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ABSTRACT
Synthess and Characterization of P¢arylene ethesulfone)s for

Reverse Osmosis Water Purification and Gas Separation Membranes

Benjamin James Sundell

Crosslinking § an effective technique for increasing the salt rejection of water
purification membranes and the selectivity of gas separation mersbrafte abundance of
monomers, telechelic oligomers, and novel polymers were synthesized for use as separation
membranes. These materials were often imbued with crosslinking functionalities to increase
their performance during testing at the UniversityrekasAustin.

Crosslinking of sulfonated poly(arylene ether sulfone) oligomers was studied
systematicallywith regard to endgroup functionality, polymer composition, and polymer
hydrophilicity. Sulfonated bisphenol A based poly(arylene ether sulfondpna copolymers
were synthesized with reactive amine endgroups and further functionalized with-eptetya
resin, acryloyl chloride, phenylethynyl phthalic anhydride, and maleic anhydride. The reaction
between amine terminated oligomers and a-&p@y produced large, ductile membranes with
gel fractions approaching 99%, the highest reported for crosslinked sulfonated polysulfone
oligomers. This crosslinking reaction was studied by synthesizing two series of oligomers, one
based on a bisphenol Aman@r and t he o t-bhiphenol maenerd Boiseriesa 4, 4 6
were synthesized wit#0, 50 and 60% degreeof sulfonation, so thalhydrophilicity and

compositon could be studied with regatd water purification properties. All six oligomers



were prodiced with a gel fraction exceeding 90%, and the membranes were evaluated at the
University of TexasAustin. The crosslinked oligomers demonstrated relatively constant salt
rejection across a range of hydrophilicity values, which proved that crosslirdstiicted the

large amount of swelling thabn-crosslinkedsulfonated polysulfones undergo. The crosslinked
oligomers had the best water purification properties reported for sulfonated polysulfone, with
similar water permeabilities and an order of magiet higher selectivityP,/Ps = 1.69+ 0.13x

10% than analogous linear copolyméBs,/Ps = 367 + 0.53x 107). An additional series of linear
sulfonated copolymenserealso synthesized basegona hydroquinone bisphenol, which also

had superior watepurification propertie§1.06+ 0.06L ¢ rif h'nbar', P,/Ps = 2.44+ 0.15x

10%) compared to previously synthesized linear copolymers.

Poly(arylene ethep) were also investigated for use as gas separation membranes. A
poly(arylene ether ketone) andlyp@rylene ether sulfone) were both synthesized with moieties
capable of oxidation and/or photocrosslinkittgough benzylic hydrogen abstraction by an
excited ketone The polymers produced tough, ductile films. Gas transport properties of the
linear polymers and crosslinked polymer were compared. Thpe@meability of one exemplary
noncrosslinked poly(arylene ether) was 2.8 Barrer, with aiiNOselectivity of 5.4. Following
UV crosslinking, the @permeability decreased to 1.8 Barrer, and thi&&sekctivity increased

t0 6.2.
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CHAPTER 1: LITERATUR E REVIEW

1.1. Introduction

1.1.1.Reverse Osmosis

The lack of accessibility of fresh drinking water creates physical and economic water
scarcity and is a global issue impacting billions of pebpléne vast majority of water on Earth,
near 97%, is seawater. Thus, the production of fresh potable drinking water from seawater is of
tremendous global importance. Water purification is not a new challenge anacist@thods
such as flash distillation are still relevant today. However, rstdtje flash distillation (MSF)
and multipleeffect distillation (MED) have a relatively high cost because of their thermal energy
requirements. Rising fuel prices and envirmmtal concerns are driving society and industry to
seek alternative technologies that reduce our reliance on natural resources. One remarkable
technology that already has widespread implementation is reverse osmosis (RO). Desalination
of water by MSFand MED have energy demands in the range e8& §kW h m®] while RO is
as low as 2 [(kW h m?.? The minimum energy required for RO will vary basgmn system
design and operating conditions. For example, higher saline concentrations of the feed or raising
the percent recovery (the amount of seawater convertedstiiated water) will increase the
minimum energy neededThe theoretical minimum for typical conditions, a 35,000 parts per
million salt feed and 50% percent recovery is 1.06 [(kW fl.mFigure 1.1 shows that the
change in power consumption for seawater RO (SWRO) plants has decreased drastically over the

last 40 years and now approaches the theoretical minftnum.
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Figure 1.1 Power consumption for SWRO plants, dashed line represents theoretical mitinoumScience2011,
333, 712 Elimelech M.; Phillipw. A. The future of sweater desalination: energy, technology, and the environment.
Used with permission cimerican Association for the Advancement of Science, 2011

In regular osmosis, diffusion of water across a semipermeable membrane occurs as a
result of a concentration gradient. This spontaneous flow of water from a lower salt
concentration solution to a higher salt coricaion solution can be quantified by the osmotic
pressure (9). The osmotic pressure is therm

solvent @), the partial molar volume of the solvel,}f and the temperature and gas constant.

Equation 1.1 =-In (aw) —

For dilute solutions the osmotic pressure
proportional to the molar concentration of solu@s) (

Equation 1.20 a4 CRT

Figure 1.2 shows that RO achieves the exact opposite transport phenomenon with the aid

of an applied pressure on the higher concentration side that exceeds the osmotic pressure.
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Figure 1.2 Overall principle of osmosis compared to reverse osmesisn Desalinatior?007, 216, 1 Fritzmann,
C.; Léwenberg, J.; Wintgens, T.; Melin, $tateof-the-art of reverse osmosis desalinatiblsed withpermissiorof
Elseviet 2007
RO can be applied to purify brackiswaste and sea water. RO can also be used to
produce high purity rinse water for electronics manufacturing, food and beverage production and
several other industrial procesSesPurification occurs by applying a high pressure (usually
greater than 145 psi) to the feed side (e.g. salt water) which forces the water through the

semipermedke membrane, but only if the membrane has significant rejection properties by

allowing water to pass through while also blocking salt transfer.
1.1.1.1. History of RO

Normal osmosis was first coined by Abbé Nollet in 1748 to describe the movement of
water through a pig bladd&r. Much work was done in the 1800s in developing theories
regarding osmotic pressure, ultimately leading to discoveniess as t he vandét Hof
fundamental solution properties. Membranes during this period were still largely uyased

animal products and could not achieve any consistent separation properties which could be used



on a commercial level. Membranéssedupon nitrocellulose were developed in 1865 and
because of their reproducibility were wused ir
and other. In 1907, Bechhold devised controlled evaporation techniques to regulate the pore
size of the nitrocellulose membrane, and over the next several decades these techniques were
refined and applied to other polymérs.The importance of membrane technology was
demonstrated in waorn Europe in the 1940s where water filters were desperately needed.
During this tme, research sponsored by the United States government began driving technical
innovation which led to the first industrial membrane producers. Significant growth in the
microfiltration area sparked interest in the ability to separate salt from wapeciab/ after
Yuster predicted this was possible in the ea
selective enough to separate salt from water and suffered from other problems such as low water
flux and poor mechanical properties. A monumentalaliery occurred in the 1960s when Loeb

and Sourirajan first produced an asymmetric cellulose membrane that had a thin selective layer
cast on a permeable support layer, allowing an order of magnitude flux increase while still
maintaining the mechanical strgth and transport performance of the selective fayer.
Developments in mmbrane modules quickly followedseneral Atomic produced the first
practical spiralvound system and DuPont soon after commercialized a hollow fiber module.
Synthetic developments in membranes led to interfacially polymerized skins supported by a
foam, called a thin film composite, eventually resulting in fully aromatic polyamide membranes
capable ofproducing potable water in one pass. During the 1980s thin film composite
membranes continued to improve and 4eceflulosic materials became prominent in industry.
Since the 1980s there have been numerous improvements in the areas of salt rejectaaarand w

flux on industrially used membranes synthesized from aromatic polyamides, cellulose acetate



and cellulose triacetate. By the year 2000, RO was used to treat over 1 billion gallons of water a
day and by 2010 that number had increased to over 10nbjjtilons per da§. The importance

of fresh drinking water combined with rising population levels ensure that desalination will play
an even more vital role in this century, and the improved economigeafficof RO compared

to multi-stage flash distillations will ensure the growth of RO for the foreseeable future.

1.1.1.2. Principles of RO

1.1.1.2.1. Solution-Diffusion

The exact mechanism by which a RO membrane discriminates between water and solutes
was very conbversial in the 1960s and early 19708ecause of ultrafiltration and other less
selective membranes, there was an initial bias towards the more develdppdraps more
intuitive poreflow model. In the porélow model a net movement occurs across a porous
membrane from an area of higher pressure to an area of lower pressure. When the higher
pressure stream meets the membrane some species may pernmagh because they are
smaller than the pores in the membrane while other species may be too large and thus excluded.
Essentially, membranes that separate based on theflperenodel operate by sizgeving
mechanisms. Transport is described by the Hdmseuille equation and is dependent on mass
flux, porosity, solution density and viscostfy. By the 1980s this model for RO was largely
dismissed in favor of the solutiadiffusion model.

The solutiordiffusion model is distinct in that some solutes become soluble in the
membrane ad diffuse through the membrane to the permeate side, finally desorbing at the
permeate side of the membrane. Figure 1.3 shows how several theoretical terms vary throughout

the membrane in a pressure driven separation process such’as RO.
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Figure 1.3Water permeation throughmembrane by solutiediffusion. From Prog. PolymSci. 2014 39, 1.Geise,
G. M.; Paul, D. R.; Freeman, B. D. Fundamental water and salt transport properties of polymeric migedals
with permissiorof Elsevief 2014*

The chemical potential will always dictate the direction of flow across the membrane
from the higher side to the lower chemical potential side. In regular osmosis the high
concentration othe solute in the dae solution results in a lower water chemical potential than
the less concentrated solution, which drives water flow in an undesirable direction. However,
chemical potential is affected by pressure, temperature and other forces in addition to
concentraon.! The application of a pressure higher than the osmotic pressure allows the flow
across the membrane to be reversed bod the chemical potential and concentration gradient
instead decrease continuously from the saline/concentrated feed to the pure water solution.

Transport equations predicting water permeability and salt permeability were developed

for both the pordlow and solutiordiffusion models, some of which are detailed in later

sections. The adoption of the solutidififusion model occurred as a result of experimental
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evidencé? fitting much more closely to theoretical values than those hypothesized by the pore
flow model. The agreement between experimental data over the last 30 years shows that the

model is selconsisten®.
1.1.1.2.2. Membrane Hux

The two most essential parameters in any RO membrane are the membrane flux and the
salt rejection. The following trapsert equations are applicable to uncharged polymer materials.
Polymers with immobile ions attached throughout the matrix will have additional frictional
forces and Donnan exclusion effects with diffusing ions that mutkes into accourtf Flux
refers to the transfer rate of wathrough a membrane of a certain thickness. The sotution

diffusion model describes fluxJy ) as a Fickian diffusion process which has the general form

- — Da X8
Equation 1.3Ja = -Dag ,Qb‘)
WhereD is the diffusion coefficient and— describes the driving force, a gradient in chemical

potential across a distange An RO specific equation can be derived from this when combined
with expressions for chenatpotential and treated with respect to membrane variables. In RO
the driving force for water flux is the applied pressure difference across the membrane, leading
to the membranes water concentration graditnEquation 4 describes the water flugJy )

with respect to molar volume\, ), water diffusion and sorption coefficientD(, and K, ),

water concentration at the feed/membrane interface (), hydrostatic pressure acrodse

me mbr amp)e qdsmpot i ¢ pEndeanembuaneghicknesg)(

Equation 1.4J,, =



Water sorption is defined as the ratio of water concentration in the membrane to water
concentrationn the feec( —h ) The water permeability is a product of the water sorption and
h

the average water diffusion coefficients

Equation 1.5P,, = KDy

This expression is usually simplified by replacgKw @ v/ IRT with the water permeability
constant @A).

Equation 1.6J,=A( m @)

Figure 1.4 and 1.5 shows the theoretical expectation of a linear increase in water flux with

increasing applied presstfte.
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Figure 1.45 Flux and rejection data for FilmTec Corp., FT30 membr&nem J. of Membr. Sci1995 107, 1.
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Notably there is no water flux when the applied pressure is equal to the osmotic pressure.

The flux will become negative if the osmopeessure is greater than the applied pressure; in this

situation water will flow in the direction of higher solute concentration.

This figure also

demonstrates that the salt flux is independent of pressure, which on a practical level means that



higher apped pressures can generally increase the economic efficiency of RO systems. Typical
operating pressures for seawater purification range from18WD psi. At these pressures
commercial polyamide membranes have water permeability constants arourii48.64m? h

bar 1314

1.1.1.2.3. Membrane Slectivity

Selectivity refers tothe ability of a membraneto discriminate between different
components in the feed so that only certain species permeate through the membrane. In the
purification of seawater the most abundant species that needs to be sepanatedtér are the
salt ions Naand Cl. The salt flux (Js) can be calculated similarly to the water flux, with the

exception that salt flux is concentration dependent, but not pressure and temperature d&pendent.

Equation 1.7Js=

The salt permeability is also analogous in form to the water permeability

Equation 1.8Ps=K{Ds

These expressions are usually simptifie the following form

Equation 1.9J,=B(00 @)

where B is simply called the salt permeability constant. The measurement of salt flux is
important, however many researchers prefer to describe the separation efficiency by a rejection

coefficient (R)

Equation 1.10% R = g—‘) * 100%
Tt

In these equationsQg ) describes the salt concentration at the membrane/permeate interface and

( Cso) is the salt concentration at the membrane/feed interface. The targetafadissolved

10



solids left in the desalination permeate are usually under 500 trandl typical commercial
rejection coefficients are greater than 99 percéht.

An important qualitative relationship between peatnbty and selectivity was
recognized in the 1980s. Researchers noted that improving membrane permeability for the
desired permeate resulted in a loss of selectiuitgreby increasing the permeability of
undesirable species. An upper bound relationfriglense film water purification membranes
was investigated by Geise et al. in order to further elucidate the transport relationships governing
ROZ® The data available in the literature is complicated because many industrial figures report
membrane properties by water flux and salt rejection, properties that do not reflect the
fundamental transport behavior and dependan@mbrane thickness and other often unreported
parameters. The fundamental membrane properties of interest are water and salt solubility
coefficients and water and salt diffusion coefficients. These intrinsic parameters can be used to

calculate water anshlt permeability and give rise to the following expression for selectivity

Equation 1.11 U, e= — = *

These coefficients were found for several series of polymers including: polyamides, polyimides,
sulfonated poly(arylene ether sulfones) and crosslinked poly(ethylene glycol). The water

permability and theoretical selectivity were calculated and are summarized in Figdre 1.6.

11
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Figure 1.6 Relationship betweeselectivity and water permeability for RErom J. of Membr. Sci2011, 369, 130.
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This figure shows that an upper bound does exist for RO dense film membranes. The tradeoff

between selectivity and permeability for gas separation is backed by theory and relates to

molecular diameter and solubility into the polymer matfixThis tradeoff relationship is less

known for RO, although it is also kky basedupon physical characteristics and other factors

such as the ionic strength of polymer and Salt.
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1.1.1.2.4. Fouling

Previous sections have dealt with elucidating the fundamental transport equations of the
solutiondiffusion mechanism. While fouling is not a quantitatively derived property of
membranes, it has important real world consequences in both membrane and desdyrie
Fouling refers to any undesirable formation on the membrane and may include microbial
adhesion and growth, inorganic or colloidal deposits, and organic molecule adsorti.
problem of fouling was noticed very quickly after the industrial implementation of RO
membranes. Biofouling is an especially notorious problem that $omembrane flux, reduces
membrane selectivity/performance and lowers membrane lifetime. Figure 1.7 shows a SEM
micrograph of a fouling layer (fl) deposited on a reverse osmosis membrane (rom) and support

layer (tex)*’

13
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Figure 1.7RO membrane fouling-rom Applied andEnviromental Microbiology1983 45, 1066 Ridgway, H. F.;
Kelly, A.; Justice, C.; Olson, B. H. Microbial Fouling of Reve@smosis Membranes Used in Advanced
Wastewater Treatment Technology: Chemical, Bacteriological, and Ultrastructural Andlgssiwith permission
of American Society for Microbiology1983’

Early work by Kissinger et al. looked at the effect of bacteria deposition on a cellulose
acetate membrane used for concentrating maple sap for maple syrup productidre
experimental conditions promoted slime build up on the membrane, which may not have
damaged the material, but did reduce water flux. This initial work also showed that the
application of an acidic catine solution or the use of ultraviolet lamps on the supply line greatly

reduced bacterigpopulations on the membrane. Chlorine is so effective against biofouling that

almost all seawater is treated with it, although this gives rise to additional psobkcause the

14



most commonly used RO membranes will degrade when exposed to chlorfauling is
ubiquitous in RO processeand different methods of treatment need to be developed for each

system to minimize the negative influenan water flux and overall unit performance.

1.1.1.2.5. Concentration Polarization

An additional phenomenon that reduces water permeability and may lead to membrane
fouling is concentration polarization. Different species permeate through the mendira
different rates and causeoncentration gradients, notably a large buildup of salt at the
me mbr ane/ feed solution interface. This fAcake
to flow and increased osmotic counpeessuré® Concentration polarizati
performance was noted in the literature as early as 1965 Riem mathematically solved for
optimal flux values at a given salt concentration to minimize concentration polarization.
Operating below a critical flux can reduce the thickness of the cake layer and increase the time
between acleaning of a membrane Concentration polarization becomes more important at
higher fluxes and higher percentages of salt rejection, necesgitamntinued consideration as

membrane technology improves.

1.1.2. Pressure Retarded Osmosis

Reverse osmosis an established technology that can reliably produce potable water
from seawater with the aid of an applied pressure that exceeds the osmotic prédseire.
paradigm of using energy to produce drinking water is reversed in a process known as pressure
retarded osmosis (PRO), where energy is produced at the expense of fresh water. The principle

behind PRO is that some of the free energy of mixing may apured in aqueous salt
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solutions'® Pressure retarded osmogsvery similar to forward osmosis (FO) in that the net
flow of water goes from the less concentrated solute side to the more concentrated solute side of

the membrane. Figure 1.8 depicts the fundamental differences beheebaree processés.

FORCE (AP) FORCE (AP)

FO PRO RO

Figure 1.8Flow of water and pressures present in FO, PRO and-R@ J. of Membr. Sci2006 281, 70.Cath,
T.; Childress, A.; Elimelech, M. Forward osmosis: Principles, applications, and recent developisedtwith
permissiorof Elsevier 20062

I n FO the applied pr es s sothemifimuopRquremerdorROIse br i r
P > o, and PRO@pBper 8t es | atoPdgpi®1.8 80b08ctof thee gar d
water with a low salt concénation will flow across the semipermeable membrane and create a

large pressure gradient, towards a theoretical maximum of 26°b@te pressure created from

this system can then be used for mechanical work, such as spinning a turbiner to prdduce

electricity. Pressure retarded osmosisa practical source of renewable energy wherever fresh

water meets salt water, such as a river flowing into an ocean. The estimated worldwide potential

for PRO is 1655 TWh/year, making it an attraetaddition to other renewable forms of energy

such as wind and solar powfr.
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1.1.1.1. History of PRO

The first appearance of PRO in the literature occurred in 1954, where it was mentioned
that the entropy of mixing water with differentltsaoncentrations could result in free energy
equivalent to that of a 680 ft waterfafl. This early work used alternating acidic and basic
membranes to achieve a maximum axa¢mpower of 15 mW, demonstrating proof of concept
but lack of economic feasibility. Loeb first coined the term PRO in 1976, following recent
i mprovements in membrane technol ogy® kebd ROOSs
demonstrated working small scale PRO systems using hdilbew seawater RO membranes,
though the energy cost remained too high. In the early 1980s, researchers developed improved
models that could predict PRO performance bageth RO and FO measuremefits These
models showed that PRO could not achieve economic feasibility with currerbfstheeart
membranes, largely because of internal and external concentration polaridedsiically
lowering membrane flux. Continued improvements in membrane technology and growing
emphasis on renewable energy generated increased industrial interest in PRO in the late 1990s.
Statkraft, a nortbrn European power producer, investigated lasgale implementation of this
technology which led to the first prototype in 2009. Figure 1.9 shows a simplified schematic of

the entire PRO proce$s.
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Figure 1.9Graphic of PRO procesBrom Polymer®013,5, 303. Alsvik, I. L.; Hagg, M. B. Pressure Retarded
Osmosis and Froward Osmosis Membranes: Materials and Methseld with permissioof Polymers 2013’

Statkraft initially used cellulose acetate membranes and later installedilithinomposite
aromatic polyamide systems. Currently the focus of research continues on membrane
development to produce a teeal with a power efficiency greater than 4 \¥/rthe minimum

needed for large scale economic viabifity.

1.1.1.2. Principles of PRO

PRO and RO both use similar semipermeable membranes and are both governed by the

solutiondiffusion mechaism. Most of the fundamental transport equations remain the same for
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PRO. The expression for water flux looks almost identical, except that the applied pressure and
osmotic pressure terms are switched by convention to give a positive fluX%alue.
Equation 1.12J,=A( o qp)
The PRO equation for salt rejection remains unchanged. Usually salt flux is not a séeidys e
but selectivity remains crucial because any salt that contaminates the pure water feed will reduce
the overall net osmotic pressure, which in turn reduces the power density of the methbrane.

The PRO process should maximize the power densitgctieve the most energy
efficiency. The power per membrane ar&d ) is equal to the product efater flux and applied
pressur e. Differentiation of thi ®P=efpsessi on

o, and a maximum power density occurs when the applied pressure equals half of the osmotic
pressurd qp = —).2°

Equation 1.13W=J,qp=A( ¢ qp)

Equation 1.14Wy = ——

The problem of concentration polarization worsens in PRO, because of the pressures
applied on both sides of the semipermeable membrane. A dilutive external concentration
polarization arises on thegaline side that lowers the effective salt concentration at the membrane
interface, causing a reduced osmotic pressure. A concentrative internal concentration
polarization acts in the porous support layer, as a buildup of salt at the support laydalgkmse
interface reduces effective water flux. The concentrative internal concentration polarization is
not a problem in RO, as the water flow will clear any salt from the membrane by convection.

Figure 1.10 models both types of concentration polarization
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Figure 1.10Concentration polarization in PRO membrarigem J. of Membr. Sci2009 343, 42 Achilli, A.;
Cath, T. Y.; Childress, A. ERower generation with pressure retarded osmosis: An experimental and theoretical
investigation Used withpermissionof Elsevier 2009°

Much literature exists that derives dilutive external concentration polariZatiomnd
concentrative internal concentration polariza@®nThe increasedomplexity of concentration
polarization leads to a more rigorous definition of water*flaxd power densit§ that has been
appropriately modeled elsewhere. One consequence of this increased complexity is that the
thickness t), porosity DU ) and tQoof theuneembiraney and the support layer become

much more important in their effect on water flux. Tortuosity qualitatively relates to the length

and difficulty of the path the solute takes during transport in the membrane. Mosurgera
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combine these terms as an expression for resistivity of salt diffusion within the porous support

layer (K)?®?® Statkraft denotes this value as the structure paran®fer (

Equation 1.15K = S=—

Minimizing the structural parameter increases water flux and power density which makes it an

important parameter to optimize for PRO membranes.

1.1.3. Gas Purification Membranes

Gas purification membranes are an industrially important technology @ahaseparate
mixed gas streams into relatively pure gases. The first gas purification membranes were used to
purify hydrogen from purge gas streams in ammonia pfantSoday, gas purification is a
versatile platform to separate nitrogen from air, carbon dioxide from methane, and hydrogen
from numerable gases. Natural gas processing is a tremendous appliaatthe world uses
about 100 trillion standard cubic feet of natural gas each year which must be treated before
entering the pipelin& Gas purification membranes compete against pressure swing absorption
and cryogenic distillation, and their benefits include lack of a phase change, small membrane

modules and absence of moving pats.

1.1.3.1. History of Gas Purification Membranes

Gas separations have been of academic interest for a very long time, 184&ih@ mo s
law of effusion is considered its birth. One hundred years later, Doolittle described the
dependence of viscosity and diffusion on free volume elements in the chemical envirhment.
These theories were used to describe molecular transpliquids and glasses, which may be
extended to polymeric materiais.During this time, the potential of polymeric membranes for
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gas purification was widely known, but industrial development was frustrated by the inability to
develop highly permeable membraned aonsistent membrane modules.

The first large scale gas purification membrane was the hydrogen separating Prism
membrane, pioneered by Permea in 1¥8The first gas separation membranes were inspired by
work done in the RO area, which was adapted to produce the asymmetric -tiodow
polysulfone Prism membrane. A depiction of a hollow fiber membranell@m@dmpared to the

previously mentioned spiral wound module is shown in Figure 1.11.
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Figure 1.11Membrane modules for separation applicatidinem Polymer2013 54, 4729Sanders, D. F.; Smith,
Z. P.; Guo, R.; Robeson, L. M.; McGrath, J. E.; PaulRD Freeman, B. D. Energgfficient polymeric gas
separation membranes for a sustainable future: A revisedwith permissiorof Elsevier 2013°
Since the introduction of the Prism membrane, polyimités, polyaramides,
polycarbonates, cellulose acetate, polyphenylene oxide and silicone rubbers have alséoasd u
gas separation materials for a wide variety of applicationg timeline of gas separation

membraes is shown in Figure 1.12.
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Figure 1.12Timeline of industrial development for gas separation membr&nesInd. Eng. Chem. Re2002
41, 1393Baker, R. WFuture Directions of Membrane Gas Separation Technoldggd with permission of
American Chenical Society 20022
Polymer membranes for gas purification face several challenges. These include: an
inability to withstand high temperatures and chemically harsh environments, plasticization in the
presence of hydrocarbons or £@nd difficulty in achieving breakthrough performances in

selectivity and per meabi-lb o da nddsevibed in the follswing i mi t e d

section>
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1.1.3.2. Principles of Gas Purification Membranes

Similar to RO, the transport of gases in a dense polymer membrane occurs by the
solutiondiffusion model. Therefore, the three previously discussed sections on solution
diffusion, membrane flux and membrane selectivity all hold true for gas separation membranes.
The pemeability of gas across the membrane can be described by Equation 5, and the membrane
efficiency, i.e. selectivity may be described by Equation 11. Of course, it is desirable in these
separations to increase both permeability and selectivity, and theengea of this is
encapsulated by the upgeound phenomenon.

An inherent tradeff relationship between selectivity and permeability has been
identified; membranes with high gas permeability tend to have lower selectivity, andevsee
This observatin was meticulously assembled into an uppaund plot by Robeson by plotting
much of the available permeability and selectivity valdiesn the literaturefor various
polymeric membrane®. The uppetbound plot has beawrvised in recent years, and is shown in
Figure 1.13® The uppetbound has a mathematical and theoretical basis derived by Freeman
and other$? and describes the efficiency of polymeric membranes for gas separations as limited

by the size of the diffsing gases and availability of free volume in the membrane.
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Figure 1.13Upperbound plot for oxygen/nitrogereparationsFromJ. of Membr. Sci2008 320, 390Robeson, L.
M. The upper bound revisitetsedwith permissiorof Elsevier 2008°
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1.2 Reverse Osmosis Membranes

The semipermeable membrane is the heart of the RO process, shown in Figure 1.14.

Permeate
Particle Anti- (Product)
Chlorine Flocculant Dechlorination Scalant
RO
Unit
Feed Membkrane
Pretreatment
Acid Acid
(pH control) (pH control)  Retentate
{Concentrate)

Figure 1.14Simplified flow diagram of @ RO Procesd=romJ. Polym. Sci201Q Part B: Polym. Phys., 48, 1685.
Geise, G. M.; Lee, HS.; Miller, D. J.; Freeman, B. D.; McGrath, J. E.; Paul, DNRter purification by
membranes: the role of polymer sciendsed withpermissiorof John Wiley ad Sons 2010°

The importance ofreverse osmosis has driven researchers to continuously investigate and
synthesize new membrane materials for over 50 years. The field is largely dominated by
cellulose acetate and aromatic polyamide based materials, though many classes of polymers have
shown promise that they could compete against the industrially used membranes. The following
is a short list of properties that potential membranes must demonstrate to be applicable in
RO.10,45,46

1 High salt rejection

1 High water flux
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1 Ability to form thin films with high strength and about 100 nm in thicknesgalorication
into high surfaceo-volume ratio constructé.g. hollow fibers). This is necessitated by the
high water flux requirement.

1 Ability to be incorporated into one of the four standard membrane modules: tubular, plate
and frame, hollow fibers opgal wound

1 Wide operating range for ion content, pressure and temperature

1 Resistaneto chemical attack and fouling

1 Resistance to compaction under high pressure

1 Long service life

Y Low cost
1.2.1. Cellulose Acetate membranes

Cellulosic derivatives have a storiddstory in reverse osmosis, largely because they
were the first asymmetric materials produced by Loeb and Sourirajan that demonstrated the
viability of reverse osmosis technology. This was achieved by hand casting a solution of
polymer in water and acete with aqueous magnesium perchlorate. The solutasuried for a
short period of time on glass before being immersed in cold water to produce the asymmetric
membrané. A final wet annealing step was also used to ensure that pores were eliminated in the
membrane skin antthis resulted in a dense membrane.

Cdlulose acetate is made from reacting acetic anhydride and acetic acid with céllulose,
the naturally occurring polysaccharide that is the most common organic compound found on
Earth. Thenumberof hydroxyl groups that are replaced by acetate is quantified by a degree of

substitution, often referred to as D.&ellulose acetate materials generally have a D.S. in the
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range of 2.4.5, while materials with a D.S. above 2.75 (to the maximum value of 3) are
referred to as cellulose triacetate. Figure 1.15 shows cellulose triacetate with a D.S. of 3. The
degree ofacetylation has a profound influence the membran&ansport propertiesnd high

levels of acetylation increase salt rejection and lower watef flux.

O

Figure 1.15Cellulose triacetate

The choice of cellulose acetate by Loeb and Sourirajan was well founded, Reid and
Breton showed it washe most permiselective material available at the fifhe.The early
research performed by Reid et al. showleat a salt rejection of up to 97.4% was obtainable,
though permeability was still low, despite film thicknesses less than 10 microns. These early
films had a D.S. of 2.6. The apparent semipermiability of cellulose acetate was suggested to be
the amorpbus portions of the membrane binding to water through hydrogen bdfidifige
transport of salt and other molecules that cannot participate in hydrogdmdpdravel by a
holetype diffusion, but as water binds to the membrane these holes shrink and less solute can
pass through the materfdl. As the applied pressure increases, more water binds to the
membrane and holiype diffusion decreases. Water retains a high permeability as an

equilibrium develops, causing hydrogeonided water to makeiscretejumpsamonghydrogen
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bonded sites down the length of the membrane and eventually permeating on the offier side.
The equilibum water sorption of cellulosic materials generally falls in the range €015
weight %™ The following empirical results helped develop and prove this theory: salt rejection
was poor at low pressures and increased quickly in the 150 to 250 psi range before approaching
an asymptotetal 00%?® electrical measurements showed that seenimeability was correlated
with ions not able to hydrogen bond, but no such relationship was foundtidéons could
participate in hydrogen bondiffgand finally that larger multivalent salts had enhanced rejection
compared to NaCF

Cellulosic membranes have a lower acceptable pH range, lower hydrolytic stability, less
versatility and a shorter service life than polyamidaterials, but their high flux and salt
rejection, relatively high resistance to chlorine and low cost have enabled their continued
importance'®* The membranes are used at a pH of 4ndvalues higher or lower than this
tend to accelerate hydrolytic and membrane degrad&tidiypical membranes are made from a
cellulose acetate/cellulose triacetate blend; cellulose triadess better chemical and hydrolytic
stability, but if not blended compacts easily leading to flux declin@lthough cellulosic
materials do not have as high rejection as the aromatic polyamide thin film composites, their

enhanced chlorine tolerance makes them ideal for applicatimiisas waste water treatment.
1.2.2. Polyamide Membranes

Pdyamides are the preferred chemical structure for sththe-art membranes in reverse
osmosis water purification. The initial research into polyamides investigated the commercially
important linear alipatic systems such as Nylon 6lfut these were regted because qfoor

mechanicaktability and relatively low separation potential. Industrial scientists and engineers
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worked throughout the 1970s developing these materials and found that the aromatic systems
could achieve much higher separations, huheir infancytheystill lagged behind the high flux

high rejection properties of cellulosic materials.Aromatic polyamides finally achieved
commercial importance after patents and literature described the formation of-fdnthin
composite system in the late 1970s.The stateof-the-art FT-30 polyamide membrane was
reported in 1980 with initial investigations describing optimal condittbn®ver the last 30

years, the processing, synthesis and transport properties of these materials have been widely
investigated.

Severd choices of monomers are available to produce the aromatic polyamides and
polyureas used for reverse osmosis, but usually they are phenylene diamines reacted with various
acyl chlorides or isocyanatés>® Different isomers of phenylenediamines may be combined to
afford high chain stiffness while giving a kinked microstructure that helps avoid crystallization.
The interfacial polyrarization proceeds thugh two stages. he first fast stage forms the initial
polyamide separation skin layer, then diamine diffusion through this layer into the phase rich
with chloride monomer results in further reaction and increased film thickhess.The acid
chlorides are insoluble in the aqueous solution, ensuhagpolymerization occurs at the
interface and not in solutiofi. A key feature of the statef-the art materialssia high degree of
crosslinking. The films with the highest flux andsalt rejection are ones where crosslinking
occurs simultaneously with polymer film formation at the inwef8 Additional post
polymerization curing and/or heat treatment may sometimes be utilized to further increase the
salt rejection while maintaining high water fluxés.Figure 1.16 shows a reaction scheme
between rphenylene diamine and trimesoyl chloride to produce the crosslinked polyamide

selective layer?
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Figure 1.16FilmTec FT-30 schematic with linear and crosslinked repeat units shown

Variations of the above membrane have been developed for tapwater, brackish, and seawater
purification. Aromatic polyamides are advantagecelative to cellulosic materials in several
areas beyond their enhanced salt rejection. They are relatively resistant to acid or base induced
hydrolysis and can be useder a wider pH range’’ The high extent of crosslinking reduces
swelling and helps resist compacti under high pressures, a problem that the asymmetric
cellulose membranes consistently suffer.

The importance of the thifilm composite on reverse osmosis technology is tremendous
and warrants closer examination. The culmination of this research diadl use of this
technology occurred in thedy 1980s. ldwever investigation of applying selective membranes

in-situ on polysulfone supports started in 1867Early researchers dissolvedcommercially
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available polysulfone in dimethylformamide 15% sbds, cast the solution on a glass plate and
subsequently precipitated it in a water bath by one quick immersion. A microporous sheet
around 40 microns thick lifted off of the glass plate spontaneously and was washed with
deionized water before further u®e. The microporous membrane was then soaked in an
agueous solution with a very low concentration of diamine. Excess aqueotisnseas
removed by a rubber roller befoegposing itto an organic solution of isophthaloyl chloride in
hexanes. This interfacial polymerization produces a seleiitikied membrane that generally
ranges from 0B microns thick? In commercial applications the polysulfosepport layer is
additionally supported by a woven or nonwoven polyester web with a thickness on the order of
100 microng®>®

One advantage of the thifilm composite is that very thin layers of the selective
membrane are pos$#y and because of the polysulfone suppodchanical failure is less likely
to occur even if the highly crosslinked polymer is extremely brittle and Wedke ability to
produce an extremely thin selective layer results in a much enhanced water ftlistedréy
Equation 4. Both linear and crosslinked polymers may be used as the skin layer, whereas only
linear soluble materials may be used in asymmetric systerme advantage of the thifilm
compositeapproachis that producing the selective skin and porous support layer separately
allows additional optimization. Polyamide membranes may also be modified post
polymerization to further impve their transport properie One example is to apply
poly(ethylene oxidejo the polyamide and crosslink photochemically to produce a smoother
membrane that enhances resistance to biofotifing.

The enhanced structural stability from the tfim composite alleviated the problem of

mechanical stability, buhe lack of chemical and biological resistance reradian issue. The
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largest problem is the lack ofsistance to thehlorinebiocide in the feed solutioi. Membrane
perfomance deteriorates in long tetests with even lowevels of chlorine concentratiofi>®
Treatment of drinking water with paspermillion levels of chlorine greatly improves the water
quality bykilling pathogens and other bacteria carried in watéFhe lack of chlorine resistance

by polyamides leads to higher cost$he feed must be chlorinated to reduce biofouling, de
chlorinated to protect the membradaring permeationand finally chlorinated again after
permeation to protect against microbial contaminants. Studies showed that a low pH accelerates
membrane degdation under these conditions, and that the membrane may ddgyrad®
mechanisms, ree that leads to an increasealecular weight of the polymer film and one that
lowers the molecular weight. An increase in molecular weight could occur by chloramifation
the amide bond and subsequatitackby an amine terminated chain, producing a crosslinked
site® A decrease in molecular weight arises from chain scission after the chloramination
reaction® Figure 1.17shows the incorporation of chlorine into the polymer systlmreactive

species are aqueous chlorine derivatives such as the hypochlarite ion
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Figure 1.17Pathways to chlorination in polyamidés
The nitrogen in the amide bond is readily elteed by chlorine because of the neighboring
electron withdrawing carbonyl group. It has been proposed that this reaction proceeds through
an amide oxygen intermediate before rearranging to the chloramide. The chlorine can further
become incorporated intthe adjacent aromatic ring by the Orton rearrangefieriRecent
studies have suggested that the extent of Orton rearrangement is largely due to amine end groups
instead of the amide bond on the backbone of the polymérhas also been suggested that
direct ring chlorination may occur through electrophilic aromatic substitution. There is a
significant effect of pH on the rate of chlorination, with model studies dstraiing no
chloramide formation above a pH of 0The subsequent mechanism of amide bond cledasage
unknown, although hydlysis andoxidative cleavage have been proposeddegradation by
chlorine can be lessened by alkyl substitution at the amide niffoged the use of protecting

groups on the adjacent aromatic rfighough the transport properties of the material bvays
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affected as a consequence. Different isomers of the phenylene diamine also respond differently
to chlorination, the 1,3 isomer being the most vulnerable and the 1,2 isomer being the least

vulnerable to attack
1.2.3. Sulfonated PPO Membranes

It has been demonstrated thaveral classes of polymecan be fabricatethto thin-film

composites, including sulfonated polyphenylema&le (PPO), shown in Figure 1.18.
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Figure 1.18Repeat unit of sulfonated PPO with "n" degreeuliiomation
Sulfonated PPO is produced by the facile chlorosulfonation of PPO, and the transport properties
of these materialare strongly correlated with the ion exchange capacity (IEC), a measure of the
degree of sulfonation of the polymer. Higher amounts of sulfonation lead to a more hydrophilic
material with increased water uptake and permeability, at the expense ofléeelsr of salt
rejection®® Highly sulfonated materials alsswell tremendously in water, leading to large
increases in flux and additional loss of salt rejectforReverse osmosis studies demonstrated
that sulfonated PPO has very high chemical stability and excellent resistance to acidic and basic
environments, but caon achieve the high flux and high rejection transport properties of the

traditional cellulosic or polyamide systeff§:*°
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1.2.4. Sulfonated Poly(arylene ether sulfones)slembranes

The development of polsrylene ether sulfone)s, commonly called polysulfones, for
reverse osmosis began in the 1970s in both academic labs and industry. At this time the
cellulosic agmmetric materials suffered stability issues because of chemical and biological
attack. Polysulfones famously demonstrate high chemical inertness and the rigid backbone of
these polymers make it mechanically attractive as well. The commercially available
hydrophobic polysulfones can also be sulfonated to increase hydrophilicity. Typicadl§e20
of the repeat units are sulfonatedel@v this range polysulfones have prohibitively low water
uptake and above this range they are highly swollen and evgnus#r solublé’ Figure 1.19

shows aepeat unit of a sulfonated UDEL polysulfone, with a random composition of sulfonated

moieties.
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Figure 1.19Random copolymer of sulfonated UDEblpsulfone
The first sulfonated polysulfones tested for reverse osmosis dhivaresport properties

in line with cellulose acetaf®. Later these were fabricated into composite hollow fiber systems
with 98% salt rejection and reasonable water flux, useful for brackish water purification but not
selective enough foseawater desalinatici. Early studies showed a very strong Donnan
exclusion effect that was enhanced by high operating pressures and water flux. This Donnan
effect actively pulls cations into the membrane and repels anions into the sdfutidime
membranes additionally demonstrated high resistance to water fouling and thus permitted high

pressure operations.
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Sulfonated polysulfones were eventually made by direct sulfonation methods that were
not only more reproducible, but also increased the regularity of sulfonated units in the
microstructuré’ Recently McGrath and Freeman et al. began studying the fundamental
transport characteristics of these polymers and synthesized several novel structures. They found
that varying the sulfonation leV(often expressed as the iexchange capacity with the units of
milliequivalents per gram), altering the hydrophobic structure and changing the sulfonate group
to sulfonic acid all had a pronounc®®effect
Generally these membranes are used in the salt form, asd#redanaterial would slowly be
converted tothe salt form because of the high NaCl concentration in RO applications. The
thermal processing history of the films also affected the transport properties obtained.

The sulfonate groups strongly repel anidns the aforementioned Donnan exclusion
effect, however they also lead to high amounts of membrane swelling that can lower salt
rejection and worsen mechanical propertfesThe salt permeability will also depengion the
salt concentration in ehfeed solution, because high concentrations will lower the Debye length
and screen anionic repulsions between polymer and®8al\Water permeability dependson
the selfdiffusion coefficient of water through the material, which is proportional to the volume
fraction of water in the polymer and thus relatedhe free volume of the systeth.Positron
annihilation lifetime spectroscopy has been used to probe the free volume of these pdlymers.

Morphological studies using atomic force microscopy revealed that the sulfonated
polysulfones contain two distinct regions. The ionic regions of the copolymer aggregated
together to form hydrophilic areas amongst a matrix of tplubic segmentS. As sulfonation
levels increased, the hydrophilic regions expanded, until a critically high level of sulfonation

change the ionic regions so that they lagwe continuousand fornedlargechannelsthrough the
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material. Literature attempting to probe Fickian diffusion with these charged membranes
generally assumes that the charged units on the membrane are homogeneously distributed
throughout the polymer matrix to simplify the mathemaltics.

Paul et al. showed that the losGselectivity could be greatly mitigated by controlling
membrane swelling through chemical crosslinkihgable 1.1 shows a crosslinked highly
sulfonated material with greatly enhanced rejection compared to the linear control. Toé- state

the-art SW30HR-380 polyamide membrane is also shown for comparison.

Table 1.1Effect of crosslinking on membrane selectivitgom Polymer2008 49, 2243. Paul, M.; Park, H. B.;
Freeman, B. D.; Roy, A.; McGrath, J. E.; Riffle, J. S. Synthesis and crosslioipagtially
disulfonated poly(arylene ethsulfone) random copolymers as candidates for chlorine
resistantreverse osmosis membraneisedwith permissiorof Elsevier 2008*

System Curing Water NaCl NaCl

time  permeability rejection” permeability”

(min) (L LLm/m2 hbar) (%) (x 10°%, cm? s 1
BPS-5k-2E-15M 15 3.2 87.8 6.5
BPS-5k-2E-45M 45 1.5 96.1 3.8
BPS-5k-2E-90M 90 1.4 97.2 1.1
Uncrosslinked BPS50 0 3.5 73.4 —
SW30HR-380° — 0.61¢ 99.7 —

Crosslinking also reduces the free volume by lowering membrane swelling and restricting the
polymer matrix, thus the effective permeability of water through the membrane irethive
Polysulfones may also be physically crosslinked by various methods, such as blending with
cationic polyethylene oxide derivativ&s.

Sulfonated polysulfones are particularly attractive because of their hydrolytic stability
and high chlorine resistance. This resistance comes from the particularly strong bonds between

carbon, oxygen anslulfur, andpolysulfones also lack the amide linkages for chlorine to attack.
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The enhanced chlorine tolerance of sulfonated polysulfomepa@d to plyamides is shown in

Figure 1.20
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Figure 1.20 Degradation of SW30HR polyamide membrane compared to sulfonated polys&lomeAngew.
Chem., Int. Ed2008 47, 6019Park, H. B.; Freeman, B. D.; Zhang;&.; Sankir, M.; McGrath, J. EHighly
chlorinetolerant polymers for desalinatiodsedwith permissiorof John Wiley and Son2008?

Currently water musbe chlorinated to disinfect the water and reduce biofouling, and then the
disinfectant must be removed before passage through the membrane. Finally the water must be
re-chlorinated before distribution for human consumpfios chlorine resistant reverse osmosis
membrane could remove severéatlese steps, leading to lower operational costs and possibly a
longer lifetime of the materials. The major challenge for achieving commercial viability of
sulfonated polysulfones is to bring their transport properties in line with theo$tdteart

membranes and to develop comparable methods of fabricafiothin film composites,

asymmetric membranes or hollow fibers.

1.3. Poly(arylene ether sulfone)s

Polysulfones belong to a high performamaaly(arylene etherklass of polymers that
includes polyetherberketones (PEEK) amongst other aromatic polyethers. The amorphous

polysulfones are rigid, tough, possess high glass transition temperatures, and have good
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mechanical properties, despite lacking the senystalline morphology of PEER"™
Polysulfones also demonstrate high resistance to acidic, basic, aqueous and oxidative

environment<®

1.3.1. Synthesis of Poly(arylene ether sulfone)s

1.3.1.1. Electrophilic Aromatic Substitution

An early route to poly(arylene ether sulfone)s used conditions related to the +riedel
Crafts reactiod’ Two routes were investigated to obtaintigolecular weight polysulfones.
One involveddisulfonyl chlorides reactewith dinuclear aromatic species-fA+ B-B) and the
other involvedself-condensation of monosulfonyl chlorides-B). The two routes arghownin
Figure 1.228 Either case requires only catalytic quantities of Ee@ICls, SbCk, SnCl, InCls
or TiCl,”® to assist in the formatioof an aryl sulfonium cation. Early work used reaction
temperatures as high as 260although temperatures in the 1P4FC range were later deemed

successful&

Figure 1.21Routes to a polysulfone by electrophilic aromatic substit(ftion
The A-B monomer system almost exdledy results inparalinkages relative to the ether
bond, while the AA + B-B reaction results in more reactivity at tbetho position’® The
sulfone group helps control the regiospecificity and avoid branching because of itsnelectro

withdrawing properties, making chain ends much more reactive than rings in the backbone of the
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polymer!” The electron withdrawing nature of the sulfone group also explains why the
monosulfonation routproducedess branching and less ortho products than the dinuclear and
disulfonyl route®® The mechanism for formation of the sulfonium ion folemhbysubstitution

is shown belowf?83

cl +__FeCls __FeCl,
' Q ?
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Figure 1.22Sulfonium ion formation and subsequent electrophilic aromatic substftution
NMR spectroscopy confired that the reaction proceeds lay additionelimination
mechanism detailed by Bunnétf® The monomer bearinthe sulfonyl chloride exhibits a
strong substitutive effect, in that electraithdrawing groups increasatho isomer formation

while electrordonating groups produce products almost exclusivetii para substituent§?
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The mechanism supports this riégsuas electrordonating groups dsalize the electrophilic
cationic intermediate and favor the thermodynapaca productformedvia a later transition
state. Low molecular weights were obtained when the reaction récpuli®nium ions to be
attacked by a dinuclear species with electwithdrawing groups like benzophenone or
diphenylsulfone, as they reduce the reactivityard electrophilic aromatic substitutioit®*
Polysulfones with a significant amount oftho substituton had poorer mechanical
properties andometimes includegel, compared to chains wiffaralinkages®® An excess of
sulfonyl chloridesometimesesuledin branching and insoluble material, especially towards the
end of the reactia’’ Additionally, removal of the catalystasdifficult, and in some caseke
catalystcauséd branching orbecameincorporaed into the polymer backbone by foimg an
aluminum heterocyclic structuf®. The nucleophilic aromatic substitution rotitat is described
in the sections below generally eliminates these problems, making it the preferred method for

synthesis of plysulfones.
1.3.1.2. Ullmann Reaction

The Ullmann reaction has historically been used to synthesize aromatic ethers by
coupling a phenolic derivative with an aromatic halide in the presence of a copper catalyst.
Farnham et alused this reaction to produeéolly aromatic polyethers and noted that weakly
acidic dihydric phenols worked bé%t. The Ullmann reaction wasls® usedto successfully
synthesize poly(arylene ethers) containing some sulfone bridging’°hiend later other
structures using halogenated mononiérsFigure 1.23shows atypical route ® produce a
poly(arylene ether) by the Ullmann reaction. The mechanism of these reactions invlve Cu

coordinating to the °~ system of the -lmogemmat i c
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bond® One consequence of this mechanisrthiat halide displacement reactivity is | > Br > Cl

> F, the opposite order of activated aryl halide nucleophilic aromatic substitution.

Cul /
> o o + 2KBr
200°C \ \ /
n

Figure 1.23Ullmann reaction of bisphenol potassium salt and dibromoaf§lene

lodine and bromine functionalized dihalides are much more expensive than chlorine
functionalized monomers shic a s-diclgratiphenyl sulfone, making many of these reactions
cost prohibitive. The higher cost of monomers and difficoftyemoving copper effectively
relegates the synthesis of poly(arylene ethers) by the Ullmann reaction to ordgtivated
systems that cannot readily undergo nucleophilic aromatic substitution, such as the synthesis of

poly(phenylene ethersind novel aromatic amines and amitfed
1.3.1.3. Nickel Coupling Reaction

Colon et al. and Ueda et al. developed a more recent approach to synthesize high
molecular weight polysulfones in the early 198%8. The procedure couples aromatic
dichloride monomersising a nickel (0) catalyst in the presence of metallic zinc and a large
amount of triphenylphosphine ligarat moderate temperaturesOther routes to polysulfones
mentioned in this section involve carbbateroatom bond formation to achieve polymer, while
this route proceeds by direct carboarbon bond formation. The wide availability of dichloride

monomers makes this reaction very versatile, although many limitations exist in practice. Any
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moieties onthe monomers that can react with the nickel catalyst cannot be used, such as nitro
groups® A highly inert atmosphere and dehydratedction solution is essential. tBerwise
water reduces the aryl halides to arenes, deactivates the catalyst, and terminates the polymer
chain?® The polymer must also mein soluble in the reaction solvent for the polymerization to
proceed. In these rdams amorphous polymers proceedrtach higher molecular weighthan
their crystalline analogs and polar aprotic solvents such as DNsAlly lead tohigher
polymers han THF?®

This reaction has not been commercialized because of the difficulty in removing the
various catalysts. However, it remainsimdkrest forsmal scale laboratorpurposesecause of
the versatility of monomer choice compared to other synthetic routes. This reaction has been
used to successfully synthesize poly(arylene phosphine oxide)s, poly(arylene fluoro ethylidene)

and many other novel matais **%

1.3.1.4. Nucleophilic Aromatic Subditution

The most commonly used method to synthesize polysulfones is nucleophilic aromatic
substitution (RAr). Johnson et al. first synthesized a wide variety of high molecular weight
polyetherketones and polysulfones by this method in the 146 the basic organic chemistry
that drives ths reaction was known earlier.

In nucleophilic aromatic substitution the electrons for bond formation are provided by a
nucleophilic heteroatom on the aromatic ring, whereas in electrophilic aromatic substitution there
is no such group to provide electrofts bonding. This fundamental mechanistic difference
results in several important distinctions between the two reaction®ledirophilic aromatic

substitution hydrogen is usually replaced, while iR, halogens or other groups that are
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relatively sable as anions are replacdd.In SyAr directing groups play lssof a role, as
generally only one group can participate A8 Usually this group has enhanced reactivity
because another substituent on iihg activates it. Figure 1.28hows a typical $Ar reaction,

which isonly possibleunderthese conditions wh a strong activating group and good leaving
group®® Intense academic ietest in KAr culminated in thorough reviews detailing the
mechanism of the reaction, which groups could most easily be replaced, which species were
most nucleophilic to §Ar, and the activating and deactivating influence of other substituents on

the ring®*

67°C, 10 min

CH.OK" + F NO » H,CO NO, + K'F
3 \ / 2 CH3OH 3 2

Figure 1.24Nucleophilic aomatic substitution ofp-fluoronitrobenzene with metharibl

The mechanism fo6yAr shows secondrder kinetics,and is first order in both the
nucleophile and the aromatic spedlésThe exact mechanism was developed by kinetic data,
which demonstrated that reaction rates were much higher with stronger nucleophiles and the
reaction was facilitated by electron withdrawing groups on the aromadices. When the
nucleophile attacks the aromatic structure themoisvay to maintain aromaticity.nstead the
attacked carbon must adopisg tetrahedralintermediate The loss of aromaticity is a huge
energetic cost, thusy8r is only a reasonablesaction if the resulting anion can be delocalized
throughout the aromatic ring amah an electron withdrawing substituent. This relatively stable
intermediate, called the Meisenheimer complevas identified in 1908 and has been
characterized by both NMR and crystallographic d&ta. The initial attack by the nucleophile

on the aromiéc structure is the rate determining step, as long as the eventual displaced aromatic
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group has much greater anionic stability than the nucleopFilgure 1.25hows the mechanism

for the above reaction, including the formation of a Meisenheimer cortplex

CH,0 —
k;

F NO, >
<> / slow

J AR
F F ‘\
NO, <—» NO, <-—3
HCO 4 H5CO H;CO
S 4
I Meisenheimer Complex

o o

F 9/ F ./

N - N\
H,CO \O— H;CO .

5
/< K : :
—> H;CO NO, -+ F
H300><Z>‘-7 \ fast

or another resonance-stabalized
anion shown above

Figure 1.25Mechanism of nucleophiliaromatic substitution
Leaving group ability in QAr differs greatly from other nucleophilic substitution
reactions. The largest reason for the order observed is that the rate determining step is the
formation of the Meisenheimer complek {(n the abovemechanism). e second step of +e

aromatizing the ring is fast by comparison. Ig2Seactions the leaving group ability of
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halogens fdbws the order | > Br > Cl >> F. divever in SyAr the leaving group ability is F >>
Cl > Br > I. The trend normallgeen in {2 is attributedto the mechanism of bond formation
and bond brdang occurring at the same time. hd carborfluorine bond has a much higher
bond strength than other carbbalogen bonds whicimhibits the ability if the fluorine atomo
leave. The strength of the carbdhluorine bondpartially resuls from higher bond polarity
relative toother carborh al ogen bonds. When a nabitalaie hi | e
site bearing the aromatic halogen, the enhanced electronegativity ahélustabilizes the
Meisenheimer complex much more than other halofferiis obsevation of reactivity proves
that bond breakingk{ in the above mechanisng not the rate determining step in mogAB
reactions’° For this same reason, alkoxy groups are readily displacegAn $ough they are
poor leaving groupin Sy2 reactions

Nucleophilic reactivity wasnvestigated by comparingeaction rates and kinetic data.
The following series lists species from most nucleophilic to least nucleophilicAROA p S
piperidine > ArO > H,N-NH, > OH > ArNH,.'® This trend demonstrates that nucleophilicity
and basicity may heavily contrast with one @@o. Nucleophilicity is a kinetic phenomenon
while basicity is purely a thermodynamic property, even thoughi®©kuch more basic than
ArQ’, it is much less nucleophilic.

The SYAr reaction proceeds much more readily in the presence of activating dooups
the mechanistic reasons described above. Given the importance of these groups, the relative
activating and deactivating power of many substituents has been quantified. Whether the
position of the substituent @rtho, metaor para to the replaced gup has a stmg effect on
substitution rates. ¢ivever these inductive and resonance effects vary tremendbu3ige

order ofactivating power of a substituewhen para to the site of substitution is: NO > NG
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SO:R > CR > CN > COH > COR*®! The order of deactivating power whparato the site of

substitution is: N> OH > NR > OR >R > F > H?2

1.3.1.4.1. Strong Base Approach

SvAr applied to polysulfone preparation can further be divided into two approaches,
synthesis involving strong bases such as NaOH and KOH, or synthesis utilizing weaker bases
such as KCOs;. The initial research into polysulfone formation usedtrong baseand is
commonly called the caustic process.

Johnson et al. prepared Udel polysulfone, then known as Bakelite polysulfone, by
reactingthevor k hor s e ndachoocipdenyl sulfodAeGDCDPS) with the disodium salt
of -isgpdpylider diphenol* Figure 1.26shows the reaain scheme for formation of this
polymer. Their investigations and the work of other researchers determined suitable monomers
for the reaction, the role of solverihe sensitivity to waterand the importance of reaction
stoichiometry of not only monomerbut also base. The solubility of the bisphenolate is very
i mportant for the aqueous c a uisopropglidemeediptemod . T
(BissA) met t hi s r e q ubiphenyhdoestnot and thus eequered developndent of

the potasium carbonate proce¥s.
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Figure 1.26Synthesis of polysulfone e strong base methét

The two monomers required to make a polysulfone by ak A B-B reaction are a
bisphenol and most commonly an activated aryl halide, both with a functionality of tfiortd
a linear polymerization. Other substituentay replace the role ofhe halide on the sulfone
monomer, such as nitro groulys. As stated above, the monomer for an activatéaliie is
often DCDPS. Fluorinesubstituted sulfones react much more quickly, but their much higher
price prohibits large scale reactions. For this reason much more variety is seen in the bisphenol
monomer structuse While the above reaction uses bisphenol A, an enormous amount of
bisphenols react with DCDR$1cluding biphenol, tetramethylbisphenol A and hydroquinone
amongst other§ High nucleophilicity in the bisphenol will enhance reactivity, and thus
relatively acidic bisphenols l&k  4bjpHedol will react much more slowly than other
monomers® A general rule of thumb for this reaction is that electron donating ganasto
bisphenate anions increase reactivity, while electron withdrawing groups will reduce re&ttivity.

Dipolar aprotic solvents are the only solvents thate been useduccessfullyto

synthesizehigh molecular weight polydfones. Initial studiesutilized dimethyl sulfoxide
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(DMSO) and tetramethylene sulfone (TMJ§O Later N,N-dimethylacetamide (DMAC)N-
methyt2-pyrrolidone (NMP) and dimethylformamide (DMF) also came into'8&é&he solvent

must be able to dissolve the alkali bisphenate and also keep the growing polymer chaidsoluble.
It is also desirable to maximize the concentration of monomers and polymer in the reaction flask
while maintaining solubility, & seconebrder kinetics dictatehat higher cocentrations will
requireshorter reaction time¥§>'%’

Early evidence showed that protic contaminants such as alcohols, or even water in the
form of moisture, ould inhibit the formation of a high molecular weight polyrfier.The
prevention of high molecular weight comes from side reactions with the activated dihalides and
with the mlymer. If water attacks thactivated halide, it can result in either inactive polymer
endgroups or inactive monomer, altg reaction stoichiometry. Moisture is ntte only
concern involving air.The alkali phenates are readily oxidized in air which also alters reaction
stoichiometry, and thus a nitrogen purge is a common requirement in polysulfone synthesis.

The protc contaminant of excess alcohol is of major concern in polysulfone synthesis.
The strong base is added in a stoichiometric amount to produce the bisphenate from the
bisphenol monomer, and the resulting produced water can be azeotropically removed with
solvents such as toluene and chlorobenZénié.too much base is charged to the reaction flask
there will be residual base after the azeotropic removal of water. This residual base can lead to
hydrolysis of the dihalide, again altering reaction stoichiometry or producing dead chain
ends®!% A deficiency of base can result in unreacted bisphenol hydrogen bonding to a phenate
anion, reducing nucleophilicity by an order of magnit{fffeExcess strong base can also lead to

ether interchange and lower the degree of polymerization. Even a 1% deviation of base
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stoichiometry camlecrease theeducel viscosity of polysulfone in chloroform at 26 from 1.8

di/g to 0.6 dl/g"®®

1.3.1.4.2. Weak Base Approach

Patent literaturéromt h e | a tescride@dlyBufome synthesis using a weaker base
such as potassium carbonate, instead of the aforementioned strond’bakési s fcar bona
approach was subsequently investigated from a kinetic perspective and cotmpiduedtrong
base methodology*'%*** The carbonate approach has been successfully applied to other
polymeric systems, such as poly(aryl ether) copolymers with poly(phenylquinoxafinésiny
of the reaction conditions such as dry atmosphere and polymer workup remain the same.

One motivation behind using a weaker base came from the desire to eliminate the
unwanted side reactions wfith a strong base. Initial hydratys studies proved that even-10
20% of excess weak base did padduceundesirable side reactions with the activated hafttle.

The increased toleraneeth excess base does come at an expensiee r€action is slower by
approximatelyan order of magitude when compared to the strong base route. The slow reaction
rates werattributed tohydrogenbonding between the phenoxide and unreacted phenol groups,
the presence of large amounts of azeotropic solvent, or the initial heterogeneity@f Krhe
heterogeneity of BCO; and the role it plays in converting a phenol tohammlate is shown in

Figure 1.27
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Figure 1.27Role of potassium carbonate in converting phenols and possible decomposition

The model studies of i reaction used DMAc instead of DMSO, because DMAc has a
higher cation solvating power, and incraaselubility of the weak base. The poor solubility of
the base in the solution also necessitated high temperatures to achieve high molecular weight.
An azeotropic solvent must also be used to achieve high molecular weight, often in 50% v/v
ratios to the main reaction solvent. Azeotroping the water in the reaction etigtiesannot
act @ a nucleophile on the dihalide. Téeolution of water will occuthroughout this reaction
with disproportionatiorof KHCO;s. If water is not azeotropically removed and therefore allowed
to react with the activated halide by hydrolysis, the stoichiometry will be upset and high
molecular weights may not be obtained.

The reaction tempetare of about 16%C for DMAc may not be sufficient for some
systems, in which case NMP may be used for reactions up f€ 184 A consequence of
using higher reaction temperatures is increaskdrether interchange reactions. hil¢ these
have no consequence for random composition copolymessa deterrent to synthesizing block

copolymers*?
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The weak base process differs from the strong base approach in a subtle but important
mechanistic way. The strong base approach produces bisphenates fromdisspdred these
anionic species proceed to attack the activated aromatic species. Kinetic studies performed by
McGrath et al. show that the carbonate prowessproceedhrough a monophenate pafi**

Only one phenoligroupneeds to beonverted prior tahe initial nucleophilic attackAfter this

group reacts and forms the dimer species, the other phenol moiety can become converted to a
phenate and attack a different sulfone molecule. mbeophenatéerminatedmonanershave
enhanced solubility compared to the bisphes)dteisallowing more versatility of the bisphenol
monomer. Dimer and oligomeric species may form relatively quickly, but the limiting rate
constant that influences overall reaction kinetics is ti@clk of an oligomeric or polymeric
phenate on a oligomeric or polymeric halfd&.Figure 1.28shows the overall scheme for this
reaction below?-1%31*> The carbonate process to synthesize polysulfones is versatile and a good

alternative to the strong base methodology.
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1.3.2. Postsulfonation

An important derivative of polysulfones for water purification, fuel cells and other
applications involves the addition of ionic groupstbae backbone of the polym&*%1" The
most common ionic group included is the sulfonate group, which may be incorporated into the
backbone by two different methods. The first method, called-quifsination, utilizes an
existing polysulfone and harshleetrophilic aromatic substitution conditions to alter the
backbone of the polymer chain.

Quentin et al. first investigated sulfonated polysulfones by thesudfsination process in

the 1970£%''® They dissolved a polysulfone in a polar aprotic solvent and reacted it with
chlorosulfonic acid, yielding near quitative levels of sulfonadin on the backbone. Figure 1.29

shows this sulfonation reaction.
Q
{1+~ )F
O n

DMAC | CISOsH
rt C|CH2CH20|

- OHQ=OFOY, +

SO,H

Figure 1.29Postsulfonation of a polysulfone with chlorosulfonic acid
At the same time Robeson showed that a 2:1 sulfuxidedriethyl phosphate complex
(SOJTEP) also sulfonated polysulfones quickly at room temperétutdodel studies showed
that sulbnation preferably occurred on tbetho position of the aromatic bisphenol, relative to

the ether linkage, owing to the sulfone moiety deactivating electrophilic aromatic substitution.
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Robeson later demonstrated that appropriate substitution of theeb@pkgions could result in
sulfonation on the phenyl regions adjacent to the sulfone lifkAg@ostsulfonation of the
position ortho to the sulfone linkage without needing substitution on the bisphenol was later
accomplished by deprotonating polysulfone wnithutyllithium, reacting this group with SO

and then oxidizing it to produce sulfonated groti§$?* The resulting sulfone moieties are in
acidified form, butconversion to a neutral salt yields a more thermally stable polymer.

One concern with the pestlfonation reaction ithatchlorosulfonic acid may react with
alkylated portions of the backbone, such as an isopropylidene link and subsequently lead to
brarching and crosslinkin?'?? This procedure also results in excess inorganic salts trapped in
the polymer matrix that must be removed with extensive Soxhlet gatrat?>*?® The exact

regiochemistry of sulfonation also varies, which results in heterogeneous microstrtfétures.
1.3.3. Direct Sulfonation

The second approach toward synthesizing sulfonated polysulfones was pioneered by
Ueda et al. in the early 19983. In this method, known as direct sulfonation, a suifed
monomer is reacted with other monomers by standgAt, $roducing a sulfonated polymer
without requiring any podreatment.

Ueda et al . used a monomer fir sisulfeybst hesi z
(2-chlorobenzene sulfonate), also kmoas SDCDPS, for this direct sulfonation approg€h.
SDCDPS is easily synthesized by the electrophilic aromatic substitution of DCDPS with sulfuric
acid and the crude product can then be made monomer grade material by successive
recrystallizations. Botkhe chlorine and the sulfonyl group direct the resulting sulfonate groups

to themetaposition relative to the sulfonyl linkad& McGrath et al. later revised the technique
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for synthesizing SDCDPS, demonstrating vieigh purity by NMR and UV spectroscop§?**’

Other sulfonated monomers for sulfonated polysulfone synthesigresent in the literaturé®

Initial studies demonstratgeblymers with up to 30% degree of sulfanat meaning 30
mol % of SDCDPS was used relative to 70 mol % of DCEPSAIl of these polymers were
film forming, but it was apparent that higher levels of charged sulfonated monomer resulted in
lower molectar weights. Lower molecular weights with increasing degrees of sulfonation can
be explained by SDCDPS being less reactive and less soluble than DCDPS. McGrath et al.
achieved higher molecular weights with systems up to 100% degree of sulfonationelagimgr
the reaction temperature to £80*%'* McGrath et al. also demonstrated that IR, NMR and
titrations can determine the degree of sulfonation and that NMR also confirms the polymeric
microstructuréd**#® Figure 1.30shows a typical reaction scheme for the synthesis of a directly

sulfonated polysulfone.

Q
- o0
d K,CO3 | 190°C
HOOH NMP | N»

0 Toluene| 2 days
+ Cl S Cl
O Y
N303S SO3Na
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OO OO KOO+
@) 1-DS O DS
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Figure 1.30Synthesis of a sulfonated polysulfone by direct sulfonation
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The direct sulfonatio approach has the drawback of additional cost of the SDCDPS
monomer and any purification it may need. Thus, very large scale experiments still may prefer
to use the postulfonation method, especially since the reaction proceeds much more quickly.
Howewer, the direct sulfonation method is very successful in controlling the polymer

microstructure and generally produces a cleaner, more reproducible product.

1.4. CrosslinkingPoly(arylene ether sulfone)s

The crosslinking of polymeric materials is a vermgportant reaction from both a
theoretical and industrial perspective. Crosslinik&l polymer chaingogetherthrough covalent
or ionic bonds. The resulting structures are characteristically insoluble and tend to be stronger
materials than linear systsnthough they are also more brittfelt was mentned in a previous
section that the incredibly high performance of the polyamide water purification membranes is
due to the highly crosslinked structure of the polymer, but crosslinking is very important in
diverse areas ranging from the vulcanization wfber for car tires to phenolic resins used in
electronics manufacturing.

Crosslinking is especially desirable in polysulfones with large degrees of sulfonation, or
any other ionic group that results in a high IEC. Polymers with a high IEC are impantant f
many applications including electrodialysis, water desalination and polieerolyte fuel
cells’® Unfortunately, these polymers may also swell greatly in solution, leading to a loss in
mechanical and transport properties. The following sections give an introduction to the rich

chemistry available to crosslink polysulfones.
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1.4.1. Covalent

Initial investigations that probed the crosslinking of polysulfones included modifying
epoxy resing! Epoxy resins often suffer from high brittleness! dower than desirable impact
resistance. The purpose of these studies was not to prove that polysulfones were capable of
giving highly crosslinked networks, but rather that small loadings of chemically bound
polysulfone could improve the mechanical pnties of the epoxy resin. McGrath et al. reacted
controlled molecular weight oligomers of Udel polysulfone with an excess of epoxy resin to give
an epoxy endtapped polysulfone. The resulting structure was mixed with large amounts of
additional epoxy res and a stoichiometric amount of aromatic diamine at elevated
temperatures, resulting in a highly crosslinked network. This synttwette is shown in Figure

1.311%
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Figure 1.31Crosslinked epoxy resin modified with-16% UDEL polysulfon&*
The weight percent of polysulfone used hede resins was only 1086 15%. Theresulting
fracture toughness was twice as high as the control epoxy resin and only resulted in a small loss
of flexural modulus.Scanning electromicroscopyshowedthat both higher weight percentages
of polysulfone and higher polysulfone taoular weights contributed to incréagly
heterogeneous morphologies and could result in lower chemical resistance.

In 1993 Nolte et al. developed one of the first techniques to crosslink sulfonated

polysulfones:*” Polysulfones were exposed to the conventional-pai$onation process with

chlorosulfonic acid to impart sulfonic acid groups onto the backbone of the polymee tiie
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polymers were cast, they were mixed with small amounts of a diimidazole that activated the
sulfonic acid group. This activated group could then react with various diamines, either aliphatic
or aromatic, to produce a crosslinked network. Crosstingtructures of this type effectively
reduce membrane swelling by 50%, though several issues must be noted. One limit of this
technique is that only 50 mol % of the sulfonic groups may be activated, due to imidazole salt
formation. An additional problemwvith this methodology arises from several possible side
reactions, including urea and biuret formation.

One particularly versatile approach to covalent crosslinking requires the formation of
sulfinate groups along the polymer backbone. An abundant anebuethniques exist to
introduce this sulfinate group into aromatic materials including: Fr€dsfts reactions,
sulfonation followed by subsequent reduction to sulfinate, halogen/metal exchange, and the
conversion of aromatic diazonium safts. Sulfinate groups may undergo crosslinking by either
disproportionation or as-alkylation reactiorwith dihaloalkanes. Figure 1.3%picts both of
these routes and the diimidazole crosslinking reactions of polysuffbri&s. The sulfinated
groups may also be oxidized to sulfonate groups b®,HKMnO, or NaOCI prior to the
crosslinking reaction. In both of these methods the sulfinated and sulfonated polymers are
blended together tafm a homogenous solution before crosslinkiigThese sulfonate groups
do not take art in the crosslinking reaction and become entangled in the crosslinked sulfinated

network.
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Activation with diimidazole
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Figure 1.32Early work in main chain covalent crosslinking>*

The Salkylation route requires the lithiation of the sulfinated group before crosslinking
can occur. The lithiated sulfinate groups can attack a dihaloalkane by arégtandophilic
substitution reaction, resulting in a crosslinked structtfreThe preferable nucleoghiin this
reaction is the sulfur atom, which is predicted by hardicfi/base theory because the sulfur
atom is softer than oxygen, and thus its electron shell is more easily perturbed. This crosslinking
reaction occurs under very mild conditions &heé iodoalkanes in particular are so reactive that

membrane fabrication may be impossible because of immediate gelation. A large number of
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aromatic crosslinkers have been studied, and the results indicate that changing the crosslinker
structure in theseeactions does not have a pronounced effect on transport properties, swelling,
or gel fraction** Crosslinks generated through this route demonstrate good thermal properties
and hih stability under basic, acidic and neutral environmégfits.

Crosslinking through disproportionation ocsuhrough a unusual reaction where one
sulfinate group acts as the nucleophile and a different sulfinate group acts as an elettfophile.
Network formation occurs tbugh a stepwise heating regimap to 120C under reduced
pressure. These membranes also demonstrated good thermal stability and were additionally
characterizedvith regardto IEC, percent swelling, ionic conductivity and ionic permeability.
Notably the authors demonstrated that for the crosslinked materials, diffusional permeability
remains almost constant in an IEC range of103 but drastically deviates above or belbws t
region. One disadvantage to both thall§/lation and disproportionation route is that sulfonic
acid moieties are consumed in the crosslinking reaction, lowering the potential IEC of the
polymers®*

Several other routes have been developed in recent years to crosslink both sulfonated and
un-sulfonated polysulfones by reactive moieties along the polymeric backbone. Monomers with
pendant hydroxyl groups have been incorporated into the polymer and subsequently reacted with
dihaloalkanes in nucleophilic substitution reactions, similar to the chemistry involved in the S
alkylation route:***® Crosslinking reactions of this type use approximateB#2 by weight of
the crosslinking agent. igher amounts resulted in very fragile matistiaHydroxyl groups may
also be used as the crosslinking agent instead of the crosslinking site. Xiao et al. demonstrated
that under mild temperatures, sulfonmdagroups will react with polyfnyl alcoho) to give a

crosslinked structur®” These materials degrade at temperatures higher thd6 ,266ugh few
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applications would require such extreme conditions. Phase transfer catalysts have been utilized
to produce polysulfones functionalized with phosphonate and polysulfones functionalized with
aldehydes® The functionalized chains react together to form an alkene crosslink site. A novel

A hy-peos s |polynerhdsd also been studied by bromomethylation of nearly every
aromatic ring on a polysulfone, and then using a Fri€ulafts catalyst to crobsk the chaing®

The resulting networks swell less th8%6 in any solvent. Figure 1.38hows several of the
aforementioned reactions. Additionally, several groups have synthesized copolymers with
pendant allyf* vinyl**® and propargyf® groups tlat undergo thermal crosslinking.
Crosslinking temperatures vary from £80when using a freeadical initiator, to 258 if no

initiator is present.
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Pendant hydroxyl groups with dihaloalkanes
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Figure 1.33Additional synthetic developments in main chain covaleossiinking®*
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Most of the covalent csslinking chemistry discussesb far utilizes groups along the
polymeric backbone as sites for crosslinking. A différ@pproach is to synthesize polysulfones
with endgroups capable of chemical crosslinking, structures often referred to as telechilic
oligomers. In principle these reactions are similar to the epoxy resins previously discussed, as
relatively low moleculamweight materials are linked together by chain ends to produce a tough
crosslinked film. One advantage of this approach is that lower molecular weight materials are
more soluble and easily processed than their high molecular weight equivaieMisch of the
chemistry and crosslinkable groups remain the same in this alternate method, especially the use
of free radical and thermal crosslinking.

PEEK and PEKype oligomers were crosslinked by McGrath et al. and others prior to
polysulfones®**** The crosslinking of polysulfones beg:
Lucotte et al. Delfort and Lucotte used a monofunctional ethynyl terminated monomeseahd
the Carothers equation to produce controlled molecular weight oligomers with acetylene
endgroups?*'** Thermal curing of this system occurred over a wide range, 140 £&380d
the resultantnetworks had o s  u p°C higher thén the starting oligomers. Poiljone
oligomers have also been functionalized with allyl and propargyl endgroups that can be
crosslinked using high temperature conditi#¥$?’ Insoluble fractions as high as 80% were
reported and the resulting networks have promising performance in proton exchange membranes.

The telechilic oligomer approach halso been used in condensation reactions as opposed
to the free radical processes described above. Paul et al. produced sulfonated polysulfone
oligomers that were phenoxide terminated and crosslinked with a multifunctional epoxide at
elevated temperaturé$ The gel fractions obtained from this route are just as high as the free

radical cured oligomers and the reduced swelling had a drastic impact on the desalination
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properties of the material. One persistent problem with covalently crosslirkiediais is that

the dry membranes tend to be very brittle and may be prone to mechanicaffilure.
1.4.2. lonic/Hydrogen Bonding

The sulfinated polymers describeeharlier were initially blended with sulfonated
polymers, resulting in physical crosslinking by entanglement. This type of physealicking
was relatively weak, anany addition of solvent quickly d&oyedthe network structure. Many
types of physical crosslinking suffer from heterogeneous morphologies and unsatisfactorily high
swelling This is especially true of dipotdipole blends and hydrogdronded blends'*
Physical crosslinking of polysulfones became noteworthy when Kerres et al. pioneered an
improved ionically crosslinked approach by blendipgysulfones containing basic nitrogen
moieties with polysulfones containing sulfonic acid grot{p§*

This acidbase approach requires suitably strong basic groups as it was determined that
the K, of the corresponding acid must be greater than ¥ Examples of the basic
polymers used were orthosulfone aminated polysulfone, pdvinylpyridine),

polyethylenimine and polybenzimidazdf&. A scheme of the acitlase blend is shown in Figure

1.341%3
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Figure 1.34lonically crosslinked polysulfone using adise chemistryrrom Fuel Cells2005 5, 230 Kerres, J.
A. Blended and croglinked ionomer membranes for application in membrane fuel. ¢ddlsdwith permissiorof
John Wiley and Son2005%

Films of these ionic crosslinked systems may be fabricated by mixing both polymers in NMP,
casting on algss plate and evaporating the solvent af@20n some systems it is necessary to
convert the sulfonic acid to sulfonate salts prior to mixing, as the interaction between polymers
may be significant at low temperatures and prohibit film formation. hkesd cases the
membranes can be post acidified in a hot HCI solution. Thebasie blended membranes may
also be doped with phosphoric acid to improve conductivity, at some expense to mechanical
strength*>*

In most cases these adidse blends result in a homogens morphagies'** However

some results in the literature have shown that miscibility is favored by higher concentrations of
the polybenzimidazole andh less silfonated polysulfone, suggesting that obtaining a
homogerous morphology may not always be guarant&&dPhysical crosslinking limits water
uptake with increasing crosslink density similar to covalent crosslinking. In some cases the
physical crosslinking even has | owerossliskmg!| | i ng

is unsurprisinglymuch more temperature dependeifhese membranes sorb much more water

at elevated temperatures than the corresponding covalently crosslinked materials. The reason for
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this phenomenon is that ionic crosslinks and hydrdgerdsundesirably start to separate and

break down at higher temperatures.
1.4.3.Covalent/lonic Mixtures

The acidbase blended ionic membranes had very favorable swelling and conductivity at
lower temperatures, and thus researchers sought to extend theardgemgp use range. One
method for doing this ito includecovalentcrosslinkingsitesin the backbone of the polymer.
One example of thiss to use tertiary aminand sulfinate groupghat can becrosslinked by
alkylation via dihaloalkaneS? The resulting ionomer blends had a greatly enhanced
homogerous morphology and lower swelling at higher temperatures. Although this route has
had very good initial success alaboratoryscale, the membranes are much more difficult and

expensive to prepare and may not be suitable for industrial implemeritition.
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CHAPTER 2: MONOMER P URIFICATION AND SYNT HESIS

2.1 Introduction

There are several criteria that must be met tainthigh molecular weight in linear step
growth polymerizations. Monomers should exhibit perfect difunctionality, have high reactivity
towards one another, and not participate in any side reactions. Additionalgsaged byhe
Carothers equatiorthe monomers need to be added in a 1:1 molar stoichiometry. Therefore,
monomers must be prepared to near 100% purity to ensure that the proper reaction stoichiometry
is obtained. The following section discusses the purification of commercially available
monomers, as well as monomer synthesis.

Utilizing either novel monomers or specialty organic reagents is an effective route for
producing novel polymers. Tetramethyl bisphenol A is reported in the literature, but is relatively
expensive and cost prohilvié for large scale polymer synthesis. Thus, a new procedure was
utilized to obtain a reagent grade monomer with high yields from inexpensive starting materials.
In another case, the synthesis of halide functionali@edne containingpremonomer was
performed to try to overcome a reactivity issue witie amine containing premonomer
However, most monomer synthesis was performed to produce new monomers, such as
tetramethyl bisphenol 3phenyl, so that novel polymers could be made. The organic reactions
used to produce these novel monomers included electrophilic aromatic substitution, nucleophilic

aromatic substitution, and nitration/reduction reactions.
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2.2 Monomer and Reagent Purification

2.2.1 4 |, -Bidtlorodiphenyl sulfone (DCDPS)

@
OO
o)
Source: Solvay
Molecular Weight: 287.16 g midl
Purification: DCDPS was recrystallized from toluene to produce large white crystals that were

pulverized prior to drying. DCDPS was dried under vacuum tCL68r 12 hours before use i

polymerization reactions.

2.2.2 3 ,-@shjfonated4 , -didNjorodiphenylsulfone (SDCDPS)

SO;Na

Cl Cl

O=m=0

NaO3S

Source: Akron Polymer Systems
Molecular Weight491.25 g mot
Purification: SDCDPS was used as received, though it may be adkregst from a 9:1, 2
propanolDI water (v:v) solution.

SDCDPS contains NaCl impurities from the monomer synthesis, which may be removed
by recrystallizing the monomer several timieShe amount of NaCl impurity in SDCDR&nbe
quantified by U\visible spectroscopy, which was performed by Akron Polymer Systems. The

2-3% NaCl impurity is inert in the uctleophilic sep polymerization reactionsand proper
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reaction stoichiometry was obtained by adjusting the amount of charged monomer to reflect this
impurity. SDCDPS is very hydroscopic, and prior to its use in polymerizations must be dried at
16(°C undervacuum for at least 3 days.

During the course of my studies, wedrdcted with Akron Polymer Systems to further
investigate the purity of their SDCDPS. Akron Polymer Systems produced a partially
di sul fonat ed p o-biphend,randmaestiendd the puritg of 4héir SDCDPS and
accuracy of their UWisible light spectroscopy measurements. Independent analysis of the
SDCDPS material was performed in our laboratories to ensure the integrity of their monomer
material.

The following experiment was performed on a Shimadzuvi$ible spectrophotometer
(UV-1601) usingl cm cuvettes from Fisher. The SDCDPS monomer provided by Akron
Polymer Systems was crushed with a mortar and pasitetherwas dried at 16 for 72 hours
under vacuum. This monomer was cooled to room temperattidfeept under vacuum before
use to limit ambient water sorption. A previous purchased SDCDPS monomer, initially
characterized by Akron Polymer Systems as 98.6% pure, was recrystallized three times by the
aforementioned method and used as '€’ standard for the calibration curve. Ther@
SDCDPS monomer was also dried at @Bdor 72 hours under vacuum and cooled to room
temperature before use.

Three different samples of SDCDPS, purified by recrystallization, were each diluted to
three concentrations for a total of 9 data points ferdalibration curve. Three samples of the
crude SDCDPS monomer wesdso prepared,and diluted to a similar concentration. The

concentrations were in the linear portion of the Bemmbert calibration curve (< 3 x nol L
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). The calibration curve ém our results is shown in Figure 2ahd compared ta previous

calibration curve from Let al. shown in Figure 2.2.
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Figure 2.1Sundell calibration curve forype SDCDPS
1.6
1.4 -
1.2 1
o 1
=
1]
£ 0.8
=]
u
2 o6 _
y = 51508x- 0.0304
0.4 - R*=0.9968
0.2 ~
0

0 0.00001 0.00002 0.00003 0.00004
Concentration (mol/L)

Figure 2.2Li Calibration curve for pre SDCDPSFrom Polymer2008 49, 314.Paul, M.; Park, H. B.; Freeman,
B. D.; Roy, A.; McGrath, J. E.; Riffle]l. S.Li, Y.; VanHouten, R. A.; Brink, A. E.; McGrath, J. Burity
char act er i-dsaftnatedh , -dicRjoradiphgnyi sulfone (SDCDPS) monomer byilis spectroscopy
Used with permission dlsevier 2008
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After development of the calibration curves, the relativedyy SDCDPS monomewas
analyzed for residual Nd@npurities. The crude SDCDPS was found to be 100.4 + 1.3% pure
by the Sundell calibration curve and 101. 2
calibration curves indicatithat the crude SDCDP8asindeed of monomer grade purity, which
is shown in Figure 2.3. The standard deviations on these experiments was slightly higher than
those initially performed by Lét al' For comparisonthe previous crude SDCDPS monomer
(purity labeled as 98.6% by Akron Raler Systems) was calculated to be 98.9 + 2.8% by the
Sundell calibration curve, indicating excellent agreement between theidible spectrometry

analysis done between Akron Polymer Systems and the McGrath lab.
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80 1 102
3 101 -
£ 60 - 100 -
g
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§ 40 - og
v B Li Calibration Curve
20 - m Sundell Calibration Curve
0 i

Figure 2.3Purity of Akron's SDCDPS by fierent calibration arves
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2.2.3. 4 , -propane2,2-diyl)diphenol (Bisphenol A, BisA)

Molecular Weight: 228.29 g midl

Source: Solvay

Purification: Bisphenol A was recrystallized from toluene to produce fine, nbleellevhite
crystals. The solubility of Bisphenol A in toluene is somewhat paoif, large quantities of
recrystallized Bisphenol A are desired aqueous methanol may also be used instead. Bisphenol A

was dried under vacuum at £@0for 12 hours before esn polymerization reactions.

2.2.4. 3-Aminophenol (Metaaminophenol, mAP)

QOH

H,N
Source: Acros Organics
Molecular Weight: 109.13 g mol
Purification: The endappermetaaminophenol was received as a light tan solid and used

without further purification.

2.2.5. 4 , -Bighenol (Biphenol, BP)

Source: Eastman Chemical Company

Molecular Weight: 186.21 g mil
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Purification: Monomer grade biphenol was used as received. If necessary, biphehe
recrystallized from acetone or toluene. Biphenol was dried under vacuum’@tfd®a2 hours

before use in polymerization reactions.

2.2.6. Benzenel,4-diol (Hydroquinone, HQ)

Source: Eastman Chemical Company

Molecular Weight: 110.11 g mdl

Purification: Hydroquinone as received had a slight pink color which was removed upon
recrystallization in methanol. Hydroquinone was dried under vacuum®@: 80 12 hours

before use in polymerization reactions.

2.2.7. 4 , -Bifiuorobenzophenone (DFB)

RYanUs

Source: TCI Chemicals

Molecular Weight: 218.20 g midl

Purification: Monomer grade difluorobenzophenone was used as received. If necessary,
difluorobenzophenoneanbe recrystallized from petroleuether. Difluorobenzophenone was

dried under vacuum at 8D for 12 hours before use in polymerization reactions.
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2.2.8. 2-Propenoyl chloride (Acryloyl chloride)

\)km

Source: Aldrich
Molecular Weight: 90.51 g mol

Purificaion: Acryloyl chloride was used as received as a transparent and light yellow liquid.

2.2.9. 4-Phenylethynylphthalic anhydride (PEPA)

Source: Akron Polymer Systems
Molecular Weight: 248.24 g mol
Purification: Phenyléghynylphthalic anhydride was obtained as a light yellow solid and used as

received.

2.2.10. Furan-2,5dione (Maleic anhydride, MA)

&

o)
Source: Aldrich

Molecular Weight: 98.06 g mol

87



Purification: Maleic anhydride was obtanh as a white solid with an acrid odor and was used

without further purification.

2.2.11. Tetraglycidyl bis(paminophenyl)methane (TGBAM)

A _A

Source: Aldrich

Molecular Weight: 422.52 g midl

Purification: TGBAM was obtaineds a pale yellow, highly viscous liquid and used without
further purification. The average functionality of the epoxy as received was 3.67, as opposed to
the theoretical epoxy equivalents of 4. The average functionality was obtained by integrating the
epoxy ring protons to those of the methylene protons in the middle of the malecTitgs
discrepancy was taken into consideration for reaction stoichiometry and additional epoxy was

added to account for it.

2.2.12. Triphenylphosphine (TPP)

P

£y

Source Aldrich

Molecular Weight: 262.29 g mol
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Purification: Triphenylphosphine was used as received as a white solid. Triphenylphosphine
may slowly oxidize to triphenylphosphine oxide, in which casmaitbe recrystallized from hot

ethanol.

2.2.13. Potasium carbonate (K2CO3)

Source: Aldrich

Molecular Weight: 138.21 g mil

Purification: Potassium carbonate was received as a white solid and if necessary ground by
mortar and pestle. Potassium carbonate was dried undeunzaat 166C for 12 hours before

use as a base in polymerization reactions.

2.2.14. Additional Reagents/Solvents

The aforementioned chemicals are not meant to be a comprehensive list of materials used
throughout this dissertation. Only commercially éatdle monomers, endapping reagents and
crosslinkers have been described. For a complete list of purchased reagents including solvents,
free-radical initiators, desiccants and many others, refer to the expeainsections in Chapters

3-7.
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2.3. Monomer Synthesis
2.3.1. 4 , -@propane2,2-diyl)bis(2nitrophenol) (Nitro substituted BisA)
O,N NO,

17% HNO;
oo e ol
3n  20°C

Figure 2.4 Synthesis of nitro substituted BisA

Molecular Weight: 318.28 g midl

Experimental: To a 500 mL round bottom flask, 180 of 17% w/w aqueous HN{was added
stirredwith an egg shapeaiagneticstir bar and cooled to 20. Bisphenol A (11.4 g, 0.05 mol)

was added in 3.8 igcrementswith five minutes between additions. The reaction was allowed to
gradually heat to roomemperature and was reacted for 3 h. The reaction turned an opaque
yellow during this time. After 3 h, the reaction mixture was poured into 300 mL of stirring DI
water. The crude product was filtered and washed with 3 x 100 mL DI water. The crude produc
was collected and dissolved in toluene to afford a dark green solution. Column chromatography
using silica gel as the stationary phasas performed on this solution with toluene as the eluent.

A black band remained at the top of the column, whitkagk yellow band eluted through the
column. After the entire product was collected, toluene was evaporatgéldoa yellow
powder. The yellow powder was recrystallized in hot methanptdduceyellow crystals. The

'H-NMR spectrunis shown below.
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Figure 2.5'H-NMR spectrunof nitro substituted BjghenolA

2.3.2. 4 , -propane2,2-diyl)bis(2-aminophenol) (Amine substituted BisA,

BiSAAP)

Isopropanol

O2N NO, HO OH
Pd/C H2N,

ol )t)on ]
24h 80°C HoN NH,

Figure 2.6 Synthesis of amine substituted BisAAP

Molecular Weight: 258.32 g midl

Experimental: The reduction of nitrated bisphenol A was performed according to a reduction

procedure previously published in our grdugs 500 mL threenecked round bottom flask was
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equipped with a mechanical stirrer, condenser filled with isopropanol, and nitrogen inlet. Nitro
substituted BisA3.57 g, 0.011 mol) was added with 265 mL of isopropanol to the-tieeled

flask. The reaction mtyure was stirred and brought teflux. Once dissolved, 0.3 g of
palladium on carbon was addeohd therhydrazine hydrate (14.5 mijasadded drop wisgia
anaddition funnel. After all of the hydrazine hydrate was added the reaction was refluxed for 2
h, then a second addition of 0.12 g of palladium on carbon was added. The reaction was stirred
and refluxed at 8 overnight. The following morning, 24 g of activated charcoal was added

to the reaction, and the reaction was then hot filtered over celjieltba clear solution. The
alcohol solvent was evaporated to afford white crystals of pure product. The melting point of the

solid was 250C. Figure 2.7 shows th#H-NMR spectrunof BisAAP.

c d
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Figure 2.7 'H-NMR spectrunof BisAAP
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2.3.3. 5, -8Pdpane2,2-diyl)bis(2-(4-((4-
chlorophenyl)sulfonyl)phenoxy)aniline) (Halide functionalized BisAAP

premonomer, DCDPSBisAAP-DCDPS)

O
11
o VARG e Vs sWs
HoN NH,

O

DMAc K2003

Toluene N>
24 h 175C
Q ?
OO QOO
O O
HoN NH,

Figure 2.8 Synthesis of DCDP8BisAAP-DCDPS
Molecular Weight: 759.72 g mol
Experimental: To a 50 mL-Beckedflask, BisAAP (0.3000 g, 0.001&0l), DCDPS (0.7337 g,
0.0026 mol) and KCOs (0.1927 g, 0.0014 mol) were added with distilled DMAc (4)mThe
reaction flask was equipped with a desark trap filled with toluene, a mechanical stirrer and a
nitrogen inlet. A thermocouple was used to regulate the oil bath, which was heate8dadl 55
dissolve BisAAP and DCDPS. Toluene (2 mL) was adale@dn azeotropic solvent to remove
water, and the reaction was refluxed for 3 hours. After 3 hours, toluene was drained from the
reaction and the oil bath was heated to°C75The reaction was stirred at this temperature 12 h.
The following day the darkrown solution was cooled to room tpemature and filtered through

al. 0 em syringe filter to remove salts. Addi t

93



filter to ensure that the entirety of the product was collected. The product solution was
precipitated directly into stirring DI water (100 mL) which afforded a white powder. The white
powder was collected on an aspirator and dried in a convection ovefiCabVérnight. The
product is highly soluble in acetone, slightly soluble in tolueneimswluble in isopropanol or
water. The'H-NMR of the crude product is shown in Figure 2.9. BtttNMR and thin layer
chromatography (ethyl acetdtexanes, 35:65 (v:v)) showed the presence of small amounts of
side products and impurities, but sublimas and recrystallizations from acetone and toluene

mixtures were ineffective in further purifying the product.
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Figure 2.9'H-NMR spectrunof DCDPSBisAAP-DCDPS
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2.3.4. 2,2-Bis(4hydroxy-3,5-dimethylphenyl)propane (Tetramethyl bisphenol

A, TMBPA)
Acetic Acid
OH 0 Sulfuric Acid
F R I e
)k 15°C

Figure 2.10Synthesis of tetramethyl! bisphenol A
Molecular Weight: 284.40 g midl
Experimental: To a 250 mL threecked flask fitted with a mechanical stirrer, 18.92 g (0.155
mol) of 2,6xylenol was added with 7.103 g (0.12%l) of acetone. This was cooled in an ice
bath to 158C and stirred. Using an addition funnel, 16.304 g (0.163 mol) of sulfuric acid mixed
with 17.392 g (0.290 mol) acetic acid were added, the acid was cooled in an ice bath before
addition. This was reaadeovernight at room temperature. The reaction was diluted with 100 mL
of water and 150 mL methylene chloride and then transferred to a separatory funnel. The
organic layer was washed with water three times before collection. The methylene chloride layer
was dried over magnesium sulfate overnight to yield a dry organic layer. Methylene chloride was
then evaporated to give crude, slightly yellow product. The prodastrecrystallized from a
60:40 ethanol:water solution to obtain white crystals. The ngefimint of the recrystallized
solid was 167168°C, which agreed well with previous literature valueSigure 2.11 shows the

'H-NMR spectrunof tetramethyl bisphenol A.
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Figure 2.11'"H-NMR spectrunof tetramethyl bisphenol A
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2.3.5. 4 , -Md@hylenebis(2,6dimethylphenol) (Tetramethyl bisphenol F,

TMBPF)

O
HO + I
CH,

Formalin (37% w/v Formaldehyde)

4h
H,SO
90°C 2=

Figure 2.12Synthesis of tetramethyl bisphenol F
Molecular Weight: 256.34 g mol
Experi ment al : Trethylensgbis(dlirmeshylghenal)f tetrdmethigtisphenol F,
hereafter referred to as TMBPF, was adapted from a traditional synthesis of a- phenol
formaldehyde resifiExcess 2,6ylenol (415.83 mmol, 50.80 g) was added to a-280three
necked flask equipped with a condenser, mechanical stirrer, and addition funnel.-X{ier2b
was heatedh a thermocouple regulated oil bath t@@nd stirred as it began to melt. Sulfuric
acid (0.5 g) was added very slowly via the addition funnel, which changed the reaction solution
to a dark pink color. The addition funnel was rinsed with DI water soirenthat all of the acid
catalyst was transferred into the reaction flask. Formalin (37% by mass formaldehyd¥ itbH

mL) was added slowly via the addition funnel over the course of several hours. During this time
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the reaction solution turned lightr color and significantly more opaque. As product continued

to form, the reaction mixture transformed from a liquid to a solid. The crude product was
removed from the flask and filtered using an aspirator and washed with copious amounts of hot
DI water. The crude product was dried at°@0and was recrystallized from MeOH to obtain
white crystals. The melting point of the recrystallized solid wa$@ Awhich was in the range

of reported literature valuesFigure 2.13 shows tH&l-NMR spectrunof tetrameltyl bisphenol
F.

HO OH b

CDCl,

1367 4 ——
Q.
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Figure 2.13'H-NMR spectrunof tetramethyl bisphenol F
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2.3.6.4 , -@,@,2Trifluoro -1-phenylethanel,1-diyl)bis(2,6dimethylphenol)

(Tetramethyl bisphenol 3fphenyl, 3F monomer)

CF3

Triflic acid HO OH
OH + FaC - =
CH,Cl,, N,, 20h

Figure 2.14Synthesis of tetramethyl bisphenol-BReny
Molecular Weight: 400.43 g midl
Experimental: Synthesis of the 3F monomer was adapted from a synthesis ,ofR,@,2
trifluoro-1-phenylethand.,, 1-diyl)bisphenoP To a 250mL 4 necked flask, 2;8ylenol (21.0476
g, 0.1723 mol) and 2,2-trifluoroacetophenone (5.0000 g, 0.0287 mol) were added to methylene
chloride (34 mL). The flask was equipped with a condenser, mechanical stirrer, nitrogen inlet
and addition funnel. The reaction was stirred at room temperature for the duratioa@ of t
reaction. Trifluoromethanesulfonic acid (2.5352 g, 0.0169 mol) was added to the addition funnel
and slowly dripped into the solution over 30 minutes. The solution quickly turned dark pink
upon addition, and was a deep maroon color by the time aledfifuoromethanesulfonic acid
was added. The reaction was stirred overnight. The following day, methylene chloride was
added to bring the final volume up to 50 mL. The product solution wasféraed to a
separatory funnel an200 mL of DI water wasdded. The organic layer was extracted with the
water, then with100 mL of a 5 wt% NaCgsolution, and finallywith 100 mL of DI water. The

organic product layer was dried over sodium sulfate, filtern#a an aspirator and evaporated to
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obtain an offwhite powder in high yield. Excess 2x§lenol may easily be disposed of by
stirring the product in refluxing water, followed by hot filtration. The prodvasrecrystallized
from a 60:40, ethanalater mixture. The melting point of the recrystallizedidsavas 163
165°C, and this monomer was unreported in the literatuFégure 2.15 shows th#H-NMR

spectrunof tetramethyl bisphenol 3phenyl.
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Figure 2.15"H-NMR spectrunof tetramethyl bisphenol 3phen
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2.3.7. 4 , -Midihylenebis(2,edimethylaniline) (Tetramethyl bisaniline F,

MBDMA)

ﬁ
CH,

Formalin (37% w/v Formaldehyde)

4h, 100°C | H,SO,

H,N NH,

4,4'-methylenebis(2,6-dimethylaniline)

Figure 2.16Synthesis of MBDMA

Molecular Weight: 254.37 g mol

Experi mental: Imetbylerselyis2t@lmetisyiarslinep (fetrasheth#l disaniline
F), hereafter referred to as MBDMA, was acdaptfrom a traditional synthesis of a phenol
formaldehyde resifiExcess 2,&limethylaniline (419.21 mmol, 50.80 g) was added to ar@g0

threenecked flask equipped with a condenser, mechanical stirrer, and addition funnel.-The 2,6
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dimethylaniline was heateid a thermallyregulated oil bath to 9C and stirred. Sulfuric acid

(0.5 g) was added very slowly via the addition funnel, which made the reaction solution opaque.
Formalin (37% by mass formaldehyde ipQ{ 15 mL) was added slowly via the addition funnel
over the course of several hours; dgrthis time, the reaction solution turned orange. As more
product continued to form, the color changed from orange to a dark maroon and the reaction
mixture transformed from a liquid to a viscous liquid/ partial solid. The addition funnel was
removed andaplaced with a 24/40 joint stopper. The reaction was allowed to stir for an
additional 2.5 hours. The oil bath was heated td@Hhdthe mixture wastirred for 4 hours.

After this last stage ofeaction the mixture was cooledo room temperature tgield a crude

murky brown solid. The solid was extracted with DI water (700 mL) and diethyl ether (700 mL),
which were transferred to a separatory funnel. Most of the product was contained in the organic
layer, which was collected and set aside. Theeaags layer was washed with methylene
chloride (200 mL), which was also collected and contained crude product. After sitting
overnight,much of the organic phase hadaporated leaving crude product in the form of large

yellow-brown crystals, shown in Figei2.17.

Figure 2.17Crude MBDMA crystals
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Methylene chloride was also evaporated in the second organic layer which yielded darker, less

pure product. The crude product was recrystallized from MeOH to obtain white crystals. Figure
2.18 shows théH-NMR spectrunof MBDMA.
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Figure 2.18'H-NMR spectrunof MBDMA
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2.3.8. Disulfonated bis(4(3-aminophenoxy)phenyl)sulfone (BAPS)

KO3S SO3K ) DMAc, K,CO3, Toluene (145°C, 4 h)
” NH> 2) Reflux temperature, 48 h
” 3) Precipitation in IPA
KO3S SO3K

[Siavs %o

Figure 2.19Synthesis of BAPS’
Molecular Weight: 668.80 g midl
Experimental: SDCDPS and,&O; were dried at 80°C for several days under vacuum to
ensure that all sorbed water was removed. SDCDPS (25.1923 g, 0.0500 mai}Adhd
(16.6134 g, 0.1507 mol) were added to a-2803 necked flask with distilled DMAc (120 mL).
The reaction was equipped with a detak trap filled with toluene, mechanical stirrer and
nitrogen inlet. A thermallyegulated oil bath was heated to 3@5wvhile the reaction stirred.
After reaching 14%C, K,CO; (15.0426 g, 0.1088 mol) and toluene (60 mL) were added to the
reaction which tured the solution an opaque white. The reaction was refluxed for 4 hours so
that toluene could azeotropically remove any water given off (K reaction with phenol
The temperature was then raised to°C7&nd toluene was drained. The reactioirture was
light brown. The reaction was stirred at this temperaturdwo more days, during which it
became noticeably darker in color. After 48 hours, the reaction was cooled to room temperature

and filteredusingan aspirator to remove salt byproductsheTamber, transparent filtrate was
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precipitated drop e from a separatory funneltanstirring IPA (1500 mL) to obtain an eff

white solid powder. Thipowderwas collected via filtratiorusing an aspirator, dried under

vacuum at 11{C overnight and findy crushed with a mortar and pestle to obtain a gray/tan

product powder. Figure 2.20 shows tHeNMR spectrunof S-BAPS.

. KOsS g o SOK g
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c b° f f
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f g
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Figure 2.20'H-NMR spectrunof S-BAPS
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3.1 Abstract

metaAminophenol was sed during nucleophilic step copolymerization to endcap
partially disulfonated bisphendl based random copolymers with controlled oligomeric
molecular weights. The amine endgroups were thermally reacted with a tetrafunctional epoxy
reagent to produce meorks. Very high gel fractions, up to 99%, and ductile film formation
were achieved. The oligomer was further functionalized with acryloyl chloride, phenylethynyl
phthalic anhydride, and maleic anhydride to obtain several novel free radically crodslinkab
oligomers. The structure and molecular weighis,)(were established witftH NMR
spectroscopy of the oligomers and endgroupg$iermogravimetricanalysis demonstrated the
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high thermal stability of these oligomers, DSC investigations showed that gmmelis had
curing exotherms from 14GQ to 336C and that residual casting solvent during crosslinking was
necessary to avoid vitrification during membrane formation. In addition to the thermally
crosslinkable systems, phetoosslinking was demonstratedithv the telechelic acrylamide
functionalized oligomers. Two compositions were identified as potential candidates for further
development. Crosslinking disulfonated poly(arylene ether sulfone) copolymers limits the high
water sorption and swelling of treeydrophilic materials, which enhances several properties for
membrane applications. Initial transport results indicate that crosslinking greatly reduces salt
permeability while modestly decreasing water permeability, resulting in improved water/NacCl

sekctivity.
3.2. Introduction

More than two billion people live with inadequate freshwater resources as a result of
either physical or economic water scarcifyThis problem will be further exacerbated by rising
population levels, which will necessitate the production of potable drinking water from
alternative sources. Seawater accounts for 97% of the water on B@dthrabe desalinated by
methods such as muktage flash distillation and reverse osmosis (RO). The energy required for
RO is now approaching theoretical minimums, resulting in its dominance for seawater
desalinatior?*

The most critical component of the RO process is the polymeric membrane, often
fabricated into thin asymmetric filnfs. These membranes have high salt rejection, high water
flux, chemical resistance and satisfy many other requireméntehe stateof-the-art material

for RO is a highly crosslinked aromatic polyamide, initially reported in T980A major
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shortcoming of liis polymer is susceptibility to degradation by chlorinated disinfectants, which
attack the amide bond and degrade the membrane by various mecHahisiihe sawater

feed must be treated with disinfectant to reduce biofouling and the freshwater permeate should
also contain chlorine to act as a biocld®. Somewhat more chlorine resistant cellulosic
membranes have been demonstrated, but they exhibit significantly lower salt rejection than the
stateof-the-art crosslinked aromatic polyamid¥s.Thus, it is an important goal to identify a
desalination membrane with high chlorine tolerance while maintainingdftéte-art transport
properties.

Poly(arylene ether sulfone)s demonstrate both high chemical inertness and suitable
mechanical properties for RO Sulfonation imparts hydrophilicity to these ettise
hydrophobic polymer§??° The first sulfonation autes were postolymerization reactions that
resulted in side reactions and difficulties in controlling the extent of sulfon&tfénMcGrath et
al. and Ueda etlasynthesized linear sulfonated polysulfones directly from a disulfonated
monomef® and demonstrated high molecular weighifs. The sulfonated copolymers showed
high chlorine esistance in accelerated tests with modest levels of salt rejection and high water
flux.?® Recent fundamental studies tbfese linear copolymers have investigated the tradeoff
between salt rejection and permeabiffity’ effect of free volume on transport properti@s,
influence of processing history, and the ability to fabricate these materials intéilrthin
composite membranés®? Polymers with higher levels of sulfonation were more hydrophilic
and had higher water flux. However, the ionic regions swelled significantly in water, leading to
increased gsadiffusion and lower salt rejection.

Crosslinked networks limits the swelling associated with increased levels of

sulfonation®®  Electrostatic physical crosslinking of polysulfones can be accomplished by
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incorporating complementary acidic andskc units in the polymer backboff&’ However,
covalent crosslinks are less environmentally sensftiveand are more stable in an RO
environment. Polysulfones have also been covalently crosslinked along the backbone of the
polymer chain. Early work involved actitian with diimidazole’® disproportionation of acid,

or Salkylation of sulfinate group&*? all of which consumed sulfonate groups. More recently,
main chain crosslinking was accomplished by reacting pendant hydroxyl groups with
dihaloalkane$? sulfonic acid groups with poly(vinyl alcohd!j,and thermally curable allylic
groups?® An alterrative method to produce covalently crosslinked polysulfones synthesized
oligomers with telechelic endgroups and then linked together chain ends into a network. One
advantage of this approach is that oligomeric materials are more soluble and easilyegrocess
than their high molecular weight counterpdfts.Several oligomers have been synthesized
including thermally curable ethyn¥f*® allyl*® and propargyf endgroups, but with varying
backbone structures and acidified forms for investigation as fuel cell materials. The first
desalination studies with teledizeoligomers involved the crosslinking of phenoxide endgroups
with a tetrafunctional epoxid®. Gel fractions up to 85% were obtained, and the reduced
swelling drastically improved the desalination properties of these materials.

The present inwigation has developed the synthesis of a novel sulfonated polysulfone
oligomer with telechelic amine end groups. In addition, this amine terminated oligomer was
used to synthesize acrylamidepHdenylethynyl phthalimide and maleimide termination with a
constant polymer backbone structure. The properties of these materials as a function of
crosslinking conditions and film fabrication were investigated and reported in this paper. The
need for residual casting solvent during oligomeric crosslinking taceedhe T of these

polymeric glasses was affirmed. Two oligomers capable of-Ergke ductile film formation
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were identified for further development. The acrylamide terminated oligomers were also
photochemically initiated to afford crosslinking at meaemperature, a first for sulfonated
polysulfone oligomers. The amine terminated oligomers were crosslinked to over a 99% gel
fraction. This value is the highest reported value for such sulfonated polysulfone oligomers.
Initial transport results demomate that water/NaCl selectivity is drastically improved as a
function of crosslinking, especially at high gel fractions. This paper, part I, focuses on the
synthesis, characterization and fabrication of these crosslinkable materials; part Il is itingstiga
the influence of crosslinking, degree of sulfonation and oligomer backbone structure on water

transport properties and will be reported later.
3.3. Experimental

Materials

4, -propane2,2di yl ) di phenol -di¢hBriodpAenylsubphoe (DIC[B2 6
99%) were kindly provided by Solvay and recrystallized from toluene before use. -The 3
aminophenol AP, 99%) monomer and,N-dimethylacetamide (DMAc, 99%) were purchased
from Acros Organics. The DMAc reaction solvent was dried with calcium hydrideb)C
distilled under reduced pressure and stored under molecular sieves before use. Calcium hydride
(90-95%) was purchased from Alfa AesaCasting solvents for film preparation were used as
received. N,N-dimethylformamide (DMF) was purchased from Spati Akron Polymer
Systems (Akron, OH) kindly provided-phenylethynylphthalic anhydride @EPA) and 3,3
disulfonatee4 , -diahlorodiphenylsulphone (SDCDPS, 98%) prepared using procedures
developed earliet’”** 1,2-dichlorobenzenectDCB, anhydrous), -propenoyl chloride (acryloyl

chloride, 96%), triethylamine (TEA, 99.5%), potassium carbonatgCQg 99%), maleic
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athydr i de (agobi¥@methyl@ropidritrile) (AIBN, 98%), pentaerythritol tetraacrylate
(PETA), 2,2dimethoxy2-phenylacetophenone (DMPA, 99%), triphenylphosphine (TPP, 99%)
and tetraglycidyl bis@minophenyl)methane (TGBAM, 928 were purchsed from Aldrich.
Toluene, cyclohexane,-@opanol (IPA), imethyt2-pyrrolidone (NMP) and bis¢inethyl1-

phenylethyl) peroxide (DCP, 99%) were purchased from Fisher Scientific.

Synthesis
Synthesis of a controlled 5,000 molecular weighf) @mineendcaped bisphenol A based 50%
disulfonated polysulfone copolymer (@13AS50)

The precursor oligomer (Fig. 1.) was produced by nucleophilic aromatic substitution step

polymerizatiom;>>® which directly incorporated the sulfonated monomer into the backbone.

KO3S

'SQ o3 OQ
Do O30+ 410 OO0 O 5
Figure 3.1 Structure of amine@ndcapped bisphenol A based 50% disulfonated polysulfone copolymer
Prior to the reaction, it was necessary to dry the hydroscopic SDCDPS for 72 RGiuhe@r
vacuum to ensure removal of moisture. SDCDPS contains some NaQiitiegpremaining
from monomer synthesis, which were quantified using-\i8ible light spectroscopy. BisA
(43.6 mmol, 9.9534 g), DCDPS (25 mmol, 7.1790 g), SDCDPS (25 mmol, 12.660¢A%),
(12.7 mmol, 1.3999 g), and DMAA30 mL) were added to a 2%80L threenecked flask. The
reaction flask was equipped with a mechanical stirrer, nitrogen inlet, andIadntrap filled
with toluene. A stirring, thermocouple regulated, oil bath was used to heat the reaction mixture
to 155°C. After the bath temperature reached’f3,COs (78.48 mmol, 10.8467 g) was added
with toluene (65 mL). The reaction was stirred at°C5Gintil all water was azeotropically
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removed with toluene. The temperature was then increased %0 aii8 wagr and toluene were
drained. After 48 h, the amber opaque solution was cooled to room temperature and filtered.
The resulting transparent solution was precipitated in isopropyl alcohol (IPA) as a white solid.

The copolymer was filtered, washed with IRfd dried in a vacuum oven at 2&Cfor one day.

Conversion of amirendcapped oligomers to acrylamidadcapped oligomers (ABiSAS50)
Am-BisAS50 (0.517 mmol, 3.000 g) was dissolved in DMAc (45 mL) in arb@Qdound

bottom flask. The flask was sealetth a septum and flushed with nitrogen and placed in an ice

bath. Triethylamine (TEA, 10 mmol, 0.5856 g) was added via syringe as an acid scavenger. An

excess of acryloyl chloride (3.47 mmol, 0.3143 g) dissolved in DMAc (5 mL) was added slowly

via syrirge, resulting in an opaque solution. The reaction was allowed to proceed for 4 h.

Polymer isolation and drying was the same as described earlier.

Conversion of aminendcapped oligomers to-pghenylethynl phthalic anhydridendcapped
oligomers (PEPABiISAS50)

4PEPA terminated oli gomestseprzamdcsiyatthe spze.
reported for the syfiAThe Bim ASHBOp ¢l2y ®8h ermiorhi, d els
di ssol ved i n DMAxL (téh7e enele)d ifn ass k250 The react.i
with a mechamiemali ndteifrt raenrkl, Dreiatprr. o The S®, ut i on
and cyclohexane (22 mL) was added and refl uxe
was cooled to r-PERA t(edmp3e& ammale,., 1.4086 g) was
resuwmilgt in a pale yellow solution. ob&€B, cpoldod:

addi toibD&€Bal( 15 mL) was added directly to the f
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1550 for 30 mi%, foheRo4tydmeX80i sol ats omhenslanda y:

described earlier.

Conversion of aminrendcapped oligomers to maleic anhydreledcapped oligomers (MA
BisAS50)

Reactions to afford maleimide terminated oligomers involved astep amieacid route,
previously reported> The reaction conditions and apparatus were similar to those used for the
synthesis of PEPMBIiSAS50. The anrBisAS50 (1 mmol, 5 g) was dissolved in DMAc (50 mL),
then maleic anhydrel (3 mmol, 0.2942 g) was added and stirred for 6 h. The reaction was
heated to 13T, the final reflux temperature and cyclodehydrated at@3@th o-DCB (10 mL)

overnight. Product isolation and drying was the same as described earlier.

Film casting ad curing
Amine terminated oligomers

A mixture of amBiSAS50 (0.1633 mmol, 0.8 g), TGBAM (0.4083 mmol, 0.1917 g) and
TPP (0.0187 mmol, 0.0049 g) were dissolved in DMAc (12 mL) and stirred until a homogenous
solution was obtained. The solution was syrifijered through a 0.45m PTFE filter. It was
cast on a clean glass plate on a level surface inside a vacuum oven and dried under vacuum for 2
h at 106C. Vacuum was released, and the oven was heated to the crosslinking temperature

(150-16PC) for 90 min.
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4-Phenylethynl phtiimide terminated oligomers

The PEPABISAS50 (0.36 mmol, 1.8 g) was dissolved in NMP (15 mL) and stirred until
a homogenous solution was obtained. The solution was syringe filtered througle en(PA%-E
and sonicated for two 60 min cycles to facilite¢enoval of dissolved gas. A glass plate was
wrapped with aluminum foil to reduce adhesion of the cured membrane to the glass surface. The
oligomeric solution was cast on this surface, placed on a level hot plate and covered with a glass
dish that contaied a nitrogen inlet and outlet. A nitrogen flow was applied, and the plate was
heated to 18®. The hot plate was held at this temperature until the solution could no longer
flow. The hot plate was then slowly heated to a temperature 8€3@0ere itwas cured for one

hour.

Maleimide terminated oligomers

MA-BisAS50 (0.16 mmol, 0.8 g) was dissolved in DMAc (12 mL) and stirred until a
homogenous solution was obtained. The solution was syringe filtered throughearORIBFE
and sonicated for two 60 micycles to facilitate removal of dissolved gas, cast on a clean glass
plate and dried under an infrared lamp until it could no longer flow. The membrane was then
inserted into a forced air oven (Type 47900 Furnace, Thermolyne) &€ 3@@ler a nitrogen

aimosphere. The film was cured for 1 h at this temperature.

Acrylamide terminated oligomers
The AA-BisAS50 (0.2 mmol, 1.000 g), PETA (0.1 mmol, 0.035 g) and DMF (2 mL)
were stirred thoroughly to form a homogeneous mixture. DMPA UV initiator (2 wt. %talf t

mass, 180 mg) was added into the mixture and stirred thoroughly. The solution was cast on a 5
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X 7.5 cm glass slide and placed in a Spectronics Corp. moddlOBQ UV crosslinker three
times for 360 s to achieve phetoosslinking. The typical intertg of the UV irradiation was

between 3,508 , 500 % W cm

Polymer Characterization
Nuclear magnetic resonance spectroscopy (NMR)

'H-NMR analysis of the oligomers was performed on a Varian Unity Plus spectrometer
and a Varian Inova spectrometer, both operating at 400 MHz. Theaspétte oligomers were

obtained from a 15% (w/v) 1 mL solution in DMSf).

Thermogravimetric analysis (TGA)

Thermal stability of the polymers in the range of their curing temperatures was probed
using a TGA Q500 (TA Instruments). The samples wereeldettt at least 150°C and held
isothermally for 10 min to remove any ambient water, then heated to 500°C at 10*@rdar

nitrogen.

Differential scanning calorimetry (DSC)

The glass transition temperaturesy)(Bnd curing exotherms of the oligomers &er
obtained with a DSC Q200 (TA Instruments). The effect of solvent plasticization of the curing
temperature was investigated with oligomers that were solution cast, dried until the material
would not flow and collected into high volume pans capable dfstanding high pressures (TA

Instruments). The solvent plasticized oligomers were heated at 10°tar890°C. Baseline
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corrections were applied to the heating curves obtained for the solvent plasticized oligomers, and

thus the first derivative of theeating curve was used to quantifypTand cure temperatures.

Water uptake

Films were dried at 120°C under vacuum overnight, then removed and weighed to obtain
the dry weight \\ary). Next, they were immersed in DI water for at least 48 hours. Thse film
were removed, quickly blotted dry to remove any water droplets and weighed to obtain the wet

weight W.e). Water uptake values were calculated by equation 1.

Wt — W
Water Uptake (%) = Zwet 7 dry

Eqg. 1

Gel fractions

Gel fractions were performed to estimate the extent of crosslinkirgsslinked films
were dried at 120°C under vacuum overnight. Ther0@®I1g of initial 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 pnesighed vialand dried at 120°C under vacuum overnight. The

final weight was taken the next day. Gel fraction values were calculated by equation 2.

Wim'tial - Wfinal

Gel Fraction (%) =

x 100
Eq. 2 Wﬁnal

Initial Investigations of Water Transport Properties
The water per nfehdtai’ brictf?), salt peemeability (chs?), salt
rejection (%) and water/NaCl selectivity were determined €28 a previously described

crossflow filtration system using stainless steel crossflow cells madhatehe University of
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Texas at Austin® The pressure difference across the membrane (15)lististed in Table 1.

The aqueoudeed contained 2000 ppm NacCl, and the feed solution was circulated past the
samples at a continuous flow rate of 3.8 (L MinThe feed pH was adjusted to a range between
6.5 and 7.5 using a 10 g/L sodium bicarbonate solution. NaCl concentratioesf@edhwater

and permeate were measured with an Oakton 100 digital conductivity meter.
3.4. Results and Discussion

Oligomer Synthesis

The bisphenol mo n o mer ubipleedol (Riga 8.). BisAsrAorei nst e a
chemical |l y r ebgplenbol andc otnhtaani n4&isopropyeden@ mdedy in the
middle of the molecule. This tetrahedral bond linkage d¢ada lower density copolymer
compared t@ copolymer containing h e | e s s -bipheeok iFdr examph,,thé density of
BisA polysufone (Udef) i s | ower -biphenol based potysultorie (ReEBekIrdtial
unreported work in our group supports that this phenomeemains true for the sulfonated
copolymers. The lower density of BisA copolymers should lead to higher fratfiee volume
and thus more volume availabler water transporl® The fractional free volume has been

related mathematically to diffusion and permeabilityficients?>

Figure 3.2Bi sphenol A-biphemelf(right) and 4, 46
The synthesis of amBisAS50 shown in Fig. 3 was performed using nucleophilic
aromatic substitution with a weak baéeA monofunctional aminer-AP was added in amounts
calculated by the modified Carothers equatida target a number average molecular weight of

5,000 g mol and to povide functional aromatic amine endgroups. Previous teliech
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oligomers were synthesized by adding an excess ofliffteeno] which produces a relatively
unstablep-phenoxide terminated species. Thus,nth&P endgroup greatly extends the shelf life
of these oligomers.

Toluene was used as the azeotropic solvent, removing any water sorbed by the monomers
during weighing and also water formed byGOs; decomposition products. The water/toluene
azeotropeappeareds a cloudy layer in the condenser of theaBStark trap. Refluxingvas
continuel until no morewaterwas observedn the distillate During theazeotropigeriod of the
reaction, it was important to periodically use a heat gun to dry the joints connecting the three
necked flask to the Deadtarktrap. The temperature was raised slowly to the final reaction
temperature by heating the oil bath175°C, and then toluene was slowly removed until the
initial charged volume was collected. The reaction appeared unchanged in viscosity after 24 h
and d$ightly more viscous after 48 h.Since the molecular weight of these copolymers was
targeted a5,000 g mof, no drastic change in viscosity was anticipated or observed. The
solution appeared offhite or wheat colored near the reactions end, comptrye@isA
phenoxide endgroups that impart a dark green color to the solution.

The nucleophilic substitution reaction that convertedBasAS50 to AABISAS50 (Fig.

3) occurred very rapidly; thus, the reaction flask was cooled@do@fore addition of TEA ah
acryloyl chloride. The amBisAS50 was dried overnight under vacuum to remove ambient water

sorption, as water could also react with the acryloyl chloride.
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Figure 3.3Synthetic schemes for aBisAS50, AABisSAS50, MABisAS50 and PER-BisAS50

1. DMAc, Cyclohexane
130°C, 4h

o]

2. PEPA, rt, 3h
0-DCB, 180°C
24h

The synthesis of the high temperature curing oligomers PBBAS50 and MABiISAS50 are

also shown in Fig. 3. The anhydride was added at lower temperatures because the ring opening
reaction and formation of the arécid intermediate does not tete elevated temperaturet-

NMR was used to monitor the ring opening reactions by taking hourly aliquots of the reaction
solution. The appearance of araicid peaks at 10.5 ppm indicated formation of the intermediate
species, and the disappearancthefamine endgroupsasused to judge sufficient reaction time

for the first step. Similarly, sufficient time for cyclodehydration was found by monitoring the

disappearance of the arracid intermediate.
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Oligomer Characterization
The amBisAS50 oligomerwas characterized for degree of sulfonation (D.&,), and
purity by *H-NMR. The'H-NMR spectrum of the afBisAS50 oligomer is shown in Fig. 4.
The solid sample completely dissolved in DM8gand the spectrum showed no side products,
residual monomeor solvent. The D.S. was calculated by equation 3. The measured D.S. was

49%, compared to the targeted D.S. of 50%.

Eg.3 T [(Ho+Hp+HY)/31/2 + [(Hf + Hy)/2]/4
h
Koas_l: Ob c d e o f g h o m_l
ﬁ Y—0—— \;5 S o, o 0:' .\: < o ) | 9 O\} fj’ § :’ o )k
H2N/_’ © H\SO«JK o BT - o 05 n o J%\NH2

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 2.0 1.5
Figure 3.4'H NMR of amBisAS50

The chemical shifts of thexAP endgroups differ depending on whether they are linked to

DCDPS o SDCDPS. ThemAP endgroups adjacent to DCDPS occur at a slightly more

downfield position compared to the SDCDPS linkage, and these closely related sihgiees (

the appearance of a doublet. TWg calculated byH-NMR was 4,800 g md, determinecby
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comparing the integration values of the amine endgroggs (he aromatic BisA peaks in the
oligomer backbonedfe). Calculation ofM, by this method assumes that there is no other
endgroup species in the oligomer, the only other candidate being é&idgroups. This
assumption was considered reasonable, sincéHHeMR spectrum of a control reaction to
produce 5,000 g mdIBisA terminated oligomer had strong endgroup peaks at 6.64 ppm, which
are not observed in this spectrum.

The endgroup characteation for the further functionalized oligomers was also
accomplished with'H-NMR. The aromatic regions in Fig. 5 are expanded to highlight the
differences in endgroup structure. The complete disappearance of the amine peak was observed
in AA-BisAS50, MA-BisAS50 and PEP#BIiIsAS50. This indicated complete endgroup
conversion for AABISAS50. The absence of amacid intermediate peaks at 10.5 ppm
indicated complete endgroup conversion and successful cyclodehydration fBi/850 and
PEPABisAS50. Comprison of the final spectra to reageit-NMR showed no residual
starting material left. The endgroup peak assignment cBSAS50 and PEPAiISAS50 was
well defined and integrated out to appropriate values when compared to the starting oligomer.
The endroup peak assignment of MBISAS50 was more difficult, because the maleic

anhydride endgroups overlap with backbone peaks in the aromatic T2gion.
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Figure 3.51H NMR comparison of anBisAS50 starting oligomer shows complete conversion to further
functionalized endgroups

Thermal Stability of the Oligomers

TGA studies were performed undep & 10C/min to ensure that the oligomers were
stable at high temperaturesThis step is particularly important for ruling out oligomer
degradation as a cause for exotherms observed in DSC heating curves. Fig. 6 shows that all of
the oligomers had less than 1% weight loss in the range dbZXB5C. The oligomers showed
similar thermal behavior to high molecular weight BisAS50, denoted as BisAS50 Control in Fig.
6. The degradation temperature for this series was taken at values of 10% weight f6s$01480
the BisAS50 control, 47C for PEPABISAS50, 466C for amBisAS50, ad 440C for MA-

BisAS50. These weight losses occur in the range expected {fsulfdeation, the primary
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mechanism for initial sulfonated polysulfone degradatfomll of these degradations occurred

well above the curing temperatures investigated.
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Figure 3.6 TGA shows that the oligomers are thermally stable in nitrogen at the curing conditions
Investigation of Oligomer Crosslinking Temperature

The determinatiomf Ty for ionomers such as sulfonated polysulfones is not trivial. At
high levels of sulfonation, the glass transition temperature becomes hard to distinguish from the
baseline’? Because of the aforementioned phenomenon, the first derivative of the heating curve
was used, and the,d were reportd as the endothermic maxima. Previous work established the
importance of crosslinking these higly dopolymers in the presence of water and/or a high
boiling point solvent. The glof a 5,000 g mot 4 | -Biphenol based 50% sulfonated polysulfone
(ph-BPS®) was lowered by over 180 in the presence of NMP, enabling crosslinking at
15°C3 The oligomers in this study are well below the entanglement molecular weight and

cannot produce frestanding films without crosslink formation. The formatioh these
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materials into a coherent ductile film is necessary for use as separation membranes. DSC studies
were performed in pressurized pans on oligomers with a significant amount of DMAc left to
plasticize their s and af f ord cr oseusvésiohtke solgent plastiCined he a

oligomers are shown in Fig. 7.
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Figure 3.7DSC thermogram comparison of solvent plasticized oligomers demonstrates that the epoxy cured system
crosslinks at a much lower temperature than-BIiSAS50 and PEPMAisAS50

The aly oligomer to show strong evidence for crosslinking behavior was tHBIsfAS50 with
tetraepoxide (TGBAM). Crosslinking in this system began at’T4énd had a maximum rate at
208°C. This curing behavior was not observed in theBasAS50 spectrum witout TGBAM,

as expected. The aBisAS50 spectrum displayed a small endothermic maximum &iC125
possibly a solvent plasticized, TThe amBiSAS50 spectrum did have large endothermic maxima

at 261 and 28%, no exotherm was observed after thege § . PA-BBAS50 showed a solitary

125



Ty at 260C and gave no indication of an exotherm afterwards.-BigAS50 showed a solitary
Ty at 247C with some indication of an exotherm occurring after’€70

The results from the solvent plasticized oligomer heating supveve that curing am
BisAS50 with TGBAM occurs at much more facile conditions than-BI8AS50 and PEPA
BisAS50. The Fof the amBisAS50 cured with TGBAM was raised 15 as crosslinks formed
and restricted oligomer chain mobility. The cessation ofctbsslinking reaction between 210
and 240C may be a result of complete loss of the solvent DMAc, which has a boiling point of

165°C.

Crosslinking and Film Fabrication of af@isAS50

The crosslinking reaction between -813AS50 and TGBAM (Fig. 8) was dptized to
produce large ductile films with high extents of crosslinking. Sswlle films were prepared
with varying molar ratios of TGBAM to determine which stoichiometry gave the highest gel

fraction. These results are compared with the previotBRS50 curing in Fig. §°
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Figure 3.8 Schematic for crosslinking aBisAS50 with TGBAM in the presence of TPP results in various linkages
and some unreacted endgroups

The phenoxide terminated oligomers produced a maximelrifraction at 2.1 molar equivalents

of TGBAM. The amine terminated oligomers did not have a distinct maximum and continued to
trend upwards with increasing epoxy concentration. This is possibly because the functionality of
ph-BPS50 towards epoxy is 2 @ifor amBisAS50 it is 4. The reactions of amines with glycidyl
ethers are primary amine additial),(secondary amine additiog)(and etherification3),>°

shown in Fig. 8. The kinetics of these competing reactiassbeen modeled in the literatdi?e.
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Primary amine addition occurs1® times as quickly as secondary amine addition. Etherification
has the lowest reaction rates and only occurs when the primary amines have all réaeted.
soluble filtrates from gel fraction tests were also analyzetHb)MR to determine remaining
unreacted material. The sample prepared from a 3 molar equivalent of TGBAM contained
excess epoxy, thus the optimal molar equivalency of TGBAM was takea ®5b Figure 9

shows that the 2.5 molar equivalency sample had a gel fraction of 90%, and gel fractions up to
99% were obtained when the films were increased in size for transport testing. These are the

highest reported gel fractions for sulfonated palfone oligomers to our knowledge.
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Figure 3.90ptimal stoichiometry of TGBAM varies for phenoxide and amine terminated 5,000 Mn oligdmers
Several other variables were investigated to determine effect on final gel fractions. Both DMAc

and NMPhave been utilized as solvents for this curing reaction and produced similar results,
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though films from DMACc had higher gel fractions. TPP was added in catalytic amounts to lower
the onset of the curing exotherm. The kinetics of this reaction has lneedsfior epoxies and
phenolic resins where it lowered cure temperatures by ove&r’40Varying the weigh percent

of TPP (relative to g TGBAM) from 0 to 2.5 to 5% had no impact on gel fraction. Increasing
both the curing time and temperature improved gel fractions, and 90 min -460%D was
sufficient to obtain a high extent of crosslinking.

Removal of h e crosslinked film from the gl ass
hypothesized that epoxy reacts with both the glass surface and the oligomer. Silanation of the
glass surface decreases the reaction of epoxy with glass, but caused the film to shdrikds i
This problem was circumvented by soaking the crosslinked film and glass plate in a stirring
solution of dilute KCO; dissolved in DI water. The weak base conditions had no effect on
resulting gel fraction. After several days, the bonds betweerfiim and glass plates was

reduced and allowed for easy removal.

Crosslinking and Film Fabrication of PEPBiISAS50

High gel fractions were consistently obtained with PER#AS50, thouglonly at very
high temperatures wheiarge film fabrication was nsuccessful. The resulting deep brown
membrane had several bubbles that disrupted the otherwise smooth surface. In addition to the
procedure outlined in the experimental section, films were cast on glass substrates and cured in a
Type 47900 Furnace or th@ress. The final cure temperatures were in the range e333C,
producing blackened brittle materials that adhered to the casting surface and had gel fractions of
over 90%. The best films obtained required a careful stepwise heating regimen hustindede.

These films also had gel fractions over 90%, but bubble formation occurred between 200 and
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300°C and disrupted the otherwise smooth surface area of the film. These results are consistent
with the DSC heating curves, which indicated that thee demperature was not sufficiently
depressed and that solvent rapidly evaporated from the films while heating to the cure
temperature.  In other literature studies, the cure temperature of PEPA terminated
polyetherimides was in the range of 33GXC depite a Ty of 200°C, much lower than these
sulfonated polysulfone¥®*®? Additionally, the curing of polyetherimides occurred above their
melt temperature, whereas the PEPA terminated sulfonated poly(arylene ether sulfone)
copolymers cure before any melt behav® observed. Kinetic and mechanistic studies of the
phenylethynyl curing reaction reported a minimum cure temperature 8€348d the reaction

proceeded slowly under these conditi6hs.

Crosslinking and Film Fabrication of MBRiSAS50

The crosslinking results of MBiISAS50 were similar to those of PEHASASS50; high
gel fractions were obtainest elevated temperaesand ductile film formations were not. The
membrane produced from curing at 300in the forced air oven was free standing but very
brittle. This material was wholly soluble in the casting solvent. The membrane was further
crosslinked for 30 min by nftepress at 33 and 388C. The 336C cured membrane was
partly soluble in gel fraction studies. The 38@&ured membrane was completely insoluble, but
broke into many pieces when removed from the glass plate. Even if large crosslinked
membranes of tBioligomer could be fabricated, their inherent brittleness would prohibit use in

high pressure water purification operations.
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Crosslinking and Film Fabrication of ABiSAS50

The thermal crosslinking of ABiSAS50 without initiator was attempted, resudfiin
cracked membranes with 11.5 + 1.5% gel fraction. The curing of thBi8AS50 oligomer was
also attempted via thermally initiated free radical polymerization. AIBN was charged to polymer
solutions in 0.5, 3, 5, 10 and 20 wt% relative to-B&SAS50. The membranes were dried and
cured at 108C for 12 h, resulting in extremely brittle membrane formation with no gel fraction.
DCP was charged to polymer solutions in 1, 3 and 5 wt% relative tBI8AS50. This system
was cured at 14C€, 160C and 208C for several hours in a systematic series of experiments, all
of which resulted in no membrane formation.

The successful crosslinking of ABisSAS50 was photochemical, opposed to the thermal
curing of the other oligomers. DMPA is a wktiown initiatorfor photochemical reactions and
its efficiency and mechanism have been elucid&t&dBenzophenone initiators readily react
with acrylate8®” and successfully crosslinked ABiSAS50 with PETA. The resulting
transparent fims were free standing and ductile. The role of PETA equivalency was studied in a
comparative test to af@isAS50 and TGBAM. The molar equivalents of PETA to-BASAS50
ranged from 0.5 to 2.5 and gel fractions of up to 58% were obtained. However,cab tcand
in crosslinker concentration to gel fraction was observed. @ We determined that the UV
crosslinker used did ndtave sufficient intensity to penetrate the80 e m t hi ck f i | ms
research into this oligomers photochemical crosslinking is planned with a higher intensity UV

crosslinker that can sufficiently penetrate the films thickness.
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Effect of Gel Fractia on Water Uptake

The ultimate importance of crosslinking these oligomeric materials are to reduce the high
degree of membrane swelling and sorption. The effect of crosslinking on water uptake was
studied by curing amBisAS50 oligomer with 2.5 molar equalents of TGBAM. The oligomer
was cured for 0, 10, 20, 45, 60 and 90 min af@50The samples cured for 0 and 10 min did not
give freestanding films because of the low extent of crosslinking. The water uptake of the

samples was measured before thefrgetions, with data plotted in Fig 10.
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Figure 3.10Water uptake of arBisAS50 decreases rapidly and then plateaus as a function of increasing
crosslinking with TGBAM

The water uptake of the films quickly dropped during the initial stages of crosgjjnkhich

was similarly observed in the previous studies withBpt850> After the initial drop, water
uptake plateaus, decreasing slowly to 90% gel fraction. The water uptake for the uncrosslinked
amBisAS50 was much higher than the BisAS50 tooin (35%), possibly because of the

additional hydrophilic amine endgroups on the oligomer. The water uptake can be taken as
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proportional to the free volume of the polymer and by extension related to water partition and
permeability coefficient8 The loss in water permeability corresponds to an increase in

water/NaCl selectivity, in accordance with fundamental tradeoff relation$hips.

Initial Transport Results

The effect of crosslinking on éhtradeoff relationship between water permeability and
water/NaCl selectivity was investigated with preliminary cibew filtration experiments. The
amine terminated oligomers were synthesized with a 60% degree of sulfonation to produce a
material morehydrophilic than arBisAS50. This oligomer (5&am-BisAS60) was fabricated
into large scale membranes at 45 and 93% extents of crosslinking. These crosslinked oligomers
are listed with a high molecular weight linear control at the same level of sulio(BiBAS60)

and the statef-the-art polyamide (SW30HR80) material in Tabl&.1. It is germane to note

that water permeability standardizes these films for thickness when reportezhin (/2 hmbar) ;
b ut the btatebf-the art material has a suhicron film thickness while the dense crosslinked
materials are in the range of-800 &€ m. The fabrication of S

sulfone)s into films with a suticron thickness isurrently being investigated.
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Table 3.1 Effect of crosslinking on water permeability, NaCl rejection and permealaitity water/NaCl selectivity

for BisAS60 filmsa

Sample Gel Water Pressure Water NaCl Water NaCl Water/NacCl
Fraction Uptake (psi) Permeability Rejection Permeability Permeability Selectivity
2 -6 2 -9 2
(%) (%) (Lem/m h (%) (x10 ,cm /s) (x10 ,cm /s)
bar)
I I I I I I I 1

BisAS60 0 48 400 42+0.6 88.1+15 159+23 43.5+10.5 366

5k-am- 45.1 26.8 200 1.2 91.8 4.4 7.7 580
BisAS60

5k-am- 93.0 26.6 400 0.8+0.1 97.1+0.2 32+0.2 19+03 1700
BisAS60
SW30HR - - 800 0.08 99.7 - -

380

@ Three samples were used to obtain these average values, except for the michvemidk 45% gel fraction
material which yielded one measurement
® Commercial aromatic polyamide membr&féestconditions: 32,000 mgt, 25°C. Value is usually listed as 0.5

(L / m? h bar), and was converted to 0.05¢fin / m? h bar) by assuming a thickness of &rth

The results clearly demonstrate that the water/NaCl selectivity greatly increases as tla materi
becomes highly crosslinked and, in accordance with tradeoff relationships, that the water
permeability decreases. The crosslinked membrane with a 45% gel fraction was much less
ductile than the membrane with a 93% gel fraction. Thus, the 45% gébriraceémbrane was

run at a reduced traimsembrane pressure during crdlesv experiments compared to the linear
control and highly crosslinked material. The NaCl rejection is not comparable for membranes
tested at different pressures. Increasing the pressill increase the water flux but will not

substantially influence the salt flux, thus higher pressures will increase the NaCl refection.
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However, the water permeability and salt permeability?(sm and water/NaCl selectivity are
intrinsic membrane properties and are comparable across varying pressures. The conversion of
hydraulic water permeabilitl(em fh*b aYy t o di ff usicwes’) p dirame aleielni
detailed in?bPrevious studies.

The results across the intrinsic membrane properties vary greatly between the linear,
modestly crosslinked (45%ef fraction) and highly crosslinked (93% gel fraction) samples.
Notably, the modestly crosslinked sample has nearly twice as high selectivity compared to the
linear control, but at the expense of a greatly reduced permeability. However, the highly
crossinked sample has a selectivity almost three times as high as the modestly crosslinked
sample with only a minor decrease in water permeability. The water uptake was higher for the
linear control (48%), but nearly identical for both the moderately and yhigtdsslinked
materials (27%). It is surprising that the moderately and highly crosslinked membranes had
nearly identical water uptake values despite very different transport properties. Part two of this
paper will investigate this result in more depthappears that in this regime of high crosslinking
that salt diffusion is increasingly limited despite only minor differences in water permeability.

A very high extent of crosslinking is necessary for the high selectivity that theostheeart

aromaic polyamides demonstrai,71 It may follow that a high extent of crosslinking is
necessary to achieve high sty and high water permeability for sulfonated polysulfones,

and the amine terminated oligomers with epoxy can achieve this high extent of crosslinking
while producing ductile films. Crosslinking certainly has a profound influence on the transport
properties of these sulfonated poly(arylene ether sulfone) oligomers. Part two of this paper will

compare the transport properties across a range of degree of sulfonation levels, crosslinking and
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oligomer backbone structure to further develop the influeratectiosslinking has on

permeability and selectivity relationships for water purification.

3.5. Conclusions

In this paper, four novel crosslinkable oligomers were synthesized for use as water
purification membranes and their structireere validated byH-NMR. These oligomers have
the same backbone structure with different telechelic functionalities, and the effects of endgroup
structure on extent of crosslinking and film fabrication were investigated. The oligomers were
all thermaly stable to over 40C€. The crosslinking reactions of the oligomers were very
different mechanistically and occurred at varying temperatures and conditions. Oligomers
endcapped with maleimide and phenylethynyl phthalimide produced networks with &tveed0
fraction at high temperatures, but crosslink formation occurred after a majority of the casting
solvent evaporated. The necessity of residual casting solvent during crosslinking was
demonstrated, and the aforementioned oligomers produced brittl®nteous films.
Acrylamide terminated BisSAS50 oligomers were photochemically crosslinked to modest gel
fractions with a multifunctional acrylate at low temperatures, resulting in ductile film formation.
Amine terminated BisAS50 was reacted with a muittdtional epoxy to produce gel fractions of
99% and largescale ductile films were fabricated. The water uptake of these polymers decreases
drastically with initial network formation, then plateaus at higher extents of crosslinking. This
upper regime wit a high extent of crosslinking may be significant for developing these materials

as water purification membranes.
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4.1. Abstract

Disulfonated poly(arylene ether sulfone) copolymeanmbranesre attractive candidates
for water purification by reverse osmosis. The negatively charged disulfonated copolymers
show low fouling and greatly improved resistance to oxidarts as chlorinated disinfectants
compared to the state of the highly crosslinked polyamidskin, porous polysulfone supported
thin film composite (TFC) systems. A systematic seoksontrolled molecular weight , -4 6
biphenol and bisphen®& based partially disulfonated pdigrylene ether sulfone)s were

synthesizedvith terminalamine functionalities via enrdapping withm-aminophenol. Number
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average molecular weigldand the degree of sulfonatiorwere controlled by stoichiometric
control of the bisphensland two activated dihalide concentrations. ThgsNdf the digomers

were verified by*H-NMR andmolecular weight distributions were analyzeddize exclusion
chromatography (SEC). The oligomessth controlled molecular weightsand ionic content
were thermally crosslinked with anulti-functional epoxy resin (TGSM) derived from
methylene dianiline. High gel fractions were confirmed @xtracting the crosslinked
copolymers in boiling solvents. Theetworks hadmprovedsalt rejection compared to linear
controls due to reducedwelling, andthis proved to be a \aable parametefor enhancing
transport properties Altering thevariablesof crosslinking, backbone structure and degree of
sulfonation had large impaobn transport properties and the trends observed varied widely from
the control systematic seried.he crosslinked highly sulfonated copolymers produced the best
water purification properties to date for feuated polysulfone membraned-or example, a
crosslinked 4,4biphenotbased 50% disulfonated polysulfone had a salt rejection of 97.8% and
ahydaul i ¢ water per meZahtbai)jconyparedfo ad andlagous lihearsd@ m
biphenotbased 50% disulfonated polysulfone that had a salt rejection of 73.4% and a hydraulic

water permeabi Flitbaf).of 3.5 (L em m

4.2. Introduction

Crosslinked aromatic polyamides are the sudttheart membrange for water
desalination by reverse osmosis, a commercially important method of purifying water irf'the 21
century’ These membranes can achieve over 99% solute rejdmionseawater at relatively
high water permeabilities. However, @spite excellent transport properties, the aromatic

polyamides are extremely susceptible to biofouling and degradatiohldwynated disinfectants
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and this has prompted investigatienof new desalination menanes such as sulfonated
polysulfones’

One of the greatest advantages of the sihtbe-art thin film composite is that they
allow for separate optimization of the polysulfone support layer and the aromatic polyamide
selective layer. For example, the aromatic polyamate very highly crosslinked, brittland
weak, but can survive the high pressure reverse osmosissprboecausthey areproduced
directly on a polysulfone support layerThe high extent of crosslinking in the stafiethe-art
membrane was identified early on as being important for the transport prop2rtifsrmeate
flux and salt rejection rely on membrane density and are therefore sensitive to crosslinkedensity.
In some cases, the use of diamines bulkier thgahenylene diamine haygoduced membranes
with lower salt rejections, possibly because of decreased membrane demsispite the clear
importance of crosslinking on transport properties, fundamental studies remain elusive because
of the difficulty in studying thén situ produced aromttic polyamidess separate entities without
the support layers The aromatic polyamideare difficult to separate from the polysulfone
support andhey fail mechanically once removed. Recentsosslink density o& stateof-the-
art aromatic polyamidewas studied by XRay reflectivity and XRay Fhotoelectron
SpectroscopyX-Ray reflectivity was used to measure an increase in film thickness and decrease
in density upon membrane swellinfhe membrane swelled up to 40% in wayet the distance
between crosslinks was quite small, equal to about five repeat uflitsBecause of the
demonstratedmportance of crosslinking in the stadéthe-art material,it is of interest to
investigae effects otrosslinking in alternative water purification membranes such as sulfonated

polysulfones.
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Chapter 3 reviewed numerous examples of crosslinking sulfonated polysulfones and
describedseveral new reactions for crosslinking telechelic sulfonatsgsulfone oligomers.

One crosslinking route as successful in producing ductile films with gel fractions up to 99%,
amongthe highest reportetb datefor such sulfonated polysulformpolymers The reaction
between amine terminated oligomers and a tetrafunctional epoxy resin was identified as a
suitable candidate for further investigation into the effects of crosslinking on water purification
properties.

In the present investigation, two systematic series of composiyioniferent
disulfonated polfarylene ether sulfone)s were synthesized. ©eaees was based on the
bisphenolA (BisAS) monomer structure explored in Chapter 3, and the other series was based
o n -biphéndl (BPS). Each oligomeric series was produced with three lef/kl/drophilicity
corresponding to 40, 50 and 608b disulforated repeat units relative to nealfonated units
The compositions of theoligomers were verified byH-NMR, and molecular weights were
established byH-NMR and SEC. Each of the oligomerascrosslinked with a tetrafunctional
epoxy resin to achieveedse mmbranes with high gel fractions. These weastadied to
understand relationships among composition, crosslinking and transport propefTies
crosslinkednetworkshad significantly different transport properties than the linear controls. In
particular, the salt rejection remained relatively constant across the crosslinked series, though
water permeability drastically increased with increasaegrees of sulfonationTherefore, the
crosslinked oligomers were by far the most attractive sulfonaibdyifone candidates yet for
reverse osmosis water purification. An initial investigation for produttimgfilm composites

(T F O dased on the crosslinked sulfonated polysulfones wasatsed out
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4.3. Experimental

Materials

4 | -Propane2,2diy | ) di phenol - piheA))| 4 B - and

dichlorodiphenylsulfone (DCDPS, 99%) were purchased from Solvay and recrystallized from
toluene before use.-Aminophenol ;-AP, 99%) was purchased from Acros Organics. Calcium
hydride (9095%) was purchase from Alfa Aesar. 3,Disulfonatedd , -4 6
dichlorodiphenylsulfone (SDCDPS, 98%) was purchased from Akron Polymer Systems,
quantified for NaCl impurities and dried at £60for 72 h before us¥. Toluene, N,N-
dimethylacetamide (DMAc, 99%) andp@opanol (isopropanol, IPA) were purchased from
Fisher Scientific. The DMAc retion solvent was dried with calcium hydride (GaHistilled

under reduced pressure and stooe@r molecular sieves. Triphenylphosphine (TPP, 99%),
tetraglycidyl bisp-aminophenyl)methane (TGBAM, 929}, potassium carbonate {€O;,
99%), phosporus pentoxide ($Ds) and lithium bromide (LiBr) were purchased from Aldrich.
1-Methyl2-pyrrolidone (NMP) was purchased from Spectrum ChemicaFor the support
material in the TFC development, U8golysulfone support (Dow Chemical, averamee size

measured by porosimetA= 25 nm) was utilized.

Synthesis of a 5,000 molecular weight,\Maminee n d ¢ a p p-kipghenolt baged 50%
disulfonated polysulfone oligomer (eB#S50)

The BPS based oligomers were synthegdiby nucleophilic aromatic substituti using
the weak base approaels previously described in Chapter’3. BP (43.9 mmol, 8.1711 g),
DCDPS (25 mmol, 7.1790 g), SDCDPS (25 mmol, 12.661IgAP (12.2 mmol, 1.3481 Q),

and DMAc (96 mL) were added to a 2B threenecked flask. The reaction flask was
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equipped with a mechanical stirrer, nitrogen inlet, am@dristark trap filled with tuene. A
stirring, thermallyregulated, oil bath was used to heat the reaction mixture fC155fter the

bath temperature reached 165K,CO; (70.0 mmol, 9.679 g) was added with toluene (48 mL).
The reaction was stirreat 155C until all of thewater was azeotropically removed with toluene.
The temperature was increased to°C7and water and toluene were drained. After 48 h, the
amber opaque solution was cooled to room temperature and filtered. The resultingedranspar
solution was precipitated in IPA (900 mtg yield awhite solid. The copolymer was filtered,
washed with IPA (500 mL), and dried in a vacuum oven atd36r one day. The 40 and 60%
disulfonated oligomers were synthesized in a similar manner, vaitying ratiosof SDCDPS

and DCDPS.

Nuclear Magnetic Resonanc#(NMR)
'H-NMR analyss of the oligomeric copolymers were performed on a Varian Unity Plus
spectrometer operating at 400 MHz. The spectra of the copolymers were obtained from 32 scans

of a15% (w/v) 1 mL solution in DMS&is.

Size Exclusion Chromatography (SEC)

Intrinsic viscosities (IV) and molecular weights of the copolymers were obtained by size
exclusion chromatography (SEC)The SEC system consisted ah isocratic pump (Agilent
1260 infinity, Agilent TechnologiesSanta Clara, CA) with an online degasser (Agilent0]126
Agilent Technologies, Santa Clara, CA), autosampler and column oven used for mobile phase
delivery and sample injection, and three Agilent PLgelut® Mixed B-LS colurms 300 7.5

mm connected in series with a guard column as the stationary phase. A system of multiple
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detectors connected in series was used for the analysis. A-amglé laser light scattering
(MALS) detector (DAWNHELEOS 1l, Wyatt Technology Corporatignoperating at a
wavelength of 658 nm, a viscometer detector (Viscostar, Wyatt Technology Corporation), and a
refractive index detector operating at a wavelength of 658 nm (OptilaBXT Wyatt
Technology CorporatignGoleta, CA provided online results. he system was corrected for
interdetector delay and band broadening. The MALS signals were normalized using a 21,720
g/mol polystyrene standard obtained from Agilent Technologies or Varian. Data acquisitions
and analysis were conducted using Astra 6wso# (Wyatt Technology Corporation The

mobile phase of NMP was vacuum distilled ove©$before use. The salt, 0.05M dried LiBr,

was added and dissolved in the NMP before the solvent was degassed and filtered. The sample
solutions were prepared in a cemtration range of~3 mg/mL and were filtered to remove any

dust or insoluble particles using 0.22 #MFE filters. Molecular weigbtwere measured using

light scatteringNote that specific refractive index increme&(dn/dcs) were calculated for each

backbone type based an assumption of 100 massrecovery using Astra 6 software.

Dense Film Preparation

The dense crosslinked films were prepared by adding the oligomers to TGBAM in a 1:2.5
molar ratio, respectively. TPP was added in a 2.5% by we#iut relative tothe weight of
TGBAM. The following steps were completed to preparerasslinked film containing
5kamBPS50. A mixture of amBP$0 (0.3261 mmoll eq. aminel.5000 g), TGBAM (0.8152
mmol, 2.5 eq. epoxyp.34 g) and TPP (0.0358 mmd&.4 mg) were dissolved in DMAc (12
mL) and stirred until a homogeous solution was obtained. The solution was syringe filtered

through a 0.4%m PTFE filter into a new vial. The solution was cast on a clean glass plate on a
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level surface inside a vacuum oven and dried under vacuum for 2 h°&t IDie \vacuum was
released and the oven was heagethe crosslinking temperature (:200°C) for 9 min. The

film was cooled to room temperature slowly overnight. The following day, the film was
transferred to a stirring DI water battontaining dissolved potassium carbonéteaid in
detaching the epoxy cured network from the glass substrate. <epeeated, the film was

transferred to a DI water bath

Thin Film Composite (TFC) Preparation

Oligomeric anBisA-50 (3.0 g)was dissolved in monoglymég57 g)at 30°C for 1 day
with a 5 wt% concentration and TGBAMO0.045 and 0.06 g, respectivelgj different total
concentrationgl.5 and 2 w# per the oligomer weightyereadded into the oligomer solution.
After filtering through a 0.4Bm PTFE filter, the solution was brusbated oto a pretreatelf
support layer. For the pretreatment, the support layers are immersed i¥Gléerin mixture
with a 7525 weight ratio for at least one dayhis wasinitially dried ona hot plate at 6%C for
0.5 h, and thenheated to RC for 1 h. After vacuum drying at $C for 1 dg, partially
crosslinked anBisA50 TFCs were obtainedThe temperature dd0°C was selected asstage
one curing temperature to minimize pore shrinkage in the ¥drlpport during solvent

evaporation.

Scanning Electron Microscopy
Sample of theTFC's were freezdractured in liquid nitrogen and sputteoated with a
gold/palladium alloy prior to imaging. Images were obtained using a LEO (Zeiss) Field

Emission Scanning Electron Microscope with a 5.0 kV accelerating voltage
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Gel Fraction measurements

Gel fractions weremeasuredo estimate the extent of crosslinking. Crosslinked films
were dried at 120°C under vacuum overnight. After drying021g ofthe sample was placed
in a 20mL scintillation vial filled with DMAc and stirred at 100°C overnighthe remaining
solid was filtered, transferred to a pseighed vial, and dried at 120°C under vacuum overnight.
The final weight was takerné next day. One measurement was taken for each film agld g
fractions were calculated by Equation 1.

Final mass of extracted film

Gel Fraction (%) =
Equation 1:

x 100

Initial mass of dried film

Water uptake measurements

Films (0.1-0.2 g)were dried at 12 under vacuum overnight, theveighed to obtain
the dry weight Wary). Next, they were immersed in DI water for at least 48 hours. The films
were removed, quickly blotted to remove aswface water droplets and weighed to obtain the
wet weight Wye). Three measurements were taken for each film atdrwptake values were

calculated by Equation 2.

w t Wa‘ry

Equation 2:

Water permeability and salt rejeon

The water purification properties the dense crosslinked oligomers grattially cured
TFCO0s were dé&iea previouslg desciibed Zrgfisw filtration system using
stainless steel crossflow cetfs.Permeate samples were collected and analyzed for their mass

and conductivity, which were measChebdrraro cal c
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cnt s%), salt permeability (chms?), salt rejectia (%) and water/NaCl selectivity. The TFC
membranes were evaluated for pure water flux (Ehm') and salt rejection (%). The pressure
difference across the membrane was 400 psi (27.6 bar). The aqueous feed contained 2000 ppm
NaCl and the feed solutiomas circulated past the samples at a continuous flow rate of 3.8 (L
min?). The feed pH was adjusted to a range between 6.5 and 7.5 using a Y0s@dium
bicarbonate solution.Sodium chlorideconcentrations in the feed water and permeate were

measued as conductivities with an Oakt®f0 digital conductivity meter.
4.4. Results and Discussion

Synthesis and structural characterization of the sulfonated oligomers

Recent results in the McGrath group have indicated that the transport propertiearof line
BPS and linear BisAS sulfonated polysulfenare significantly different. Linear BiSAS
copolymers have enhanced water permeabilities and slightly lower salt rejections at similar
values of disulfonation. Polymeric composition greatly affects the chgacking and free
volume available for transporiVith regardto disulfonated polysulfones, BisAS based polymers
have lower densities than BPS based polynaard,thishas been hypothesized to lead to higher
fractional free volumes @henhanced water peeabilities'® In this study, we sought to
determine the effect of composition on the transport properties of crossldikeddonated
polysulfones. The synthesi telechelic amine enrdappeddisulfonated polysulfones based on
a bisphencA backbone structure (amBisAB) were described in Chapter’ 3.A similar
approach was used to synthesize telechelic amineauedlisulfonated polysulfones based on
4 |, -dighenol (amBP$%0) asshown in Figure 4.10ligomers witha number average molecular

weight (M,) equal t05,000 g mol were targeted for consistency with prior studi€'s.
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Figure 4.1Synthesis of amBR& oligomers
The compositions of the new oligomers wemenfirmed with'H-NMR. The'H-NMR spectrum
of amBPS50 is shown in Figure 4.2. All of the peaks were represented in thetcaegion,
unlike the amBIisAS oligomers that had an isopropylidene peak in the aliphdteldupegion.

The backbone peakisitegrals werecompared to the amine endgroup pealsafd used to

NH,

calculate M.
KOS a b ¢ d e f g m |
SR o S, — - — — — . —
/ %_ [ DTN TN SN LS N8 TN oY / PUPSIVARN
( ° oYY N e N as nv Y N s N an A0
>—/ Lo o 4 x L N N R Y -
H,N S0;K J  NH;
a 5k Oligomer
'H NMR 400 MHz
32 Scans, d-DMSO
i
T
Q e
(-} <
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

Figure 4.2"H-NMR spectrum ohnamBPS50 oligomer
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Integration of the sulfonated and nesulfonated repeat units was also used to establish the

degree of sulfonation (D.S.), a measure of hydrophilicity calculated by equation 3.

[((Ho+ Hp+H)/3]/2
[((Ho+Hp+H)/31/2+ [(Hf + Hy)/2]/4

Equation 3: D.S. =
The increasing levels of hydrophilicity in both thmBisAS and amBPS series were numerically
quantified by equatioB, andwere also visually apparent in stackedNMR spectra. Figure 4.3

shows the amBIisAS series at 40, 50 and 60% D.S. The peaks corresponding to the hydrophilic
repeat unitsg, b, c) were larger compared to other peaks that remained constant, such as the
bisphenolA aromatic protons. Increasing hydrophilicity was also displayed in the telechelic
amine endgroups)( which appeared asvo singlets since the endgroups were adjacent to both
DCDPSand SDCDPS. The relative ratio of these two singlet peaks also validated increasing

hydrophilicity as the D.S. was increased from 40 to 60%.
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Figure 4.3'H-NMR spectra of amBisA®0, amBisAS50 and amBisAS0 oligomers

The targetedand measureddegrees of sulfonatiomnd molecular weigktof the disulfonated

oligomers are summarized in Table 4.1. Excelmicessvas obtainedegarding control over

hydrophilicity, as the measuredegrees of sulfonatiomvere all within 5% of the targeted

compositon. The M, valuescalculatedfrom the *H-NMR datawere also very close to the

targetedV, of 5,000 g mof, which indicated that the molecular weight could be controlled by

addition of amonofunctional amine ercapping reagent The results from SEC dédfed from

both the targeted molecular weights andtHeNMR calculated molecular weights. This could

be a consequence of interaction between the sulfonated oligomers and the SEC column, which

skewed the molecular weight analysistH-NMR is an accurate ethod for determining
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molecular weights as low as 5,000 g thaind was therefore used for stoichiometric calculations

to preparalense crosslinked film

Table 4.1Hydrophilicity and molecular weight properties of amBisAS and amBPS oligomers

Sampl e Targe Measu M, My dn/ d«

D.S. D.§&. (g/ c(g/ ho (m/ B

5kamBi4®. 40 38 4,80(6,0D 0.7%
5kamBi59. 50 49 4,80(6,0D 0. 14C¢
5kamBi69. 60 57 5,40(80D 03B6
5k amBS 40 40 5,20(800 05109
5kamBRS 50 50 4,60(8 400 0.6D

5k amBRS 60 60 4,60(90D 0.48

2 Obtained from 1HNMR spectra

b Obtained from SEC

Fabrication of sulfonated oligomers into crosslinked dense membranes

The amBPS and amBisAS oligomers were prepared as relatively large (10 x*)15 cm
crosslinked membranes according dopreviously established proceddre.All six of the
crosslinked copolymerbad gel frations greater than 90% With regardto water purification
properties such as water and salt permeability, the crosslink demsitynolecular weight
between crosslinks (Mare of interest The crosslink density affects the free volume available

for perneate transportlt was hypothesized thatddhould beapproximatelyequal to the Ms of
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the oligomers. The telechelic amine egrdups were bifunctional towards the tetra functional
epoxy resinandtherefore, it was expected that a crosslink site woglclr at each endgroup.

The gel fractions of the crosslinked dense iinemes are listed in Table 4.2.

Table 4.2Extent of crosslinking in amBisAS and amBPS oligomers crosslinked with TGBAM

Sampl e Ge l Fract
'5kamBM4OAS 92 |
5kamBi59®AS 99
5kamBi6®AS 93
5k amBRS 90
5kamBRS 93
5kamBRS 93

Salt rejection, water permeability, salt permeability, and selectivity of crosslinked oligomeric
disulfonated polysulfone dense membranes

Water and salt transport properties of the terminalbsslinkeddisulfonatedoligomers
were evaluatedt by crossflow filtration. Results from the crogbw experiments are tabulated
below (Table 4.3). The salt rejection was quite high-98%o) for all of the networkswhich
indicated that the high amount of swellitigat is observed with linear analogues of these
disulfonated copolymergias controlled by crosslinking. Interestingly, the salt rejection did not

change much despite considerably different water permeabilitiedegnedes of sulfonation
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Table 4.3Water purification properties of amBisAS and amBPS oligantrosslinked with TGBAM

Sample Salt Rejection Water Permeability Water Permeability Salt permeability Permeability Selectivity
(%) (L pm/(m*h bar)) (cm?/s) (cm?/s) (P,/Py)
SkamBisAS-40 96.0 +0.99 0.11 +£0.002 4,10 £0.07 3.30 £0.80 1.32 £0.34
x 107 x 1010 x 10°
SkamBisAS-50 96.6 £0.51 0.36 =0.01 1.38 £0.03 9.57 £1.69 1.49 +£0.23
x 106 x 10-10 x 103
SkamBisAS-60 97.1 +0.18 0.83 +£0.06 3.17 +£0.24 1.88 £ 0.26 1.70 £ 0.10
x 106 x 10 x 103
SkamBPS-40 Results in Results in Progress Results in Progress Results in Progress Results in Progress
Progress
SkamBPS-50 97.8 £0.82 0.43 £0.05 1.63 £0.20 6.81 £1.33 2.54 £0.70
x 106 x 10-10 x 10%
SkamBPS-60 96.7 +0.17 1.18 £ 0.11 452 +0.43 2.96 +0.13 1.52 x+0.08
x 106 x 10 10°

The crosslinked aBPSnetworksare compared with previoustiata onlinear disulfonated BPS

basedpolysulfonecopolymers in Figure 4% The numbers adjacent to the data points are the

targeteddegrees of sulfonatiovalues for example the crosslinked amBB8 networkhas a salt

rejection

of

97.

8 %

and

a

hy d r2atbart).c

water

The transport properties of linedisulfonated polysulfone copolymenave beemctively

studied in recent yeat

§2,15-20

The hydrophilic disulfonatedcopolymers swell in aquers

perm

environments, increasing the amount of free volume in the polymer and allowing higher

fractional volumes of water to become incorporated intatpelymer. In a previous systematic

series, as théegree of sulfonatioimcreased the amoumtf swelling in the copolymers also

increasedand thiscorresponded to enhanced permeation of both water and s8Iufks. water

permeability also increased with enhanabfjrees of disulfonatiobecause of higher water

solubility coefficients.

Thedisulfonated copolymers achieved high levels of salt rejection

because of the fixed anionic sulfonate groups on the polymer backbone. These anionic groups

actively repelled dissolved anions such asb@l Donnan exclusion.However, this repulsive

effect was sensitive to water purification operating conditions, including external salt
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concentration(feed water concentration) Despite the role of the fixed anionic groups in salt

rejection, the high swelling at largegrees bdisulfonationgreatly increased holgpe diffusion

of salts throughout the polymer matrix and led to lower values of salt rejection. The expected

trend for salt rejection versus water permeability in linear BPS copolymers is shown in Figure

4.4. The vater permeability continually increased with growahegrees of disulfonatigrbut at
the cost of decreased salt rejection.

Networks comprised of the terminaltyosslinked amBPS oligomers showed improved
transport properties compared to the linear BB$es. For example, the crosslinked amBBS
oligomer produced the same salt rejection as a linearBR®polymer, but twice as high water
permeability. The difference between the crosslinked arai8P8ligomer and linear BRSO
was even more drasti®dPS50 had bee reported elsewhere as having a salt rejection of 73.4%
and a hydraulic wat er ?mebail)é aTherdforetby introducing . 5
crosslinks at the terminal ends of these oligomsalk, rejectionwas significantly improved A
numerical comparison could not be made betwibercrosslinkedmBPS60 networkand linear
BPS60, because BRE0 swelled so greatly that it lost all mechanical integrity and failed at high
pressures in agueous environments. However, the crosslinked a®@BR&nbrane also had the
best combination of high salt rejection and high water permeability out of alletherks that
weretested. The water permeability drastically improved as a function of incredesgnge of
disulfonation in the crosslinked amB¥ series. The crosslinkedamBPS60 had water
permeability nearly three times higher thdre amBPS50 network but only 1% lower salt
rejection. The resultsuggestelatively uniform swelling between the crosslinked materials and

also similar levels oholetype diffusion by salt particles. However, an advantage in water
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permeability might be gained by exploiting the higher water solubility coefficients in more

highly disulfonated copolymers.
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Figure 4.4 Salt rejection versus hydraulic water permegpihi linear and crosslinked BPS copolymers
The crosslinked amBisAS oligomers wetlso compared with linear BisAS copolynser
data in Figure 4.5. The linear BisAS series showed a similar trend to the linear BPS series, a
higherdegree of disulfonatiofed to decreased salt rejection and increased water permeability.
However, the transport results for the crosslinked amBisAS oligomers varied widely from the
linear control series. One of thaetworks crosslinkedamBisAS60, had superior water
purification properties comparei the linear BisAS copolymers. odever, amBisASIO and

amBIisAS50 networksboth had inferior transport results compared to the linear series.
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In all cases, the crosslinked oligoraeesulted in higher salt rejection and lower water
permeability than the analogous linear copolymer. For example, crosslinking the arfBISAS
oligomer raised the salt rejectidsy approximately3.5% compared to the linear BisA®
copolymer, but the huge decrease in water permeability made crosslinkingnattractive
tradeoff. Alternatively, the crosslinking of amBis&B increased the salt rejection by about
8.5% compared to a linear BisA® copolymer, with a less drastic decrease in water
permeability. The results emphasized that crosslinking wasffactive way to control
membrane swelling and raise rejection efficiency, though the overall effects on membrane
performance were not always beneficial.

A remarkable trend was observed within the crosslinked amBIisAS series. Both the salt
rejection ad water permeability increased as a function of increadeggee of disulfonation
The increase in water permeability was expected, but the increase in salt rejection was
unanticipated. One reason for this phenomenon could be that swelling betwesrsshaked
amBIisAS networkswas relatively constant, but the increased ionic content otrbsslinked
amBisAS60 membrane could have contributed to heightened Donnan exclusion effects resulting

in enhanced salt rejection compared to the amBi#@&nd enBisAS-50 membranes.
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Figure 4.5Salt rejection versus hydraulic water permeability in linear and crosslinked BisAS copolymers

Figures 4.4 and 4.5 providaiseful comparisons between the linear copolymers and

crosslinked oligomers. However, both salteotjon and hydraulic water permeability are

dependent otthe operating conditions. Increased applied pressures will increase the water flux

while the salt flux remains relatively constant, artificially increasing the salt rejection of the

membranes. Foa true comparison to other water purification membranes, selectivity and

diffusive water permeability must be used. Selectivity, another measure of rejection efficiency,

is equal to the ratio of the diffusive water and salt permeabiliBgdd). Seleaity is an

intrinsic membrane property similar to diffusive water permeability and diffusive salt

permeability, because it does not depend on operating conditions such as applied pressure.
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An A dbpopuenrd 06 h as loewater purificatiort mefaranesdby plotting the
log of selectivity versus the log of diffusive water permeabitlityThe uppetbound is an
empirically formulated line that represents the best transport results obtainable for a given
combination of selectivity and water permeability. The best water purification membranes are
the ones on or closest to the uppeund. One main focus of material ras#h is to transverse
the uppetbound in the upper right direction. The crosslinked oligonagesgraphed on an
upperbound plot in Figure 4.6, along with the linedisulfonated polysulfone copolymerthe
stateof-the-art aromatic polyamidg and sevetather water purification membranes.

The results in Figure 4.¢howthat crosslinkingnot onlyincreass the salt rejection and
selectivity of sulfonated polysulfones, bthat it could also greatly improve their water
purification properties. Both crslinked networkswith a 60%degree of disulfonationvere
much closer to the uppé&ound than any of the linedisulfonated polysulfoneopolymes. The
linear disulfonated BPSopolymers in the graph span a wide range of selectivity and water
permeabilityvalues; however, the selectivities of the crosslinked sulfonated oligomers remained
relatively constant. Similar phenomena have previously been observed in crosslinked materials
for use as fuel cell membranes, in which crosslinking simultaneously iedregoton
conductivity and membrane selectivity (conductivity/methanol permealilityCrosslinking
greatly reduced the swelling of sulfonated polysulfones and allowed for the development of
sulfonated polysulfones with higher levels of hydrophilicity than previously usethelfuture,
crosslinked sulfonated polysulfone copolymers with a 70, 80, 90 and even 100% D.S. will be
targeted to examine if even higher values of water permeability can be obtained while still

maintaining relatively constant selectivity.
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Figure 4.6 Fundamental transport properties water/NaCl permeability selectitls, and permeability
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Preparation, transport properties and morphology of amBiSAS FCs

Although the dense crosslinked oligomers discussed above achieved promising transport
results, commercial development would require substantially thinnderiala. Water
permeability is directly proportional to membrane thickness, and the dense oligoenes§-60
em thick, compared to t heoftheads aromhtle polyammde.tThei ¢ k n e
stateof-the-art material can be produced at this thickness because it is supported on a
polysulfone support as a TFC. As a result, TFC developmenatierapted with the crosslinked
disulfonated polysulfone oligomers.

Severalchallengeswvere encountered during preparation of an amBiSASFC. The
DMACc casting solvent used for dense film preparatonld notbe used because it was also a
co-solvent fa the polysulfone support layer. Additionally, the dense oligonestevork layer
could only be crosslinked at 9D as opposed to 180C°C. Temperatures higher than°@0
resulted in pore shrinkage of the polysulfone support and very low water fluxegertheless,
defectf r ee TFCO6s were obtained with smomshighlyr valu
crosslinked amBisAS0 membrane. Figure 4.7 shows a thin, defiee crosslinked amBisA
50 layerformed ona Udef support material. However, agh number of pores underneath the
layer were filled with the crosslinked amBi®, and thiscould have hindered water molecules

from quickly transporting through the crosslinked amB&Askin.
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Figure 4.7 SEM crosssectional images of a partiallyagslinked amBisA$0 TFC membrane, which was single
coated onto the pretreated Utislipport

As shown n Figure 4.8, the water flux values are still significantly lower than the-ctdate-art

TFC, which measures near 50 (*m?).” Premration of a TFC by a UV curing process would
avoid undesirable high temperature treatments and perhaps greatly increase the flux of the
membrane. Therefore, the current thrust of material research in the McGrath group is preparing

UV curable telecheliclgomers and demonstrating their TFC fabrication.
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Figure 4.8Salt rejection versus water flux in amBisA8 partially crosslinked TFCs with a U8adolysulfone
support layer

4.5. Conclusions

In this paper, the wateand salttransport properties ofmembranes comprised of
disulfonated polysulfone oligomers were systematically studied with regards to polymer
composition, crosslinking, and degree dfsulfonation/hydrophilicity.  Thedisulfonated
oligomers were well defined structurally Hy-NMR, ensurilg that consistent molecular weights
and enegroup functionalities were obtained. All of the oligomers were fabricated into large
films with gel fractions exceeding 90%, and transport properties were characterized.
Crosslinking effectively reduced the dlireg of the polymer membranes and controlled the salt
rejection, though permeability was still influenced by degree of sulfonation. In particular, the
crosslinked oligomers at the highest degree of sulfonation studied (60%) achieved superior
transport reults to previously studied linear sulfonated copolymers. Future work will study
crosslinked oligomers at higher degrees of sulfonation and varying crosslink density. The
fabrication of these crosslinked oligomers into thin film composites was alsolynstiudied and

showed promise for future development.
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Article in preparation for submission
5.1. Abstract

A systematic series of hydroquinobaseddisulfonated poly(arylene ether sulfone)
random copolymers were synthesized for use as water purification membranes. The copolymers
were produced with varying levels of hydrophilicity, ranging from a 15 to 40% degree of
disulfonation. The copolymer compasiis were confirmedwith *H-NMR and IR spectroscopy
and SEC confirmed that high molecular weights were achieved. The copolymers were cast into
tough, ductile, dense membranes and transport properties were elucidated bffowross
filtration. The transparresults showed an unexpected trend of both increasing salt rejection and
water permeability as thdegree of disulfonation wascreased. In particular, the hydroquinene
based disulfonatedopolymer with a 25%legree of disulfonatiohad significantly letterwater
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permeability and salt rejection r anspor t properties compared

biphenot and bispheneA-basedineardisulfonated polysulfone copolymers.
5.2. Introduction

Polymeric membranes for water purificatienablean imporant technology platform to
address several global challenges in th& @&ntury. Currently over osehi rd of t he
population lives in areas of high water stress, a numbeisthabjectedto increasé”* Rising
population levels, increased industrialization, and agricultural produatiotontribute to the
need for increased amounts piftable watet® Desalination is an especially enticing route to
produce potable water, as the oceans contain a virtuadliesen supply of salt water for the
process. Membrane separations bgwverse osmosis (RO) dominate the tieation market
because of théow energy requirementsompared to traditional distillation technologfés.

Over 16 billion gallons of potable water are produced by desalination every day and this number
is expected to double within the next dec&tiélhe industriesnvolved inwater purification and
energy prduction are intertwined:;e., fresh water is needed to produce energy andweécsa’

Thus, water purification membranes cdsoabe used in the production of energyfoyward
osmosis, reverse electrodialysisd pressureetardecbsmosis**

Traditional materials for desalination membranasst notablyinclude cellulose acetate
and crosslinked aromatic polyamideés.Crosslinked aromatic polyamides, the current sbéte
the-art materiad, exhibitexcellentsalt rejection properties, reasonable water permeabilities, and
very thin separation layersan befabricatedon a porous suppods a thin film composite
(TFC)®° However, aromatic polyamides haveap oxidative chemical stabili)** They

polyamides degde in the presence of chlorinated disinfectdmyts/arious chain scissioning
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mechanisms, and chlorine is an essential additive to reduce biofouling and protect drinking
water’?'® Additionally, the aromatic polyaide membranes cannot easily be prepared into
dense fresstanding films and this hindersstudies of fundamental structurproperty
relationships that guide membrane reseérch.

Poly(arylene ether sulfones) are an industrially importéags ofpolymeis that are used
in gas separations and ultrafiltration water purificafibi. Polysulfones for ultrafiltration
membranes have a porous morphology and discriminate &gieing mechanisms, in which
water permeates through these materials by convective difftfsibtowever, RO membranes
must be nonporoug¢dense)to separate water from salt ions. Water permeates through the
membrane by becoming solubilized at the membfead interface and then diffes through to
the permeate sid8!’ Thus, RO membranes must be partially hydrophilic, which is obtainable
in polysulfones by several different routes.

One method of introducing hydrophilicity g/ postsulfonation, in whicha hydrophobic
polysulfone is treated with various sulfonic acids resulting in electrophilic aromatic substitution
along the polymer backbe!® These possulfonated polysulfones have been identified as RO
candidates? but suffer from heterogeneous baokle microstructures and degradation during
the harsh acidification proce$s. An alternative route towards hydrophilicity is direct
sulfonation?* In this process, a hydrophilic monomer is directly incorporated into the polym
during the polymerizatiorand this approach enablemrecontrolledmicrostructures andllows
for highly ionic composition$%*

In recent years, the McGratnd Freemangroups have collaborated to actively
investigaeé syntheses and properties afudionated polysulfoneopolymes. These membranes

havereasonable RO properties, excellent resistaygenstchlorine?*?® they canbe fabricated
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i nt o “FF &nd srecentlythey have been faricated as asymmetric membraAgs.
Disulfonated plysulfones have also served as excellent model sgstem investigating
structureproperty relationshipfor applications aRO membranes. McGrath and Freeman have
investigated water and salt permeability, selectivity t adifferent levels of
disulfonation/hydrophilicity”’ the effect of free volum&, effects of processing and thermal
history on water transport properti€she role of NaCl feed concentration on salt rejectfon,
and the effect of covalent crosslinking on transport propettiés.One area that still needs
developmentvith regard tostructureproperty relationshipef sulfonated polysulfones ithe role

of differentchemical compositiasn

The initial report ordisulfonated polysulfones for RO membranes compared two series
of sulfone and phosphine oxidentainingc op ol ymer s, e alophenobas he d o n
phenolic comonomef Mo r e recentl vy, random -(pcopgne2,B-y me r s
diyl)diphenol (bisphenol A) were synthesized and diverse transport pegperere obtained.
The results shoed that the compositioa of the sulfonated polysulfoseinfluence water
permeability and salt rejection. It will be important to further investigate the effect ofustu
on transport properties. Benzebhg-diol (hydroquinone) based polysulfones are known in the
literaturé® and have shown promiger application as fuel celf§*® However, thes materials
have yet to be explored as water purification membranes.

This paper describessa&ries of random disulfonated polysulfone copolyniecsised on
hydroquinone as the bisphenddr potential use as reverse osmosis membranes. The
compositions wer systematicallyaried indisulfonation content and hydrophilicity. Thevere
characterized structurally and thermally in addition to determinatiadheaf water purification

propet i e s . [ n c o fhiphenoli and rbisphterml| -Bdsed4 6opolymersthe
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hydroquinonebased copolymer witl25% of the repeat units disulfonateslas identified as

having the best combination of salt rejection and water permeability.
5.3. Experimental

Materials

4 | -Bichlorodiphenylsulphone (DCDPS, 99%) was kindly provided Solvay and
recrystallized from toluene before use. Akron Polymer Systems (Akron, OH) prepared 3,3
disulfonated4 , -diahlorodiphenylsulbne (SDCDPS, 98%) using procedures developed
earlier*®*® Hydroquinone (HQ) was purchased from Eastman and used as received. Potassium
carbonate (KCO;) N,N-dimethylacetamide (DMAc, 99%).-Zropanol (IPA) and toluene were
purchased from Fisher. The DMACc reaction solvent was doweel calcium hydride (Cabj,
distilled under reduced pressure and stareelr molecular sieves before use. Calcium hydride
(90-95%) was purcased from Alfa Aesar. Phosplugrpentoxide (#s) and lthium bromide
(LiBr) were purchased from Aldrich. -Mlethyl2-pyrrolidone (NMP) was purchased from

Spectrum Chemical

Synthesis of ahydroquinonebased polysulfone copolymevith 25% of the repeat units
disulfonatedHQS 25)

The hydroquinondased rando copolymers (Fig. 5.1) were synthesized using
nucleophilic aromatic substitution step polymerization with a weak 345e This method
allows for thedisulfonated moieties to be directly incorporated itite backboneather than
utilizing postsulforation reactions. For a 25% disulfonated copolyme= 0.25 and & = 0.75

in Figure5.1
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Figure 5.1 Structure of hydroquinorbased disulfonated polysulfone copolymer
The hygrecopic reagents SDCDPS anddQOs; were driedfor 72 h at 168C under vacuum to
ensure complete removal of water. The SDCDPS contained residual amounts of NaCl impurity
(3% by weight) from the monomer synthesis. The impurity was quantified byiside
spectroscopy and additional SDCDPS was usesi@ctthe reaction stoichiometry? HQ (30
mmol, 3.3033 g), DCBS (22.5 mmol, 6.4611 g), SDCDPS (7.5 mmol, 3.7788 g), and DMAc
(54 mL) were added to a 100L threenecked flask. The reaction flask was equipped with a
mechanical stirrer, nitrogen inlet, and De&tark trap containing teene. A stirring, thermally
regulatedoil bath was used to heat the reaction. After the oil bath reaché@,184CO; (42
mmol, 5.8048 g) and toluene (27 mL) were addedaviannel. The reactiomascontinued at
150°C for several hours until all of the water was azeotropically remhovi he temperature was
raised to 17%C and water and toluene were drained from the Etark trap. The reactiomas
continued for 48 h at 176 until a viscous solution was obtained. The opaque, brown solution
was diluted with additional DMAc (70 mL)ooled to room temperature, and filtered. The
resulting solution was precipitated into stirring IPA (800 mL) to produce a white fibrous solid.
The mwlymeric product was stirred in DI water for several hours af@Q, filtered and then
dried overnightat 110C under vacuum. All of the othatisulfonated copolymers were
synthesized by this route, and the varying degodalisulfonationwere obtained by adjusting

the ratios of DCDPS to SDCDPS.
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Nuclear Magnetic Resonancé{({NMR)

'H-NMR analysis of theopolymers was performed on a Varian Unity Plus spectrometer
operating at 400 MHz. The spectra of the copolymers were obtained from a 15% (w/v) 1 mL
solution in DMSQds. For the HQSL5 copolymer, heat waequiredto fully dissolve the

polymer sample.

Infrared Spectroscopy (IR)
FTIR-ATR spectra were recorded on an FTIR spectrom®arign 670 FTIR equipped
with an ATR attachmenwith a diamonctrystal. The resolutions of the spectra were 4 amd
32 background scans were performed. A small amotiocbpolymer film was placed on the
diamond crystal and the FTIR spectrum was measured with 32 scans. All measurements were

performed at ambient temperature.

Size Exclusion Chromatography (SEC)

Intrinsic viscosities (IV) and molecular weights of the @lgmers were obtained by size
exclusion chromatography (SEC)The SEC system consisted ah isocratic pump (Agilent
1260 infinity, Agilent Technologies) with an online degasser (Agilent O12Agilent
Technologies, Santa Clara, CA), autosampler and colowven used for mobile phase delivery
and sample injection, and three Agilent PLgel @& Mixed B-LS columns 3007.5 mm
connected in series with a guard column as the stationary phase. A system of multiple detectors
connected in series was used for the ysisl A multtangle laser light scattering (MALS)
detector (DAWNHELEOS II, Wyatt Technology CorporatiprGoleta, CA operating at a

wavelength of 658 nm, a viscometer detector (Viscostar, Wyatt Technology Corporation), and a
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refractive index detector omgng at a wavelength of 658 nm (OptilabrEX, Wyatt
Technology Corporation) provided online results. The system was corrected for interdetector
delay, band broadening, and the MALS signals were normalized using a 21,720 g/mol
polystyrene standard obtachefrom Agilent Technologies or Varian. Data acquisition and
analysis was conducted using Astra 6 softw@yatt Technology CorporatignThe mobile

phase was NMP, which was vacuum distilled ovw€smhefore use. The sald.05M dried LiBr

was dissolvedn the NMP before the solvent was degassed and filtered. The sample solutions
were prepared in a concentration range €8 thg/mL and were filtered to remove any dust or
insoluble particles using 0.22 pm PTHiEers. Molecular weighg were measured usingght
scatteing and the intrinsic viscositiesere measured onlin®lote that specific refractive index
increment (dn/dc) values were calculated for each backbone type babvedassumption di00

% massrecovery using Astra 6 software.

Thermal Gravimetc Analysis (TGA)
The thermal stability of the copolymers was investigated using a TA Instruments TGA
Q5000. The copolymers were first heated in nitrogen at a rate’Gfrabi* to 300C to ensure

that any sorbed water was removed, cooled ¥€58nd eatedat 10°C min to 700C.

Film Preparation

The films were prepared by first dissolving 1.0 g of copolymer in 19 g of DMAc to
obtain a 5 wt% mixture. The mixtures were stirred until a homamgensolution was obtained
and then syringe filtered throoga 1.0em filter into a new vial. The solutions were cast on an

(18 x 21.5 cn? clean, dry glass plate on a level surface in a vacuum oven. The films were dried
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at 80°C for 24 h without vacuum, and thah11(°C for 48 h with vacuum. Films were removed
from their glass substrates by soaking in water. A section was cut from the filmeésuring

water uptake, and the rest of the film was used to evaluate water permeability and salt rejection.

Water uptake measurements

Film coupons were dried overnight atOf€C under vacuum, removed, and weighed to
obtain the dry weightWary). The films were soaked in DI water for 48 hours, telbto remove
surface droplets and weighed to obtain the wet weight) This protocol was repeated an

additional time, and wat uptake values were calculated by equation 5.1.

W
Water Uptake (%) =
Equation 5.1:

Transport Properties of water permeability and salt

The water per nfehdtai’ brictfy?), 6alt peemeability (chs?), salt
rejection (%) and water/NaCl selectivity eedetermined at 28 using stainless steel crossflow
cells machined at the University of Texas at Au&tinThe pressure differencacross the
membrane (15.1 cthwas 400 psi. The aqueous feed contained 2000 ppm NaCl, and the feed
solution was circulated past the samples at a continuous flow rate of 3.8{). ritine feed pH
was adjusted to a range between 6.5 and 7.5 using & Hddjum bicarbonate solution. NaCl
concentrations in the feed water and permeate were measured with an O@Btalgital

conductivity meter.
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5.4. Results and Discussion

Synthesis dfiydroquinonebased disulfonated polysulfonepolymergHQS)

Synthegs of HQS copolymers with varying levels of hydrophilicity were performed
following established procedures for nucleophilic aromatic substitution, as shown in Figtfre 5.2.
Hydroquinone was used rather than bisphéhobr 44 diphenol in order to provide a
compasitional contrast to previousandom copolymers. For equal molar loadingstloé
disulfonated monomer (equivalent degree of sulfonation), hydroquinone based copolymers were
expectedio have higher levels of hydropicity and water permeabilitbecause of the lower

molecular weight of hydroquinone compared to previously studied bisphenol monomers.

NaO,;5
.;:':‘\‘ ? _."':"-.. J,-:\.\“ {I:Ij — :\
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Figure 5.2 Synthesis of HQS copolymers
During the initial stages of the reaction, water was evolved from potassiunaseb

decomposition which could potentially react with the activated dihalides and negatively
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influence the reaction stoichiomefty. Toluene was added with the potassium carbonatéhend
reaction mixture wasefluxed for several hours to azeotropigalemove any water from the
reaction. During this time, the reaction turned an opaque blue color. During the azeotropic
removal and subsequent heat increase, it was important to occasionally heat the joints of the
threenecked flask with a heat gun, aater/toluene azeotrope became trapped in these locations
and could adversely affect the reaction during later st&gés.the reaction proceeded to higher
molecular weight, the bluish color subsided and viscous, amber brown solutions were obtained.
After isolating the polymersH-NMR was used to characterize the copolymer
compositions Exemplary spectra arshown inFigure 5.3where the expected compositions
were confirmed As shown below, the size and integrations of the hydrophilic protons
continuously increased throughout the systematic series. The polymeric endgrauf® ppm
were also identifiedand their low integrations served as an indication of high molecular weight.
Progress of the polymerization was tracked by taking aliquots of the reaction solution,

precipitating the polymer, and integrating the endgroup moieties.
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Figure 5.3'H-NMR spetraof HQS copolymers
In addition,"H-NMR was used to characterize compositwith regardto the degree of
disulfonation (D.S.). The D.S. is the mole fractiondefulfonated units in the copolymer and
this provides a measure bydrophilicity. Simila to the ion exchange capacitiEC) which
characterizes the equivalents of ions per gramereased values of D.S. corresponded to
increased water uptake, and therefore higher values of water permeability in water purification
processes. The D.S. wasadhted by Equation 5.2, which compared the integrations of the

protons on the hydrophilic moieties, (b, § to the hydrophobic moietie§ ).

Equation 5.2: D.S. = [(Hq+Hp+ Hp)/3]/2
[(Hq+Hp+He)/31/2+ [(Hf + Hy)/21/4
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The D.S. was targeted between4®%o at 5% increments to achieve atsynatic series of
hydroguinonebased copolymers with varying levels of hydrophilicity. The measured D.S. is
listed in Table 5.1 with the corresponding IEC values. In all cases, the measured D.S. was within

10% of the targeted value.

Table 5.1Hydrophilicity of HQS copolymers

Sampl e Targete Measur e'dl EE Wat er
Upt ake
HQS 15 15 % 13 % '0.73 7.8 KN :
HQS 20 20 % 17 % 0.93 11.9 N
HQS 25 25 % 2 3% 1.21 13. 3 8
HQS 30 30% 27 % 1.309 12.3 N
HQS 35 35 % 37 % 1.80 20.9 KN
HQS 40 40 % 38 % 1.83 25.6 N

2 Measured fromtH-NMR, potassium countiem

b Potassium countiEm

IR of copolymers
Fourier transforminfrared spectroscopy was also used to confihe structure of the
copolymers. The peak assignments for sulfonated polysulfones haddeegfied for both

postsulfonated and directly sulfonated copolym@f. In Figure 5.4, the ring vibrations qf
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substituted aryl ethers (1008 ¢nand symmetric O=S=0 stretching of the sulfonate group
(1026 cnt) are labeled. As the D.S. and hydrophilicity of de@olymers increase, the relative
ratio of the sulfonate peak to the ether peak should increase. This trend was observed for the

systematic serge which indicated that a seff increasingly hydrophilic copolymers were

obtained.
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Figure 5.4Infrared pedra of HQS copolymers
SEC of copolymers
All of the polymers were cast into tough, ductile films, which qualitatively indicated that
high molecular weight was achieved in addition to #HeNMR results. Molecular weighg of

the copolymersverequantitatiely investigated by SEQ~igure 5.5. The chromatogramsere
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obtained from light scattering and ha¥e Gaussiamonomodal molecular weight distribution

indicative of successful step growth polymerizations.
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Figure 5.5SEC chromatogranmsf HQS copolymes
The SECmolecular weight distributiong/ere analyzedin dilute solutions of NMRcontaining
0.05 M LiBr, a good solvent for théisulfonated copolymers. The lithium bromitas added to
disrupt any aggregation and tmwunteractany polyelectrolyte effect In dilute solutions,
polymeric chains with fixed ionic groups on the backbone undergo chain exp&hdiba.chain
expansion results in an increased radius of gyration, intrinsic viscosity, and error in molecular

weight meaurements. Relatively constant ionic concentrations are achieved and chain
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expansion is reduced by adding a mobile salt such as lithium bromide. Through this method,
accurate intrinsic viscosities and molecular weights were obtained by SEC.

The molecula weights averagesM,, and M,), molecular weight distributions (PDI),
intrinsic viscosities ([d]), and change in re
listed in Table 5.2. Very high molecular weights were obtained in all of the coposystems,
regardless of D.Shat wastargeted. A PDI of 2 igxpectedor stepgrowth polymerizations,
and the molecular weight distributions of the copolymers were somewhat narrower than this
amount. The copolymers were boiled in water during thenpatyworkup to assist in salt and
solvent removal. Some lower molecular weight materials were likely lost during this step,
resulting in lowerthan expectedPDI's. The M, values ardikely more accurate, since light

scattenng experiments directly measuvk,.

Table 5.2Molecular weights and molecular weight distributions of HQS copolymers

Sample My(kDa [d (dI dn/ dc (1

HQS 1¢ 172. 2 1.01 0.135
HQS 2¢C 75. 4 0.55 0.148
HQS 2¢ 90.1 0.78 0.145
HQS 3¢C 123.7 0.65 0.150
HQS 3¢ 103. 7 0.57 0.131
HQS 4¢( 114.9 0. 53 0.121
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TGA of copolymers under,N

Disulfonated polysulfoneare recognized as high performance polymers with very high
degradation temperatures adculfonated dichlorodiphenylsulfone wasen investigated for
use asa flame retardant The copolymers synthesized in this work also had very high thermal
stabilities, as shown in Figure 5.6. All of the copolymers had 10% weightvilsgsabove
500°C, which corresponded to degradation of the polymeric backiofike TGA thermograms

confirmed that the copolymers had adequate thermal stability for RO processes.
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Figure 5.6 Thermal stability of HQS copolymers
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Water uptake of HQS copolymer

The water uptakes of the disulfonated copolymers were measured as an earlgrpoédict
water permeability. The films were dried at 8Q for 24 foursat ambient pressur@nd thenat
110°C for 48 loursunder vacuum. The heating regimeas used to ensure that all of the DMAc
casting solvenas well as moisture was removeéd The transport properties afisulfonated
polysulfones are very sensitive to processing conditions, drying temperatures, and thermal
annealing’’ Thewater uptakeralues areshown below in Figure 5.7.

The water uptake was plotted as a function of degreesoffonation (measured frof-
NMR). Eight measurements were made for every levdiyorophilicity and minor standard
deviations were obtained in all cases, except for the @3%fonated copolymer. Aorinear
increase in water uptake was observed, wHitfiered fromthedis u | f o n ebipreerabl bdsedd 6
systen?’ At higher levels of sulfonation, the water uptake drastically increased because of a
morphological change. The data points at 37 and @8Wfonation possibly showed this trend,

though smalleerror barsvould be needed for cirmation.
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Figure 5.7 Water uptake as a function thfe measured degree disulfonation
Salt rejection and water permeability of HQS copolymers
The transportproperties of the copolymers were tested at the University of Texas at
Austin by crossflow filration. A variety of membrane properties were tested and are
summarized in Table 5.3. The permeability of the eluting species was quantified by hydraulic
wat er per me abh Han)tdiffusigelwater perngeability (éfa), and diffusive salt
pernmeability (cnf/s). The separation efficiency was quantified by permeability selectivity (the

ratio of diffusive water and salt permeability) and salt rejection (% NacCl rejected).
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Table 5.3Water transport properties of HQS copolymers

Sample Salt Rejection (%)  Water Permeability = Water Permeability = Salt permeability = Permeability Selectivity

(L pm/(m2h bar)) (cm?/s) (em?/s) /P
HQS 15 94.1 0.064 243 x107 2.95 x 1010 8.24 x 102
HQS 20 97.2 £0.05 0.33 +£0.01 1.27 =0.03 7.01 +£0.05 1.81 +£0.03
x 10° x 1010 x 107
HQS 25 979 +0.07 1.06 = 0.06 4.05+£0.25 1.66 +0.16 245 £0.09
x 10° x10° x 10°

The transport of water and salt throudjeulfonated polysulfones hagenextensivelystudied in
the Freeman laboratorié$®?®*? The ionic domains ithe polymer backbone aggregated to form
discrete domains that had been discerned through atomic force micréscopyh random and
block disulfonated polysulfone copolymers For random copolymerstalow levels of
sulfonation, the ionic domairtske the form of isolated ionic regions in a matrix of namic
regions. At a high enough level of sulfonation, the ionic damdiecane continuous and
formed large ionic channels throughout the polymer microstructure. A drastic increase in water
uptake ad permability often accompaniethe transition from ionic clusters to continuous
domains. In general, increasing the amount of hydrophilic charged groups on the polymer
backbone increased water uptake and water and salt permeability. At the most fundamental
level, Yasuda showed that permeability and diffusion of water and salt through hydrated
polymers increased with higher volume fractions of water and free volume inside the plymer.
Higher loadings of ionic domains resulted in enhanced swetliagueous environments, higher
water volume fractions and free volume, and thus higher permeabilities, which were observed in
Table 5.3.

Compared to water transport, salt transport through sulfonated polysulfones was much
more nuanced due to the fixedi@nic groups on the polymeric backbone that actively attracted

cations and repelled anions. Additionally, salt sorption coefficients were very sensitive to
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external salt concentration in charged polymers. As the external salt concentration increased, th
ability of the sulfonate groups to repel anionic mobile salts by Donnan exclusion was effectively
screened® Thus, both salt diffusivity and sorption increased with heightened external salt
concentration, whereas salt diffusivity and sorption remained relatively constant in uncharged
polymers awvarying levels of external salt concentratfon.

The transport results for trdsulfonated hydroquinorleasedcopolymers are stwn in
Figure 5.8 along witha series ofdisulfonated lphenotbasedcopolymers and a series of
disulfonated bisphenol -Aasedcopolymers® The separation efficiency was quantified by a
rejection coefficien{% NaCl rejected).Equation 5.3 for salt rejection is shown below, whgre
is the salt concentration on the permeate side of the membrane, enthe salt concentration

on the feed side of the membrane.

Equation 5.3R = ( p-— ) * 100%

Due to the sensitivity of salt rejection, all of the results shown in Figure 5.8 were tested at
400 psi. Water permeability was proportional to applied pressure, whereas salt permeability was
not. Therefore, higher applied pressures artificiafiffaie the salt rejection term. Water
permeability was quantified by hydraulic water permeability, which standardized the membranes
to a 1.0 em thickness, and further standardi z
and pressure in the denomioiat

Transport resultshat were obtained previoustgr the disulfonated kphenol copolymer
series andlisulfonated bisphenol A copolymer series followed a logical trend of increased water
permeability and decreased salt rejection at higher levealssdfonation. The higher levels of
disulfonation swelled the polymgrand this led tdiigher water volume fractions amdorefree

volume in the polymer. Accordingly, water and salt permeability increased through the
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membrane at higher levels dfsulfonation, which corresponded talecreased salt rejection.
Notably, the bisphest A copolymer seriehad superior transpoproperties compared to the
biphenol copolymers, including higher values of water permeability at a similar % salt rejection.
Also, the bispenol A copolymer with a 30% D.S. had a higher water permeability than the
biphenol copolymewith a 30% D.S., even though thephenol copolymers had higher |.E.C.
values at the same D.S. It was hypothesized that the tetrahedral isopropylidene gheup in t
backbone ofthe bisphenol Acomponentcreated a kink in the structure, lowered the polymer
density, and increased free volume.

The 15, 20 and 25%isulfonated hydroquinorleasedcopolymers also demonstrated the
trend of increased water permeabilityhagher levels ofdisulfonation. Surprisinglyhowever,
the salt rejection also increased at higher levels. Thedi®%ionated hydroquinone copolymer
(HQS-20) had transport properties in line with tdesulfonated lphenol anddisulfonated
bisphenol A esults. Comparatively, HQE had very poor transpgtopertiesand the HQS5
had excellent transport results. Further resemrebarranted to understand whether those very
different results are due to differing morphologi€ke other three films ithe series, HQSO,
HQS35 and HQ$A0 are currently being tested in Texas and will aid in the understanding of
these results. These films are expected to follow the trend of decreasing salt rejection and

increasing water permeability.
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Figure 5.8 Salt rgection and water permeability comparison between HQS, BPS and BisA copolymers
Selectivity and pure water permeability of HQS copolymers
Salt rejection and hydraulic water permeability are often quoted in the literatuteebert
are notsolely material properties because they depend on applied pressure and other testing
conditions. Therefore, it was also useful to examine the transport propertiesdafulifienated
hydroquinonebasedcopolymers by fundamental measurements such as diffusive waterltand sa
permeability,P,, and Ps (cm?/s). These measurements did not vary with crossflow operating

conditions and were also used to calculate the selectivity of the menfBcragion 5.4). This
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measured separation efficiency and also did not depend on ogeratiditions. Similar to salt

rejection, high values of selectiviggemost desirable ia separation process.

Equation 5.4: Uys= — = *

Together, selectivity and diffusive water permeability were used to plot the intrinsic membrane
properties of a material and were used to construct tipperd tradeoff plots for reverse
osmosis membrasé’ These properties are plotted in Figure 5.9, along with other linear
disulfonated bisphendlasedcopolymers, the statef-the-art aromatic polyamide, and several
other reverse osmosis membranes.

The fundamental transport results were similar to the galttren vs. water permeability
comparison. The HQ$5 and HQS20 materials were similar to othdisulfonated polysulfone
random copolymersbut HQS25 had improved transport propertieslative to any of the
disulfonated polysulfore The HQS25 copolyner approached the upper bound, the black line
on the figure, which has been considered the limit of transport properties obtainable for-solution
diffusion membranes in reverse osmosis. The 2Q®roved to be the best linedisulfonated
polysulfone copolymer that we have prepared to ddte water purification by achieving
selectivity values a magnitude greater than @inyre othercopolymersat similar levels of water
permeability. The trend of increasing selectivity and permeability with higher lefels
sulfonationwill be better understood with further research in this.arddhe HQS30, HQS35
and HQ3S40 are currently being tested in Texas and will soon become incorporated into this
figure, hopefully leading to increased understanding of the toamhgmoperties of these
materials. Thealisulfonated hydroquinorlkeasedcopolymers are also excellent candid&tas

crosslinking reactionas describeth Chapters 3 and 4.
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5.5. Conclusions

In this paper, a series of high molecular weigtitermally stable, ductile slilfonated
hydroquinonebased polysulfoneopolymers werelesigned andgynthesized for use as water
purification membranes. The copolymers vamgdely in hydrophilicity, which was aatrolled
by targeting incrementally higher degreedulfonation. The water purification properties of

the copolymers were analyzed by crossflow filtration, which surprisingly showed that both salt
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rejection and water permeability increased at higbeels ofdisulfonation. One membrane
based on a 25%dlisulfonated hydroquinonleased copolymer was found to havewater

purification properties superior to any previously repodisdlfonated polysulfone.
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6.1. Abstract

Amorphous, high glass transition, crosslinkable poly(arylene ether)s for gas purification
membranes have been synthesized. The polymers include a moiety capable of several oxidation
reactions and UV crosslinking. Structural identification wasfiomed by *H-NMR and IR
spectroscopy and molecular weights were determinedizgy exclusion chromatographyhe
polymers were subjected to oxidation under two different condjtmms by chemical treatment
using Oxone and KBr and one by elevated thertredtment in air.Differential scanning
calorimetrey and thermogravimetric analysisvere used for thermal characterization, and
thermogravimetric analysisH-NMR andattenuated total reflectance fourier transform infrared
spectroscopyevealed the progss of the thermal oxidation reactions. Both polymers produced

tough, ductile films and gas transport properties of the-anosslinked linear polymers and
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crosslinked polymer are compared. The [@@rmeability of one exemplary namosslinked
poly(arylene ther) was 2.8 Barrer, with an,, selectivity of 5.4. Following UV crosslinking,

the Q permeability decreased to 1.8 Barrer, and thi®&selectivity increased to 6.2.
6.2. Introduction

Polymeric membranes are important for the separation of gasesariety of industrial
applications. Several excellent reviews have detailed industrial gas separatidoging the
removal of carbon dioxide from natural dasitrogen enrichment from airhydrogen recovery
and a variety of smaller membrane markétShese reiews also discuss some of the challenges
associated with gas separation membranes such as achieving higher selectivity to provide higher
purity products at high yield and making membranes more robust to harsh operating conditions
and resistant to plastmation.

Transport of gases in dense polymeric membranes is based on the siiftugaon
model; the permeability of a gas across the membrane is the product of diffusion and solubility
coefficients®>® One measure of the ability of a membrane to sepangé af gases is the ratio of
the permeability coefficient of the more permeable gas to that of the less permeable gas, known
as selectivity. The selectivity may be further separated into the product of solubility selectivity
and diffusivity selectivity,the latter generally being the dominant factor controlling overall
selectivity of glassy polymefsGas difusion is very sensitive to the size of the diffusing gases
and the availability of free volume within the polymer membrzha. desirable gas separation
membrane exhibits both high permeability and selectivity; however, an inherentotfade
relationship between these two properties has been identified. Membranes with high gas

permeability typically have loer selectivity, and vicgersa. This observation led to the
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