '>° The addition of the bromine groups increase
the free volume and disrupt the packing density of the PPO polymer chains. In
contrast for nitrated PPO copolymers, relative to untreated PPO, selectivity increases
and permeability decreases.®’ Nitrile and other polar groups seem to have a minimal
effect on the density of PPO membranes, with the polarity of the groups resulting in a
decrease in torsional motion of the polymer chains which results in higher selectivity
and lower permeability. Thus depending on the nature of the groups added to PPO,
gas properties can be significantly changed in either direction. However even with
modification, all PPO systems, including PPO homopolymer, have potential issues
with insufficient thermal and oxidative stability due to the presence of the aromatic
methyl substituents present in the backbone of the PPO polymer. Removal of these
groups with derivatives such as poly(2,6-diphenylphenylene oxide), which uses the
aromatic ring in place of the methyl groups, results in higher stability membranes.!'>*
156-157. 160 However, the methyl groups seem essential to the strong gas properties as
these deviates perform very poorly and permeability is significantly reduced.

While significant work has been done on PPO modifications, relatively little
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research has focused on synthesis of copolymers containing PPO.'®!"1® This would
seem to be a great option as the PPO and methyl group structure would be maintain,
while allowing for altering of polymer and gas transport properties with selection of a
comonomer or secondary phase. Though, one primary obstacle has been that PPO is
synthesized by a conventional oxidative polymerization process, which produces
monofunctional polymers.*> 164166 This is problematic as traditional copolymerization
cannot be easily performed for PPO using the oxidative polymerization process, and
with monofunctional polymers, only diblock copolymers can be synthesized. To
obtain difunctionality in the PPO polymer, the 2,6-dimethylphenol monomer needs to
be polymerized with a difunctional/dihydroxyl compound such as a
tetramethyl-substituted bisphenol derivative, e.g. 2,2',6,6'-tetramethyl-4,4'-biphenol,
4,4'-methylenebis(2,6-dimethylphenol), or
2,2-bis(4-hydroxy-3,5-dimethylphenyl)propane). These compounds allow the PPO to
grow off the hydroxyl groups which builds the polymer chain, with the molecular
weight being controlled by the amount of the difunctional compound used.24-26
These reactions require precise conditions with low oxygen flow rates and longer
reaction times to ensure inclusion of the difunctional comonomer. These strict
reaction conditions may be due to reduced reactivity of the ortho-substituted
bisphenol moiety over the 2,6-dimethylphenol monomer. Difunctionality can also be
achieved by using a quinone coupling reaction with low molecular weight PPO to
produce difunctional oligomers.!®” Once synthesized however, the difunctional
oligomers can be used to produce copolymers in various step-growth polymerization
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reactions,'61-162

Thus, the authors aim to create copolymers in this study utilizing a difunctional
PPO oligomer and difluoroketones to produce ketone containing PPO copolymers.
The inclusion of the ketone attempts to increase the selectivity of PPO, along with
providing a source for possible UV crosslinking. Crosslinking could potentially
further increase selectivity and stability, along with resistance to CO> plasticization,
which has been seen in aromatic polyimides after crosslinking.*> 198171 Additionally,
the authors could find very few reports of gas transport properties of PPO
copolymers.!”?17® Therefore, a study of the effect of copolymerization of PPO on its
gas transport properties represents an important addition to the gas separation
membrane field. With the designing of crosslinked PPO copolymers potentially
providing a new class of membranes with outstanding and variable gas transport
properties.

This chapter reports the synthesis, characterization, crosslinking, and gas
transport properties of novel poly(2,6-dimethylphenylene oxide)-poly(arylene ether
ketone) (PPO-PAEK) and poly(2,6-dimethylphenylene oxide)-poly(arylene ether
ketone ketone) (PPO-PAEKK) copolymers. These were cast into films (15-25
microns thick), then crosslinked via UV irradiation. The copolymers were synthesized
by polycondensation of a difunctional PPO oligomer with difluorobenzophenone or
bis(4-fluorobenzoyl)benzene. The PPO copolymers were compared to PPO, industrial
standards, and a poly(arylene ether ketone) prepared from tetramethylbisphenol A and
difluorobenzophenone to elicit effects of polymer structure on the membrane and
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transport properties. In addition, effects of crosslinking and ketone concentration in

these membranes on gas transport properties have been investigated.

4.3 Experimental

Materials

Difunctional poly(phenylene oxide) (PPO) oligomers were purchased from Sabic
and had a number average molecular weight of ~1,650 g/mol. 2,6-Dimethylphenol
(2,6-xylenol, 99+%), 1,3-bis(4-fluorobenzoyl)benzene, and N,N-dimethylacetamide
(DMACc) were purchased from Sigma-Aldrich. DMAc was distilled from calcium
hydride before use. 4,4’-Difluorobenzophenone and
2,2-bis(4-hydroxy-3,5-dimethylphenyl)propane (tetramethylbisphenol A, TMBPA,
99+%) were purchased from TCI America. Reagent grade potassium carbonate
(K2CO3) was purchased from Fisher Scientific and dried under vacuum at 1800C
prior to use. Toluene, isopropanol, ethanol, acetic acid, and chloroform were obtained

from various sources and used as received.

Synthesis of poly(phenylene oxide)-poly(arylene ether ketone) copolymers
(PPO-PAEK, PPO-PAEKK) and the tetramethylbisphenol A-based poly(arylene
ether ketone) homopolymer (TMBPA-BP)

The copolymers were synthesized via nucleophilic aromatic substitution and was
performed as follows: a difunctional PPO oligomer of ~1,650 g/mol (8.70 g, 5.27

mmol), difluorobenzophenone (1.15 g, 5.27 mmol), and DMAc (50 mL) were charged
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into a 100-mL, 3-neck, round-bottom flask equipped with a mechanical stirrer,
nitrogen inlet and Dean-Stark trap. The mixture was heated to 1400C and stirred until
the monomers were completely dissolved. Once dissolved, KoCOs3 (1.10 g, 7.96 mmol)
and toluene (25 mL) were added into the flask. The reaction was allowed to reflux at
140°C for 4 h to azeotropically remove water from the system and then it was slowly
heated to 160°C to remove the toluene. The reaction was allowed to proceed at 160°C
for 12 h and then cooled to room temperature. After 12 h the solution was very
viscous, and was diluted with 50 mL of DMAc. Filtration of the solution to remove
the by-product salt was difficult. Therefore, the product was precipitated into boiling
DI water to afford a white fibrous product. Afterwards, the copolymer was stirred in
DI water (~80°C) overnight to remove any residual salt or solvent, filtered, and then
dried in vacuum at 180°C for 24 h. Yield was nearly 90% or higher for all of the
polymers. The PPO copolymer utilizing 1,3-bis(4-fluorobenzoyl)benzene was
synthesized in the same fashion.

The tetramethylbisphenol A-containing poly(arylene ether ketone) (TMBPA-BP)
was synthesized by dissolving tetramethylbisphenol A (7.1098 g, 25 mmol) and
difluorobenzophenone (5.4550 g, 25 mmol) in DMAc (90 mL) with excess K2CO3
(8.3 g, 60 mmol) and toluene (25 mL). After the monomers and base fully dissolved,
the solution was gradually heated to 155°C over 3 h. The polymerization was allowed
to proceed for 20 h and then cooled to 90°C. While still at 90°C, the synthesis
solution was precipitated in 20 vol% acetic acid in DI water. To remove residual
solvent and impurities, the polymer was extracted in pure DI water for 24 h, filtered,
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boiled in ethanol for 3 h, filtered and washed with fresh ethanol, and dried under
vacuum at room temperature for 18 h.
Membrane preparation

PPO copolymers were dissolved in DMAc (~4% w/v) and filtered using a
high-pressure, 0.45-um filter with a nitrogen pressure of 1500 psi. The resultant
solution was cast onto a clean glass substrate, dried in vacuum at 80°C for 12 h, and
then in vacuum at 150°C for an additional 12 h. Membranes were removed from the
glass substrates by immersion into a DI water bath. Films with thicknesses ranging
between 12-26 microns were dried at 150°C overnight in vacuum prior to testing to
remove any absorbed water or residual solvent. TMBPA-BP films were prepared via
solution casting using chloroform as the solvent. After about 0.5 g of polymer was
dissolved in 10-15 mL of chloroform, the solution was filtered through a 1.0 pum
polytetrafluoroethylene (PTFE) syringe filter. The solution was then cast onto a
clean, leveled glass plate, heated at 80 °C under partial vacuum for 24 h, and then
heated at 100 °C at full vacuum for 24 h. After the film was peeled off the glass
plate, the films was heated again at 100 °C for 24 h. DMAc was chosen for the PPO
copolymers as they had limited solubility in chloroform. Additionally, the TMBPA-BP
polymer was cast using chloroform rather than DMACc since its lower boiling point
allowed the solvent to be removed at lower temperatures, which was desirable due to
concerns over the thermal stability of the homopolymer. Film thickness were between

14 — 20 microns.
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UV crosslinking

UV crosslinking was performed via a mercury longwave UV lamp (UVP, Model
B-100) equipped with a 365-nm light filter at room temperature with an intensity of
17 mW/cm?. Each sample was irradiated in air at a distance of 3.5 cm from the UV
lamp for 1 h per side.
UV-vis Spectroscopy
The Beer-Lambert law can be used to estimate the UV intensity, I, at any point in a
film:

I=1,x107EP =] ,x 1074 4-1)
where Ip 1s the UV incident intensity, E is the extinction coefficient, C is the
concentration of the photoactive species, D is the path length, and A is the UV
absorbance. The extinction coefficient can be determined using the absorption
spectra for each polymer.!3 1%

Characterization

'"H and F NMR analysis was performed on a Varian Inova spectrometer
operating at 400 MHz (376 MHz for '°F NMR). Spectra were obtained from 1 mL of
a 15% (w/v) solution in CD2Cl,. The PPO-PAEK copolymers had limited solubility in
CDClz so CDxCl, was used instead. Glass transition temperatures (Tg’s) were
determined by differential scanning calorimetry (DSC) with a TA Instruments DSC
Q-200 under nitrogen gas with a heating rate of 10°C/min. DSC spectra were
conducted in the temperature range of 150-350°C. The samples were first held

isothermally at 150°C for 5 min to remove any residual solvents. Glass transition
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temperatures were determined from the second scan. Fourier Transform Infrared
Spectroscopy with attenuated total reflectance (FTIR-ATR) was performed to observe
carbonyl groups in the PPO-PAEK copolymers, the TMBPA-BP homopolymer, and
their corresponding crosslinked membranes. Observance of the carbonyl groups were
used for conformation of crosslinking in the polymer membrane samples, via
disappearance of the benzophenones peaks from the uncrosslinked membranes and
appearance of hydroxyl and oxidation peaks in the crosslinked membranes. The
FTIR-ATR spectra were recorded on an FTIR spectrometer (Agilent Technologies
Cary 630 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 film was placed on the diamond crystal, and the FTIR spectrum
was measured with 32 scans. Spectrums were normalized via the peak at 1200 cm™'.
Number average molecular weight of the difunctional PPO oligomer was obtained via
a multi-detector size-exclusion chromatography system with an isocratic pump
(Agilent 1260 infinity, Agilent Technologies) with an online degasser (Agilent 1260,
Agilent Technologies), using chloroform as the mobile phase (30°C) with 3 PLgel 10
um mixed-B 300 x 7.5 mm columns in series with a Wyatt Viscostar Il Viscometer, a
Wyatt Heleos II multi-angle light scattering detector, and a Wyatt T-Rex refractive
index detector.
Gel fractions

Gel fractions of the crosslinked samples were measured by extraction using a
Soxhlet extractor (Wilmad-LabGlass, Vineland, NJ, USA). DMAc was used for both
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the PPO copolymers and the TMBPA-BP homopolymer, with approximately 20 mg of
material for each sample. The initial mass of the film was weighed before the sample
was extracted. Crosslinked polymers were extracted by refluxing with DMAc. After
24 h, the crosslinked samples were heated for 24 h under vacuum, and then the final
film mass was recorded. Gel fractions were calculated by Equation 4-2:
Gel Fraction= Wiinat/Winitiat x100% (4-2)
Pure gas permeability measurements
Pure gas permeabilities of H>, No, CHs4, O, and CO> were measured using a
constant volume, variable pressure apparatus.'®*® The film sample was housed in a
stainless steel Millipore filter holder (Millipore, Billerica, MA, USA).!*® Upstream
pressure was measured with a Honeywell Super TJE 1500 psi transducer (Honeywell
Sensotec, Columbus, Ohio, USA), and downstream pressure was measured using a
MKS Baratron 626 transducer (MKS, Andover, MA, USA). Pressure readings were
recorded using National Instruments in either LABVIEW or Python software. All of
the permeation experiments were conducted at 35°C with feed pressures ranging from

3to 17 atm.

4.4 Results and Discussion

Synthesis of the tetramethyl bisphenol A-benzophenone (TMBPA-BP)
homopolymer and PPO block copolymers
Figures 4.1 and 4.2 display the reaction schemes employed for the PPO block

copolymers and tetramethylbisphenol A poly(arylene ether ketone) homopolymer.
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Difunctional PPO oligomers were reacted with difluorobenzophenone or
bis(4-fluorobenzoyl)benzene via step growth polycondensation to form fibrous
polymeric materials. The difunctional PPO oligomer obtained from Sabic was
believed to be synthesized by introducing
2,2-bis(4-hydroxy-3,5-dimethylphenyl)propane (tetramethylbisphenol A) into the
PPO oligomer. This was supported by the 'H NMR spectrum of the final block
copolymers that showed the bridging methyl groups in the upfield region of the
spectrum (Figure 4.3, 1.7 ppm). A molecular weight of ~1650 g/mol was calculated
for the PPO oligomer via 'H NMR spectroscopy and confirmed with SEC. A 1:1
mole ratio was used between the oligomers and the difunctional ketone monomers in
order to achieve high molecular weights. The progress of the reactions was monitored
via ’F NMR spectroscopy by noting the disappearance of the fluorine substituents of
the benzophenone moieties.

Two reactions were conducted with the difunctional PPO oligomer, one with the
monoketone difluorobenzophenone monomer and a second with the diketone
monomer, bis(4-fluorobenzoyl)benzene. This created two PPO copolymers with a
varied amount of ketone relative to benzylic methyl groups in the copolymers. The
PPO copolymer with the monoketone monomer is referred to as PPO-PAEK and the
diketone copolymer is referred to as PPO-PAEKK. The addition of the diketone
monomer created approximately twice the ratio between the benzylic methyl to
ketone content in the PPO copolymer (Table 4.1). Additionally the PPO-PAEK
copolymer had approximately 10 wt% of the copolymer corresponding to the ketone
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monomer, 15 wt% corresponding to the tetramethylbisphenol A moieties, and 75 wt%
of the PPO, while the PPO-PAEKK had 15 wt%, 14 wt%, and 71 wt% respectively.
To make a series for comparing properties with a varying level of ketone to benzylic
methyl compositions, tetramethylbisphenol A was also polymerized with
difluorobenzophenone to produce the poly(arylene ether ketone) homopolymer
(Figure 4.2). This homopolymer was prepared using a previously reported procedure
and had the highest value of ketone inclusion with ~ 39 wt% of the composition
corresponding to the ketone-containing monomer and a 4:1 ratio of benzylic methyl
relative to ketone groups (Table 4.1).!'7* The compositions of the polymers were
confirmed with "TH NMR spectroscopy as depicted in Figure 4.3. Clear and transparent
membranes were obtained upon casting of the polymers from their corresponding

solutions.

Table 4.1 Composition of TMBPA-BP and Ketone-Containing PPO Copolymers

Ketone Monomel Benzylic Methyl to

Sample PPO wt% TMBPA wt% .
wt% Ketone Ratio
TMBPA-BP - 61 39 4:1
PPO-PAEKK 71 14 15 14:1

PPO-PAEK 75 15 10 28:1
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Figure 4.1 Synthesis of poly(phenylene oxide)-poly(arylene ether ketone) copolymers
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Figure 4.2 Synthesis of tetramethylbisphenol A poly(arylene ether ketone) homopolymer
TMBPA-BP

114



CH,CL,

78 7.6 74 7.2 7.0 6.8 6.6 6.4 6.2 6.0 58 56 54 52 2.6 2.4 2.2 2.0 1.8 1.6 1.4

Figure 4.3 '"H NMR spectra of the copolymers and homopolymer: (top) TMBPA-BP, (middle)

PPO-PAEK, and (bottom) PPO-PAEKK.

Crosslinking and characterization

The PPO copolymers and TMBPA-BP homopolymer membranes were
crosslinked using 365 nm UV light to produce membranes with high gel fractions
(Table 4.2). The UV crosslinking most likely occurred through excitation of the
carbonyl group from the singlet to triplet state and then intermolecular hydrogen
abstraction of a benzylic hydrogen, followed by coupling of the benzylic radical with
the benzophenone carbon. This mechanism has been studied and proposed by many
different groups utilizing benzophenone as a crosslinking agent. Figure 4.4 presents

the proposed mechanism for the UV crosslinking.!!? 123 125 175-177 1 this paper, the

115



crosslinked samples are designated as PPO-PAEK XL, PPO-PAEKK XL, and
TMBPA-BP XL, with XL being the acronym indicating crosslinking.

After UV irradiation, a hydroxyl peak (~ 3500 — 3100 cm™) developed in the FTIR
spectra of both PPO films (Figure 4.5). Although very broad, this peak was clearly
absent in the non-crosslinked films. This absorption was consistent with the proposed
UV light-activated mechanism, with formation of alcohol groups upon irradiation of
the membranes.'? In addition to the hydroxyl formation, treatment of the membranes
resulted in the formation of a new carbonyl peak (~1750 cm™ in both crosslinked
spectra). Similar observations were made in previously reported work using UV
irradiation and benzophenone to induce crosslinking.!” This peak’s origin most likely
resulted from side reactions in an oxidation process, forming carboxylic acids. In
addition, although there is only a small fraction of benzophenone in the PPO
copolymers, a UV absorption attributed to the benzophenone is visible in both spectra
of the non-irradiated copolymers.!?3 17> This peak is located at 1650 cm™ in the FTIR
spectra, and after crosslinking, this benzophenone peak is reduced, indicating loss of
the benzophenone absorption.'?* 1" Combined, these three factors make a strong case
for the suggested crosslinking mechanism of the benzophenone and benzylic
methyl-containing polymers. As the composition of the TMBPA-BP copolymer was
greatly different from the PPO copolymers, a direct IR comparison was not made
between the homopolymer and copolymers. Nevertheless, the appearance of the
hydroxyl and oxidized carbonyl peak, along with disappearance of the benzophenone
was still evident.
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Figure 4.5 IR spectra of crosslinked and non-crosslinked ketone-containing PPO copolymers

normalized with peak at ~1200 cm™'. PPO-PAEK is the top spectra and PPO-PAEKK is the

bottom.

Table 4.2 compares the gel fractions and glass transition temperatures (Tg’s) of

the linear and crosslinked films with those of the pure PPO films. The glass transition
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temperature of PPO was obtained from the literature.’” All of the crosslinked
polymers had high gel fractions, which confirms that UV irradiation is producing
crosslinked membranes for the benzophenone-containing polymers presented in this
manuscript. Additionally, as presented in Table 2, the Tg increases after UV
irradiation with TMBPA-BP XL having the largest increase in Tg. One would expect
that highest crosslinking would occur in the polymers with the highest concentration
of benzophenone. This is because the proposed crosslinking mechanism requires both
methyl and ketone moieties, and therefore if a smaller fraction of benzophenone
ketones are used, this may have a direct effect on the amount of crosslinking (see
Table 1 for benzylic methyl to ketone ratio). Thus, the higher fraction of ketone
functional groups in the TMBPA-BP and PPO-PAEKK polymers provides more
crosslinking sites closer together, as the ketone moiety is the limiting factor.

In comparing and quantifying the amount of crosslinking occurring in the membranes
we have two pieces of evidence, which is gel fraction and change in glass transition
temperature. As bulk films are used, IR analysis can really only provide information
about the surface of the polymer membranes. Both of these data are important as
although the PPO-PAEK and TMBPA-BP membranes can have the same amount of
chains that are crosslinked (gel fraction), the TMBPA-BP membrane contains many
more crosslinking sites and therefore has the potential for higher crosslink density
(Figure 4.6). This is supported by the results of thermal analysis, which showed a
clear difference in the change of glass transition temperatures. The thermal analysis
showed that with higher concentration benzophenone a higher crosslink density is
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seen. However, this trend was not so clear in the gel fraction results, with the lowest

gel fraction occurring for the PPO-PAEKK membrane.

Figure 4.6 A scheme representing difference between crosslinking percentage and
crosslink density. In both figures all of the chains are crosslinked (100 percent
crosslinked). However, the chains in the right figure contain more crosslink sites.

Thus, the figure on the right has a higher “crosslink density”.

Table 4.2 Comparison of crosslinked and non-crosslinked PPO-PAEK and TMBPA-BP

Sample Gel Fraction (%) Ty (°C)
PPO Oligomer - 136
PPO - 207
PPO-PAEK - 209
PPO-PAEK XL 95 216
PPO-PAEKK - 207
PPO-PAEKK XL 84 227
TMBPA-BP - 217
TMBPA-BP XL 95 238

While there is no question that the polymer films underwent crosslinking,
anytime bulk films are used with a UV source, concerns must be made towards
crosslinking homogeneity.!”*1” With high adsorption of the UV light, full penetration
of the UV light into the membrane might be prevented, resulting in asymmetric films.
Some evidence supports this hypothesis, as the PPO-PAEKK film had the lowest gel

fraction but had a significantly higher change in glass transition temperature than the
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PPO-PAEK membrane. To better gauge what was happening with these membranes,
UV-vis analysis was conducted to see how strongly the light at 365 nm was being
absorbed by each membrane. Furthermore by using the Beer-Lambert law, the
intensity and adsorption of the incumbent light was calculated as a function of film
thickness. The UV-vis spectra for each film and the absorbance normalized for the
film thickness is shown in Figure 4.7. The UV intensity profile at 365 nm was

calculated for both sides of the film receiving the same amount of irritation.
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Figure 4.7 (A) UV-vis spectra for the ketone containing films, and (B) calculated UV

intensity profile at 365 nm for the films irradiated on both sides.

From the UV-vis data it was discovered that there was a large difference in the
absorption behavior and uniformity between the PPO-PAEK and the higher ketone
containing films PPO-PAEKK and TMBPA-BP. While PPO-PAEK shows only a
small difference between the UV intensity at the center and the edges of the film (0.5
is the center, 0 and 1 are the edges), the PPO-PAEKK and TMBPA-BP films had a

much larger difference, with less than fifty percent intensity reaching the center.
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Although the PPO-PAEK is a slightly thinner film compared to the other two polymer
films, it doesn’t fully explain the vast difference between the absorption behaviors.
This is because the higher ketone containing films absorbed a higher amount of the
UV light at 365 nm. In fact, the absorption of the PPO-PAEKK and TMBPA-BP films
was more the double than that of the PPO-PAEK film. Thus, the higher ketone content
in the PPO-PAEKK and TMBPA-BP films allows for more adsorption of the UV light
though excitation of the ketone groups. These factors would cause a greater
non-uniformity in crosslinking of the membranes as the high absorbance is inhibiting
full penetration of the UV light into the middle of the membrane. Based on the UV-vis
data and the gel fraction and DSC results, it can be assumed that the crosslinking in
the membranes are asymmetrical, with higher non-uniformity being seen in the
PPO-PAEKK and TMBPA-BP films.

In order to ensure that full crosslinking uniformity is occurring, thin films would
have to be used. However when going to thin films, studies of the TMBPA-BP
homopolymer showed that physical aging was highly prevalent, and required films of
less than 150 nm thickness to get 90% intensity in the center of the films.'*
Nevertheless to truly gauge the material properties of the crosslinked systems, thin
films studies should be conducted in the future, but are beyond the scope of this paper.
This same reservation of crosslink uniformity should also be applied to the gas
properties of the crosslinked membranes, as high asymmetry would provide a surface

layer effect for the membranes.

121



Gas transport properties

Pure gas transport properties of the benzophenone-containing membranes are
displayed in Table 4.3, with the transport properties of PPO-PAEK, PPO-PAEKK,
TMBPA-BP, and the crosslinked polymers compared with literature values for PPO,
polysulfone (PSF), and Matrimid.?® ¢ Furthermore the polymeric membranes are
plotted on the upper bound for CO»/CH4 and O»/N> gas pairs in Figure 4.8. Based on
the pure gas results it was perceived that addition of the ketone into the PPO polymer
resulted in a decrease in permeability for all the gases and an increase in the
selectivity for CO»/CH4 and O2/N; gas pairs in the uncrosslinked membranes. This
formed a trend with the lowest permeability and highest selectivity recorded for the
TMBPA-BP polymer film and the highest permeability and lowest selectivity
occurring in the PPO-PAEK polymer film. After crosslinking, all of the polymers
showed a significant increase in selectivity, with a 35-50% increase in CO2/CH4 and a
12-20% increase in O2/N> selectivity. With only around a 50% decrease in the gas
permeabilities for CO, and O>. While the two non-crosslinked PPO copolymers
exhibited very similar selectivities for both gas pairs, upon crosslinking the CO,/CHg4
and O2/N2 selectivities of the TMBPA-BP and PPO-PAEKK-XL increased by a larger
percentage than those of the PPO-PAEK-XL. However, the drop in permeability was
nearly the same for all of the crosslinked polymers with every crosslinked membrane
failing in the range a decrease of 54-59%. The presence of additional ketone
functional groups should allow for higher crosslink densities to be achieved, and
therefore inhibition of chain mobility that would lead to a decrease in permeability
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and a corresponding increase in selectivity due to size-sieving. However, one would
expect that with a higher increase in selectivity, a larger decrease in permeability
should occur. This could also be an effect of crosslinking asymmetry in the
membranes. From the UV-vis analysis it was shown that PPO-PAEKK and
TMBPA-BP have much higher asymmetry than the PPO-PAEK membrane, likely
resulting in membranes that are highly crosslinked at the surface and lightly
crosslinked or uncrosslinked in the center. This would create a surface effect for the
membranes, and help to explain the results seen in the gas properties. This effect has
been seen in highly permeable membranes which undergo surface modification to
create a layer of high impermeability. In these membranes a large increase in
selectivity is observed without a huge penalty in permeability, similar to what was
seen in the systems presented in this paper.!’8!7

In comparing the ketone-based polymers to commercial polymers such as PSF
and Matrimid, all of the membranes, as well as the crosslinked derivatives, showed
superior performance to the PSF membrane. In particular, the crosslinked derivatives
exhibited selectivities similar to those of PSF while having permeabilities that were
2-4 times higher. In comparison to Matrimid, the PPO copolymers and TMBPA-BP
exhibited gas transport properties with parallel performance relative to the
commercial membrane on the upper bound plot. The PPO copolymers and
TMBPA-BP homopolymer had higher permeabilities, but lower selectivities than the
commercial Matrimid membrane. Furthermore, both incorporation of arylene ether

ketone groups into PPO as well as crosslinking result in a shift up and to the left in the
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upper bound plots in a manner that is parallel to the present upper bound lines.
Addition of the ketone groups in the non-crosslinked polymers decreased the free
volume in the membranes. Since benzophenone lacks the bulky methyl groups that
are on the PPO polymer which could result in improved packing efficiency of the
polymer chains, the observed decrease in permeability and corresponding increase in
selectivity would be expected for these systems. '’

PPO based systems have traditionally been explored as gas separation
membranes for CO2/CHs gas pairs.* °” 1 However, the performance of the PPO
based materials were also good for O»/N> separation, with the values very near the
1991 upper bound. It suggests that these could also be suitable membranes for
separations of O2/N,. Like the unmodified PPO, it is anticipated that these polymers
could be fabricated into hollow fiber or spiral wound modules for gas separations.
Crosslinking the membrane or hollow fiber may provide additional benefits of
increased durability, operation time, mechanical properties, and resistance to
COs-induced plasticization.'®®1® Furthermore, crosslinking would most likely result
in reduced swelling and water uptake, which might be advantageous in vapor/gas

separation applications that currently use unmodified PPO.*
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Table 4.3 Gas transport properties of PPO, PPO-poly(arylene ether ketone) block copolymers, and

standards in pure gases at 35°C and 10 atm.

Polymer Pco, Pcy, Py, Py, Py, P¢o,/Pch, Py,/Py,
PPO 58.0 4.0 3.6 16.0 - 14.3 4.4
PPO-PAEK 43.2 2.7 2.4 11.3 92.0 16.2 4.7
PPO-PAEK XL 19.6 0.89 0.95 5.0 524 22.0 53
PPO-PAEKK 36.1 2.2 1.9 9.2 75.9 16.7 4.7
PPO-PAEKK XL 15.2 0.61 0.67 3.8 44.5 25.1 5.6
TMBPA-BP 18.4 0.93 0.89 4.8 45 19.8 54
TMBPA XL 8.4 0.29 0.34 2.1 28 29.0 6.2
Polysulfone 5.5 0.24 0.22 1.3 - 22.9 5.7
Matrimid 10.0 0.28 0.32 2.1 23.7 353 6.6
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—2008 Upper Bound E
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Figure 4.8 Upper bound plots for CO»/CH4 and O»/N; gas pairs of PPO, PPO poly(arylene ether

ketone) block copolymers, TMBPA-BP, and industrial PSF and Matrimid membranes. Values used

for PPO-PAEK, PPO-PAEK XL, TMBPA-BP, and TMBPA-BP XL are for pure gases at 35°C and

10 atm, with other membrane values being obtained from literature with the same testing

conditions.

26,67, 181
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4.5 Conclusions

The polymerization of a ketone monomer with a difunctional PPO oligomer
resulted in PPO based copolymers with increased selectivity and reduced permeability
relative to unmodified PPO. Glass transition temperatures and transport properties
were found to be directly related to the ketone content in the membranes, with the
polymer containing the highest density of ketones (TMBPA-BP) also showing the
largest increase in selectivity upon crosslinking. The crosslinking reaction was
conducted in the solid state at room temperature, and thus, the cast membrane
remained intact. Crosslinking also led to an increase in Tg for both the PPO
copolymers and the TMBPA-BP homopolymer. High surface absorption in the
membranes lead to asymmetry in the crosslinking, with higher asymmetry being
observed in the higher ketone containing polymers PPO-PAEK and TMBPA-BP.
Transport properties of PPO derivatives and TMBPA-BP were parallel and/or superior
to the state of the art membranes when looking at both the CO,/CH4 and O2/N> gas
pair upper bond plots. With the crosslinking asymmetry possibly creating a surface
effect for the membranes, allowing for a lower loss in the gas permeability than

expected.
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5.1 Abstract

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) is utilized for gas separation
membranes. It has a relatively high free volume with high gas permeabilities but
suffers from low selectivities. PPO polymers with My’s from 2000-22,000 g/mole
were synthesized and blended with a poly(arylene ether ketone) derived from
bisphenol A and difluorobenzophenone (BPA-PAEK). DSC showed that the blends
with all but the lowest molecular weight PPO had two Tg’s, thus suggesting that two
phases were present. The ketone carbon and benzylic methyl groups on the
BPA-PAEK and the PPO polymers crosslinked upon exposure to UV light. The gel

fractions after UV exposure were high and the tensile properties were similar to the
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PPO control polymer that is currently used as a gas separation membrane. The
crosslinked blends had improved gas selectivities over their linear counterparts. The
90/10 wt/wt 22k PPO/BPA PAEK crosslinked blends gained the most O»/N>

selectivity and maintained a high permeability.

5.2 Introduction

Gas separations via membranes have grown over approximately the past 50 years
due to reduced energy consumption, equipment size, and waste generation relative to
cryogenic distillation and absorption processes.* #2!8 Currently, membranes are used
to separate various gas pairs in applications including nitrogen enrichment, acid gas
treatment, ammonia purge gas recovery, refinery gas purification, syngas ratio
adjustment, and dehydration.* 3> 82 There are several challenges that need to be
addressed within these areas such as low selectivities, plasticization caused by CO»
and other condensable gas absorption, physical aging, and thermal and mechanical
stability of the membranes.>?

Gas transport performance for non-porous gas separation membranes is primarily
characterized in terms of permeability and selectivity. Permeability is the pressure-
and thickness-normalized gas flux through the membrane, and selectivity is the
permeability ratio of two gases of interest.!*> '*! The best performance occurs when
the permeability and selectivity of the membrane are high.!>* 4! However, it is known
that there is a tradeoff between permeability and selectivity which was described in

terms of an upper bound by Robeson in 1991 and later theoretically explained by
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Freeman,>223 26

Glassy polymers such as poly(arylene ether)s including polysulfones and
poly(2,6-dimethyl-1,4-phenylene oxide), polycarbonates, polyimides, cellulose
acetates, and aramids are all used as membrane materials and show great performance
and processability for various applications.®?> This paper will focus on
poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) as a membrane material. PPO was first
commercialized over 50 years ago by General Electric and it is now marketed by
Sabic.’! It gained interest as a material for gas separation membranes due to its
aromatic ether structure. Its kinked ether linkages and benzylic methyl groups inhibit
chain packing and lead to a high fractional free volume and consequently high
permeabilities.’” '>7 However, the high free volume leads to reduced selectivities
when compared to other commercial materials, and several research efforts have been
undertaken to solve this problem.>”> ¢’

Crosslinking is of great interest for dense-film gas separation membranes due to
the potential to increase selectivity, decrease gas plasticization, and decrease the effect
of physical aging.>* !> Crosslinking controllably reduces the mobility of polymer
chains, which can improve the size sieving capability of glassy polymers and increase
selectivity. Gas plasticization occurs when a sufficiently high concentration sorbs into
a film and causes swelling that can decrease selectivity. Crosslinking inhibits this
swelling and can reduce the overall effect of plasticization. Physical aging involves
the gradual densification of a non-equilibrium glassy polymer over time towards its

equilibrium state and decreases permeability and increases selectivity. By crosslinking
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the film, the aging rate may be reduced. Both crosslinking and aging increase
selectivity. However, literature has reported that crosslinking has a more pronounced
effect for UV-irradiated polyarylates.'!? 184

The focus of this study has been to UV crosslink PPO to enhance its transport
properties. A poly(arylene ether ketone) based on bisphenol A (BPA-PAEK) was
blended with PPO to produce a UV crosslinkable material with improved selectivity.
Structures are shown in Figure 5.1. The key crosslinking groups within the polymers
are the benzophenone in the BPA-PAEK and the benzylic methyl groups on the PPO.
UV light was used to excite a benzophenone moiety that could subsequently abstract a
hydrogen radical from a benzylic methyl group. This creates two free radicals that can
then combine to form a covalent crosslinked bond. Liu et al. have extensively
described this crosslinking reaction and explored the effect of thickness, atmosphere,
and aging.'®* Other systems have been studied utilizing this crosslinking reaction.!'!®
184-185 However, in the previous work, the two key components were within the same

polymer by polymerizing tetramethylbisphenol A or tetramethylbisphenol F with

4’4-difluorobenzophenone.

0 o}
OO OO OO, o Chref o
Figure 5.1 Bisphenol A poly(arylene ether ketone) and poly(2,6-dimethyl-1,4-phenylene oxide)
In this study, blends were explored as a function of the molecular weight of the
PPO. The 22,000 Mn PPO was used to study the effect of PPO/BPA-PAEK

composition on the properties of the blended films. NMR, DSC, gel fractions, tensile

and transport properties were used to characterize the films.
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5.3 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(I)
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. Ultra-high purity (UHP) oxygen gas (99.993%) used for synthesis
was purchased from Praxair, and UHP gases (99.999%) used for gas transport
measurements were purchased from Airgas.
Synthesis of BPA-PAEK

Synthesis of the BPA-PAEK polymer was adapted from previous literature.!
186-188 Bisphenol A (67.713 g, 296.6 mmol), 4,4'-difluorobenzophenone (65.643 g,
306.4 mmol), and DMAc (600 mL) were charged to a three-neck flask equipped with
a N2 inlet, mechanical stirrer, and Dean-Stark trap. Toluene (300 mL) and K>COs
(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
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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 KoCO3 or by-product salts. The polymer solution was
precipitated into deionized water, then the polymer was stirred in deionized water at
80 °C to further assist in the removal of salts and solvents. The white polymer was
filtered and dried at 110 °C under vacuum. Yield was 81%.
Synthesis of 6,000, 17,000 and 22,000 M, poly(2,6-dimethyl-1,4-phenylene oxide)s
PPO synthesis was adapted from Hay et al., ' and the protocol for synthesizing
an ~6,000 Mn oligomer is provided. A 500-mL, 4-neck, round bottom flask equipped
with an overhead stirrer, oxygen inlet tube, and condenser was charged with 250 mL
of pyridine and 0.5 g (0.005 mol) of copper(I) chloride. Oxygen gas (0.1 SCFH) was
passed through the vigorously stirred solution for 30 min, and the solution became
dark green. Then, 10 g (0.082 mol) of 2,6-dimethylphenol was added. The reaction
mixture became dark orange and the temperature was increased from 25 to 45 °C.
Oxygen flow was terminated after 1 h and the reaction was stirred for 2 h. The
solution became viscous and the color of the solution returned to dark green. The
reaction mixture was cooled to room temperature and slowly added into 500 mL of
methanol to precipitate the polymer, then the polymer was filtered and washed
thoroughly with methanol containing a small amount of hydrochloric acid. The
product was dissolved in chloroform, filtered and re-precipitated into methanol. After
filtration, the faint yellow powder was dried at 110 °C for 24 h under vacuum. Yield:
7.1 g, 71%. The structure was confirmed by 'H-NMR.
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For the 17,000 M, PPO, a 1-L, 4-neck, round bottom flask was used and 800 mL
of pyridine, 2.0 g (0.02 mol) of copper(I) chloride. Oxygen gas (0.1 SCFH) was
passed through the vigorously stirred solution for 30 min, and then 30 g (0.246 mol)
of 2,6-dimethylphenol was added. Oxygen flow was terminated after 3 h and the
reaction was stirred for 2 h. The product (23.4 g, yield 78%) was obtained and the
structure was confirmed by 'H-NMR. For the 22,000 M, PPO, a 500-mL, 4-neck,
round bottom flask was used and 250 mL of pyridine, 1.0 g (0.01 mol) of copper(I)
chloride. Oxygen gas (0.1 SCFH) was passed through the vigorously stirred solution
for 30 min, and then 10 g (0.082 mol) of 2,6-dimethylphenol was added. Oxygen flow
was terminated after 4 h and the reaction was stirred for 2 h. The product (8.0 g, yield
80%) was obtained and the structure was confirmed by 'H-NMR.

Size Exclusion Chromatography (SEC)
SEC of the PPO Series of Polymers

SEC was conducted to measure molecular weights and distributions of the PPO
polymers. The eluent was CHCIls. The column set consisted of two Shodex KF-801
columns connected in series with a guard column having the same stationary phase.
The columns and detectors were maintained at 35 °C. An isocratic pump (Waters 515
HPLC Pump, Waters Technologies) and 717 Waters autosampler were used for mobile
phase delivery and sample injection. Calibrations were performed using a set of nine
Shodex polystyrene standards spanning the entire column molecular weight range.
Molecular weights were calculated based on the polystyrene standards.

SEC of BPA-PAEK

133



SEC was conducted to measure the molecular weight and distribution of the
BPA-PAEK. The mobile phase was DMAc 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
oC. An isocratic pump (Agilent 1260 infinity, Agilent Technologies) with an online
degasser (Agilent 1260), autosampler and column oven were used for mobile phase
delivery and sample injection. Multiple detectors connected in series were used for
the analyses. A multi-angle laser light scattering detector (DAWN-HELEOS 11, Wyatt
Technology Corp.), operating at a wavelength of 658 nm, a viscometer detector
(Viscostar, Wyatt Technology Corp.), and a refractive index detector operating at a
wavelength of 658 nm (Optilab T-rEX, Wyatt Technology Corp.) provided online
results. The system was corrected for interdetector delay and band broadening using a
21,000 g/mole polystyrene standard. Data acquisition and analysis were conducted
using Astra 6 software from Wyatt Technology Corp. Validation of the system was
performed by monitoring the molar mass of a known molecular weight polystyrene
sample by light scattering. The accepted variance of the 21,000 g/mole polystyrene
standard was defined as 2 standard deviations (11.5% for M, and 9% for My) derived
from a set of 34 runs. The specific refractive index value was calculated based on the
assumption of 100% recovery. Molecular weights were calculated from the light
scattering data.

Film-casting

134



The polymers (0.6 g) were weighed into a small glass vial with a magnetic stir
bar at the desired wt/wt ratio. Chloroform (20 mL) was added to the vial. The solution
was filtered through a 0.45-um syringe filter into a clean glass vial. A 6” x 6” glass
plate with the corners cut off (34 in® 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 to inhibit dust
from entering the glass container and the other was connected to the house air stream
running at 2 SCFH. The plate was left undisturbed for a minimum of 30 min, then
transferred to an oven at 110 °C for an additional 30 min. Once removed from the
oven, the film was secured to the glass plate with clips and placed into a DI water bath
for 1 min to assist with film removal. The free-standing films were then placed in a
vacuum oven set at 110 °C for 2 h without vacuum and then for 10 h with vacuum.
The resulting films were between 20 and 30 um thick.

Proton Nuclear Magnetic Resonance (NMR) Spectroscopy

The compositions of the blends were confirmed via NMR. 1H-NMR analysis
was performed on a Varian Inova spectrometer operating at 400 MHz. All spectra
were obtained from 15% (w/v) 1-mL solutions in chloroform-d. The NMR signals of
PPO were assigned based on the literature.'®® PPO 'H NMR (400 MHz,
Chloroform-d6): a[7.1-6.8 ppm (Brs, Har)], b[6.5-6.2 ppm (Brs, Har)], c[2.3-1.8 ppm
(Brs, H)]. The peaks in 7.1-6.8 ppm region are the end group signal from 3 aromatic
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protons, the peaks in 6.5-6.2 ppm region are the aromatic protons from repeat units,
and the peaks in 2.3-1.8 ppm region are the proton methyl group. The molecular
weight can be calculated by equation 5-1 below:
Mn= 3b/2ax120+1 (5-1)
Thermogravimetric Analysis (TGA)
Thermal stabilities of the polymers were investigated using a TA Instruments
TGA Q5000 under a N> atmosphere with a purge rate of 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 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. Reported Tg’s were measured at the

midpoint.

UV Spectroscopy

UV spectra of the bulk polymers and the blends were collected using a Shimadzu
Corp. UV — 1601 UV analyzer. Solutions (0.05 mg/mL) of the samples in chloroform
were analyzed in quartz cuvettes placed in the sample cell with chloroform in a
similar cuvette in the reference cell. A 50 W Tungsten bulb (from 1100 to 340.8 nm)
and a deuterium bulb (340.8 to 190 nm) were used as the light sources. Scans were

conducted in ‘Spectrum Mode’ sweeping wavelengths from 700 to 190 nm.
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UV Crosslinking

The polymer membranes were placed between an upper quartz and a lower glass
plate. The setup was passed under a Heraeus UV Fusion “H+" bulb (200 to 450 nm
wavelength range) via a conveyor belt set at 6 ft/min. This procedure was repeated
until the film was exposed to the desired amount of radiation. A UV Power Puck was
used to measure the amount of energy that the sample was exposed to, and this was
multiplied by the number of passes.
Gel Fraction Measurements

Crosslinked films were dried at 120 °C under vacuum overnight. Then 0.1-0.2 g
of the crosslinked film was placed in a 20-mL scintillation vial filled with chloroform
and stirred overnight. The remaining solid was filtered through a Buchner funnel
having a pre-weighed filter paper. The filter paper with the gelled polymer on it were
dried at 120 °C under vacuum overnight, then weighed once more to obtain the final

weight. Gel fractions were calculated by Equation 5-2.

Wﬁnai

Gel Fraction (%) = x 100

Winitiai 52

Pure Gas Permeability Measurements

The pure gas permeabilities for a series of light gases (Hz, CHs4, N2, Oz, CO2)
were measured at 35 °C in a 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
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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 solvent cast films using a Cricut Explore One™
computer controlled cutting machine. The resulting samples were consistent with
sample Type V described in ASTM D638-14. Nine samples produced by the cutter
were inspected for any visible flaws, defects, or inclusions that arose during the
casting process. The six highest quality samples were selected for testing. The sample
thickness was measured at both ends of the narrow section using a Mitutoyo digimatic
micrometer model MDC-1”SXF. Uniaxial load tests were performed using an Instron
ElectroPuls E1000 testing machine equipped with a 250-N Dynacell load cell. The
crosshead displacement rate was 5 mm/min 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
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sample thickness measurements and a sample width of 3.18 mm.

5.4 Results and Discussion

NMR and SEC were used to characterize the PPO and BPA-PAEK molecular
weights and the results are shown in Table 5.1 and Figure 5.2. The PPO
nomenclature is based on the My’s from SEC. PPO oligomers with a series of
molecular weights were produced to investigate structure-property behavior as a

function of the molecular weights of the PPO component.

Table 5.1 Molecular weights of the polymers

Mn (kDa) | Mn (kDa) | Mw (kDa) | PDI

NMR SEC SEC SEC

BPA-PAEK : 52 78 15
2k PPO 1.4 2 3.2 1.7
6k PPO 4.1 6 11.8 2.0
17k PPO 14 17 50.2 3.0
19k PPO 19 19 55.8 2.9
22k PPO 19 22 109 5.0
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Figure 5.2 SEC refractive index curves of the PPO oligomers

DSC thermograms of the films are shown in Figure 5.3. Figure 5.3A compares
two films of blends with different PPO molecular weights of 2,000 and 22,000 g/mole
at a wt/wt composition of 33/67 PPO/BPA-PAEK relative to their controls.
Thermogram 2 shows the 2,000 g/mole PPO/BPA-PAEK blend with a Tg of 149 °C.
This Tg is located between the two control Tg’s, curves 1 and 3, which suggests that
the 2,000 g/mole PPO is miscible with BPA-PAEK at those compositions. Curve 4
shows the thermogram of a high molecular weight 22,000 g/mole 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 Tg’s in curves 3 and 5 which indicates that the 22,000 Mn
PPO produced an immiscible blend with BPA-PAEK at those compositions. The Tg’s
of the blend are slightly reduced in comparison to the respective control polymers. A
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definite reason for this behavior is unclear, but it does occur consistently. This can be
observed in Figure 3B with the lower Tg’s corresponding to the BPA-PAEK in blends

with the 6,000, 17,000, 19,000 and 22,000 PPO.
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Figure 5.3 A) DSC thermograms of the 2,000 g/mole PPO/BPA-PAEK 33/67 wt/wt and the
22,000 g/mole PPO/BPA-PAEK 33/67 wt/wt blends with their respective controls. B) comparison
of each of the PPO molecular weights blended with BPA-PAEK at the 33/67 wt/wt composition of

PPO/BPA-PAEK

Figure 5.3B 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 2,000 g/mole PPO/BPA-PAEK blend. Once the molecular weight of the PPO
in the blends was increased to 6,000 Mn, two clear Tg’s emerged, and this was also
true as the molecular weight was increased further, thus indicating the presence of two
phases. The upper Tg in the 6,000 Mn PPO/BPA-PAEK blend, which correlates to the
PPO phase, is lower than the 17,000, 19,000, and 22,000 upper PPO Tg’s in the

blends. This is expected since Tg is a function of molecular weight.'”® In Figure 5.4,
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the 6,000 Mn PPO non-crosslinked blend (curve 2) is compared to its BPA-PAEK
control (curve 1), the 6,000 PPO control (curve 4), and the crosslinked blend (curve 3).
The PPO Tg in the non-crosslinked blend correlates with the control 6,000 Mn PPO
Tg. Once crosslinked, at least the upper Tg was slightly raised, and this was attributed

to reduced mobility, particularly of the PPO chains.!?
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Figure 5.4 DSC thermograms of 6,000 g/mole PPO/BPA-PAEK 33/67 wt/wt non-crosslinked and

crosslinked blends with the controls

The crosslinking reaction is activated via UV light and occurs between the
activated ketone carbon and benzylic radical. Figure 5.5 shows the solution UV
absorbance spectra of the six control polymers. At a given concentration, the PPO
absorbs significantly less light than BPA-PAEK in the wavelength range of interest

(200 to 450 nm). The absorbance of the BPA-PAEK results in ketone excitation from
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the nonbonding 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 blends containing a greater PPO content will not absorb as much light
as blends with higher compositions of the BPA-PAEK. This is beneficial because the

UV light will penetrate further into the film to crosslink more polymer chains.
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Figure 5.5 Solution UV absorption spectra of the PPO and BPA-PAEK

The extent of crosslinking was explored by measuring gel fractions. The set of
gel fractions shown in Figure 5.6 compares the five PPO molecular weights blended
with BPA-PAEK along with those for the 19,000 g/mole PPO homopolymer. The
films were exposed to 11, 23, or 34 J/cm2 of energy in efforts to optimize the UV
exposure. The higher exposure resulted in increased gel fractions in the blended films
but not in the PPO homopolymer control. The control PPO film did not undergo
significant crosslinking which showed the importance of the ketone group to the
crosslinking reaction. The blend with the 2,000 PPO/BPA-PAEK 33/67 wt/wt

composition only reached gel fractions a little above 20%, and this was much lower
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than the gel fractions obtained with blends having higher molecular weight PPOs.
This was attributed to the fact that higher molecular weight PPO contains more

benzylic crosslinkable methyl groups per mole (i.e., higher functionality), and thus

requires fewer crosslinks to reach gelation.
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Figure 5.6 Gel fractions after UV crosslinking of PPO/BPA-PAEK blends over a range of PPO

molecular weights

The 22,000 M, PPO was used to explore gel fractions and gas separation
properties in these blends as a function of PPO composition. Figure 5.7 compares the
gel fractions of four blend compositions. Unexpectedly, there was not a significant
change in gel fraction as a function of composition. This is likely a result of several
competing factors. One is that the amount of crosslinks may have decreased with less
BPA-PAEK content simply because fewer ketone groups that participate in the
crosslinking reaction were present. Secondly, the UV light should penetrate more
deeply into the film with increased PPO content since the PPO absorbs less light

relative to the BPA-PAEK. These factors produce results that are counter to each other,
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so this may lead to the insignificant change shown in Figure 5.7.
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Figure 5.7 Gel fractions after UV crosslinking of blends of 22,000 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 5.3-5.4 show two Tg’s for all of the PPO molecular

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 22,000 M, PPO/BPA-PAEK, and it is postulated that this can only occur

when the benzylic methyl groups are in the same phase as the ketone groups. This

suggests some level of miscibility within the system. It is believed that there are two

phases within the blends and that each contain both PPO and BPA-PAEK. Referring

back to Figure 5.4 where Tg’s measured by DSC are reported for blends of the

PBA-PAEK with the 6,000 M, PPO, the Tg of the phase that contains the higher
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volume fraction of PPO increases upon crosslinking. This suggests a decrease in
molecular mobility after crosslinking. While it is reasoned that crosslinking may
increase compatibility (or the level of miscibility), we are cognizant of the fact that
these films were crosslinked in the solid state well below either Tg, and also that Tg
would reflect both any change in miscibility but also changes in mobility. The
morphology of the blends was not explored in this study but would provide

information regarding the unique behavior of this system.
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Figure 5.8 Comparison of oxygen and nitrogen transport in blends of the 22,000 M,
PPO/BPA-PAEK at different compositions and the controls. The dashed line represents linear

behavior., 22 26.32

The permeabilities and ideal selectivities for the 22,000 g/mole PPO/BPA-PAEK
films with different compositions are shown in Table 5.2, and a graph showing their
placement on the O2/N> upper bound is given in Figure 5.8. The linear dashed line in

Figure 5.8 represents the transport properties that would be expected for miscible
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blends.!**!3 As would be expected in these multiphase blends, the membranes with
high compositions of PPO have higher permeabilities and lower selectivities and this
is attributed to the high free volume of PPO. A few commercial polymers are included
in Figure 5.8, and the 33/67 22,000 M, PPO/BPA-PAEK showed better selectivity

than either polysulfone or cellulose acetate.
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Figure 5.9 Comparison of 22,000 M, PPO/BPA PAEK non-crosslinked and crosslinked blends at
different compositions relative to the controls. The dashed line represents the linear behavior and
the numbers on the graph are permeabilities and selectivities with the format (x,y). 2327

The 33/67, 67/33, and 90/10 22,000 M, PPO/BPA-PAEK films were crosslinked
via exposure to UV radiation and the results are provided in Figure 5.9 along with the
bulk and non-crosslinked controls. The 90/10 22,000 M, PPO/BPA-PAEK crosslinked
membrane exhibited good selectivity and permeability for O»/N> separation in a film

that was comprised largely of a readily available commercial polymer. As discussed
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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 contributed to the high selectivity
while the lightly crosslinked center of the film likely contributed to the high
permeability. 84185

Pure 22,000 g/mole PPO has suitable mechanical properties for application in
gas separation membranes. Therefore, the tensile properties of the non-crosslinked
blends at all blend ratios were compared to those of pure PPO films. Steel with
control nonparametric multiple comparisons analysis'** (conducted using a 95%
confidence interval and 100% PPO as the control data set) shows no statistical
differences between the modulus data sets or the tensile strength at yield data sets for
any of the samples. Using the same type of analysis for the elongation and strength at
break data sets, the only blends that showed a statistical difference were those
comprised of 20 and 33% PPO (Figure 5.10). Thus, even though these are two-phase
blends, the mechanical properties remain consistent with those of pure PPO over a
wide range of PPO-rich blend ratios. For BPA-PAEK-rich blends (33% PPO or less)

the properties of BPA-PAEK dominate the mechanical responses, which result in

higher strength and elongation at break.
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Table 5.2 Transport properties of BPA-PAEK blends with PPO at 35 °C and 3 atm

* Values are from Sanders et al.2

02 N2 O2/N2 H2 CHa4 CO:
(Barrer) | (Barrer) | Selectivity | (Barrer) | (Barrer) | (Barrer)

BPA-PAEK 0.66 0.10 6.3 8.2 0.12 2.7
Control
20/80 22k
PPO/BPA-PAEK 1.1 0.17 6.2 13 0.19 4.5
NonXL
33/67 22k
PPO/BPA-PAEK 1.4 0.22 6.1 16 0.24 5.8
NonXL
33/67 22k
PPO/BPA-PAEK 1.1 0.17 6.6 16 0.15 4.5
XL
67/33 22k
PPO/BPA-PAEK 6.5 1.3 4.8 54 1.5 28
NonXL
67/33 22k
PPO/BPA-PAEK 3.7 0.58 6.3 45 0.47 14
XL
80/20 22k
PPO/BPA-PAEK 8.6 1.8 4.8 70 2.1 36
NonXL
90/10 22k
PPO/BPA-PAEK 11.7 2.5 4.7 90 29 50
NonXL
90/10 22k
PPO/BPA-PAEK SN 0.90 6.3 68 0.71 22
XL
22k PPO Control 13.4 2.8 4.7 105 3.3 57
Matrimid® * 2.1 0.32 6.6 18 0.28 10
Cellulose Acetate |, 5, | (15 5.5 12 0.15 4.8
-245*
Polysulfone * 1.4 0.25 5.6 14 0.25 5.6
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Figure 5.10 Tensile strength at break data. Only the 0, 20, and 33% PPO data sets are statistically

different from the 100% PPO control data set.

Blends containing 33 wt% PPO and 67 wt% of BPA-PAEK of varying molecular
weights were also tested in tension. Despite the higher fraction of BPA-PAEK, the
molecular weight of the PPO had a significant impact on the mechanics of the films.
Films containing the 2,000 and 6,000 g/mole PPO exhibited a brittle failure
mechanism with little to no yielding (Figure 5.11-A) while films containing higher
molecular weight PPO displayed yielding and drawing behavior (Figure 5.11-B). This
result confirms that the mechanics of the blends are highly dependent on the

molecular weight of the PPO, even when the BPA-PAEK is the dominant phase.
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Figure 5.11 Representative load-displacement curves for A) 67% BPA-PAEK blended with 33%
6,000 g/mole PPO (shows brittle failure mode), B) 67% BPA-PAEK blended with 33% 22,000

g/mole PPO (shows yielding, drawing, and strain hardening behavior)

5.5 Conclusions

PPO and BPA-PAEK were blended to form membranes that were phase
separated except for the samples with the very low M, PPO. The DSC results showed
that the 6000, 17,000, 19,000, and 22,000 blended films had two Tg’s that closely
correlated with the corresponding homopolymer Tg’s, suggesting that they had a
two-phase nature. Despite the immiscibility of these films, the gel fractions showed
significant insolubility after UV exposure. Gel fractions as a function of the 22,000
M, PPO composition were explored and did not show any significant change. This is
likely a result of several competing factors. One trend is that as the PPO composition
is increased, there is a lower ketone content which participates in the crosslinking
reaction. Counter to that is that with increased PPO content, UV light can penetrate
further into the film and crosslink more chains. This is because PPO absorbs

significantly less UV light than the BPA-PAEK as shown via solution UV absorbance
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spectra.

The 33/67 wt/wt PPO/BPA-PAEK demonstrated the best permselectivity
performance with respect to the linear behavior due to its increased permeability with
little decrease in selectivity. However, with respect to the upper bound, the 90/10
PPO/BPA-PAEK had the best performance due to PPO’s high permeability. Between
the three crosslinked blended films, the 90/10 PPO/BPA-PAEK gained the most
selectivity and maintained a larger amount of its permeability. This can be attributed
to a greater degree of UV light penetration into the film to crosslink more polymer
chains due to PPO’s lower absorbance. Another reason is that the UV exposure
created a gradient of crosslinked material that created a selective surface and a
permeable center.

Overall, we were able to blend a small amount of BPA-PAEK with the
commercially used PPO to create mechanically robust crosslinkable polymer films. In
comparison to commercial gas separation polymers, the 33/67 wt/wt 22,000
PPO/BPA-PAEK blend outperformed polysulfone and cellulose acetate without any

crosslinking.
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CHAPTER 6: CONCLUSIONS AND SUGGESTED

FUTURE RESEARCH

6.1 Conclusions

Several polymeric membrane materials have been explored in this dissertation
for gas separation. Relationships among backbone composition, morphology of the
membranes, gas transport and mechanical properties were the focus of this
dissertation.

Traditional TR polymers suffer a critical problem in that the membrane’s
mechanical properties dramatically decrease after undergoing the TR process, and this
severely limits their potential utilities. Reactive functional poly(arylene ether sulfones)
can be used as good toughening agents to improve the mechanical property of TR
polymers. Thermally rearranged (TR) block copolymers were prepared from a series
of PAES oligomers based on HAB-6FDA polyhydroxyimide precursors. The
30%PAES-HAB-6FDA block copolymers exhibited the best mechanical properties
with doubled tensile strength and elongation at break compared with the homo TR
polymer 0%PAES-HAB-6FDA.

Difunctional poly(2,6-dimethylphenylene oxide) oligomers can be chain
extended with different difluoro-monomers to form high molecular weight
copolymers. The use of benzylic methyl substituents in combination with
benzophenone groups creates UV-crosslinkable membranes that can achieve high gel

fractions. Crosslink density is dependent on ketone concentration for these polymers,
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with higher increases in glass transition temperatures occurring for polymers with
higher ketone incorporation. After crosslinking, membranes show higher selectivity
but lower permeability for O»/N> and CO2/CHg4 gas pairs. Control of the concentration
of ketones through either backbone structure or oligomer molecular weight allows for
poly(arylene ether)s with tunable gas transport properties.

Monofunctional poly(2,6-dimethyl-1,4-phenylene oxide)s were blended with a
poly(arylene ether ketone) derived from bisphenol A and difluorobenzophenone. DSC
showed that the blends with all but the lowest molecular weight PPO had two Tyg’s,
thus suggesting that two phases were present. Under similar UV-crosslinking
mechanism as above PPO copolymers, the gel fractions of these blends after UV
exposure were high and the tensile properties were similar to the PPO control polymer
that is currently used as a gas separation membrane. The crosslinked blends had
improved gas selectivities over their linear counterparts. The 90/10 wt/wt 22k
PPO/BPA PAEK crosslinked blends gained the most O»/N> selectivity and maintained

a high permeability.

6.2 Suggested future research

For toughening TR membrane research, a systematic study of morphology of
toughened TR copolymers could be done in the future. Morphological investigations
of these copolymer systems will provide more information about how PAES segments

interact with polyhydroxylimide (precursor) or polybenzoxazole (TR polymer)
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segments. To be more important, the toughening mechanism of PAES would be

revealed by understanding morphological the behavior.
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Figure 6.1 Synthesis of random TR copolymers via an ester-acid route

Additionally, some other toughening strategies could be adopted to improve
mechanical property. Taking an example, we can synthesize TR precursor random
copolymers based on both TR-able and non-TR-able monomers through ester-acid
method in a one-pot reaction (Figure 6.1). In this strategy, 6FDA and HAB would be

155



used to produce polyhydroxylimides as TR precursor while 6FDA and mechanical
tough monomer 4,4'-Oxydianiline (ODA) would provide more ductile backbone
structure to toughen the TR polymer system.

For PPO based copolymer systems, further testing of different molecular weights
of PPO difunctional oligomers and variations in membrane thickness would elicit a
better understanding of crosslink density on membrane and transport properties for
these systems. This control over structure, crosslinking, and membrane thickness,
would allow for a system of PPO based membranes with a wide range of gas transport
properties.

In the future, such PPO based polymer blending systems might be able to
crosslink substantially with even less of the ketone-containing polymer. Additionally,
PPO could be blended with other materials, such as a phosphine oxide based PAEK

(Figure 6.1), to focus on other gas pairs and applications.
0 0 0
Il
F 0 P 0 F H—O o o>—H
OO OO OO {%{(%X

Figure 6.2 Phosphine oxide based PAEK and PPO
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