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ABSTRACT

Alkaline fuel cells (AFCs) using anion exchange rheames (AEMs) as electrolyte have
recently received considerable attention. AFCsro$ieme advantages over proton exchange
membrane fuel cells, including the potential of smmble metal (e.g. nickel, silver) catalyst on
the cathode, which can dramatically lower the ftedl cost. The main drawback of traditional
AFCs is the use of liquid electrolyte (e.g. aquepotassium hydroxide), which can result in the
formation of carbonate precipitates by reactiorhweiarbon dioxide. AEMs with tethered cations

can overcome the precipitates formed in traditigxiaCs.

Our current research focuses on developing diffepatymer systems (blend, block,
grafted, and crosslinked polymers) in order to usided alkaline fuel cell membrane in many
aspects and design optimized anion exchange mestranth better alkaline stability,
mechanical integrity and ionic conductivity. A nuenlof distinct materials have been produced
and characterized. A polymer blend system comprisédpoly(vinylbenzyl chloride)-b-
polystyrene (PVBC-b-PS) diblock copolymer, prepabsdnitroxide mediated polymerization
(NMP), with poly(2,6-dimethyl-1,4-phenylene oxid@®PO) or brominated PPO was studied for
conversion into a blend membrane for AEM. The fdraraof a miscible blend matrix improved
mechanical properties while maintaining high iosmnductivity through formation of phase
separated ionic domains. Using anionic polymerirgta polyethylene based block copolymer
was designed where the polyethylene-based blockolpmer formed bicontinuous
morphological structures to enhance the hydroxatelactivity (up to 94 mS/cm at 80 °C) while
excellent mechanical properties (strain up to 205%b)the polyethylene block copolymer

membrane was observed. A polymer system was deseyme characterized with monomethoxy



polyethylene glycol (MPEG) as a hydrophilic polyngeafted through substitution of pendent
benzyl chloride groups of a PVBC-b-PS. The incoapion of the hydrophilic polymer allows

for an investigation of the effect of hydration immic conductivity, resulting in the increase in
membrane water affinity, enhancement of condugtiaid reduced dependence of conductivity
on relative humidity. A study of crosslinking ofdsk copolymers was done wherein the
crosslinking occurs in the non-matrix phase in orge maintain mechanical properties. The
formation of a cationic crosslinked structure imp® the mechanical integrity of the membrane

in water while showing little deleterious effect immic conductivity and mechanical properties.
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CHAPTER 1INTRODUCTION AND BACKGROUND

1.1 Introduction

Over the last few decades, the demand for alteesto produce clean and efficient
energy has dramatically increased. The limitedlakdity of fossil fuels, including coal, oil, and
natural gas, provides only a short-term solutiarefeergy. Environmental concerns of reducing
greenhouse gas emission and air pollution alsovenatithe development of renewable energy.
On top of this, the incorporation of renewable on4polluting sources in current energy
production becomes unavoidable based on an enecgyity point of view. Currently, a variety
of renewable energy solutions are being developexigh using solar, wind, and biofuels to
produce clean energies. However, current technedognnot completely replace fossil fuels

and research in all areas of renewable energynsdded.

Among the various methods to solve energy issues cklls offer a promising solution
for application in transportation, stationary powaard portable devices.[1-6] This technology
enables the direct conversion of energy from fugts electrical energy at high efficiency, as
fuel cells convert energy electrochemically andrasesubject to the limitations of Carnot’s
cycle. A fuel cell is able to use the fuel fromeaewable source (such as hydrogen) to generate
zero emissions with only water and heat as byprisdueducing greenhouse gas emissions and
other pollution. Unlike a battery, a fuel cell does require recharging as long as the fuel is
supplied and it provides much longer operating tihan batteries because of the higher energy

density and lighter weight than an equivalent bgtsgstem.



However, high cost, low durability, and other ereginng issues are preventing fuel cell
from broad application. The electrolyte is onel@ main components in a fuel cell. It separates
the fuel from the electrodes and selectively transpions between the electrodes to complete a
circuit. A solid-state electrolyte (polymer membears the preferred electrolyte for use in
current fuel cells. In order to enhance the perforoe, extend the lifetime, and lower the cost of
fuel cells, a polymer membrane electrolyte hasaosspss distinct properties. The desired
polymer electrolyte needs to be an electron ineukand efficient ionic conductor. The
membrane must also possess high chemical, themdahachanical stability under the fuel cell
operating conditions. Last, but not the least,ide@l polymer membrane material needs to be

inexpensive to lower the overall cost of a fuel.cel

Fuel cells can be classified into three types déimgnon their operation temperatures.
One is the high temperature fuel cells, which casgpthe solid oxide fuel cell (SOFC) and
molten carbonate fuel cells. Phosphoric acid fedl(®AFC) is another type of fuel cell that
usually operates at intermediate temperature. Ter onain type is the low temperature fuel
cells including proton exchange membrane fuel @#MFC) and alkaline fuel cell (AFC) with
operation temperature usually lower than 120 °@[Rolymer membrane can be incorporated
in the low temperature fuel cells as electrolytd #ns review focuses on polymer membrane

materials for AFC application.

1.2  Alkaline Fuel Cells

The AFC is the first fuel cell technology to be kg toward practical applications in the

20" century. In the 1950s, NASA began to use AFCsfarcecraft and equipped the Gemini



and Apollo spaceships with this technology.[8]Hie AFC, fuel is oxidized on the anode and
generates the electrons to flow through the exteinzuit, whereas electrons reduce the oxygen

on the cathode, where hydroxide ions are produnddcanduct from cathode to anode (Figure

1.1).

Load T-
H2 —_— S C)2

v
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Electrolyte

Figure 1.1 Scheme of a hydrogen fueled alkalirg ¢ell.

The overall hydrogen fueled AFC reactions are givgn

Anode reaction 2H, + 40H  — 4H,0 + 4¢

Cathode reawti 0, +2H,0 + 4¢” — 40H

Overall raaat 2H,+ 0, — 2H,0

AFCs offers many advantages over proton exchangelramne fuel cells (PEMFCs)
resulting in the popularity of AFCs in the US spacegram.[8-11] The primary benefit AFC
offered over PEMFC is better electrochemical kiceetn the anode and cathode under the

alkaline environment, which results in the abitibyuse non-precious metal catalyst in this type



of fuel cell to reduce the total costs.[12-15] AR@usually operates at relatively low
temperature (roughly 60 °C),[11] offering a low@spibility of thermal and chemical

degradation.

1.2.1 Traditional Alkaline Fuel Cell

Although AFCs offers several benefits, the tradiibAFC commonly uses aqueous
potassium hydroxide (KOH) as electrolyte,[9, 16]iethresults in several drawbacks for AFC
technology that prohibit extensive application they than space applications. The main
drawback associated with the aqueous KOH electaadythe precipitation of potassium
carbonate that can form by reaction with carboxid® impurities in the fuel and air.[17, 18]

The carbon dioxide in the air or fuel reacts wiglaltoxide to decrease the number of hydroxide
ions available for reaction at the anode, thuscedpthe fuel cell performance. Furthermore, the
formation of a metal carbonate can result in aiprete that blocks pores in the electrodes,

resulting in a further decrease in AFC performg@el]

Another disadvantage of traditional AFC is relatethe use of caustic liquid electrolyte.
Corrosion management is a problem during the ojperaecause the electrolyte can degrade
most materials. Fuel cell materials that come mact with the electrolyte need to be highly
alkaline stable, which also leads to higher cose amount of liquid electrolyte also affects the
performance, as the electrode can suffer from drgiure to the lack of liquid electrolyte, while

excess of liquid electrolyte can lead to the flogdof the electrode.



1.2.2 Anion Exchange Membrane Fuel Cell (AEMFC)

Anion exchange membranes have been known for dedadeater treatment
applications such as electrodialysis,[19-21] baera research has been directed toward making
solid polymer electrolytes for AFCs to overcome iggies in traditional liquid electrolyte
AFCs.[8, 11, 22] The anion exchange membrane sawesectrolyte and has less sensitivity to
carbon dioxide compared to aqueous KOH due toltkerece of free cation in the polymer
membrane. As a result, the anion exchange memiprahéits the carbonate precipitation
problem while still maintaining many other advara@f the AFC. Although hydroxide ions are
still present in the anion exchange membrane feik{BEMFC), this technology does not have
the same corrosion and leakage problems. AEMFC$a$ disadvantages compared to
PEMFCs. The ion conducted in AEMFC is hydroxidejclihis a larger ion than a proton and
results in slower ion transport properties fromeardased mobility.[23] Another drawback of
AEMFC is its high dependence of ionic conductivaty environmental humidity, which also

limits its wide application.[24]

Overall fuel cell performance can be influencedimny factors, and the anion exchange
membrane in AEMFCs is one core component. To ez, the polymer membrane must
possess certain desired properties that are didgdtied to the fuel cell performance. Foremost,
the cationic functional group for hydroxide condastmust be thermally and chemically stable
under the AFC operating conditions. It is requitieakt the polymer backbone has adequate
mechanical, thermal, and chemical stability to reammembrane durability under the alkaline
conditions. Another important requirement is highic conductivity, since the main role of
polymer electrolyte is to transport hydroxide froathode to anode. The ionic conductivity must

be high under different temperature and humidityditions and should not vary. Moreover, the



anion exchange membrane should work as a barrgetent electron conduction and fuel
crossover in the membrane. Additionally, low cdsthe membrane preparation and fabrication

is also desired.

A wide range of cationic functional groups and poy backbones have been studied as
anion exchange membranes, and extensive revieasi@i exchange membrane materials are
available.[8-11, 22, 25] A few of the importantsdas of polymer electrolytes studied for use in

anion exchange membrane fuel cells (AEMFC) areeieed here as background information.

1.2.2.1Polymer Membranes based on Quaternary Ammonium Catin

Functionalization of a polymer backbone with a @uaéry ammonium group is the
simplest and most widely studied way to introdud¢ethered cationic group to form an anion
exchange membrane. Among the different types afegnary ammonium cations,
benzyltrimethylammonium [BTMA] is one of the mostduently studied due to the absence of a
B-hydrogen in the chemical structure leading to @enate thermal and chemical stability.[26-29]
More prominently, the functionalization of a polynahain with a [BTMA] cation is relatively
straightforward through substitution of a penddrnibmbenzyl group with trimethylamine. The
substitution can be done on many different polyntieas are functionalized with a chlorobenzyl
group, therefore a wide variety of polymer backlsocan be studied. Examples of different

polymer systems are presented below.

Polystyrene is a readily synthesized material ifvabnsidered to be stable in alkaline
conditions leading toward its study in alkalineanexchange membranes. In addition,

polystyrene can be incorporated with a varietyunictional groups to obtain desired membranes.



The majority of polystyrene based membranes has@porated quaternary ammonium cation
functional groups to conduct hydroxide. Many reskaroups have taken advantage of this

versatile platform to produce various materialsaoion exchange membranes.[24, 30-42]

Some early polystyrene based anion exchange mesthveere prepared from styrene
and divinylbenzene polymer networks. The membrarabtained by copolymerization of both
monomers, followed by chloromethylation and thearniraethylamine quaternization reaction.[30]
These membranes exhibited high electrical resistammwever, the brittle nature of polystyrene

materials cannot be ignored.

In order to enhance the mechanical propertiesyo¢isé-based anion exchange
membranes, Zeng, Chen and coworkers prepared an excthange membrane based on
commercially available polystyrene-poly(ethylenebrdylene)-polystyrene (SEBS)
copolymer.[37, 42] Chloromethylation of the polystiye block and trimethylamine
guaternization were subsequently performed onpbligmer (Figure 1.2). Instead of using
highly carcinogenic chloromethyl methyl ether, esscéormaldehyde and hydrochloric acid gas
were used as chloromethylating reagents.[37] Thalonane displayed relatively low hydroxide
conductivity on the order of 9.37 mS/cm at 80 °@hva low ion exchange capacity (IEC) of 0.3
meqg/g and water uptake (12%). Sangeetha and corgargeorted a similar anion exchange
membrane modified through a similar synthetic sggf[38] but after the chloromethylation
reaction the polymer was quaternized with triethylee. The obtained membranes were reported
to be flexible, and thermally and mechanically &albhe IECs exhibited a linear relationship
with hydroxide conductivity and water uptake. Howeuwhe hydroxide conductivity was only

0.69 mS/cm at room temperature for a polymer witheeC of 0.578 mmol/g.
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Figure 1.2 Chloromethylation, quaternization, aficlization reaction of SEBS.

Vinylbenzyl chloride is a styrene derivative monaroentaining the benzyl chloride
functional group, which can be readily convertedtmmonium groups by reaction with tertiary
amine reagent without a chloromethylation stepy@®alylbenzyl chloride) was radiation

grafted into fluorinated or partially fluorinatedlgmer membranes to prepare an anion exchange



membrane and the properties were extensively stunigesearchers at the University of Surrey
(Figure 1.3).[24, 31, 32, 34, 35] In their earlydies, vinylbenzyl chloride was grafted onto
partially fluorinated films of poly(vinylidene fluale) (PVDF) and fully fluorinated films of
poly(tetrafluoroethene-cohexafluoropropylene) (FEMpwed by quaternization and
alkalization to prepare anion exchange membrang33134] Degradation was observed in
anion exchange membranes prepared by PVDF, whathlpts this type of membrane for fuel
cell application. Nonetheless, FEP film based aexechange membranes exhibited desired
performance in structural stability and hydroxi@aductivity of 0.02 S/cm at room temperature.
The same graft and functionalization strategy wasied to poly(ethylene-co-
tetrafluoroethylene) (ETFE) film leading to a premg hydroxide conductivity of 0.034 S/cm at
50 °C in water.[24, 35] The ETFE based membranegige higher mechanical properties and
lower water uptake than FEP based anion exchang@maees due to a higher crystallinity of

ETFE compared to FEP

CH3)3/H20
i) radiation || ) HCI ( aq
iy KOH (aq)
n
_ ]
CHZCI SN ot
CHgCI CH,N(CHj)30H

Figure 1.3 The radiation grafting of vinylbenzylloride onto PVDF, FEP, AND ETFE
polymer films and followed by quaternization ankadization

Alternative to the grafting modification of commgccopolymer films, vinylbenzyl
chloride can be readily incorporated into a polym@&ckbone to synthesize copolymers with

other film forming materials. A polymer membraneswesigned based on poly(methyl



methacrylate-co-butyl acrylate-co-vinylbenzyl chdie) (PMBV) random copolymer to study the
alkaline fuel cell properties (Figure 1.4).[36] Témpolymer was quaternized by trimethylamine
in DMF and an anion exchange membrane was preframdhe amphiphilic material.

Changing the amount of vinylbenzyl chloride in topolymer varied the ultimate IEC obtained
in the membranes. The methyl methacrylate and lawtylate provide the membrane with high
mechanical stability and flexibility, although th#éaline stability of the ester groups is expected
to be quite low. The increased conductivity is asgted with the increase in IEC, however, the
guaternized membrane with best hydroxide condugt(i3.5 mS/cm in fully hydrated

conditions) shows incredibly high water uptake 89%.

N(CHgz)3/H,0 film cast

» P

DMF

Figure 1.4 Quaternized membrane from poly(mettgthacrylate-co-butyl acrylate-co-
vinylbenzyl chloride)

Figure 1.5 Semi-interpenetrated polymer netwagrktosslinking reaction
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Although high water uptake is also associated Wigfn conductivity, the durability of
membranes can be dramatically decreased by exeesaier uptake and the formation of what
approximates a hydrogel. In order to solve thibpam, crosslinking steps are commonly
involved. It has also been shown that crosslinkanion exchange membranes can greatly
enhance the thermal stability and mechanical dlingdResearchers from the same group that
produced the PMVB polymers developed a semi-integprated network (s-IPN) based on
poly(methyl methacrylate-co-vinylbenzyl chlorid®MV) random copolymer by polymerization
of divinylbenzene in the presence of quaternized/Rdlution. The resulting membrane
eliminated the butyl acrylate in the copolymer amzbrporated crosslinks in the membrane
(Figure 1.5).[41] The obtained anion exchange memg 10 wt% DVB crosslinker of the
guaternized PMV membrane) displayed much lower magttake (63.1%) compared to the non-
crosslinked membrane (PMBV based membrane). A dityaiest under actual fuel cell
conditions demonstrated the positive effect on raeal properties from the formation of
crosslinking and removal of butyl acrylate. The @octivity of the crosslinked membrane was

determined to be lower than the non-crosslinkedivar although still on the order of 1&/cm.

Polysulfones are a class of poly(aryl ether) matethat have been widely studied for
use in nanofiltration,[43-45] gas separation,[4H, @d PEMFC.[48, 49] Because of their
generally good properties and their ready capghiit functionalization to introduce cationic
groups, a large number of poly(aryl ether) basedra@xchange membranes have been
developed for potential application in AEMFCs.[38;58]. The high alkaline stability of
polysulfone has been demonstrated by soaking tlyengo in 40% NaOH at 70-80 °C for 300
hours, where no degradation was observed.[59] Biftyses are commonly modified by

chloromethylation, followed by quaternization telg benzyltrimethylammonium groups.
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Hibbs and coworkers copolymerized bisphenol wi{dichlorodiphenyl) sulfone by
nucleophilic aromatic substitution polymerizati@nform a polymer precursor. The obtained
polymer was chloromethylated and solvent cast épgmre a membrane. Quaternization with
trimethylamine and alkalization were subsequengisigrmed on the membrane to yield an anion
exchange membrane in the hydroxide counterion {&igure 1.6).[23] The chloromethylation
reaction took place on the biphenol repeat unitstha IEC of the membrane was varied from
0.69 meq/g to 1.89 meqg/g depending on the degré&eofionalization on the polymer backbone.
Increased conductivity was associated with an asgen IEC and in water uptake. The
membranes demonstrated hydroxide conductivity wgpfwoximately 35 mS/cm at 30 °C with a

water uptake of nearly 100%.

1o O-O-O+OT

CHsOCH,CI
ZnC|2

{o- - Q- OFOH-O-0O

CH,CI

O

R =H or CH,CI
i) membrane cast
i) N(CH3)3 (aq) iiiy NaOH (aq)

%O:z@%"@

CH,N(CHa)sOH
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Figure 1.6 Post-modification of polysulfone byarbmethylation, quaternization, and
alkalization
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Bisphenol A copolymerized polysulfone was also pred as anion exchange membrane
by a similar post-modification method. The chlordinyéation reaction was studied to optimize
the extent of chloromethyl group functionalizatiand it was found that the degree of chloro-
methylation is a function of temperature and tif&][Instead of only using trimethylamine as
guaternization reagent, other tertiary aminestftylamine, dimethylethylamine, dimethyl-
isopropylamine, and tetramethylethylenediamine)ewadso incorporated into the study of the
guaternization reaction. The chloromethylated meméireacting with tetramethylethylene-
diamine (TMEDA, difunctional crosslinker) and broetbane produced highest hydroxide

conductivity (73 mS/cm at 90 °C) and measured ktylim alkaline conditions (Figure 1.7).[51]

Q Q
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Figure 1.7 TMEDA and bromoethane quaternizatiopabysulfone

Researchers at Georgia Institute of Technologyietuithe polysulfone anion exchange

membranes based on bisphenol AF (Figure 1.8), wirichide fluorenyl functionality in the
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polymer backbone to enhance the durability and reu@chl stability of fuel cell membrane.[53,
55, 58] In their early study, a high functionaldfyfammonium cations (as measured by IEC) in
their polymer membrane was achieved, which resufftedhigh carbonate conductivity of 63
mS/cm at 70 °C.[53] The higher IEC led to an inseem ionic conductivity, however, the high
IEC samples also resulted in a high water uptakdl@m membrane dimensional stability. More
recently, researchers from the same group develapedsslinked polysulfone to overcome the
high water uptake issue. An excess of bisphenolvAE designed to ensure phenol end
functional groups on polysulfone and an epoxy fiomztl group (tetraphenylol ethane glycidyl
ether) was introduced and used to crosslink thgsptfone.[55] The crosslinked structure
controlled the water uptake and swelling, and th&éewuptake decreased from 225% to 50%
going from the non-crosslinked membrane to thestimdsed material. However, the hydroxide
conductivity of the non-crosslinked membrane wamtbto be unstable in 1 M hydroxide

solution at 50 °C indicating the degradation oftguaary ammonium cation.

CFy CF, 0 CFs o
o~ )T )X o O
CFs CF3 o} m CF 0 h-m

R CH,CI

R = H or CH,CI

Figure 1.8 Bisphenol AF based polysulfone

As discussed above, the chloromethylation reac@mnmonly involves with the use of
highly carcinogenic chloromethyl methyl ether. Hiek and coworkers developed a less toxic
synthetic pathway by incorporating tetramethylbespdi A as a comonomer in a polysulfone
(Figure 1.9).[54] The benzyl methyl groups in tletymer enabled a bromination reaction using

N-bromosuccinimide to yield bromomethyl groups be polysulfone backbone. The
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guaternization reaction was performed by both lbgEmeous and homogeneous methods. The
membrane from heterogeneous amination displayegh&ihconductivity than the membrane
from the homogeneous method. The membrane in hiygkdarm was exposed to air to study
the carbon dioxide effect on membrane conductivitte membranes after 4 days of carbon
dioxide exposure reached a similar conductivitthesmembrane directly ion exchanged to

bicarbonate. A conductivity of 27 mS/cm was obtdife@ a membrane in bicarbonate form.
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Figure 1.9 Preparation of quaternary ammoniuroraekchange membrane based on
tetramethylbisphenol A polysulfone

Although the majority of synthetic procedures pregaenzyltrimethylammonium cations
through the amination with trimethylamine, altermatmethods to functionalize a polysulfone

have been examined. Benzylamine functionalizeglrpets can be synthesized using a
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benzyldimethylamine functionalized monomer and treactted with methyl iodide to form
guaternary ammonium cations in the polymer. (Fidui®).[52] The functionalized monomer
offered control over IEC and cationic group positan the polymer backbone. All membranes
showed conductivity on the order of 48/cm at room temperature and the highest hydroxide

conductivity reached 80 mS/cm.
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Figure 1.10 Anion exchange membrane by tertiarjnarfunctionalized bisphenol polysulfone

Poly(ether imide)s are another class of polymekbawe that has been used in numerous
application areas due to their high thermal, chahdod mechanical stability. The sequence of
Chloromethylation and subsequent trimethylamindemu&ation has also been used to convert

poly(ether imide)s to anion exchange membraneg0Aang and coworkers developed a
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poly(ether imide) based membrane through this m®¢€igure 1.11) but the hydroxide
conductivity was found to be low, ranging from 2t88.51 mS/cm. Moreover, the poly(ether
imide) are potentially susceptible to degradatinder alkaline conditions due to possible

hydrolysis of the imide group

0] 0]
o) +J L+/ O n
OoH N om

Figure 1.11 Poly(ether imide) for anion exchangemirane[60]

Polyethylene has been studies as membrane mdter/REM due to its good chemical
and mechanical stability as well as its ease ofgssing.[63-65] An anion exchange membrane
was produced by direct reaction on the polyethyleaekbone (Figure 1.12).[66] The
sulfonchlorination reaction was performed on a ptilylene film in the presence of sulfur
dioxide and chlorine. The diamine reagent was tgedbstitute the chloride and further
quaternized by bromomethane. Although the condiigtof this type of membrane was not
reported, the research provided a feasible methiofiihctionalization of polyethylene to

produce anion exchange membranes.

802 . \N/\/NH2
Cly o, X n-x
s~ — W - 0=5-0
n X nx NH

radiation 0=S=0 iiy CH3Br

Figure 1.12 Polyethylene derived anion exchangalonane
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Coates research group has reported several stutieslyolefin-based membranes,
which can be further hydrogenated to form polyethgl based anion exchange membranes.[67-
69] Polymer precursors were synthesized by ringnimgemetathesis polymerization (ROMP)
using the Grubbs’ second generation catalyst ddeetdigh tolerance of various functional
groups. A random copolymer was prepared from nowtfanalized cyclooctene and
tetraalkylammonium functionalized cyclooctene (Fey®.13).[68] The IEC varied with the
monomer feed ratio in the copolymerization. Theatmsated polymer precursors were
hydrogenated by hydrogen gas in the presence @iti€eds catalyst. The conductivity of
hydrogenated membranes reached 65 mS/cm at 50th@wIEC of 1.50 mmol/g and water

uptake of 132%.
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Figure 1.13 Polyethylene based anion exchange marab

A crosslinked polyethylene based anion exchangebremes were designed with
membranes reportedly prepared through the slowogaéipn during the polymerization. A
tetraalkylammonium-functionalized cross-linkersdthenzyltrimethyl-ammonium groups per
monomer) is synthesized to copolymerize with cyctene (Figure 1.14).[69] The membranes
retained high mechanical properties and conduss/af bromide, chloride, bicarbonate,
carbonate, and hydroxide forms were compared adcbkige exhibited the highest conductivity

among all counterions as expected. The crosslink@tbrane showed competitive hydroxide
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conductivity under hydrated condition, which reathe to 68.7 mS/cm at 20 °C and 111

mS/cm at 50 °C.

Figure 1.14 Crosslinked anion exchange membrarfarmtionalized monomer crosslinker

Poly(phenylene oxide) (PPO) is a high performamggreeering polymer with high
stability. More importantly, the availability of beyl methyl groups in PPO enable the post
functionalization by bromination. PPO based anixchange membranes have been widely
studied by Xu and coworkers.[70-82] The early wonkPPO based anion exchange membrane
focused on the bromination condition to control ihemine function position.[70] The
brominated materials were functionalized to catidanctional groups for different applications.
Anion exchange membranes were prepared by blemtiiogoacetylated PPO (CPPO) with
brominated PPO (BrPPO) to form a crosslinked ndtWligure 1.15).[76] After
functionalization by reaction with trimethylamirtee conductivity showed a proportional
relationship with IEC as well as the amount of BEIRFhe water uptake was controlled by the
extent of crosslinking reaction between chlorodogtyups and aromatic ring, and the extent of

crosslinking in the membrane was dependent onrtteuat of CPPO.
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Figure 1.15 Two crosslinking structures in BPP(POFblend membrane

Quaternary ammonium cations other than benzylthylaimmonium have also been
investigated in anion exchange membranes base®0n IRickner and coworkers synthesized a
series of quaternized PPO containing long alkyirchi@aternary ammonium cations (Figure
1.16).[82] PPO polymer was functionalized throughying degrees of bromination. A series of
BPPO polymers were quaternized by N,N-dimethylhaxyhe, N,N-dimethyldecylamine, and
N,N-dimethyl-hexadecylamine to compare with the BR&ninated by trimethylamine. The
membranes aminated by dimethylhexylamine exhililiechighest conductivity up to 43 mS/cm,
which is almost 2 times higher than the membrarik gimilar IEC in benzyltrimethyl-
ammonium cation. Quaternary ammonium cation wittglalkyl chains also showed higher
alkaline stability than the membranes in benzylétingylammonium cation although degradation
was reported for all membranes. Quaternized PP@smailtiple alkyl chains displayed
significantly lower water uptake due to the incexhlydrophobicity resulting from multiple

alkyl chains.
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Figure 1.16 Quaternized PPO containing (1) bemmdthylhexylammonium cation; (2)
benzyldimethyldecyl ammonium cation; and (3) bedaykthylhexadecylammonium cation

Figure 1.17 Poly(phenylene) based anion excharegebrane

Poly(phenylene) polymer has not been widely stutbe@nion exchange membrane fuel
cell, however, researchers in Sandia National lyalthesized poly(phenylene) based anion
exchange membranes through Diels-Alder reactiogufiei 1.17).[83] Various tetramethyl-
poly(phenylene) homopolymers and copolymers weepamed and functionalized to yield a
range of IECs. The repeat unit with benzyl methglups could undergo bromination by reaction
with N-bromosuccinimide initiated by benzoyl perdei The resulting bromomethyl groups

were subsequently aminated by trimethylamine. Teenbranes had water uptakes that range
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from 23 to 122% with hydroxide conductivity up t@ 81S/cm in water. In addition, the alkaline
stability was studied on poly(phenylene) basedraeixchange membrane indicating the material

is alkaline stable in 4M NaOH at 60 °C.

Anion exchange membranes containing alkyl spacers &iso prepared by Friedel—
Crafts acylation of 6-bromo-1-hexanoyl chloridetba poly(phenylene) backbone materials
(Figure 1.18).[84] The chloride conductivity of meranes with a six-carbon side chain reached
17 mS/cm. The quaternized membrane containing anumocations with alkyl side chains was
exposed to 4 M KOH at 90 °C for 14 days and noceatble degradation was observed. The
alkaline stability of these membrane displayed iwwpd results compared to the

poly(phenylene) membrane tethered by other catiotise same test condition.

Figure 1.18 Quaternary ammonium cations contaisirgarbon side chain

1.2.2.2Polymer Membranes based on Other Cations

In addition to quaternary ammonium cations, otfaions have also been incorporated to
produce anion exchange membranes for fuel cellat€puary phosphonium cations have

demonstrated good ion conduction properties ani $tigbility in alkaline conditions. Yan and
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coworkers developed a tris(2,4,6-trimethoxyphepidsphine to tether to a bisphenol A
polysulfone,[85, 86] through chloromethylation adoro substitution with the phosphine. The
trimethoxy groups were proposed in this study twease the stability by reducing the attack by
the hydroxide ion. The quaternary phosphonium mamdproduced a high ionic conductivity
and good fuel cell performance. The conductivitg arater uptake were also proportional to
IEC in the phosphonium-based membrane. The hidtyelsoxide conductivity reached 45

mS/cm at 20 °C in water.

The tris(2,4,6-trimethoxyphenyl) phosphine functibred polysulfone was also reacted
with benzyl chloride functional polysulfone to prax self-crosslinking structures at relatively
low temperature (Figure 1.19).[87] The crosslinkaeimbrane efficiently reduced the water
uptake while mostly retaining hydroxide conducinatf 38 mS/cm under fully hydrated

condition at 20 °C.
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Figure 1.19 Quaternary tris(2,4,6-trimethoxyphgmylosphonium cation based anion exchange
membrane
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Another type of phosphonium cation, tetrakis(diédkyino)phosphonium cation, was
attached to cyclooctene to prepare polyethylenedarsion exchange membrane by the Coates
research group (Figure 1.20).[88] The alkaline itgtof tetrakis(dialkylamino)-phosphonium
model compound was evaluated and directly compargdbenzyltrimethyl-ammonium cations.
The membrane tethered by tetrakis(dialkylamino)phosium displayed superior alkaline
stability in 15 M KOH at 22 °C and 1 M KOH at 80.°8lthough the cation synthesis required
multiple steps, the membrane produced good hydeoxashductivity of 22 mS/cm at 22 °C and

high alkaline stability.

Figure 1.20 Tetrakis(dialkylamino)phosphonium fiimealized polyethylene membrane

Guanidinium cation has also been used in anionangd membrane with speculation
that the high basicity can effectively conduct loydde ion. Wang and coworkers incorporated
guanidinium cation onto biphenol polysulfone baakband the membranes showed high
hydroxide conductivity of 45 mS/cm at 20 °C andn78/cm at 60 °C at an IEC of 1.89 meq/g
(Figure 1.21a).[89] More recently, Xu and coworkieisorporated guanidinium cation onto PPO
to produce guanidinium PPO (GPPO) membrane in dodstudy the properties. The GPPO
membrane displayed extraordinary hydroxide conditgtof 71 mS/cm at room temperature
(Figure 1.21b).[90] The study proposed good chehsiedility of the guanidinium cation in

hydroxide solution for a short duration (1 M NaO#68a °C over 48 hr). Hibbs and coworkers
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also studied the alkaline stability of quaternamgugdinium caition tethered on poly(phenylene)
(PMGTMPP) membrane. The PMGTMPP membrane exhilbm@dstability under basic

conditions and the ionic conductivity largely dexsed after only 24 hours in 4 M KOH at

90 °C.[84]
O
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Figure 1.21 Guanidinium functionalized (a) polysuk and (b) poly(phenylene oxide)

Imidazolium has also been employed in anion exchangmbranes as a hydroxide
conducting group. Imidazolium can be either pregpamehe polymer backbone as poly-
benzimidazolium or as pendent cationic group tetth@nto the polymer backbone. Poly-
benzimidazole was methylated to generate the cétioetional polymer and produce anion
exchange membrane (Figure 1.22a).[91-93] Howelierpbor stability of polybenzimidazolium
in alkaline condition has impeded application. Bhmilar unstable behavior of imidazolium in
alkaline condition was also observed in poly(pheng) based polymer membrane. The
hydroxide conductivity of imidazolium membrane dEased by almost 60% after one day
soaking in 4 M KOH solution at 90 °C. In order tziiease the alkaline stability of
polybenzimidazolium, adjacent bulky groups werdgtesd in polybenzimidazole synthesis

(Figure 1.22a). The improved membrane showed hydieoconductivity of 13.2 mS/cm while
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possessing increased alkaline stability, which @@olrrespond to the steric hindrance to

hydroxide nucleophilic attack.

Recently, a pendent imidazolium functionalized meank was prepared based on
tetramethylbisphenol A polysulfone block copolyn(feigure 1.22b).[94] The polysulfone
polymer was brominated and then functionalized witldazolium homogeneously. The
membrane with an IEC of 1.45 meqg/g exhibited higtirbxide conductivity of 100 mS/cm at
80 °C with a reasonable water uptake. The alkaiability was also investigated with only a
slight decrease in hydroxide conductivity obseratdr immersing in 2 M NaOH solution at

60 °C for 7 days.
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Figure 1.22 Imidazolium functionalized anion exaoha membrane

Numerous synthetic strategies have been employsyghtbesize cationic functional
groups and polymer backbones for potential apptinads anion exchange membrane fuel cells.
While various cationic functional groups and polyrhackbones can be selected, enhanced ionic
conductivity commonly associates with increasecewaptake, correlating to the increase in IEC.

However, the high water uptake results in undekralwelling leading to poor mechanical
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integrity of the membrane in water or fuel. Therefat is necessary to balance the relationship

between membrane ionic conductivity and mechampiegbrmance.

Although benzyltrimethylammonium cation is not thest stable cation for alkaline fuel
cell application, the relative ease of synthest @rceptable ion conducting properties make the
benzyltrimethylammonium popular in anion exchangamrane research. Improved cationic
functional groups still need to be investigatedider to produce highly conductive materials

with improved thermal, and chemical stability thgbua facile synthetic pathway.

1.3 Phase Separated Materials

Research has demonstrated that the ionic condiyotivpolymer electrolyte can be
enhanced by the formation of conduction pathwayk@émembrane through the formation of
phase-separated morphology.[25, 95-97] The anichange membrane comprises hydrophilic
ionic conduction component and a hydrophobic corepgrwhere the two parts are not
compatible with each other leading to potentialgghseparated morphology. Additionally, the
balance between membrane ionic conductivity anchan@cal stability in water is paramount,
therefore, the control of phase separation in aaiahange membrane needs to be taken into
account to optimize this balance. Most of the reggbresearch on anion exchange membranes
deals with random copolymers and the cationic fonei groups are randomly distributed
through the polymer, which limits microphase sepangbetween hydrophilic and hydrophobic
portions. Polymer materials with ordered phase rségad morphologies or with the potential for

forming ordered phase separation will be preseintéige following content.
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1.3.1 Perfluorinated Polymer

In the research of Nafion™ as proton exchange manghmphase separation behavior has
been extensively investigated.[95, 96] The hydrbpkide chains constitute the ionic
conducting channel while the hydrophobic perfluatad backbone forms the mechanical
component of the membrane material. Although Naifsoa proton exchange membrane material,
the material concept provides an example of cdimgbr manipulating the phase separation in

anion exchange membrane to enhance ion exchangénameenproperties.
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Figure 1.23 Quaternized piperazinium functionaliperfluorinated anion exchange membrane
based on Nafion™

Recently, Nafion™ based materials were convertexhton exchange membranes in
order to take the advantage of the outstanding memelperformance, and the modified ionomer
is expected to provide phase separation behavaL(®] A Nafion™ based membrane was
functionalized by dimethylpiperazine cations and éxchanged to hydroxide (Figure
1.23).[100] The cationic modified Nafion™ membrameboth fluoride and hydroxide forms

show an ionic peak in small angle x-ray scatte(®8§XS), which is attributed to the ordered
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phase separation in membrane. However, the Nafiorodified anion exchange membrane
displays lower hydroxide conductivity than chloridee to the neutralization of hydroxide by

carbon dioxide, or more likely the instability diet resulting cation to a nucleophilic hydroxide.

1.3.2 Multi-block Copolymers

Nucleophilic aromatic substitution polymerizatioashbeen employed to synthesize
multi-block polysulfone copolymers to investigate imembrane properties and their phase
separation behavior.[56, 57] A series of mutiblpokymer membranes containing hydrophobic
polysulfone block and quaternary ammonium functiized hydrophilic block were designed by
Watanabe and coworkers.[56] In this work,'43luorenylidene)diphenol was copolymerized
in the polymer for subsequent chloromethylation trecapacity to incorporate a greater
number of cationic functional groups. The phasasspn between hydrophobic and
hydrophilic components was confirmed in the muttdd membrane by scanning transmission
electron microscopy (STEM) in Figure 1.24. The cooonductivity of multiblock membrane
outperformed the corresponding random membranbascterized by electrochemical
impedance spectroscopy. The multiblock membrankibiéed hydroxide conductivity up to 144

mS/cm at 80 °C in water.
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Figure 1.24 STEM images of (a) random copolymer @) multiblock copolymer
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1.3.3 Block Copolymers

The phase separation behavior of block copolyméistwo chemically incompatibl
blocks has been investigated,[291, 102] and the major morplogies are shown in Figu
1.25.[103]The lamellar (a), gyroidal (b), and cylindrical morphologies arouse the mq
interests in the anion exchange membrane desigtodheir continuous structures that «
provide continuous ionic conduction pathways. Thase separated block copolymer can le¢
a tunable morphology and domain by colling the relative composition of the two blocl
Controlled block copolymers can be synthesized bgraety of polymerization techniqu
including living ionic polymerizations and contredl radical polymerizationAs a result
research has been recgrdirected toward the design of anion exchange mends witl
controlled phase separated morphology that couleinpially lead to favorable ionic transp

and high conductivity.

Figure 1.25Morphology illustration of block copolym
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Controlled phase separation behavior was achievadion exchange membranes based
on imidazolium functionalized polystyrene-b-polyyibenzyl chloride (PS-b-PVBC)
synthesized by nitroxide mediated polymerizatiod4[IWell-defined morphologies of anion
exchange membrane were obtained by annealing latémngperature after film formation. Small
angel X-ray scattering (SAXS) and transmissiontedecmicroscopy confirmed the formation of
hexagonal cylinder and cylinder + lamella coexgptinorphologies in membranes prepared by
solvent casting and melt casting (Figure 1.26). ddreductivity comparison was performed
between cylindrical sample, lamellar sample, amdctrresponding homopolymer
(polyvinylbenzylhexyl-imidazolium bis(trifluoromeéime-sulfonyl)imide) samples. The
conductivity of membranes with lamellar morpholaigplayed approximately 10-fold higher

values than a cylindrical sample and 5 times lalvan corresponding homopolymer.

Figure 1.26 TEM images of (a) cylinders + lameliiase coexistence by solvent casting; (b)
cylinders + lamellae phase coexistence by meltrggisind (c) hexagonally packed cylindrical
phase by melt casting

A similar polymer system, polystyrene-b-poly(vingtizyltrimethylammonium
hydroxide) (PS-b-P[VBTMA][OH]) block copolymers, warepared by atom transfer radical
polymerization (ATRP) using benzyltrimethylammonidumctionalized monomer in the

Coughlin research group.[105] The controlled prsegmration was also observed in this set of
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polymers, and the spherical, cylindrical, and ldarehorphologies were confirmed by SAXS in
Figure 1.27. The conductivity of materials showedrsy dependence on IEC, temperature and
relative humidity, similar to the dependence obsdmn random copolymer based anion

exchange membranes.
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Figure 1.27 SAXS profiles of PS-b-P[VBTMA][OH] latk copolymers

The Winey and Elabd research groups investigateeffiect of block copolymer and its
corresponding random copolymer on ion conductirmgperties. Block copolymer consisting of
methyl methacrylate as membrane formation blocklaf@tmethacryloyloxy)ethyl-3-
butylimidazolium hydroxide as ion conduction blogkre synthesized (Figure 1.28).[106] The
block copolymer precursor was synthesized by réveraddition-fragmentation chain transfer
(RAFT) polymerization using imidazolium functionaéd monomer.[107] Although the ester
groups in the polymer could potentially degradearradkaline conditions, this study
investigated the membrane properties between ldopklymer and random copolymer with the
same IEC. The block copolymer displayed orderedpmalogy while random copolymers were
featureless in the SAXS profile indicating no oetephase separation. The volume fraction of
ionic block was tuned by varying the humidity, whnieads to changes in morphology. The

hydroxide conductivity (25 mS/cm at 80 °C and 903midity) of block copolymer exhibited
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one order of magnitude higher value than the randopolymer with the same IEC, which

further implies the importance of controlled phasparation on membrane ion transport

property.

Block Copolymer Random Copolymer
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Figure 1.28 Imidazolium functionalized block copmlker and random copolymer

Figure 1.29 Quaternary ammonium functionalized PPO

Another interesting block copolymer was synthesizased on PPO copolymers. 2,6-
dimethylphenol and 2,6-diphenylphenol monomers vpetgmerized to form PPO random and
block copolymer (Figure 1.29).[108] The block copokrs were functionalized by bromination
and followed by trimethylamine quaternization. B@nnethyl groups were functionalized to

various extents as bromomethyl groups. Althougbraered phase separation behavior was not

33



examined in this study, the block copolymer meménarmmduced much higher conductivity than
the random sample. The block copolymer membrane avitiEC of 1.27 meq/g reached highest

hydroxide conductivity of 84 mS/cm at 80 °C and 9&Jative humidity.

1.3.4 Anionic Polymerization for Block Copolymers

Living anionic polymerization of vinyl monomers \&ry useful for the formation of
block copolymers and functionalized polymers. Tlgiothe use of living anionic polymerization,
polymers can be synthesized with controlled mokcuveight, composition, and functional
groups.[109, 110] The use of living polymerizagoprovides for the design of polymers for

specific properties and applications.

Considerable interest in anionic polymerizationvofyl monomers has continued since
the 1950's when Michael Szwarc first demonstratedbienefits of a living polymerization. In a
living anionic polymerization, the reactive sitergists throughout the reaction so that no
termination or chain transfer occurs on the timkesad the reaction. Because there is no
termination, monomers can be polymerized sequéntialyield well-defined block copolymers.
In addition, the reactive sites can be readily teated with an electrophile to form
functionalized polymers. Additional living or coalled polymerization techniques have since
been developed, but the control afforded by theranipolymerization of vinyl monomers offers
significant advantages over the other polymeriratoethods. One advantage is that only
anionic polymerization can control the microstruetwf diene (e.g. isoprene, butadiene)
polymerizations. High 1,4-structured polydiene cée obtained by applying anionic

polymerization toward diene monomers in non-potdvents, and it is well known that only the
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1,4-structured polydienes leads to an elastomeapegsty. The 1,4-structured polydiene can be

further hydrogenated to produce semi-crystallinggtbylene material.

Although the exquisite control over block copolynsgnthesis offered by living anionic
polymerization is well understood, the block copoér as fuel cell membrane prepared by living
anionic polymerization has not been investigatethéobest of our knowledge. Therefore, living
anionic polymerization is designed in this thesis grovide a unique technique for the
preparation of anion exchange membranes with clbedrochemical structures and phase

separated morphologies.

1.4 Conclusion

Fuel cells are provide a potentially sustainable emergy efficient technology for future
clean energy solution. Alkaline fuel cells havengal renewed interest since its alkaline
operating environment and resulting kinetics off@rious advantages over proton exchange
membrane fuel cell, including the ability of rungialkaline fuel cells with non-precious metal
catalyst and low operation temperature. Althoughdrawbacks in traditional liquid electrolyte
alkaline fuel cells can be overcome by replacirglifuid electrolyte with anion exchange
membrane, the polymer electrolyte must meet sedesthct requirements for fuel cell

application.

A variety of chemistries have been investigatedatmaymproving membranes toward
high ionic conductivity and low water uptake or fiag while maintaining good mechanical
and alkaline stability. Some of the polymers pragtliexhibit promising membrane

performances that could benefit further anion ergleamembrane research. It is found that
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phase separation plays an important role in opingithe anion exchange membrane
performance. The microphase structure control digpa tremendous influence on membrane
properties, resulting in a good balance betweedwctivity and mechanical stability. Anionic
polymerization offers exquisite control over blagipolymer synthesis and diene
microstructures, which could benefit the membrammperties. As a result, future research
directed toward making anion exchange membraneaaititrolled phase separated morphology
should be done. The understanding of anion excharggebrane properties and performance
related to polymer structure is still demanded iaade research toward membrane and cation

improvements is needed.

1.5 Thesis Statement

The goal of this thesis is to develop differentymoér systems (blend, block, graft, and
crosslinked polymers) in order to understand atieafuel cell membranes in many aspects and
to design optimized anion exchange membranes \witietalkaline stability, mechanical

integrity and ion conductivity.

Although basic knowledge on the factors that afteetanion exchange membrane (AEM)
performance have been determined, the further stadeting of AEM design is highly
demanded and can be significantly improved thraamggwering the following scientific

guestions in this thesis.

Question 1: Can the formation of miscible blends improve mechanical properties
while maintaining high ionic conductivity through formation of phase separated ionic

domains?

36



Vinylbenzyl chloride is a commercially availablgr®ne based monomer and can be
readily block copolymerized[111] and functionaliz&bly(vinylbenzyl chloride)-b-polystyrene
(PVBC-b-PS) copolymers have shown the ability tepare anion exchange membranes in
previous studies, however its anticipated brittd=nlemits its potential application. In order to
achieve desired mechanical properties, poly(phaeyteide) (PPO) is used to blend with
styrene based block copolymers as AEMs in ChaptaitBough it is well known that PPO is
compatible with PS in a wide range of compositiaagf118], the miscibility of PVBC-b-PS
copolymer and PVBC-b-PS/PPO blend were investigatdais study. The PPO blended AEMs
were prepared with different blend compositions #redmechanical properties of blend
membranes were investigated. The water uptake @amdLictivity were studied and correlated to
the ion exchange capacity. Annealing methods wepée on blend membranes to develop
greater phase separation, and the membrane mogyhahal properties (water uptake and

conductivity) after annealing were compared witimpke before annealing.

In order to further expand the understanding depexlan PPO blend membranes,
brominated PPO (BrPPO) is also designed to bletid tve PVBC-b-PS in Chapter 3 to study
the additional functional group effect on blend AEM he compatibility study of BrPPO and
PVBC-b-PS was also performed. The quaternized mametproperties were studied through the
water uptake and ionic conductivity, which were pamed with PPO blended AEMs to further

study the effect of quaternized PPO group in Bribl&dd membranes.

Question 2: Can a polyethylene based block copolymiarm well defined structures
to enhance the ionic conducting property while proming good mechanical properties and

alkaline stability?
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In order to have controlled phase separation inraekchange membranes, anionic
polymerization is used to offer exquisite contreéothe synthesis of a block copolymer. In
Chapter 4, polybutadiene-b-poly(4-methylstyrend-PP4MS) is synthesized by anionic
polymerization as precursors for AEMs. PB blocketected for the copolymer because it can be
readily hydrogenated to form a polyethylene (PBgklto form a membrane matrix. PE derived
from the hydrogenation of high 1,4-PB is a semstalfine polymer providing dimensional and
alkaline stable membrane. The P4MS block can bemodified to form quaternary ammonium
cations by bromination and quaternization reactiding final quaternary ammonium
functionalized membranes with four block composis@re prepared in order to study the
morphology effects by varying the block compositidbhe morphology of PE-b-P[VBTMA][Br]
is examined by small angle x-ray scattering (SAX®ctroscopy. The scanning transmission
electron microscopy (STEM) was combined with SAX¥Study the morphology of this PE
block copolymer AEM. The water uptake of PE bas&i& was studied with their ion
exchange capacity and correlated to ionic condiigtand activation energy. Tensile testing was

performed on PE based AEMs to study their mechaprcgerties.

Question 3: Can the incorporation of hydrophilic pdymer increase the hydration
number of AEM to improve ionic conductivity while reducing the dependence of

conductivity on relative humidity?

Most anion exchange membranes developed currexttipiegreat loss of conductivity
at low humidity conditions, limiting their applicah. Membrane performance at low humidity
needs to be improved and an understanding of vaateronic conductivity is needed. By

comparing proton exchange membranes and anion egelmaembranes in hydration number,
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anion exchange membranes usually possess a lowetion number and also show relatively
higher dependence of conductivity on humidity. tdey to study the hydration number effect on
ion conductivity of AEMs, a graft AEM system is dgsed in Chapter 5 to increase hydration
numbers independently of ion exchange capacity.dvoathoxy polyethylene glycol (MPEG) is
a hydrophilic polymer absorbing enough water tosease hydration number in AEM. The
MPEG has a single hydroxyl group on one polymeinckiad and can be readily grafted to the
benzyl chloride groups in PVBC-b-PS.[119] The ramray benzyl chloride groups can be
converted to quaternary ammonium groups. Hydroarke chloride conductivity are found to
increase with an increase in mPEG grafting extBme. chloride conductivities of mPEG grafted
membranes were tested at different humidity leteeludy the dependence of conductivity on

humidity, and the hydroxide conductivity was alsadsed.

Question 4: Can the formation of quaternary ammonium crosslinks be
guantitatively achieved while maintaining high iontc conductivity and mechanical

properties?

Quaternary ammonium crosslinks in anion exchangalmnane has been proved to have
an efficient effect on reducing swelling. In Chagiequaternary ammonium crosslinked
membrane was prepared by dimethylamine crosslink@agtion through PVBC-b-PS block
copolymer for potential AEM application. The memiea were crosslinked to different extents
and aminated to produce pendent benzyltrimethyl aniam cationic groups. The amount of
guaternary ammonium crosslinking groups and pengemtyltrimethyl ammonium cations were
guantified through infrared spectroscopy and iochexige capacity measurements. Hydroxide

and chloride conductivities of the copolymer memiesawere measured by electrochemical
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impedance spectroscopy, and the thermal stabflityasslinked AEM was also studied.
Conductivity and thermal stability of crosslinkedMs were compared to the non-crosslinked
analogue. It is important to mention that the dinksg structure also can act as ion conducting

group during the fuel cell operation.
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CHAPTER 2POLY(2,6-DIMETHYL-1,4-PHENYLENE OXIDE) BLENDED WITH
POLY(VINYLBENZYL CHLORIDE)-B-POLYSTYRENE FOR THE FBMATION OF
ANION EXCHANGE MEMBRANE

2.1 Introduction

Alkaline fuel cells (AFCs) using anion exchange rbemmes (AEMSs) as electrolyte have
recently received considerable attention.[9, 10]CAFoffer some advantages over proton
exchange membrane (PEM) fuel cells, including tbeeptial of non-noble metal (e.g. nickel,
silver)[120] catalyst on the cathode, which canntatically lower the fuel cell cost. The main
drawback of traditional AFCs is the use of liquigatrolyte (e.g. aqueous KOH), which can
result in the formation of carbonate precipitatgsréaction with carbon dioxide. AEMs with

bound cationic functional groups eliminate the piates formed in traditional AFCs.

The goal of useful AEMs for AFC applications isdibtain a robust membrane with high
ionic conductivity and good mechanical propertiésttcan be operated in a high pH
environment. Therefore, it is important to inveatga variety of cationic functional groups and
polymer backbones. The most widely studied AEMstaionquaternary ammonium functional
groups,[29] which are relatively simple to effeainétionalization and have demonstrated
moderate alkaline stability.[27] The polymer backbahain structure is an additional important
component of AEMs. Efforts have been directed twettgp various polymer backbones for
AEMs containing quaternary ammonium cations, iniclggpoly(arylene ether)s,[23, 53, 54, 56]
poly(phenylene),[83] polyethylene[68, 88] and ptyysne derivatives.[34, 35, 37] There is a

particular interest in styrenic block copolymelustures because they can be readily synthesized
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and functionalized, as well as the possibility ®velop well-defined morphologies upon film

formation.

Styrenic block copolymers are attractive materfalsconversion into AEMs, however
their anticipated brittleness and other poor meidahmroperties limits their potential. One
method that may lead to improved mechanical praggef styrenic block copolymers is to
blend with poly(2,6-dimethyl-1,4-phenylene oxid®PO). PPO is an engineering plastic with
high strength, chemical resistance[121] and higlsgtransition temperature (¥F220°C).[122]
PPO has also been widely used as a backbone polgmezpare anion exchange membranes for
fuel cell application by utilizing the pendent mgtgroups for functionalization.[74, 76, 82, 108,
123] Furthermore, PPO is well known to form miseilillends with polystyrene and some
polystyrene copolymers.[112-118] Recently, PPO heen blended in polystyrene-based ionic
polymers to prepare PEMs where the blended memistaoes improved thermal stability and
limited water uptake.[124, 125] Research has nanbdone on blending styrenic block

copolymers with PPO as a means of improving proggedf the materials for AEMSs.

In the current study, we demonstrate a methodologyrepare PPO blended polystyrene
based AEMs. The formation of the membrane invol#es synthesis of polyvinylbenzyl
chloride-b-polystyrene (PVBC-b-PS) by nitroxide naded polymerization, followed by solvent
casting of PVBC-b-PS/PPO blends from chloroformg aabsequently reacting the PVBC-b-
PS/PPO blend films with trimethylamine to convdre tbenzyl chloride pendent groups into
guaternary ammonium cations. A series of PPO bkndembranes are prepared and the
cationic functionality or ionic exchange capacisytuned by varying the PPO content of the
membrane. The research investigates in detail tiepapation of quaternized PPO blend

membranes, and the effect of PPO on the membrasgeies including water uptake, ionic
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conductivity, and mechanical properties. Additidpathe blend membranes are annealed by
thermal and solvent vapor methods to study thecefia water uptake, ionic conductivity and

morphology.

2.2  Experimental Section

2.2.1 Materials

Styrene (99%) and 4-vinylbenzyl chloride (VBC) (90%ere obtained from Aldrich,
dried over calcium hydride and distilled under reetll pressure right before use. 2,2,6,6-
tetramethyl-piperidine-1-oxyl (TEMPO) (Aldrich, 98%was sublimed twice before use.
Anhydrous trimethylamine gas (99%) was used asivede Benzoyl peroxide (BPO) was
purified by recrystallization from chloroform/meti@. PPO homopolymer was purchased from

Aldrich (M= 20,000 g/mol) and used as received.

2.2.2 Synthesis of PVBC-b-PS by Nitroxide Mediated Polynrézation (NMP)

All glassware was dried at ~150 °C overnight befibre polymerization. The purified
VBC (10.0 mL), BPO (56 mg, 0.4 mmol), and TEMPO (68 0.4 mmol) were added into a 50
mL round bottom flask containing a magnetic stir bad capped with a rubber septum. After
dissolution, the round bottom flask was purged v#thfor 30 min. The mixture was heated to
125°C for 3 hours to allow for polymerization. TREMPO terminated PVBC (PVBC-TEMPO)
was purified by several precipitations in methaaolk]l further dried in a vacuum oven before use.

PVBC-TEMPO was then used as a macro-initiator t@obgnerize styrene in a bulk
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polymerization. PVYBC-TEMPO (250 mg) was weigheaiat50 mL round bottom flask, and an
excess of styrene (10 mL) was injected into thekilaAfter PVBC-TEMPO was dissolved in
styrene, the round bottom flask was purged withfégkr30 min. The bulk polymerization was
carried out at 125 °C for 1 hr. The copolymer wadated by precipitation in methanol, and was
purified by re-precipitating after re-dissolving @hloroform. The copolymer was then dried

under vacuum at room temperature.

2.2.3 PPO Blended AEM Preparation

PPO and PVBC-b-PS materials were dried in a vacavem before blending and then
dissolved together in chloroform under sonicatiathva range of different mass ratios (PVBC-
b-PS : PPO = 40:60, 50:50, 60:40, 70:30, 80:20).bkdnd concentrations were prepared at
5g/100mL. Polymer blend solutions were drop casglass slides by pipet and the solvent was
allowed to evaporate slowly at room temperaturdie glass slide was immersed in deionized
water to remove the polymer film. All fiims (PVBG®S/PPO) obtained were transparent.
PVBC-b-PS/PPO films were then rinsed with methama soaked in round bottom flasks filled
with methanol. A 500% excess of anhydrous trimetimyhe gas was introduced to the round
bottom flask and allowed to react over 48 houn®am temperature to convert PVBC-b-PS/PPO
films into poly(vinylbenzyltrimethylammonium chlae)-b-polystyrene/PPO (P[VBTMA][CI]-
b-PS/PPO). The PPO blend membranes containing rgaageammonium cations were soaked
repeatedly with methanol and then deionized watkrquaternized membranes were dried in a

vacuum oven at 60°C overnight.
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2.2.4 Membrane Annealing

Annealing was attempted by the following methodg:riembranes were suspended in
boiling deionized water for 12 hours; (2) membramwese annealed at 125°C -140°C under dry
conditions for 12 hours; (3) membranes were andeatld 25°C -140°C with deionized water for
12 hours in a sealed pressure vessel; and (4) namedrwere annealed in a sealed pressure
vessel at 70 °C over a 50/50 THF/water solutionfdrhours. Quaternized blend membranes

were dried in a vacuum oven after annealing.

2.2.5 lon Exchange toHydroxide

The P[VBTMA][CI]-b-PS/PPO membranes were soaketiNhKOH solution for 48hr to
exchange chloride to hydroxide and were subsequemtised repeatedly with degassed

deionized water to remove residual salts.

2.2.6 Characterization

Molecular weights of PVBC-TEMPO and PVBC-b-PS wedetermined by gel
permeation chromatography (GPC) using a Waters HRPULGWp equipped with a Wyatt
Technology Optilab RI detector and a Wyatt TechggloniniDAWN multiangle laser light
scattering (MALLS) detector. Elutions were carrmat with two polymer laboratories Mixed-D
columns at room temperature with THF at a flow @ft&.0 mL/min, and the molecular weights
were measured by calibration of a series of polgsty standards and also using software (Astra)

supplied by Wyatt TechnologyH NMR spectra of PVBC-b-PS were obtained using @LE
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500 MHz spectrometer. All polymer samples were alied in CDC} with respect to
tetramethylsilane (TMS). IR measurements were paxed on a Thermo FT-IR spectrometer in
a spectral range of 500 — 4000 tnGlass transition temperatureg)®f blend membranes were
performed by differential scanning calorimetry (DS TA DSC-20 running TA software with
three repeated heating loops and a heating rai® 6C/min under a nitrogen purge. Thermal
stability was determined by thermogravimetric asaly(TGA) on a Seiko TGA/DTA320 at a

heating rate of 10 °C/ min under a nitrogen atmesph

Theoretical ionic exchange capacities (IECs) waldeutated based on 100% conversion
of benzyl chloride to quaternary ammonium. IECl@nd membranes were also measured in
hydroxide form by using an established literatitration method[31]. Before the measurements,
about 0.02 g of vacuum dried blend membranes imdxyde form were immersed in 10.00 mL
of 0.00987 M standardized HCI solution for 48 Ime &ctual IEC was calculated by titration of
unreacted HCI with 0.01053 M standardized NaOHtswiu The titrations were repeated 3 times

for each blend membrane. The IEC (mmol/g) was abthby

IEC (mmol/g) — MohrHci— Maghr,Hel (1)

Mdry membrane

where M, neiis millimoles (mmol) of HCI determined before blentembranes neutralization,
Magn, Hclls mmol determined after neutralization of membsaadter 48 hr), and §) membrane!S

the dry mass (g) of membrane in hydroxide form.

In order to determine water uptake[126] of AEMSs, nmbeanes were pre-soaked in
deionized water. After 24 hours of soaking, thdyfllydrated membranes were removed from
the water and any residual bulk water on the men#braurface was blotted dry with

Kimwipes™, and the sample was weighed immediafBhe membranes were immersed again
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into deionized water for another 15min to let thesshydrate. This method was repeated 5 times
to obtain the average mass of hydrated membrangs 8. The membranes were subsequently
vacuum dried at 60 °C for 24 hr to obtain a dry snésyy). The water uptake (WU) was

determined by

WU (%) — Mhydrated~ Mdry x 100% (2)

Mdry

Synchrotron small angle x-ray scattering (SAXS) exkpents were performed at the
Advanced Photon Source at Argonne National Laboya#® beam energy of 12keV with x-ray
wavelength at 1 A was employed to measure samplésmsmission mode. The transmission
intensity was normalized to exposure time and fiithe direct beam through the sample. The
films were held in place using Kapton tape to tamgle holder and placed in a custom built
four-sample oven that controlled the humidity aechperature of the samples during scattering
experiments.[127, 128] The humidity of the samplevimnment was controlled using a
combination of wet and dry nitrogen with a humidgsobe positioned in the sample oven to
provide real time humidity readout. Based on thenidity measurement, gas flows were
adjusted to achieve the desired temperature anddityraondition. The 2D scattering patterns

were radially integrated to obtain intensity versaattering vector (q) plots.

The in-plane ionic conductivities of blend membmaveere measured by four probe
electrochemical impedance spectroscopy (EIS) usingioLogic VMP3 potentiostat over a

frequency of 0.1 — T0Hz. The conductivity can be calculated from themheane resistance
o=— (3)

whereR is the membrane resistandds the distance between the electrod®ss the cross-
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sectional area of the sample. The hydroxide andricld conductivities were measured in water

at room temperature and 60 °C.

High Angle Annular Dark Field Scanning Transmissklectron Microscopy (HAADF
STEM) was performed at US Army Research Laboratdhe HAADF STEM samples with a
thickness of approximately 90 nm were prepared loyatome. The detailed sample preparation
was described as follows: membrane samples wem®toimed on a Leica Ultra cut UCT with a
EMFCS cryostage using a microstar diamond knifehvat 6° cutting angle at -10 °C. The
microtomed samples were transferred from the cagesto a dessicator in capsules to minimize
interaction with water vapor. The samples wereetkstsing a JEOL 2100F operated at 200kV

and HAADF 5 camera length.

Tensile properties of blended membranes were measurdry and hydrated conditions
on aninstru-Met frame tensile tester (by MTS Model: A38} using a 1000-pound load cell
(with a resolution less than 0.1 pound) and a tresg speed of 5 mm/min at room temperature.
The dry samples were prepared by drying membramasacuum oven at 60 °C for 24 hours,
and the hydrated samples were prepared by soalengonanes in deionized water at room
temperature for 24 hourBlend membranes were cut into strips of approxaiys0 mm x 8
mm and membrane thicknesses were measured in @ oaB@ to 80 microns. Stress was
calculated from the cross sectional area of time &hd the strain is obtained by the percentage
increase of film gauge lengthhe Young’s modulus was determined by the initiaps of the
stress vs. strain curve at very low strains (0023%). Five replicates were performed on each

sample to obtain the average values of stres# stna Young’s modulus.
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2.3 Results and Discussion

Recently, block copolymers that form well-definedorghology have attracted
considerable attention in polymer electrolyte desand styrenic block copolymers have aroused
interest for study in AEMs.[104, 105] PS is belidvi® be stable under alkaline fuel cell
conditions,[129] the poor flexibility of PS somewHenits its use as a membrane material for
fuel cell applications. PPO is a commercially aalié polymer and the miscibility of PPO/PS
blends has been well recognized for decades.[1B@ B an engineering polymer with high
mechanical strength and a significant amount oéaesh on PPO blends has been done to
improve the mechanical properties of styrenic comelrs for different applications. Here, a PPO
blended AEM preparation method is designed wheRVBC-b-PS block copolymer is first
synthesized and subsequently blended with PPO alveérd cast to prepare blend films. The
guaternization of benzyl chloride groups is accosmgld through the reaction with

trimethylamine and all the preparation steps apgatied in Scheme 2.1.

Scheme 2.1 Strategy of PPO blended AEM preparatio

TEMPO
N
TEMPO n \LQ n m
BPO
. . ‘ O PVBC-b-PS
125°C

125°C
Cl Cl Cl

o /
N
PVBC-b-PS >  PVBC-b-PS/PPO ————  P[VBTMAJ[CI}-b-PS/PPO
solvent cast by CHCl; membrane MF?QI_)H membrane

R.T
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Numerous methods can be used to synthesize paysiywased block copolymers with
controlled molecular weight, composition and fuacal groups, including living radical
polymerization techniques (RAFT, ATRP and NMP). o& copolymers can be sequentially
synthesized, to provide phase-separated materidts aontrolled morphologies. NMP was
selected to synthesize the diblock, since thisrtiegle allows the polymerization of VBC,
furthermore, it offers the control over moleculagight of PVBC-b-PS and composition of each
block.[111] The polymerization of VBC was carriedtaising BPO as radical initiator in the
presence of TEMPO[131, 132] and then the resuR¥8C-TEMPO was used as macrointiator
to polymerize a styrene block. The PVBC with a TEMfnctional chain end (PVBC-TEMPO)
was analyzed by GPC to determine a M 30,500 g/mol and MM, = 1.90. Several
precipitations were conducted on PVBC-TEMPO in orte remove any remaining VBC
monomer. The nitroxide mediated copolymerizationstfrene was initiated by the purified
PVBC-TEMPO macroinitiator at 125 °C in bulk. Thengersion of styrene reached ~10% after
30 minutes of reaction. The results of GPC analgBVBC-TEMPO and PVBC-b-PS diblock

copolymer are depicted in Figure 2.1.

The molecular weight of PVBC-b-PS was determine@GBC to find M, = 85,700 g/mol
and M,/M,, = 1.86. The GPC chromatogram of PVBC-TEMPO showmall amount of tailing
to low molecular weights, resulting in the broadalpdeature. The broad molecular weight
distribution may be attributed to the high rea¢yivaf VBC monomer and uncontrolled initiation
by using TEMPO as an additive rather than prefogramitroxide initaitor.[133, 134] After the
block copolymerization from the PVBC macroinitigtthe GPC chromatogram of PVBC-b-PS
shows a significant shift to lower elution volunmerh the initial PVBC-TEMPO peak, as well as

an increase in molecular weight as determined @iyt Iscattering detection compared to the

50



initial PVBC-TEMPO block. The peak shift indicatas efficient initiation from the PVBC-

TEMPO macroinitiator to form the diblock copolymer.

——PVBC )
- - -PVBC-b-PS

retention volume (mL)

Figure 2.1 The GPC curves of TEMPO functionalie&land PB-b-PS diblock copolymer.

Figure 2.2 depicts thtH NMR spectrum of the PVBC-b-PS with 0.5 hr polyiration
of styrene. The PVBC-b-PS copolymer was re-preaigd in methanol several times to remove
residual styrene monomer befaltd NMR spectroscopy analysis. The spectrum exhibitth
PVBC and PS characteristic peaks and the composiam be determined by the peak ratios.
The amount of PVBC in the diblock can be calculdtedh integration of the benzyl peaks at 4.2
— 4.8 ppm. The determination of the amount of P#ilobock is complicated, as the aromatic
peaks of both the PVYBC and PS overlap. Howeversubtracting the molar amount of PVBC
aromatic peaks determined from the benzyl peaks,athount of PS can be determined. The
composition of PVBC and PS can be calculated bypaoing the molar amount of PVBC and
PS. The mass ratio of PVBC:PS is calculated to2e83, in good agreement with the mass ratio

determined by GPC.
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Figure 2.2 ThéH NMR spectrum of PVBC-b-PS by bulk copolymerizatio

PPO and PS are well known to be miscible at all mmsitions and the miscibility of a
large number of polystyrene derivatives and polgstg copolymers with PPO have been studied
to find compatibility over a composition range.[1B39] The miscibility of PVBC with PPO and
PVBC-b-PS with PPO, however, has not been repoBedause our objective is to form blends
of copolymer with PPO, it was important to study thiscibility of these three different

components in a blend.

The first thing to investigate was the miscibilitiythe PVBC-b-PS copolymer. The glass
transition temperatures of PVBC and PS homopolymats similar molecular weights as in the
copolymer were measured by DSC to be 121 °C an8iC9#espectively. The glass transition
temperatures of PVBC and PS homopolymers are ¢isplan Figure 2.3 and clearly depict the
two distinct transitions. The DSC curve for PVB@B- copolymer displays only one glass

transition at 107 °C, indicating the compatibilitfyPVBC and PS. A PVBC/PS blend of the two
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homopolymers was prepared at the same compossidtheaPVBC-b-PS copolymer in order to
further investigate the miscibility of PVBC and P& this particular composition. The
homopolymer blend also shows only a single glaassition in the DSC trace with similar

temperature value suggesting PVBC and PS at tiigasition are miscible.

The miscibility of PPO and the PVBC-b-PS was alseestigated. The glass transition
temperature of PPO was measured to be 223 °C.PPhomopolymer was then blended with
the PVBC-b-PS copolymer in a range of compositionshe miscibility study. DSC was used to
examine each PVBC-b-PS/PPO blend and only one glassition temperature is observed in
each of the blends. The glass transition temperaincreases with the increase in PPO
composition of blend films as expected. Figure @&&hone example of PPO blend films with 50

wt% of PPO and the glass transition temperatuthisfparticular blend membrane is at 153 °C.

PVBC-b-PS/PPO blend
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Figure 2.3 DSC traces of PVBC homopolymer, PSdmotymer, PVBC-b-PS diblock,
PVBC/PS (30/70) blend and PVBC-b-PS/PPO (50/50)leembranes.
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The glass transition temperatures of PVBC-b-PS/BR@ds are plotted as a function of
PPO loading contents (wt%) and the trend can bergéd in Figure 2.4. Since one can predict

the Ty of miscible blend by the Fox equation,

_yn Wi (4)

where w is the weight fraction of one blend component ang is the glass transition
temperature of that component in the blend. Ther#teal T, of PPO blend predicted by the
Fox equation show a close match with the measuskobs also indicating the PPO is compatible

with PVBC-b-PS in the concentration range inveséda
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Figure 2.4 Measured,Values (dashed) of PPO/PS-b-PVBC and theoretatakg (solid)
versus PPO loading (using &f 107 °C for block copolymer).

PPO was blended with PVBC-b-PS copolymer to prepkaed films (PVBC-b-PS/PPO)
by solvent casting. The PVBC-b-PS copolymer and PB®opolymer (M = 20,000 g/mol)
were dried in a vacuum oven overnight, and therglezd into 20 mL vials with the range of

blend compositions in Table 2.1. Polymer blendseweepared with concentration of 5g/100mL
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in chloroform and sonication was applied to dissedlve polymers. The solutions were drop cast

onto glass slides, the solvent evaporated, anttahsparent films were separated from the glass

slides by soaking in water.

Table 2.1 PVBC-b-PS/PPO blends composition, &tezal IEC and titrated IEC

AEM PVBC-b-PS PPO Theoretical IE€ Titrated IEC

(wt9%) (Wt%b) (mmol/g) (mmol/g)
A 40 60 0.82 0.75
B 50 50 1.01 0.87
C 60 40 1.20 1.02
D 70 30 1.39 1.17
E 80 20 1.57 1.34

a) estimated byH NMR spectrum and blend ratio;
b) determined by back titration of blended membsaafeer OH counter-ion exchange

The drop cast PVBC-b-PS/PPO films were convertedgt@mternary ammonium
functionalized membranes. The films were immersednethanol and the benzyl chloride
groups converted to quaternary ammonium groupsigiireeaction with trimethylamine. A large
excess of trimethylamine gas was introduced tor#setion vessel in order to reach a high
reaction conversion. The blend membranes were atlow react for 48 hours and became less
transparent over time, indicating reaction betwé¢e® membrane and trimethyamine. The

resulting membrane was washed with water and vaained at 40 °C overnight.

The membranes were characterized by FT-IR specipgsand the spectra confirmed the
formation of quaternary ammonium cation in the meanb. Figure 2.5b depicts the IR spectrum
of PVBC-b-PS/PPO, showing clear chloromethyl (:&H) functional group absorption peaks at
571 cmand 1224 cri. After the quaternization reaction, the absorppeak at 571 cihand

1224 cmi have almost completely disappeared, indicatingtisaof the chloromethyl (-CH
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Cl) functional group. The strong peak at 3365'dm Figure 2.5a represents the water peak

associated with the formation of the hygroscopiatgtnary ammonium groups.

The ion exchange capacities (IECs) of the blend bmanes were measured by hydroxide
back titration[31] and are presented in Table ZHe hydroxide ion exchange was done in 1 M
degassed KOH solution for 48 hr, the excess hydewas removed by washing with DI water.
The completion of quaternization reaction can ligneged by comparing the actual IEC with the
theoretical IEC, which can be easily calculatedabguming the complete conversion of benzyl
chloride groups into quaternary ammonium functiogadups. The conversion to quaternary

ammonium reached 84% to 91% for the different mambs.

Transmittance (%)

Transmittance (%)
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Figure 2.5 The FT-IR spectrum of PVBC-b-PS/PP@igequaternization (a) and
P[VBTMA][CI]-b-PS/PPO after quaternization (b)
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After quaternization, the three-component miscilblend is expected to become
incompatible, as the benzyl chloride groups of BBC block are converted to benzyl
trimethylammonium cationic groups to form a polylylbenzyltrimethylammonium] [chloride]
(P[VBTMA][CI]) block. The new functionalized maiaf should now comprise a miscible blend
between the PPO and the PS block with the now Ipydiio cationic P[VBTMA][CI]
immiscible with the blend. However, the phase safi@m between the hydrophilic and
hydrophobic components is restricted because tgbl hlass transition temperature of the
PS/PPO blend does not allow reorganization of thetire at low temperatures. It is expected
that an organized, phase separated morphology ¢@ve a positive effect on anion exchange
membrane conductivity,[25, 56] therefore experirsentere designed to anneal the PPO blend
membranes under different conditions and then toméxe their conductivity and water uptake,

and attempt to relate the properties to a resufitragse morphology.

In order to maximize the phase separation of hyldtmpand hydrophobic components in
the blend membranes, thermal and solvent vaporadingemethods were selected under both
dry and humidified conditions. PS/PPO is a weldstd blend system and the blend glass
transition temperature can be predicted by the éguation (Table 2.2). The thermal annealing
temperatures for P[VBTMA][CI]-b-PS/PPO membraneg aequired to be lower than the
degradation temperature, while approaching thesgtasnsition temperature of PS/PPO if
possible. Annealing in the presence of water wgseeed to increase the volume of the
hydrophilic component. Since the thermal stabitty?[VBTMA][CI]-b-PS/PPO is important to
determine the annealing temperature, the therrahbllgy of P[VBTMA][CI]-b-PS/PPO was first
examined by TGA. The derivative curve of the thegnawimetric trace (DTG) (Figure 2.6)

shows three main degradation regions. The beginminfge first decomposition region starts at
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143 °C, presumably corresponding to the degradatidhe benzyltrimethylammonium chloride
group and indicates the upper limit for thermalealimg temperatures of the P[VBTMA][CI]-b-
PS/PPO membranes. Because the P[VBTMA][CI]-b-PS/RR&€nbrane starts to degrade at
143 °C, thermal annealing temperatures were chdesee lower than the degradation
temperature. Solvent and water vapor annealinglitons were also examined as a way to

avoid the higher temperatures where thermal degjcadaccurs.
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Figure 2.6 TGA and DTG (inset) curves of P[VBTM&I]-b-PS/PPO.

Four separate annealing methods were investigatiw onembrane films (Table 2.2): 1)
annealing in boiling water; 2) at 125- 140 °C withavater; 3) under pressure in the presence of
water at 125 — 140 °C; 4) solvent vapor annealingr @ 50/50 mixture of THF/water. The
simplest method was to boil blend membranes innvhte the temperature (94 °C at altitude) of
boiling water does not approach the glass tramsteémperature of the hydrophobic component
(PS/PPO). Membranes were annealed at higher tetapesg125 — 140 °C) under pressure in
the presence of water. For the samples with loviRg Bomposition (C, D, and E) the annealing

temperature was above thg TFor comparison, membranes were annealed attéingperatures

58



(125 — 140 °C) without water. Solvent vapor anmgplivas investigated over a THF/water

mixture to plasticize the PS/PPO component whae @roviding a hydrated environment for the

hydrophilic component.

Table 2.2 T of PVBC-b-PS/PPO & PPO/PS after quaternizatiootrea and annealing
condition$ of P[VBTMA][CI]-b-PS/PPO membrane

Ty of Boil in Anneal Anneal Anneal with
AEM PS/PPO watef  with watef without wate? solvent vapdt

(°C) (°C) (°C) (°C) (°C)

A 157 94 140 140 70

B 145 94 140 140 70

C 135 94 140 140 70

D 125 94 135 135 70

E 116 94 125 125 70

a) all annealing methods were conducted for 12)dyrTy of PS/PPO after quaternization and
calculated by Fox equation for PPO/PS system; tjulzied based on the elevation; d)
determined by both predictedy Tor PPO/PS and degradation temperature from TGA; e
temperature was directly obtained from oil bath.

After thermal annealing, the IECs were re-meastoedach membrane to investigate the
stability of the cationic group. The titrated IEGEmembrane after annealing were determined
by hydroxide back titration and are compared wiit values before annealing. No measurable
change is observed in the IECs after any of thealimg techniques, implying a low occurrence

of thermal degradation or leaching of hydrophilerponent from the membrane.

All blend membranes before and after annealing werestigated by SAXS at 60 °C by
sweeping the relative humidity (RH) from 25% to P4 All as-cast blend membranes prior to
annealing exhibited no features in the SAXS prefies expected from casting the compatible
blend and subsequent quaternization.. The membraftes different thermal treatments also
exhibited no noticeable features in the SAXS. Qhby solvent vapor annealed sample with the

highest ion exchange capacity (Sample E) displaysdnificant scattering peak after annealing.
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The other solvent annealed membranes (A, B, CDareshowed mostly featureless profiles, with
only sample D showing some change after annealigaasmall scattering peak. The SAXS
profiles of membranes D and E are presented inr€ig@u/ as representatives to illustrate the
effect of solvent annealing. Figure 2.7 indicatesaenorphous morphology in membrane D and
E before annealing, corresponding to the initiatligcible PVBC-b-PS/PPO blend. In contrast,
the solvent annealed membrane E displayed an argdr@se separation with a distinct peak at q
=0.013 A’ and broad second and third order peaks at appadeiyng = 0.024 Aand 0.050 A.
Additionally, all SAXS profiles showed little respge to changes in humidity revealing that the

PPO blend AEMs possess desired dimensional stabiider changing humidity conditions.
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Figure 2.7 SAXS profiles (60 °C) of membranes&[E) before and after solvent annealing.
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High angle annular dark field scanning transmisse@ctron microscopy (HAADF
STEM) was performed on membrane E after solvenealimyg, since the membrane E after
annealing displayed relatively broad SAXS peaksléntify the actual morphology in membrane,
although features were observed in SAXS profildse Torresponding HAADF STEM image of
membrane E in Figure 2.8 revealed the distinct dyhlitic and hydrophobic phase separation,
with a domain size of approximately 25 nm. Lightegions in images obtained through HAADF
STEM corresponded to regions of high electron dgnshis is consistent with the presence of
bromine and suggests that the hydrophilic regiaqgregate into distinct clusters however, the

hydrophilic components were randomly distributedhie@ matrix of PPO/PS blend.

Figure 2.8 HAADF STEM image of membrane E aftdvent annealing

The water uptake of all blend membranes before aiter the different annealing
conditions were measured at room temperature ichlw@ide form and compared (Figure 2.9a).

The total number of ionic groups (as measured ) lzaries with the amount of PPO in the
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blend. The water uptake is found to increase withirecrease in IEC, as expected, and the
membranes before annealing show the water upt@keases from 9% to 28% as the amount of
PPO in the blend decreases. A comparison betweegahng methods reveals that almost no
change occurs for samples boiled in water or fongas annealed at high temperature in the
absence of water. Only the samples that were #&thed high temperature in the presence of
water or over THF/water solutions showed any dran@htange in the water uptake. The change
is related to these two annealing techniques atigwhe rearrangement of the PPO/PS blend

while also hydrating the hydrophilic component.

Table 2.3 Conductivifithydroxide and chlorid® comparison between membranes before and
after annealing

AEM IEC oo o1 o2 03 04
(mmol/g) (mS/cm) (MmS/cm) (mS/cm) (mS/cm) (MmS/cm)
A 0.75 6.0(1.9) 5.8(1.7) 69(20 9.0(3.00 3®}
B 0.87 8.0(2.1) 7.0(25) 9.0(3.5) 17(4.9) 174
C 1.02 11 (3.9) 11(3.4) 12(4.3) 25(6.3) 23(7.0)
D 1.17 15(5.5) 14(6.2) 17(7.2) 32(13) 30(11)

E 1.34 18(8.0) 18(8.6) 22(10) 43(18)  35(13)

a) The subscripts of IEC stand for the annealinghods: O represents the membranes before

annealing; 1 represents the membranes after boningater; 2 represents the membranes after
annealing at high temperature without water; 3es@nts the membranes after annealing at high
temperature with water; and 4 represents the merabrafter annealing with solvent vapor;

b) chloride conductivity is in the parenthesis

Conductivity of all membranes were measured inegithe hydroxide or chloride forms
at 60 °C in water by electrochemical impedance tspgcopy. Similar to water uptake, the ionic
conductivity is found to increase with increasirigCl for both hydroxide and chloride form

(Figure 2.9b), and the detailed conductivity dasalisted in Table 2.3. The hydroxide
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conductivities are 2-4 times higher than chloridaductivities for all membranes as observed in
other work.[69, 140] Also similar to the water uggaresults, annealing at high temperature in
the presence of water or over THF/water solutiodslgted a significant effect on the membrane
ionic conductivity, while membranes boiled in watar annealed at high temperature in the
absence of water show little change in condugtivitydroxide conductivity of membrane E

(IEC = 1.34 mmol/g) increases from 16 mS/cm to 438/em on going from non-annealed

membrane to after high temperature water annealthgsh is consistent with the trend observed
in water uptake. The effect of ionic conductivitythwincreased water uptake indicates that the

conductivity is highly dependent on the water uptak

In order to get better understanding of condugtiviariation of the membranes with
different annealing conditions, hydroxide condugtyivof the membranes before and after
annealing (solvent vapor and water at high tempesgats a function of water uptake is plotted
in Figure 2.10. The enhancement in hydroxide cotidtic is generally accompanied with an
increase in water uptake. A close comparison revibalt membranes with similar water uptake
display comparable conductivity. For instance, membé E before annealing (water uptake =
28.1%) displays similar water uptake as membraa#td® solvent vapor annealing (water uptake
= 28.5%) and they show close conductivity valueswéwver, the IEC differences between
membranes E (IEC = 1.34 mmol/g) and B (IEC = GiBiiol/g) are quite significant. In addition,
the membrane after high temperature water annedisglayed the highest water uptake and
conductivity, but the membrane annealed by solwamior exhibited a different conductivity
versus water uptake relationahip, whereby a redftiigher conductivity is for a given water

uptake is observed. This implies that the solvemtov annealed membrane can use water more

63



efficiently, which could be a result of the morevel®ped phase separation morphology in the

solvent annealed membrane.
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Figure 2.9 Water uptake (a) and hydroxide coridigt(b) comparison of membranes before
and after annealing methods versus IEC
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Figure 2.10 Hydroxide conductivities of membrahefre and after annealing as a function of
water uptake

The tensile properties (Young’'s modulus, stresbrabk and strain at break) of the
various compositions of PPO blend AEMs were meakateroom temperature under both dry
and hydrated conditions to examine the effects BORontent and water absorption (Figure
2.11). In addition to the PPO blend AEM, a quatszdi film of P[VBTMA] [Cl]-b-PS
copolymer with no added PPO was also prepared domparison by soaking PVBC-b-PS
copolymer membrane directly in a trimethylamine emus solution for 48 hours. Five replicate
measurements were performed for each sample tinadtarage values. For membranes tested
at dry condition, the Young’s modulus decreasedhfroughly 2 GPa to 1 GPa going from 0
wt% to 60 wt% PPO in the blend, and the stresO(R&Pa to 35.4 MPa) as well as elongation
(0.9% to 4.5%) generally increased when the PPQeaobrincreased consistent with known
properties of PS/PPO blends.[121, 141, 142] Thedigd blend membranes show noticeable
improvement in tensile properties from those uralelry condition. The hydrated membranes

display significantly lower Young’s modulus andests (ranging from15 MPa to 26 MPa) as well
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as higher elongation (ranging from 4.9% to 9.4%gnththeir dry analogues. Water in the
guaternized membrane can act as plasticizer teedserthe modulus and increase the membrane
elongation.[143] The Young’s moduli for hydrate@émbranes are found to decrease from 945
MPa to 488 MPa as the PPO loading increases. Hawewueclear trend is observed for stress
and elongation data from the hydrated membrane, mechbrane C (40 wt% PPO loading)

shows the highest elongation of 9.4%.
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Figure 2.11 Young’'s modulus, stress at break #aid at break of PPO blend membranes at
room temperature under dry and hydrated condition

2.4  Conclusion

We have demonstrated the preparation of AEMs bgditey PPO with PVBC-b-PS to
form miscible blends and subsequent trimethylamgpternization. The addition of PPO
improves the mechanical properties over that ofstigeenic block copolymer. Annealing of the
blend membranes is necessary to obtain good cawiyatalues because of the way the films
are cast as miscible blends and then converted goeternary ammonium functionalized
materials. Only the annealing procedures that ideoboth a hydrated environment for the
cationic component and conditions where the highmatrix can reorganize are effective for

increasing both the water uptake and the condwgtiviwhile an ordered morphology is
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observed for some membranes, no strong correlatfolconductivity with morphology is

determined for these membranes.
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CHAPTER 3BROMINATED POLY(2,6-DIMETHYL-1,4-PHENYLENE OXIDE) BENDED
WITH POLY(VINYLBENZYL CHLORIDE)-B-POLYSTYRENE FOR ANION EXCHANGE
MEMBRANES

3.1 Introduction

In recent years, fuel cell research has been axspdocused on the proton exchange
membrane fuel cell (PEMFC). Although perfluorosuifoacid ionomers, such as Naffofi44,
145] have been commercialized as the polymer elgtty; the high production cost of polymer
electrolyte and the needs of precious metal cdtagscomponents of electrodes limit the
commercialization of PEMFC.[146]

The alkaline fuel cell (AFC) offers an alternatiway to solve the drawbacks in PEMFC.
The AFC operates in a high pH environment, whiclabées the faster redox reaction and
capability to use non-precious metal catalyst idiclg nickel and silver.[12-15] However, AFC
traditionally uses agueous potassium hydroxiddexdrelyte,[16, 147] which could cause many
engineering issues, such as corrosion and leakd&gelectrolyte. In addition, carbonate
precipitates can form in the electrolyte due to phesence of carbon dioxide in the air or fuel,
impeding transport to the electrode.[17, 18] Mageently, anion exchange membrane (AEM)
has been investigated in AFCs as a potential soidtr problems in traditional AFCs.[8, 10, 11]

The AEMs are typically tethered by cationic funaib groups for hydroxide conduction.
Benzyltrimethylammonium has been widely used ascmmducting group for AEM study, since
it has moderate alkaline stability[27, 28] and &&nreadily functionalized through polystyrene
or its derivative (e.g. polyvinylbenzyl chlorid81, 32, 34-38, 40-42] Therefore, polystyrene
block copolymers, such as polyvinylbenzyl chlorlwgolystyrene (PVBC-b-PS), become a very

interesting material for AEM study due to the comecred availability of monomers and the
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ability of morphological control offered by its Mgl copolymer.[104-107] Although the
polystyrene based films generally exhibit low flaikty, poly(1,4-dimethylphenylene oxide)
(PPO) has been well studied to form a miscible dlesth polystyrene in order to improve its
mechanical property.[121, 141, 142]

Our previous work in Chapter 2 has demonstratedttimechanical properties of PPO
blended polystyrene block copolymer AEM is appdyemnhanced compared to the AEM
directly prepared by polystyrene block copolymeespite the improvements in mechanical
properties that are observed, the PPO blend membsdil produces insufficient ionic
conductivity, which is partially due to the low matic functionality in membrane. Brominated
poly(phenylene oxide) (BrPPO) has been incorporatedhe synthesis of poly(vinylbenzyl
chloride-divinylbenzene) network to increase theMARiInctionality.[81] However, the leakage
of BrPPO has been observed during quaternizatiohichw could correspond to the
incompatibility between BrPPO and the polymer nekw81] By blending BrPPO with
polystyrene block copolymer to prepare AEM, it xpected that the unfunctionalized PPO can
form a miscible blend with the PS to enhance thehaeical properties while the additional
cationic functional group in PPO could improve tbeic conductivity of blended membrane. In
addition, the functionality of BrPPO needs be colled to maintain membrane integrity in water
after quaternization.

In the current study, a BrPPO blended polystyreloekhbcopolymer AEM system with
functional groups in both BrPPO and block copolyisanvestigated. The preparation of BrPPO
blended membrane involves the bromination of PP@herbenzyl methyl groups, followed by
blending BrPPO with PVBC-b-PS through solvent capti The quaternary ammonium

conducting groups are finally formed by reactingrbomethyl groups and chloromethyl groups
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with trimethylamine. The ion exchange capacity iaried through changing the blend
composition of BrPPO and PVBC-b-PS. The followirgsearch investigates in detail the
preparation of BrPPO blended AEMs as well as thenbrane properties including thermal
stability, water uptake, and ionic conductivity. laddition, high temperature annealed

membranes are also prepared to study the annedfatd on membrane properties.

3.2  Experimental
3.2.1 Materials

PVBC-b-PS copolymer was prepared by following &tare procedures,[111] and the
copolymer was several times dissolved in chlorofard precipitated into methanol to remove
impurities before use. Poly(2,6-dimethyl-1,4-phemgd oxide) (PPO) (Aldrich, M~32000
g/mol), bromine (B#) (AlfaAeser, 98%), 1,1,2,2-tetrachloroethane (TCAYrich, 98%), and
agueous trimethylamine solution (Aldrich 25 wt%)revesed as received. Other reagents were

used without further purification.

3.2.2 Synthesis of BrPPO

PPO (2.00g, 16.7 mmol repeat unit) was weighedarémeck 500mL round bottom
flask equipped with a magnetic stirbar, conderasgdjtion funnel and argon bubbler. 200 mL
TCE was added and the mixture was stirred untipthlgmer had completely dissolved. The
solution was heated to reflux. The addition funmat charged with bromine (0.85mL,
16.59mmol) and TCE (85mL) and was added dropwise 8\nours. The solution was stirred at
reflux for an additional hour. Excess TCE was reetbly distillation. The polymer was

precipitated from methanol, filtered and dried meguum oven at 80 °C overnight. All BrPPO

70



samples used in this study were supplied by Dre Ratbeck.[148]

3.2.3 BrPPO Blended AEM Preparation

Both BrPPO and PVBC-b-PS samples were dried incawa oven overnight before
blending and then dissolved in chloroform with aga of different mass ratios (PVBC-b-PS :
BrPPO = 40:60, 50:50, 60:40, 70:30, 80:20) by sation at room temperature. All blend
concentrations were around 5g/100mL. Polymer bkldtions were drop cast on glass slides
and the solvent was allowed to evaporate slowlyoatm temperature. The glass slide was
immersed in deionized water to remove the polymbn.fAll PVBC-b-PS/BrPPO blend

membranes obtained were transparent and wereidrgedacuum oven at 60 °C overnight.

3.2.4 Amination of PVBC-b-PS/BrPPO Blend Membranes

About 0.2 g PVBC-b-PS/BrPPO membrane was soakedliaaker containing 150 mL
25% aqueous trimethylamine solution to convert lbtloromethyl and bromomethyl groups to
guaternary ammonium caition functional groups. A#8 hours soaking at room temperature,
BrPPO blend membranes containing quaternary ammuowiation were soaked repeatedly in

fresh deionized water and dried in a vacuum oves0&C overnight.

3.2.5 lon Exchange of Aminated Membranes

The directly quaternized membranes were soakedMh KCI solution for 48 hours to
exchange any ammonium bromide to chloride for egsieperty comparison and the excess
chloride solution was removed by rinsing the memeéraepeatedly in deionized water.

Hydroxide membrane was also produced by soakintequiaed membrane in 1M KOH solution
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for 48hr in order to exchange chloride to hydroxatel subsequently soaking the membranes

repeatedly in degassed deionized water to remava bydroxide ions

3.2.6 Membrane Annealing
All quaternized membranes were annealed in an digestion bomb at 125 °C under
both dry and hydrated conditions for 12 hours. @uazed membranes were dried in a vacuum

oven after annealing.

3.2.7 Characterization

'H NMR spectra of BrPPO and PS-b-PVBC were perforoed JEOL ECA-500 MHz
spectrometer. All polymer samples were dissolvediinte CDC} solution at concentration of
50 mg/mL. Gel permeation chromatography was pertoron a system consisting of a Water
600 Pump and two PL-gel pm Mixed C columns. A Wyatt MiniDAWN light scattegn
instrument and Wyatt Optilab DSP refractometer wesed as detectors. Differential scanning
calorimetry (DSC-20) was used to obtain the glassisition temperatures T of blend
membranes with 3 heating loops and heating raf® &C/min under a nitrogen purge, and the
data was analyzed by TA software. Thermal degrada@mperatures were measured on Seiko
TGA/DTA320 thermogravimetric analysis (TGA) at aalieg rate of 10 °C/ min under a
nitrogen atmosphere. Fourier transform infraredI@Tspectroscopy was performed on films
with a Thermo-Electron Nicolet 4700 spectrometédiziig Nicolet's OMNIC software.

Theoretical ionic exchange capacities (IECs) weateutated based on the complete
conversion of chloromethyl and bromomethyl groupbdnzylammonium groups. IECs of blend

membranes were also measured by hydroxide baekidit[34, 55] Typically, about 0.02 g of
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vacuum dried blend membranes in hydroxide form wemaersed in 10.00 mL of 0.01007 M
standardized HCI solution. After 48 hours, unredctdCl was titrated by 0.01103 M
standardized NaOH solution. The titrations wereeatpd 3 times for each blend membrane. The

IEC (mmol/g) was obtained by

IEC (mmol/g)= Mohr, He1- Maghr, el )

Mdry membrane

where My, weiis milimoles (mmol) of HCI determined before blem@mbranes neutralization,
Masgn, Hciis mmol determined after neutralization of membsa(adter 48 hr), and & membranelS

the dry mass (g) of membrane in hydroxide form.

Water uptake of BrPPO blended AEM was determineddiyparing the hydrated and
dry mass of membranes. The membranes were pregaakieionized water for 24 hours. The
excess water on surface of fully hydrated membramas blotted dry with kimwipes, and
weighed immediately. The membrane was re-hydragainain deionized water to obtain an
average mass of wet membrane. The film was finaiguum dried at 60 °C until a constant
mass was reached. The water uptake (WU) was detedniy

WU (%)= w x 100% (2)

dry

where MmygratediS hydrated mass of membrane after removing afase water, and gy is dry

mass of membrane after drying in vacuum oven.

The in plane ionic conductivities of blend membiamesre measured by four platinum
probe testing cell in electrochemical impedancectspscopy (EIS) using a BioLogic VMP3

potentiostat under controlled temperature andiveldtumidity in a TestEquity H1000 oven, and
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data was collected using EC Laboratories softwlne. conductivity can be calculated from the

membrane resistance

c=— (3)

whereR is the membrane resistandes the distance between the electrodess the cross-
section area of the sample. In this work, the etdéoconductivities were measured at 95%RH by
sweeping the temperature and hydroxide condu@s/ivere measured in water at 60 °C by the

testing cell.

Small angle x-ray scattering (SAXS) experimentsemaerformed on beamline 12 ID-B
at the Advanced Photon Source at Argonne Natioahbtatory. A beam energy of 12keV with
x-ray wavelength at 1 A was employed to measurepkesiin transmission mode. The scattering
data was collected by a Pliatus 2M SAXS detectbie Two-dimensional SAXS patterns were
radially integrated to obtain the transmissionnistey with respect to the scattering vector . The
typical experiment was performed using a customizedronmental chamber with controlled
temperature and humidity. The humidity of the chamlvas controlled by mixing wet and dry
nitrogen gas. Temperature was maintained at 60HKi&whe humidity was varied from 25%RH

to 95%RH.

3.3  Results and Discussion
The PPO homopolymer blended AEM study in Chaptede@onstrated the concept of
the formation of miscible PPO/PS blends to enhaheemechanical properties of polystyrene

block copolymer AEMs. Although the ionic conductiwiup to 43 mS/cm) was significantly
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enhanced through high temperature and solvent &ngea the presence of water, desired high
hydroxide conductivity is still not achieved.

The main goal of incorporating BrPPO in blend ietdhance the mechanical properties
of polystyrene block copolymer while introducing maocationic functional groups in blend
membranes for ion conduction. Furthermore, the tamhdil functionality provided by BrPPO
could exist in the membrane formation componentaéen the ionic domains ultimately formed
by the PVBC block. In order to maintain the simitaechanical strength as PPO blend AEM but
improve the ionic conductivity, a BrPPO blended AEdVdesigned by taking advantage of the
preparation method developed for PPO blended AEAMsshown in Scheme 3.1, a BrPPO
blended AEM s first prepared through the formatwinPVBC-b-PS/BrPPO blend films by
solution casting and then the solvent cast BrPP&ndblfilm was isolated and subsequently
functionalized by trimethylamine quaternization.eTbbtained membrane was soaked in KCI

solution to exchange all counterions to chloride.

Scheme 3.1 Preparation of BrPPO blended AEM
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The PVBC-b-PS block copolymer was synthesized bypxide-mediated polymerization
to control both molecular weight and the relativeck composition.[111] The polymerization of
vinylbenzyl chloride (VBC) (10 mL) was first cardeout using benzoyl peroxide (56 mg, 0.4
mmol) as radical initiator in the presence of TEMP&L, 132, 149] (62 mg 0.4 mmol) at 125 °C
for 3 hours. The resulting TEMPO end-capped PVB&BE-TEMPO) was isolated by
precipitation in methanol and separated from angnaiging monomer by several re-
precipitations. The PVBC-TEMPO was analyzed by gelrmeation chromatography to
determine a number average molecular weight ofB0g&'mol. PVBC-TEMPO (2.3 g) was
dissolved in 20 mL styrene and used as macroimttatcopolymerize the styrene block in bulk
at 125 °C for 30 minutes. The diblock copolymer wsdated and purified by precipitation in
methanol. The diblock copolymer was characterizeddd permeation chromatography and had
a total molecular weight of 85,700 g/mol and molacweight distribution of 1.85. The diblock
copolymer was prepared with the composition of 32%wWVBC block and 68 wt% PS block

calculated from théH NMR spectrum of the copolymer.

Scheme 3.2 Bromination of PPO

TCE
O + xBp, —» 0+ o+
! reflux =X X
Br

The bromination of commercially available PPO igideed in Scheme 3.2, and the
reaction was carried out using bromine as brononasigent directly according to a literature

procedure.[150]. The tetrachloroethane diluted kmnemwas used in order to limit the local
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bromine concentration and selectively brominate thenethyl groups. The degree of
bromination (Figure 3.1) can be determined usiHgNMR spectroscopy by comparing the
integration values of the peaks associated wittbtbenomethyl group (noted as d peak) and the
remaining unreacted methyl groups (noted as e p&dlg peaks designated as a, b, and ¢
correspond to the aromatic protons on the backdariéigure 3.1, the brominated repeat units in
BrPPO were calculated to be 90 wt%. A series ofrfimation reactions was performed on PPO
by varying the ratio of bromine to PPO repeat ugiigl excess amount of bromine was used in
order to achieve the desired degree of brominat®al permeation chromatography was
performed on all samples after bromination in ordeexamine the stability of polymers under
the reaction condition. It was found that all sagspin chromatograms showed a shift to high
molecular weight region without tailing to low moldar weight indicating no degradation

occurred during the harsh bromination reaction d¢amd[148]

a,b,c

ChCl, TCE

8 7 6 5 4

I

'H chemical shift [ppm]

Figure 3.1 'H NMR spectrum of BrPPO

77



The BrPPO films with a series of bromination lewskre drop cast from chloroform and
quaternized in trimethylamine solution to convertenbylbromide groups to
benzyltrimethylammonium bromide. Quaternized PPIahdicontaining functional groups on
approximately more than 0.18 per repeat units (& Wwromine functionalized PPO in BrPPO)
became water-soluble. Since only the quaternized ®WRh good mechanical integrity in water
can be used for blend membrane preparation, the®@mRith 25 wt% brominated repeat units

was used in this research.

The previous study of PPO homopolymer blended Alidestigated the miscibility of
PVBC with PS and PVBC-b-PS with PPO. Compatibwitgs found in PVBC-b-PS copolymer
and PVBC-b-PS/PPO blends for the compositionswilesie prepared. The miscibility of PVBC-
b-PS with BrPPO is necessary to be investigatelisnstudy due to the additional bromomethyl
groups in BrPPO. The miscibility study of BrPPO @&dBC-b-PS was performed on the blend
membrane samples. The glass transition temperafuBePPO and PVBC-b-PS copolymer was
firstly measured at 230 °C and 107 °C respectivEhe BrPPO was blended with PVBC-b-PS
copolymer in a range of compositions for the misitjpstudy. DSC was applied to examine all
BrPPO blend materials and only one glass transifieak was shown in all BrPPO blend
membranes. The glass transition temperature ineseagh the increase in BrPPO composition
of blend membranes as expected. Figure 3.2 shoevexample of BrPPO blend membrane with
40 wt% of BrPPO loading and the glass transitiongerature of this particular blend membrane
is at 135 °C indicating that the BrPPO is compatibith PVBC-b-PS in the blend composition

investigated in this study.

BrPPO was blended with PVBC-b-PS in chloroformba toncentration of 5g/100mL

and the PVBC-b-PS/BrPPO blend film was obtainedsblygtion casting on a glass slide and
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slow solvent evaporation. BrPPO blend membranek witeries of blend compositions were
prepared and are listed in Table 3.1. The chlorbyhgfroups in the blend membranes decreased
with the increase of BrPPO content in blend, wherde number of bromomethyl groups
followed the opposite order. So, it is expected tha ion exchange capacity only varies in a

small range.

- BrPPO
—— PVBC-b-PS/BrPPO -
- = PVBC-b-PS diblock et

Heat Flow Endo up

- —— -
p—
— ——
- —— -

pp—

100 150 200 250
Temperature (°C)

Figure 3.2 DSC traces of PVBC-b-PS diblock, PVBE®S/BrPPO (60/40) blend membrane,
and BrPPO (25wt% bromine repeat units)

Table 3.1 PVBC-b-PS/PPO blends composition, #tezal IEC and titrated IEC

PVBC-b-PS BrPPO Theoretical IEG Titrated IEC

AEM " ") wi%)  (mmolig) (mmol/g)
A 40 60 1.54 1.26
B 50 50 1.61 1.33
C 60 40 1.67 1.37
D 70 30 1.74 1.46
E 80 20 1.80 1.59

a) estimated byH NMR spectrum and blend ratio; b) determined bgkbtitration of blended

membranes after Olounter-ion exchange
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The PVBC-b-PS/BrPPO membranes were transparent iamdersed in aqueous
trimethylamine solution to convert both chlorométhnd bromomethyl groups to quaternary
ammonium groups for ion conduction. A large excelstrimethylamine solution was used in
order to reach a high reaction conversion. Thedblaembranes were left to react for 48 hours
and the obtained AEM was vacuum dried at 60 °Croght. Infrared spectroscopy qualitatively
confirmed the formation of quaternary ammonium iend membrane in Figure 3.3. The
disappearance of C-Cl and C-Br stretching at ab80tto 680 cni indicates the conversion of
chloromethyl and bromomethyl groups and the foramatf a peak at 3400 c¢hrepresents the

water peak associated with the formation of hygspgcquaternary ammonium groups.

Transmittance (%)

Transmittance (%)

[ R RS R R
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3.3 The FT-IR spectrum of (a) BrPPO blereinbrane before quaternization and (b)
BrPPO blend membrane after quaternization
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In order to gquantitatively examine the conversiatiofving the amination reaction,
hydroxide back titration was used to determinetiinated IEC of BrPPO blend membrane. The
blend membranes were soaked in 1 M degassed KQHimolfor 48 hr to exchange halide to
hydroxide. The membranes were immersed in fresbnde2d water every 4 hours to remove
excess hydroxide ions. The conversion of quatetioizaeaction was calculated in a range of

82% to 88% by comparing the value between the@ielitC and titrated IEC.

The blend membrane was expected to become an iibisissystem after the
guaternization reaction, but the phase separatietwden hydrophobic and hydrophilic
components in membrane might be limited due tdahmation of quaternized membrane from a
pre-cast miscible blend. Since a significant enbarent in ionic conductivity was observed in
previous PPO blend membranes as well as other dekl materials after annealing,[151]
experiments were designed to anneal the BrPPO Iohemabranes under different conditions and

then to examine their membrane properties, inclydiater uptake and ionic conductivity.
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Figure 3.4 TGA and DTG (inset) curves of BrPPéndled AEM
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In order to perform the annealing on BrPPO blendniranes, the thermal degradation
of quaternized BrPPO blend membranes was investigdihe thermal stability of BrPPO blend
AEM was studied by thermogravimetric analysis. Teevative of the thermogravimetric trace
is plotted as a function of temperature in Figu# and it displays the degradation temperature
of BrPPO blend AEM starts approximately at 131 W@ich is slightly lower than that observed
for the pure PPO blend. All BrPPO blended AEMs waamaealed at 125 °C at dry and hydrated

conditions in order to stay below the observed adafion temperature.

Table 3.2 Titrated IECgomparison of membranes before and after annealing

IECo IEC, IEC;
AEM (mmol/g) (mmol/g) (mmol/g)
A 1.26 1.09 0.80
B 1.33 1.17 0.88
C 1.37 1.23 1.05
D 1.46 1.32 1.09
E 1.59 1.43 1.21

a) The subscripts of IEC stand for the annealinghods: O represents the membranes before
annealing; 1 represents the membranes after angeati high temperature without water; 2
represents the membranes after annealing at higbet@ture with water

Since the membrane obtained directly after quatatimn reaction had a mixture of
chloride and bromide as counterions, the membraseswaked in 1 M KCI solution to exchange
all counterions to chloride for easier property pamson. The water uptake of all membranes in
chloride form before and after annealing were itigated at room temperature, and the water
uptake as a function of IEC is shown in Figure Je water uptake is found to correlate with
IEC as expected, and the membranes before annesdlmg the water uptake value increases
from 23% to 42% going from the lowest quaternarymamium functionalized sample to the
most highly functionalized sample. However, the evaiptake generally displays a decrease

after annealing at 125 °C in dry and hydrated dooai, which correspond to the functionality
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loss during the harsh annealing conditions. Thetmmmificant decrease in water sorption is
observed in membrane annealed at high temperaitimiemater and the values range from 12%

to 21%, which agrees well with the trend observetEC measurements after annealing.
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Figure 3.5 Water uptake comparison between memelvafore and after annealing

Table 3.3 Conductivify(chloride and hydroxid® comparison between membranes before and
after annealing

AEM IEC (¢]9) O1 02
(mmol/g) (MmS/cm) (mS/cm) (mS/cm)
A 1.26 7.3 (22) 5.1 3.0
B 1.33 9.5 (30) 6.6 3.5
C 1.37 10 (34) 7.9 5.6
D 1.46 13 (41) 9.5 6.0
E 1.59 15 (46) 12 7.3

a) The subscripts of IEC stand for the annealinghods: O represents the membranes before
annealing; 1 represents the membranes after angeati high temperature without water; 2
represents the membranes after annealing at higipet@ture with water; b) hydroxide
conductivity in parenthesis

Conductivities of all membranes were measured ie ftthloride form using

electrochemical impedance spectroscopy at 95%Rsiaeping the temperature from 50-90 °C

and the values at 60 °C are reported in TableTh8.chloride conductivity is dependent on the
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ion exchange capacity as expected and the valueases with the increased functionality
(Figure 3.6). The highest chloride conductivityoisserved in the membranes before annealing,
which is consistent with the observation in IEC amdter uptake changes. The hydroxide
conductivity was measured in water at 60 °C ang ¢ the membranes before annealing due
to the occurrence of degradation in membranes afteealing. The hydroxide conductivities are

approximately 3 times higher than chloride condutgis for all membranes.
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Figure 3.6 Chloride conductivity comparison ofmi@anes before and after annealing methods
versus |[EC

In order to get a better comparison of ion condurcproperty on PPO and BrPPO blend
membranes, hydroxide conductivities of PPO blended BrPPO blended membrane before
annealing as a function of water uptake is exhibiteFigure 3.7. Although the conductivities of
both membranes show the same trend relative torwateke, the BrPPO blended membranes
display significantly higher hydroxide conductivityan PPO blended membranes, which could
correspond to the higher functionality in BrPPOnlle. Furthermore, it is also found that the

BrPPO blended AEMs with similar IEC display higheaiter uptake and hydroxide conductivity

84



than the PPO blended samples, which indicates itite dependence of ionic conductivity on
water uptake. For membranes with similar IEC valu&$PPO blend (IEC = 1.33 mmol/g)
consisted of both quaternized PPO and quaterni2a88CP while PPO blend (IEC = 1.34
mmol/g) only consisted of quaternized PVBC but ighlr concentration than the quaternized
PVBC in BrPPO blend. This implies that the introtlme of quaternized PPO has greater
enhancement on water uptake and ionic conductiwitthe blend membrane than quaternary

ammonium functional groups provided by PVBC in ldcopolymer.
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Figure 3.7 Hydroxide conductivities of PPO an®BO blended membranes before annealing
as a function of water uptake

Small angle x-ray scattering (SAXS) experimentsengerformed on all BrPPO blended
AEMs before annealing at 60 °C by sweeping the ditgnfrom 25% RH to 95% RH. All as-
cast BrPPO blend membranes prior to annealing @gHibo distinct peaks in the SAXS profiles
as expected from casting the miscible blend andexyent quaternization at temperature well
below the T of all components in the membrane, which is caestswith the SAXS patterns

observed in PPO blended AEM before annealing. ThéSSprofile of BrPPO membranes E is
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presented in Figure 3.8 as a representative to dsimade the amorphous morphology in BrPPO
membranes before annealing. Since the thermal Angezauses degradation in the BrPPO
blended AEM, the membranes after annealing wereanatyzed in this study. In addition, all

SAXS profiles showed little response toward humyidthange revealing that the desirable

membrane dimensional stability under humidified diban was achieved by BrPPO blended

AEMs.

10
25%RH

—— 50%RH
—— 75%RH
—— 95%RH

7

e
=

1(Q) (em™)

0.01 |

T R R S R A ) I R S R
0.01 0.1
-1
Q=A")

Figure 3.8 SAXS profile of BrPPO blend membraBdsefore annealing

3.4  Conclusion

BrPPO blend membranes were successfully prepardaielnging BrPPO with PVBC-b-
PS copolymer, solvent casting miscible blend memdsa and subsequent heterogeneous
trimethyalmine quaternization. The membranes beforeealing possessed the highest water
uptake and hydroxide conductivity, as thermal degtian was found in membranes annealed at
high temperature under both dry and hydrated cmmdit The ionic conductivity was found to be

highly dependent on water uptake and the incororaif quaternary ammonium functionality
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in PPO seems to have a greater effect on waterkeipdad ionic conductivity of blend

membranes than increasing the functionality inttloek copolymer.
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CHAPTER 4POLYETHYLENE BASED BLOCK COPOLYMERS FOR ANION EXCHAGE
MEMBRANE

4.1 Introduction

Alkaline fuel cells (AFCs) are being actively stedidue to a number of advantages over
proton exchange membrane fuel cells (PEMFCs), dwfutheir facile electrochemical kinetics
and the capability to utilize non-precious metaiabgsts (i.e., nickel[13] or silver).[8, 10, 11]
However, the use of liquid electrolyte such as agsgyotassium hydroxide in traditional AFCs
results in carbonate or bicarbonate precipitatesfthe exposure of potassium hydroxide to
carbon dioxide in the air, resulting in reducedfgm@nance.[9] Recently, AFC research has
focused on the development of anion exchange merabrdAEMs) with various tethered
cationic functional groups, including quaternary naomium[27, 29, 82, 84, 152] and
phosphonium[85, 88], as solid polymer electrolytes AFCs to eliminate the formation of
precipitates. However, a major challenge in theettgyment of AEMs is the preparation of a
chemically stable polymer membrane with sufficiemtechanical properties and ionic

conductivity under the AFC operating conditions.

Polyethylene has been investigated as a comporiebkend membrane materials for
PEMFC to provide mechanical properties and to obntmnembrane swelling, and methanol
permeability.[64, 65] AFC membranes containing ptiylene as membrane material have also
been recently reported. Research has been perfotmexynthesize cationic functionalized
cyclooctene, randomly copolymerize with cycloocteri®y ring opening metathesis

polymerization, and subsequently hydrogenate th&mmer to form solvent processable
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polyethylene AEMs with good mechanical and ion aerive properties.[68, 88] Another
strategy to incorporate polyethylene in AEMs inigates the radiation graft reaction of
vinylbenzyl chloride monomer onto commercially dable polyethylene and subsequent
conversion of benzyl chloride to quaternary ammonication.[153, 154] AEMs based on
polyethylene have also been reported by blendingpnaexchange particles with linear

polyethylene and a water soluble additive to preeterogeneous membranes.[155]

Although cationic functionalized polyethylene haseb designed as a component of
AEMSs, the studies are based on the polymers witldaan cationic functional groups. Other
research on AEMs has been directed toward preparaligdefined block copolymers that have
a hydrophobic block that forms the matrix for matbal strength and a hydrophilic (cationic)
block for conductivity.[25, 104-108] The block cdpmers for AEMs can provide phase-
separated materials with controlled morphology it conduction by controlling the block
composition. A notable strategy in the synthesisvefl-defined block copolymers is to use
living anionic polymerization. Anionic polymerizati offers various benefits to prepare block
copolymers as the reactive site in a living anigrotymerization persists throughout the reaction
so that no termination or chain transfer occurshentimescale of the reaction. Because there is
no termination, monomers can be sequentially potized to yield well-defined block
copolymers. Through the use of anionic living podyimation, polymers can be synthesized with
controlled molecular weight, composition, and fumcal groups. Anionic polymerization can
be used to control the microstructure of diene.(sgprene, butadiene) polymerizations, and
high 1,4-structured polybutadiene can be obtaingdpdérforming anionic polymerization of
butadiene in non-polar solvents. Subsequent hydadgs of high 1,4-content polybutadiene

leads to a polyethylene structure. Through thisusage, polyethylene-based block copolymers
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as AEMs can be prepared by living anionic polynedian and post functionalization.

In this study, polybutadiene-b-poly(4-methylstyre(B-b-P4MS) block copolymer was
synthesized by living anionic polymerization. Thghh1,4-structured polybutadiene block was
hydrogenated to polyethylene-like block and they@bimethylstyrene) block was ultimately
converted to an ion conductive block. The followirggearch investigates in detail the block
copolymerization, hydrogenation, and cationic grodipnctionalization reactions. The
polyethylene block copolymer membranes are prep@arstudy their properties, including water

uptake, hydration number, ionic conductivity, andrpghology.

4.2  Experimental Section
4.2.1 Materials

4-Methylstyrene (Sigma-Aldrich, 96%) was dried owsicium hydride and distilled
under reduced pressure two times before use. ligdime (Sigma-Aldrich>99%) was
transferred from the gas cylinder to an argon paifgessure vessel containing calcium hydride
and a stir bar while cooling the vessel to -78 °fthvan acetone/dry ice bath. The butadiene
stirred over the calcium hydride for approximat2y minutes right before usgecButyllithium
(secBuLi) (1.4 M in cyclohexane) solution and mhibutylmagnesium (1.0 M in heptane)
solution were obtained from Sigma-Aldrich and usedreceived. 2,2’-Azobisisobutyronitrile
(AIBN) (Sigma-Aldrich, 98%) was purified by recrgdlization in methanol, and N-
bromosuccinimide (NBS) was recrystallized from ae&zed water. HPLC grade cyclohexane
from Fisher was purified by passing through colummns Pure Solv solvent purification system

(Innovative Technology). 2,6-Oert-butyl-p-cresol (BHT, Eastman), xylenes (Mall, ACS
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reagent gradelp-toluenesulfonyl hydrazide (TSH) (Sigma-Aldrich,%Y, carbon tetrachloride
(Sigma-Aldrich, 99.9%) and trimethylamine (SigmadAth, 25 wt% aqueous solution) were
used without further purification. All polymerizah glassware, glass syringes, needles, and stir
bars were dried in the oven at 180 °C overnight thedylassware was further flame dried under

an argon purge after equipped with stir bar antedeaith a rubber septum.

4.2.2 Anionic Polymerization of Polybutadiene-b-Poly(4-Méhylstyrene) (PB-b-P4MS)

Polymerizations were conducted at room temperaturgeries of block copolymers (A,
B, C, and D) were synthesized following the samlgperization procedure while varying the
relative composition of butadiene and 4-methylstgrélocks. A typical procedure (copolymer
A) is as follows.

Dry cyclohexane (50 mL) from solvent purifier waddad to a septum sealed, flame
dried and argon purged 100 mL round bottom flaskggzed with a stir baisecBuLi (100 pL,
0.14 mmol) was then injected with a 2pD syringe. The solution turned to a pale yellow and
was allowed to stir for 15 min. An argon purgedsgige vessel containing butadiene (7.22 g,
0.133 mol) over calcium hydride was connected &rthund bottom flask with a cannula. The
pressure vessel was gently warmed and the butadias¢ransferred from the pressure vessel to
reaction flask over 15 to 20 min. The cannula W tremoved and the reaction was left to stir
for 24 hrs. An aliquot (1 mL) of reaction solutieras removed by syringe after 24 hours and
added to argon degassed methanol to terminate plesash polybutadiene. 4-methylstyrene
(5.10 mL, 39.5 mmol) was introduced into the reactilask using a 5 mL syringe. A bright
orange color was immediately observed and theimrasblution was left to stir for 12 hrs. After

this time, a small amount of argon-purged methavad introduced by syringe to terminate the
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living polymer chain ends as observed by the disapgnce of the orange color. The polymer
solution was precipitated into excess methanolaiamtg 2,6-ditert-butyl-p-cresol (0.2 g, about
0.02 wt% of polymer) as radical inhibitor, and th@lymer was isolated by filtration, washed
with more methanol, and dried in the vacuum ove40atC overnight. The conversion of styrene
was determined to be approximately 5044. NMR (500 MHz, CDC}, §): 2.25-2.35 (s 3H —
CHa); 4.85-5.00 (M 2H -CHCH(CH=CH)-); 5.28-5.51 (m 2H -CHCH=CH-CH,-); 5.65-5.80

(M 1H -CH-CH(CH=CH)-); 6.33-7.19 (m 4H ArH).

4.2.3 Hydrogenation of PB-b-P4MS Block Copolymer

Hydrogenation of the polybutadiene block in the agmer was performed by using
toluenesulfonyl hydrazide to form polyethylene-dy§é-methylstyrene) (PE-b-P4MS). In a
general procedure for copolymer A, PB-b-P4MS (1.6.10.015mol butadiene repeat units) was
weighed into a 250 mL three neck round bottom flagkipped with a magnetic stirbar, a
condenser, and an argon bubbler. Xylenes (80 mls) adaled into the reaction flask and after
dissolution the reaction flask was immersed in ah bath and heated to 120 °Gx-
Toluenesulfonyl hydrazide (22.3 g, 0.12 mmol) wdded, and the solution was allowed to stir
for 12 hrs. The hot solution was precipitated inexcess of methanol, filtered, and the white
powder was washed with hot deionized water to remioyproducts. The final polymer was

recovered by filtration and dried in the vacuummae 80 °C overnight.

4.2.4 Bromination of PAMS Homopolymer

The bromination of the poly(4-methylstyrene) blaokPE-b-P4MS was performed by

using NBS and BPO following a modified literatune@edure.[32, 156] P4MS (0.3556 g, 3.00
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mmol 4-methylstyrene repeat units) was weighed atiovo neck 50 mL round bottom flask
equipped with a magnetic stirbar, a condenser,amdrgon bubbler. Carbon tetrachloride (15
mL) was added and the polymer was suspended itiaold he reaction flask was immersed in
an oil bath and heated to 72 °C. The mixture waedtuntil the copolymer dissolved. AIBN
(0.0075 g, 0.045 mmol) was added followed by NBSI&Q g, 2.70 mmol, 90 mol% to the
amount of 4-methylstyrene) under argon flow. Thieitson was refluxed and allowed to stir for
24 hrs during which the solution turned yellow. Tin& solution was precipitated into excess
methanol, filtered, and the yellow powder was wadshéth deionized water to remove

byproducts. The product was filtered and driechentacuum oven at 80 °C overnight.

4.2.5 Bromination of PE-b-P4MS Block Copolymer

The bromination of poly(4-methylstyrene) block iB-B-P4MS was performed by using
the same condition as bromination of P4AMS homopelynin a typical reaction condition
(copolymer A), PE-b-P4MS (1.3837 g, 2.70 mmol 4ykstyrene repeat units) was dissolved in
50 mL of carbon tetrachloride in a two neck 150 nound bottom flask. The solution was
heated in oil bath to 72 °C with stirring under #agon atmosphere. AIBN (0.0065 g, 0.040
mmol) was first added into reaction and NBS (0.432.43 mmol, 90% to the amount of 4-
methylstyrene) were added right after AIBN into atgan flask with argon protection. The
solution was refluxed and allowed to stir for 24.hiThe color turned to yellow after the
bromination. The hot solution was precipitated xtess of methanol, filtered, and the yellow
powder was precipitated repeatedly by methanoletoove byproducts. The polyethylene-b-
polyvinylbenzyl bromide (PE-b-PVBBr) was finallyltred and dried in the vacuum oven at

80 °C overnight.
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4.2.6 PE-b-PVBBr Block Copolymer Membrane Preparation

PE-b-PVBBr block copolymer powder was dissolved9at °C in xylenes with a
concentration of 3g/100mL. The solution was drogt ca a 80 °C pre-heated glass slide and the
xylenes was allowed to evaporate. The resulting bmane was dried in vacuum oven at 80 °C

overnight to remove remaining xylenes.

4.2.7 Amination of PE-b-PVBBr Block Copolymer Membrane

The PE-b-PVBBr membrane was soaked in a 25 wt%aguaimethylamine solution
for 48 hours to convert benzyl bromide to benzylagthylammonium bromide ([VBTMA][Br]).
The PE-b-P[VBTMA][Br] membrane was then repeateniiynersed in fresh deionized water
multiple times, rinsed thoroughly with water, arftert dried in a vacuum oven at 60 °C

overnight.

4.2.8 lon Exchange of Hydroxide Membrane

The quaternary ammonium functionalized block copwy membranes were soaked in
1M KOH solution for 48 hrs to exchange bromide tpdrioxide. The membranes were
subsequently immersed in deionized water for aliewrs with the deionized water exchanged

several times during the soaking process.

4.2.9 Characterization
The molecular weights and molecular weight distiidns for polybutadiene and PB-b-
PAMS were determined by gel permeation chromatbygrgGPC) using a Waters 600 HPLC

pump equipped with a Wyatt Technology Optilab Ritedeor and a Wyatt Technology
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miniDAWN multiangle laser light scattering (MALLS)etector. Elutions were carried out with
two Polymer Laboratories PLgel, Mixed-D columns at room temperature with THF &bev
rate of 1.0 mL/min. Samples were dissolved in T&iF> mg/mL and molecular weights were
measured using Astra software supplied by Wyathfielbgy.'H NMR spectra of copolymers
were obtained using a JEOL 500 MHz spectrometdr.p8lymer samples were dissolved in
CDCl; using tetramethylsilane (TMS) as standard. IR mmesmsents were performed by
attenuated total reflectance (ATR)-Fourier transfoinfrared (FTIR) spectroscopy using a
Thermo-Electron Nicolet 4700 spectrometer with aa8r@rbit attachment in a spectral range of
500 — 4000 cm. Glass transition temperaturesg)Tand crystallinity of membranes were
determined by differential scanning calorimetry @%®n TA DSC-20 running TA software with
a heating rate of 10 °C/min under a nitrogen puide degree of crystallinity was calculated by
comparing the enthalpy of the DSC tested samplie thi enthalpy value for 100% crystallized
polyethylene.[157, 158]

Theoretical ionic exchange capacities (IECs) weakeutated based on the complete
conversion of benzyl bromide to quaternary ammonidntrated IEC was determined for
samples in the bromide form by the Mohr’s titratiorethod.[54, 159] The membranes were
dried in a vacuum oven at 60 °C for 24 hours, dredrtdry weights were quickly measured.
About 0.10 g membrane was accurately weighed aaklesbin 50 mL 0.2 M NaNg»olution for
8 hours. After 8 hours, the film was transferretb ifresh 0.2 M NaN@solution for another 8
hours. This process was repeated a total of 3 tim@g hours to exchange the bromide ion to
nitrate. The NaN@solution was titrated to determine the amount ekfbromide ions with
0.0992 M AgNQ solution by using KCrO, as color indicator. The bromide titration was

repeated three times and the titrated IEC was leaémiwith the equation,
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Cagno, V
IEC (mmol/g) = _C ANG

dry membrane

where c is the concentration of Aghl@olution, V is the volume of the AgNGCsolution
consumed during titration, antifmemorandS the dry mass of the membrane.

In order to determine water uptake of AEMs, memesawere pre-soaked in deionized
water. After 24 hrs soaking, the fully hydrated nbeames were removed from the water and the
extra water on the membrane surface was blottedmitty kimwipes, and the membrane was
weighed immediately. The quaternized membranes weneersed again into deionized water
for another 15min to let them re-hydrate. This rodttvas repeated 5 times to obtain the average
mass of hydrated membranes. The membranes wely fraauum dried at 60 °C for 24 hr. The
water uptake (WU) was determined by

mhydrated' My

WU (%)= Y % 100%

My
where MmygratediS hydrated mass of membrane after removing afase water, and gy is dry
mass of membrane after drying in the vacuum oven.

Synchrotron small angle x-ray scattering (SAXS) exkpents were performed at the
Advanced Photon Source at Argonne National Lab.ddeaments were taken in a transmission
geometry using a Pliatus 2M SAXS detector with eguasition time of 1 s at a beam energy of
12 keV and incoming x-ray wavelength of 1 A. The @tter was radially integrated to obtain
data of intensity versus scattering vector q. Ttedmission intensity was normalized to
exposure time and flux of the direct beam through gample. An environmental chamber was
used to control the temperature and humidity.[1I2ZB] The humidity was stepped from 25% to
50%, 75%, and 95%RH every 20 minutes in order tirdg the membrane.

High Angle Annular Dark Field Scanning Transmissklectron Microscopy (HAADF
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STEM) was performed using a JEOL 2100F operatezD@kV and HAADF 5 camera length.
Samples for HAADF STEM were microtomed on a LeicdrdJcut UCT with a EMFCS
cryostage using a microstar diamond knife with &@ting angle. Samples were microtomed at
-10 °C to a thickness of 90nm. Samples were traresfefrom the cryostage to a dessicator in
capsules to minimize interaction with water vapor.

The ionic conductivity of quaternized membranes wasasured by electrochemical
impedance spectroscopy (EIS) using a Bio-Logic VMP@8tentiostat under controlled
temperature, and data was collected using EC Latrega software. Membranes were held in
four electrode cells with platinum electrodes. hmstwork, EIS was performed by changing
temperature from 50 °C to 90 °C in water. Activatienergy (B of ionic conductivity can be
determined by using an Arrhenius relationship betw#ne conductivity and temperature, which

can be expressed as

-Ea
O1= OpeRT
where o is the ionic conductivitygo is Arrhenius constant, R is gas constant, apdsEhe
activation energy of ionic conductivity under carnteelative humidity.

Tensile properties of block copolymer membranesweeasured at dry and hydrated
conditions on aimnstru-Met frame tensile tester (by MTS Model: A3B)} using a 1000-pound
load cell (with a resolution less than 0.1 pound) a crosshead speed of 5 mm/min at room
temperatureThe dry samples were prepared by drying membramasacuum oven at 60 °C
for 24 hours, and the hydrated samples were préfmreoaking membranes in deionized water
at room temperature for 24 hou&amples were cut into strips with dimension ofragimately
60 mm x 8 mm and membrane thicknesses were measuaa@nge of 50 to 80 microns. Stress

was calculated from the cross-sectional area ofiltheand the strain was obtained by measuring
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the increase of the film gauge lendiine Young’'s modulus was determined by the initiape

of the stress vs. strain curve at very low stréin3%).

4.3  Results and Discussion

Studies have demonstrated random polyethylene oot for anion exchange
membranes, with the polyethylene providing good maedcal properties, decreased dimensional
swelling, and good chemical stability.[63-65] Howev well-defined diblock copolymers
containing polyethylene as the hydrophobic block fieel cell membranes have not been
investigated. In this work, a polyethylene blockpaolymer with quaternary ammonium
functionality is prepared through a series of nemst The reaction sequence is designed
through a living anionic polymerization to form gbutadiene (PB) with high 1,4 content as a
precursor to polyethylene and the controlled polyma¢ion of poly(4-methylstyrene) as a
precursor to a benzyl bromide functionality, andimétely, a benzyltrimethyl ammonium
functionality.

PB-b-P4MS block copolymer was synthesized througie tsequential anionic
polymerization of butadiene and 4-methylstyrenéidated bysecBulLi in cyclohexane (Scheme
4.1). Living anionic polymerization was selectechcgl this technique offers significant
advantages over other polymerization methods tthegize a well-defined PB block with high
1,4 enchainment of monomer. While the anionic pagsization of butadiene has been widely
studied, very few references to the anionic polyma¢ion of 4-methylstyrene exist.[160, 161] A
block copolymer of butadiene and 4-methylstyrena ba produced through either reacting
butadiene or 4-methylstyrene as the first blockweler, the chain transfer to toluene in

butyllithium initiated anionic polymerization ofysene is well studied,[162] and chain transfer
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to the paramethyl group is possible during the polymerizatidrmethylstyrene homopolymer
has previously been prepared by anionic polymeomatind the research indentified the
importance of low temperature polymerization amaiting the conversion to less than than 60%
in order to avoid chain transfer.[163] In orderstmthesize well-defined linear block copolymer
and minimize any chain transfer to pendent benzaykthyl groups, the block copolymerization
was designed to polymerize butadiene first, folldvieg polymerization of the 4-methylstyrene.
In addition, the 4-methylstyrene polymerization wesminated prior to high monomer

conversion.

Scheme 4.1 Sequential anionic polymerization®PP4MS block copolymer
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In the first step, the anionic polymerization otdmliene was carried out usisgeBuLi
in cyclohexane at room temperature following a pthaoe previously reported.[164gcBulLi
initiated anionic polymerization of butadiene innAgolar cyclohexane solvent has been
demonstrated to result in predominately 1,4-stmectuPB.[165] Linear polybutadienyllithium
chains were formed by adding butadiene monomehedosblution ofsecBulLi in cylcohexane,

resulting in a light yellow color during butadiengolymerization. Once the butadiene
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polymerization was completed, a small amount ofyp@r solution (1 mL) was removed and
terminated with degassed methanol for analysisees of four PB polymers were produced
with molecular weights controlled by the molar eatof [butadiene]/[sec-BuLi]. The molecular
weights were targeted to range between 33,000 @206 g/mol. GPC was used to analyze the
molecular weights attained for each PB polymeraratind found excellent agreement between
the actual and targeted molecular weights, (Tabl® #dicating complete conversion of
butadiene monomer to polymer. The molecular wemjbtributions of the PB samples are

relatively narrow and in the range of 1.05-1.09.

Table 4.1 Characterization of PB and PB-b-P4MSboners

PB block PB-b-P4MS copolymer
Sam
ples [Bdl/[see M," M./ 1,4-PE [4MS]/[sec M, M,/ PB:P4M3
BuLi] (g/mol) M2 (%) -BulLi] (g/mol) M2 (Wt%0)

A 950 50,100 1.08 92 282 64,800 1.16 77 :23
B 750 39,800 1.06 92 370 61,000 1.08 68 : 32
C 898 47,300 1.09 95 526 75,400 1.13 60 : 40
D 590 32,700 1.05 95 646 68,900 1.14 51:49

a) determined by light scattering (GPC); b) measime'H NMR spectroscopy

The diblock copolymer was prepared by adding 4-gistyrene to the living
polybutadienyllithium chains. As the 4-methylstyeemas introduced, the solution color changed
from light yellow (polybutadienyllithium) to brighdrange immediately indicating the successful
initiation of 4-methylstyrene. The block copolynzation was terminated by the introduction of
degassed methanol and the bright color immediatalped to colorless indicating the

termination of all living polymer chains. The polgmsolution was precipitated into an excess of
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methanol to isolate the block copolymer. A serieBB-b-P4MS diblock copolymers (Table 4.1)
was prepared by varying the molar ratio of [4-métyyene]/secBuLi]. The molecular weight
of the PAMS blocks in the different copolymer sagsplvas determined by the difference in the
molecular weight of the PB block and the final clgpter measured by GPC. The conversion of
4-methylstyrene was calculated to be approximad&yo to 49% based on the value of [4-

methylstyrene]$ecBuLli].

—PB
— —PB-b-P4MS

6 9 12 15 18 6 9 12 15 18
Volume (mL) Volume (mL)

Figure 4.1 a) GPC chromatograms of PB-b-P4MS lgopers a) copolymer A; b) copolymer
B; ¢) copolymer C and d) copolymer D

The progression of the copolymerizations is cleadgmonstrated by the GPC

chromatograms in Figures 4.1a-d for the four défércopolymerizations (copolymers A, B, C
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and D). Solid lines represent the first block (P@nopolymer) and the dashed lines show the
complete separation from the PB homopolymer inftlmation of the PB-b-P4MS copolymer.
The dashed peaks shift significantly in all chroogaams indicating complete crossover from
polybutadienyllithium to polybutadiene-b-poly(4-rhglstyrenyl)lithium. Molecular weight
distributions of the block copolymers (M, = 1.08-1.16) become only slightly higher after
adding the second block. The slight increase igdispersity could be due to a slow crossover
from polybutadienyllithium to polybutadiene-b-palytnethylstyrenyl)lithium or to a small
amount of chain transfer to thmara-methyl group. Small shoulders in the high molacul
weight region are observed in some chromatogramesumably a result from polymer chain

coupling by oxygen during termination reactions.

The microstructure of the PB block and block conipms of copolymers were
determined by'"H NMR spectroscopy. Figure 4.2a shows the spectofirone PB-b-P4MS
copolymer (sample C) consisting of characteristignals of polybutadiene and poly(4-
methylstyrene). The peaks at 4.85-5.00 ppm and-%.83% ppm are signals from the 1,2-
structured PB. The peaks at 5.28-5.51 corresponthdotwo olefinic protons from the 1,4-
structured PB.[164] The microstructure in the PBchkl can be calculated based on the
integration of 1,2-structured PB and 1,4-structuRds. The amount of 1,4 configuration is
predominant in the microstructure of PB as expeeted the composition varies from 92% to
95% for the 4 different samples (Table 4.1). Thenoikzal shift at 2.25 ppm is attributed to the
benzylic methyl group from 4-methylstyrene, and pleaks at 6.33-7.19 ppm represent aromatic
protons of 4-methylstyrene. The molar compositibRB and P4MS can be readily estimated by
comparing integration of characteristic peaks fBrand P4MS. For this sample (copolymer C),

the mass composition of PB and P4AMS is determiodxt t60% and 40%, respectively.
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The diblock copolymer was subsequently reactedytrdgenate the PB block and then
guaternary ammonium functionality was introducedthe P4MS block (Scheme 4.2). The
hydrogenation and bromination of para-methyl growpse each done in a homogenous reaction,
while the final conversion of bromomethyl groups ldenzyltrimethylammonium groups was

done as a heterogeneous reaction on a solutiofiloast

Scheme 4.2 Hydrogenation, bromination and quiiaion

=
AIBN
p-toluenesulfonhydrazide NBS
—_—
xylenes CCly
120°C 72°C
/
N_
drop cast \
xylenes water
90°C R.T. +, =
N Br
|

Because the majority of the PB is 1,4-structurgdrbdgenation of the PB block results in

a predominantly polyethylene-like block with 5-8%h branches. The thermal decomposition
of p-toluenesulfonhydrazide in xylenes is a common wetfor converting polydienes to

hydrogenated polymers.[166-168] A large excess dmi@tio of [TSH]/[butadiene repeat units]
= 8/1) ofp-toluenesulfonhydrazide was added in this readioensure complete hydrogenation.
The resulting hydrogenated polymer remained solublgylenes at high temperature, so the
polymer was precipitated into methanol while thkigon was still hot. The resulting polymers
were washed by boiling water for 30 min in orderrémnovep-toluenesulfonic acids formed

during the reaction. The hydrogenated polymers weronger soluble or only partially soluble
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in common solvents at room temperature, includirigr Ttoluene, chloroform, tetrachloroethane,
and xylenes. The polymer was soluble enough inrofdem at low concentration to perforthl
NMR spectroscopy in order to quantify the extentited hydrogenation reaction. Figure 4.2b
shows the'H NMR spectrum of PE-b-P4MS copolymer. Comparisathihe PB-b-P4MS in
Figure 4.2a shows that olefinic proton signals Bfd® 4.85-5.80 ppm (including 1,2-structuured
and 1,4-structured) completely disappear and neakgpéorm at 1.51 ppm corresponding to the

methylene protons from polyethylene demonstrativegdomplete hydrogenation.

a 1,4-PB

1,2-PB -CH
1,2-PB

CDCl, /
A/‘\_ \

b
-CH,
CDCl, 4/\\/J
[ I T I T I T I
C
cocl, -CH,Br L‘
CH,
,JV\/\ A . W
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'H chemical shift [ppm]

Figure 4.2 'H NMR spectra comparison of (a) PB-b-P4MS, (b) PE4bS and (c) PE-b-
PVBBr copolymers in CDGI

A model reaction to brominate the P4AMS homopolymas examined in order to study
the bromination of 4-MS repeat units in block cypeér. The reaction was carried out in the

presence of AIBN with less than the stoichiometoaversion ([NBS]/[4-methyl group] = 0.9/1
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molar ratio) in order to selectively brominate #henethyl group with out reacting the tertiary
benzylic protons on backbon# NMR spectroscopy was used to evaluate the rea¢fimure
4.3). The intensity of the peak corresponding ® 4hmethyl groups at 2.25 ppm reduces after
bromination while a new peak at 4.51 ppm representise formation of benzyl bromide groups.
The degree of bromination reaction can be calcdlétgsed on the integration ratio between
benzyl bromide groups and aromatic groups. Furtbegmthe integration ratio between
methylene protons (1.34 — 1.64 ppm) and tertianzikc proton (1.64 — 2.05 ppm) on backbone
remained the same after the bromination reactiosomFthe results, it is expected that the
reaction could be used to quantitatively synthetieePE-b-PVBBr block copolymers with only

4-methyl groups bominated.

cycylohexane

-CH

3

b
-CH,_Br -CH,
A Pl
A~
L I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I ]
8 7 6 5 4 3 2 1 0

1H chemical shift (ppm)

Figure 4.3 *H NMR spectra of (a) P4AMS homopolymer and (b) PZt8r bromination
reaction

Bromination of PE-b-P4MS copolymer was conductetérahydrogenation reaction,

since the selective bromination of the 4-methylup®is desired. The bromination reaction was
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carried out at 72 °C in carbon tetrachloride anel polymer remained in solution during the
reaction. The solution color changed to light yellovhen NBS was added, and the
stoichiometric ratio of NBS and 4-methyl groups whge same as the model bormination
reaction in order to exclusively introduce bromfaactional group on 4-methyl groups. After 12
hours of reaction, the light yellow polymer (PE-WBBr) was obtained by precipitation in
methanol and isolation by filtration. Figure 4.2wws the'H NMR spectrum of PE-b-PVBBr
after vacuum drying and it is compared with NMR spectrum of PE-b-P4MS (Figure 4.2b).
The chemical shift at 2.25 ppm corresponding toethyl groups reduces significantly after
bromination, at the same time, a new peak at 4fh porresponding to benzyl bromide is
observed in Figure 4.2c. It is reasonable to oleseseme remaining 4-methyl groups after
bromination since NBS with less than 1 equiv of &Mas used in this reaction. The degree of
bromination on 4-MS can be determined by the irstign ratio between benzyl bromide groups
and aromatic groups. The degree of brominationalsutated in a range of 81.8% to 84.6%
(Table 4.2) depending on copolymer samples. Thegefpuantitative control over bromination
of 4-MS block was successfully achieved.

The PE-b-PVBBr was cast into membrane prior to dh@nation reaction, since the
amphiphilic material after quaternization is diffitto process into a membrane. PE-b-PVBBr
powder was dissolved in 90 °C xylenes and cast dwtaplate held at 80 °C, keeping the
copolymer in solution while the solvent slowly ewagted. The PE-b-PVBBr membrane
remained clear and homogeneous after holding &C8@r 1 hr. The membrane was then dried
in a vacuum oven at 80 °C to remove remainin xydeil@e PE-b-PVBBr copolymer membranes

were examined by DSC to determine the degree staltinity of the PE component in the film.
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All membranes were found to have a similar amodirygstalline structure in the range of 24.1%

to 25.7% (Table 4.2).

Transmittance (%)

Transmittance (%)

28 |- —— PE-b-PVBBr

0r .
PR (Y [ (S A R
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4.4 Infrared spectra of PE-b-PVBBr andiPEfVBTMA][Br]

The amination reaction was done by soaking PE-b#B\MBembrane in trimethylamine
agueous solution at room temperature for 48 hr. résalting PE-b-P[VBTMA][Br] membrane
was immersed in deionized water, then rinsed vatgd amount of water and dried in vacuum
oven to remove extra trimethylamine. Examinatiothef quaternization reaction was done by IR
spectroscopy (Figure 4.4). The characteristic pa&18 crit corresponding to a C-Br stretch
mostly disappears after amination, indicating haginversion in the quaternization reaction.
Additionally, a new peak forms at 3364 ¢neorresponding to water from the hygroscopic

guaternary ammonium cation in membrane.
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The theoretical IECs of the quaternized membranese vweompared with their titrated
IECs in Table 4.2. The theoretical IEC was caladdbased on the composition of 4-MS in the
copolymer and the degree of bromination in eacthefdifferent copolymers. The titrated IEC
was determined by the well-established Mohr’s titra method. The comparison shows that the
guaternization reaction reached high conversion88f93%, in agreement with the IR

spectroscopy results.

Table 4.2 IEC, water uptake, and conductivityP&f based anion exchange membranes

Copoly  Degree of Degree of Theoretical Titrated Water

-mer  Brominatio crystallinity? IEC® IECY  uptaké o
AEMs (%) (%) (mmol/g) (mmol/g) (%) (mS/cm)
A 82.5 24.1 1.38 1.17 15 24 (7.1)
B 84.6 25.7 1.78 1.66 26 47(11)
C 83.1 251 2.07 1.87 35 70(18)
D 81.8 24.3 2.30 1.92 37 73 (19)

a) determined byH NMR spectroscopy; b) estimated by DSC;'ld) NMR spectroscopy and
complete N(CH)3; quaternization; d) determined by Mohr’s titratice); measured in bromide
form at room temperature; f) hydroxide and bronmsdaductivity measured by EIS at 60 °C in

water (bromide conductivity in parentheses)

Small angle x-ray scattering (SAXS) characterizatwas done to examine phase
separation of the hydrophobic and hydrophilic comgras. The quaternized block copolymer
membranes were prepared in the bromide countemom,fand SAXS experiments were
performed in an environmental chamber at 60 °Cdrying the relative humidity from 25% RH
to 95% RH. Ordered morphologies were observedlimambranes tested and they all displayed

a distinct first order peak and a weak second godek as shown in Figure 4.5. The d-spacing of
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the membranes increased from 48.3 nm to 69.8 nmgang from the lowest cationic
functionalized sample to the most highly functioredl sample. The increase in d spacing could
be due to the increase in the molecular weighthefhydrophobic domain in membranes. All
SAXS profiles displayed little response during thenmidity change, indicating all membranes
are dimensionally stable under changing humiditgditions. This could be due to the semi-

crystalline structure in membrane matrix causirgjrigted structural swelling.
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Figure 4.5 SAXS profiles of quaternized polyetmg block copolymer AEMs

Although the structural features were observedlinrSAXS profiles, the peaks were
relatively broad in all cases leading to the diffig in the interpretation of the membrane
morphologies. Therefore, high angle annular damldfi scanning transmission electron

microscopy (HAADF STEM) was performed on all memi@s to further study the phase-
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separated morphology in the PE block copolymer nramds. The corresponding HAADF
STEM images revealed distinct hydrophilic (représdnby bright areas) and hydrophobic
(represented by dark areas) phase separation. TEM $mage of membrane C in Figure 4.6

clearly exhibits a bi-continuous morphology witd@main size of approximately 35 nm.

40 nm

Figure 4.6 HAADF STEM of images of PE block copoker membrane C

The four different polymer membranes were prepasii a range of ion exchange
capacities that is dependent on the block composdf the copolymer precursor and the extent
of bromine functionalization. The water uptake bé tblock copolymer membranes increases
with increasing ion exchange capacity from 15% 7803going from the low functionalized
membrane to the most highly functionalized memhbrartee water uptake values of block
copolymer membranes are relatively lower than offteks with similar ion exchange capacity
and the same cationic functional groups,[23, 56, B®] which could be attributed to the
crystalline structure in the hydrophobic matrix.

The bromide and hydroxide conductivity of all blocgpolymer AEMs were measured
by electrochemical impedance spectroscopy andepated for measurements at 60 °C in Table

4.2. The ionic conductivity is found to increasehnincreasing IEC and the concomitant water

110



uptake as expected, due to the increase in the ewaflcharge carriers. The membranes C and
D show close values in ionic conductivity, in agnemt with the observation in their ion
exchange capacities. The hydroxide conductivities approximately 4 times higher than the

bromide conductivity.
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Figure 4.7 Conductivity temperature dependendetobased block copolymer anion exchange
membranes

The hydroxide conductivities of block copolymer nieanes were further examined in
Figure 4.7 by sweeping temperature from 50 °C t6®@@nd the conductivity increases with the
increasing temperature in all membranes. Furthexmitis method allows the calculation of
activation energy for ion conduction in block copouker membranes by an Arrhenius
relationship. The activation energy was found taleépendent on the ion exchange capacity. The
higher functionalized membrane shows lower actiwvatenergy and the activation energy
calculated for hydroxide membranes ranged from 2Zmé&l to12 kJ/mol going from the least

functionalized to the most highly functionalized miwanes. The activation energies of
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hydroxide membrane are only slightly higher comgai@ the activation energies reported for
Nafion (5-20 kJ/mol).[34, 170, 171] However, thetiegmtion energies determined for block
copolymer membranes are very comparable with tiheesafor other AEMs,[24, 34, 54, 172]
which could correspond to the formation of someeekbf ordered morphological structure for

ion conduction.
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Figure 4.8 Stress vs. strain curves of membran@,Aand D at room temperature and dry
condition

4.4  Conclusion

Polyethylene block copolymer AEMs were formed tlylouhe preparation of anionic
polymerization of PB-b-P4MS and subsequent posttionalization reactions. The PB with
high 1,4-configuration was hydrogenated to a polyeene hydrophobic block with
semicrystalline structure. The polyethylene blodpaymer AEM exhibited excellent tensile
properties with a high strain at break (over 100¥)e block compositions were varied to alter

the IEC and control the morphology. The orderedphologies were observed in all membranes
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and bi-continuous morphology was found in the memeérmwith high IEC. The activation energy
was strongly dependent on IEC and the sample vigtheln IEC displayed values comparable to
Nafion. The results suggest promise for utilizirgms-crystalline block copolymer for AEM

application.

4.5  Acknowledgement

This work was funded by the Army Research Offia®tigh a MURI (grant # WO911NF-
10-1-0520). NMR spectroscopy was made possibtgir a grant from the NSF MRI program
(grant # CHW-0923537). The authors also want tmkhalake Whitley and Prof. Kip Findley

for their assistance with membranes tensile testing

113



CHAPTER 5MONO METHOXY POLY(ETHYLENE GLYCOL) GRAFTED BLOCK
COPOLYMERS FOR ALKALINE EXCHANGE MEMBRANE

51 Introduction

Alkaline fuel cells using anion exchange membraaseslectrolyte have recently aroused
considerable interest because it can overcome dhgogate precipitation issue in traditional
alkaline fuel cells (aqueous KOH as electrolyte)ilevtstill maintaining the advantages of a
traditional alkaline fuel cell.[8, 11] The main ahtages of anion exchange membrane fuel cell
(AEMFC) include facile electrokinetics at the calboand the ability to use non-precious metal
catalysts under the high pH operation conditiond.(d 22]

However, AEMFCs suffer from a few drawbacks comgate proton exchange
membrane fuel cell (PEMFC). First, the conductiog in AEMFC, hydroxide, has a lower
diffusion coefficient than protons due to its largeze compared to proton.[23, 173] Therefore,
the anion exchange membranes (AEMs) commonly exfatbier ion conductivity than proton
exchange membranes (PEMs), which could result diffculty to reach a similar fuel cell
performance as PEM. Secondly, it is found that ¢beductivity of AEMs exhibit strong
dependence on the humidity. Research has beenrpedoto study the humidity effect on
conductivity of benzyltrimethylammonium functionsdd AEM compared to the PEM,
Nafion.[24] Although the humidity dependence problés also observed in PEM,[174] the
benzyltrimethylammonium functionalized AEM displays more significant decrease in
conductivity relative to Nafion when the humidityogs. Consequently, both drawbacks could

limit the broad application of AEMFC.
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Various strategies have been applied to overcoreedtlawbacks in current AEMSs.
Research efforts have recently sought to increaskokide conductivity of membranes by
incorporation of new cationic functional groups dhd control of the microphase separation.[69,
82, 85, 88-90, 94] AEM studies have also focusedvater movement of AEMFC in order to
reduce the dependence of conductivity on humidytynipproving the water management.[175]
Additionally, a hybrid fuel cell has been develogedtake the advantages of high conducting
electrolyte (such as Nafion) in PEMFC and bettectbkinetics in AEMFC.[176, 177] This
hybrid fuel cell comprises an acidic electrode frBEEMFC as anode and a basic electrode from
AEMFC as cathode. The formation of water at thefiom of PEM and AEM makes this hybrid
electrolyte possess a self-humidifying feature,citgould potentially reduce the humidity effect
on conductivity.

Although research efforts have attempted to sohe drawbacks of AEMs through
various methods, the importance of AEM water affyinon conducting properties and its
humidity dependence are not fully understood. lfoisnd that the sulfonic acid functionalized
PEM has a higher hydration number (average watdecules per functional group) than the
guaternary ammonium functionalized AEM with similaumber of functional groups.[178]
Furthermore, in order to attain the same level aiductivity, AEM commonly requires the
presence of more water or a higher hydration nunttean PEM.[56, 108, 169, 179, 180] This
can be explained by the lower dissociation constagquaternary ammonium hydroxide in AEM
compared to sulfonic acid in PEM, so more water anoles are required for quaternary
ammonium hydroxide to dissociate to reach the highductivity.[181, 182] However, the
increase in hydration number is generally achidwethcreasing ion exchange capacity in most

studies,[34, 83, 95] which could complicate thedgtwf hydration effect on membrane
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properties.

In order to investigate the hydration number effemt membrane properties
independently without increasing the functionalitye have developed a simple method to graft
hydrophilic polymer onto AEM with no increase innie@xchange capacity. Mono methoxy
polyethylene glycol (MPEG) is a water soluble patynthat can be used to graft onto
polyvinylbenzyl chloride-b-polystyrene (PVBC-b-P&polymer. The mPEG grafted PVBC-b-
PS can be further converted to cationic functiaeali polymer for ion conduction. The overall
result is to graft mMPEG onto what ultimately becsrtiee ion conducting component of the block
copolymer. The research investigates in detail gredting reactions of PVBC-b-PS and the
subsequent amination reaction. The effect of mPEBgon the membrane properties, including
water uptake, hydration number, ionic conductivatyd its dependence on humidity, is also

investigated.

5.2  Experimental

5.2.1 Materials

Styrene (99%) and 4-vinylbenzyl chloride (VBC) (90%ere obtained from Aldrich,
dried over calcium hydride, and distilled under ueed pressure right before use. 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) (Aldrich, 98%¥yas sublimed twice before use. Mono
methoxy poly(ethylene glycol) (mMPEG) (Aldrich,,M 2,000 g/mol), sodium hydride (Aldrich,
powder) and trimethylamine (Aldrich, 25 wt% aqueossution) were used as received.
Benzoyl peroxide (BPO) was purified by recrystaitinn from 40:60 chloroform:methanol.[183]

HPLC grade THF and toluene from Mall were purifieg passing through columns on a
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commercial system (Innovative Technology). Otheagents were used without further

purification.

5.2.2 Synthesis of PVBC-b-PS by Nitroxide Mediated Polynme&zation

10 mL distilled VBC was introduced into a 50 mL naubottom flask containing BPO
(56 mg, 0.4 mmol), and TEMPO (62 mg 0.4 mmol), #mel reaction flask was sealed with a
rubber septum. The mixture was stirred to dissobsgents while purging with argon for 30
minutes. The reaction flask was heated to 125 °€C JFohours, and the nitroxide end-
functionalized PVBC was purified by repeated prigatpn in methanol. Nitroxide end-
functionalized PVBC was vacuum dried at 60 °C forHburs and used as a macro-initiator to
copolymerize styrene in a bulk reaction. 10 mL ety was added into a round bottom flask with
250 mg macro-initiator. The copolymerization wasrieal out at 125 °C for 1 hour and the
reaction solution was precipitated into methanaktate the block copolymer. The copolymer
was purified by re-precipitation in methanol aniédrin a vacuum oven at 60 °& NMR (500
MHz, CDCk, 8): 6.21-7.26 (9H, ArH), 4.37-4.65 (2H, GEl), 1.65-2.18 (2H, CH), 1.19-1.65

(4H, CH,).

5.2.3 Synthesis of MPEG Grafted PVBC-b-PS

PVBC-b-PS copolymers were grafted by reacting thredent benzyl chloride groups on
PVBC block with the hydroxyl end group on mPEG. n&?&nd PVBC-b-PS copolymer were
dried by azeotropic distillation in toluene at 170 before the reaction.[184] An example
procedure follows (membrane D-1): All reactions evepnducted under an argon atmosphere

and carried out at room temperature. 0.52 g agpictrdried mPEG polymer (0.26 mmol of
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hydroxyl end groups) was weighed and dissolvednm_.5dry THF. The mPEG polymer solution
was subsequently added dropwise into a stirred flath an excess amount of sodium hydride
(12 mg, 0.50 mmol) dissolved in dry THF. The depnattion reaction was carried out for 2
hours and the obtained alkoxide solution was agdued slowly into another flask containing
3.5 g azeotropic dried PVBC-b-PS (7.8 mmol of bémhjoride groups) and 15 mL dry THF,
and the resulting reaction was left to stir forrdirs. The mPEG grafted copolymer was isolated
by precipitation in the deionized water. The fipalymer was purified by repeated precipitation
in hot (80 °C) deionized water. Other samples wgnafted using the same procedure with
different amounts of MPEG calculated to producedémsred number of grafts in the copolymer
and the amount of sodium hydride calculated asceqmpately twice the amount of hydroxyl

groups in MPEG.

5.2.4 Membrane Preparation And Water Solubility Test

mPEG grafted polymer was dried overnight in a vatwayven at 60 °C. A solution of
approximately 5 wt% copolymer in THF was prepared donicated for 30 minutes. The
copolymer solution was drop-cast onto a glass slg the membrane isolated by evaporating
the THF in the fume hood. The obtained membrane aveesl in a vacuum oven at 60 °C

overnight and immersed in water to determine itsksbty in water.

5.2.5 Amination of mMPEG Grafted Membranes
The water insoluble films were soaked in 100 mL26fwt% aqueous trimethylamine
solution for 48 hours, then immersed in deionizeateny, and rinsed repeatedly with more

deionized water. The quaternized membranes weed dria vacuum oven at 60 °C overnight.

118



5.2.6 Characterization

Average molecular weights and molecular weightrithistions were determined by gel
permeation chromatography at a flow rate of 1 mb/MHF using a Waters 600 Pump equipped
with a Wyatt Optilab DSP refractive index detectyatt MiniDAWN light scattering detector,
and 2 PL-gel B Mixed-D columns'H NMR measurements were performed on a JEOL ECA-
500 spectrometer using CDGIs solvent.

Theoretical ionic exchange capacities (IECs) wealeutated based on the mPEG graft
extent and complete conversion of remaining berchjbride to benzyltrimethylammonium
chloride. Actual IECs of membranes were measuredhjgroxide back titration.[31, 55]
Quaternized membranes in the chloride form wereensed in 1 M KOH solution to exchange
chloride to hydroxide. The resulting membrane wased with deionized water until the rinse
water was neutral. About 0.02 g vacuum dried memdsan hydroxide form were immersed in
10.00 mL of 0.00987 M standardized HCI solution 48rhr, and the actual IEC was calculated
by titration of unreacted HCI using 0.01053 M stamlized NaOH solution. The back titration
was repeated 3 times for each membrane. The IEG(fgnhwas obtained by

[EC (mmol,/g)= ‘ot He1 Mishr, et )

Mdry membrane

where My, neris the original moles of HCI calculated before loppdde membrane titration,
Mashr, Holis determined by moles of NaOH used in back tiratfter 48 hours soaking in HCI,
and Myy membrandS the dry mass (g) of membrane after ion exchange

Water uptake was measured comparing wet and dightgeof the membranes. The film
was soaked in deionized water for two days befbeemeasurement. The surface water was

removed and the mass of the hydrated film was ohetexd. The film was immersed in deionized
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water again for 15 minutes, and the measurements mepeated 5 times for each sample. The
films was then dried in a vacuum oven at 60 °C2bhours until constant weight was achieved.
The water uptake was calculated using the equation,

WU (%)= “dred By 100%, (2)

Myry

where mygratediS hydrated mass of membrane after removing afase water, and gy is dry
mass of membrane after drying in vacuum oven. Tugation numberX), which is described
as average number of water per quaternary ammonammbe calculated based on the given

water uptake and titrated IEC,

A= 3)

mwy, o ¥ IEC

Water sorption of the membrane was also testedyusiSMS dynamic vapor sorption
(DVS) instrument. The sample after drying in thewam oven overnight was loaded in the glass
sample pan hanging from an ultra sensitive miciantzd. The relative humidity is achieved by a
proportionally mixing a dry gas (nitrogen) and atevavapor stream controlled by mass flow
controllers. Conditions for the experiment were aet60 °C with different humidity cycles.
Samples were first kept at 0% relative humidity &b, then the humidity was increased in the
sequence of 20%, 40%, 60%, 80%, 95% and then deszid¢a 0% with the same 20% humidity
steps. the sample equilibrated at each humidity Zlorand the cycle was run twice. The
equilibrium mass at the end of each step was usetchlculate water uptake and hydration
number from the isotherm of mass variation versleive humidity.

Conductivity was measured by electrochemical impedaspectroscopy using a four

electrode cell with platinum electrodes equippedhwa Bio-Logic VMP3 potentiostat. The
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impedance spectra were collected over a frequeanger of 0.1 HZ to TOHz using EC
Laboratories software. The hydroxide conductivitgswmeasured under fully hydrated condition
at room temperature and 60 °C with the cell imneense water. Chloride conductivity was
measured in an environmental chamber (TestEquitgeVid007H, Moorpark, CA) to control the
temperature at 60 °C and varying the humidity fr66%RH to 95%RH. Both conductivity

values were calculated with the equation (4),

(4)

1
G:
Rxtxw

where |, R, t, and w represent the distance betwhkenelectrodes, resistance of membrane

measured, the thickness, and width of the membraspectively.

53 Results and Discussion

Despite recent improvement in hydroxide condugtivaf AEMs, most AEMs still
demonstrate a lower conductivity than Nafion witle same level of charge carriers (measured
as ion exchange capacity). In addition, a strongeddence of conductivity on high relative
humidity limits the potential for application of M in alkaline fuel cells. Although water
management and humidified gas supply might be tablaaintain membrane performance, this
complicates the engineering that goes into the ¢dakl Moreover, research has shown that ionic
conductivity increases with an increase in hydratevel,[54] so the effect of hydration humber
on membrane properties is an important area oftigyation.

In order to investigate the hydration effect indegently of the cationic functional
groups, a sytem is designed to alter hydrophiliotya membrane with the introduction of a

hydrophilic mPEG polymer graft. PVBC-b-PS block ober was selected for a grafting
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reaction, since the mPEG can be grafted througistisution on the pendent benzyl chloride
groups in the PVBC block. The remaining benzylodde groups in the polymer are
subsequently quaternized by trimethylamine to fah@ final mMPEG grafted anion exchange

membrane. The overall sequence of reaction isneadltin Scheme 5.1.

Scheme 5.1 The preparation of mMPEG grafted AEM
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The PVBC-b-PS block copolymer was synthesized byxide mediated polymerization
to provide controlled molecular weight and blocknpmsition material. The polymerization of
VBC was first carried out using BPO as radicaliatdr in the presence of TEMPO[131, 132,
149] and then the resulting TEMPO end capped PVBE used as macrointiator to polymerize
a styrene block. The procedure and results are oswrpletely described in the Chapter 2. The

diblock copolymer was characterized by gel permeatthromatography and had a total
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molecular weight of 79,600 g/mol. The diblock copoér was prepared with the composition of
34 wit% PVBC block and 66 wt% PS block as determifieth the'H NMR spectrum of the

copolymer.

—— PVBC-b-PS
- - - PEG-grafted-PVBC-b-PS
- mono methoxy PEG

Volume (mL)

Figure 5.1 GPC chromatograms of mPEG, PVBC-b-d#®lgmer, and grafted polymer

The mPEG grafting reaction occurs in two steps,re/isedium hydride deprotonates the
hydroxyl end functional group in mPEG and then tbgulting alkoxide anion can further react
with a pendent benzyl chloride to produce the gsafticture. First, a simple deprotonation
reaction was achieved by reacting mPEG with catledlamount of sodium hydride for 2 hours,
as reported in a similar reaction.[119, 185] Theuléng alkoxide anion solution was transferred
to react with PVBC-b-PS copolymer in THF and thacten solution became viscous during the
reaction. The grafting reaction was left to stir #8 hours to reach high conversion. Several
precipitations were conducted to remove unreact®EG homopolymer residue. The graft
polymer, PVBC-b-PS and mPEG homopolymer were vacdtied and subsequently analyzed
by GPC (Figure 5.1.) The GPC chromatogram of gdaftelymer shows (dash line) a slight but

clean separation on both low molecular weight aigh hmolecular weight regions from the
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initial PVBC-b-PS copolymer peak. The slight pe&Ktscorresponds to the low graft extent of
low molecular weight mPEG after grafting. Signatresponding to mPEG homopolymer is not
observed in the grafted polymer sample, indicatirgcomplete grafting reaction and successful

removal of unreacted mPEG homopolymer.

b a
HiO- g~ oM
a

'H chemical shift [ppm]

Figure 5.2 'H NMR spectra of mPEG (top) and mPEG grafted PVBESbpolymer (bottom)

Knowing that no residual mPEG remains after reactiad purification, théH NMR
spectrum of mPEG grafted PVBC-b-PS is compared mifEG homopolymer in Figure 5.2 in
order to determine the amount of mMPEG grafts inctholymer. The characteristic peak at 4.45
ppm corresponds to the benzylic protons from bealdride and mPEG grafted structure while
the protons on the methoxy end group in mMPEG hasteemical shift of 3.36 ppm. The amount

of MPEG grafted through substitution of the berchlbride groups can be calculated based on
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the integration of the corresponding peaks. Assaltethe mol% of mPEG incorporated through
benzyl chloride substitution can be calculated amdde range of materials with 0.5 mol% to 46
mol% of mPEG grafts are obtained. The amount of @RJaft in copolymer also can be

evaluated as the wt% of mMPEG incorporated into lyoper by the equation,

MppEG _ WpvBC X G X MWppeg 4.46-G (5)
MpyBC-b-PS MWygce

where mypec is the mass of mMPEG, gysc-b-psiS the mass of PVBC-b-PS copolymewe is
wt% of PVBC block in copolymer, G is the mol% ofrniagl chloride grafted, M\Wpeg is the

molar mass of mPEG, and M}Vis the molar mass of VBC repeat unit.

PVBC-b-PS copolymers with nine different graft camspions were prepared through the
reaction with mPEG. The amount of mPEG graft iooregdl as both wt% of mMPEG added onto
PVBC-b-PS copolymer and mole% of benzyl chlorideugs reacted by mPEG (Table 5.1).
From equation (5), it should be noted that withyamlsmall amount of benzyl chloride groups
grafted by mPEG, the mass of mPEG added into tipelgmer could be significant. Highly
grafted polymers show a good agreement betweeth#wetically calculated amount of graft
and the measured value, indicating high efficienEyhe mPEG grafting reaction. However,
samples with low graft contents (membranes A anddiBplayed a large difference between
theoretical and measured graft values, which ctseldh result from impurities or less control
with small amounts of mPEG.

Membrane films were prepared using the THF solublREG grafted PVBC-b-PS
materials by drop casting at 5% wt/vol concentratan glass slides. It was expected that
polymers with higher mPEG graft content would resula large increase in the hydrophilicity

of the membrane, thus leading to loss of mechamsitzddility in water or complete dissolution.
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Membranes were isolated from glass slides and sloakéeionized water to determine solubility.
The results are shown in Table 5.1 and membran#s lwgh graft contents (H-1 and I-1)

became soluble in water after the grafting reaction

Table 5.1 Characterization of mMPEG grafting reacand water solubility

mMPEG Theoretical Actual MPEG Actual VBC  Solubility in  Solubility in

grafted mPEG grafte?:l grafted grafted’ water after  water after
membrane (Wt%) (Wt%b) (mole%) mPEG graft quaternization
A-1 5 2.2 0.5 - -
B-1 8 4.9 1.1 - -
C-1 10 7.6 1.7 - -
D-1 15 13 2.8 - -
E-1 20 21 4.8 - +
F-1 40 36 8.0 - +
G-1 50 40 9.0 - +
H-1 70 67 15 + +
I-1 200 205 46 + +

a) estimated by the feed ratio of sodium hydrid®EG and PVBC-b-PS; b) wt% of mPEG
polymer grafted onto PVBC-b-PS copolymer; c) wt%bainzyl chloride groups grafted and
calculated by the equatiditi NMR spectroscopy and (5); d) mol% of VBC reachksdmPEG

and measured by NMR spectroscopy.

The grafted membranes that remained insoluble iterwaere soaked in aqueous
trimethylamine solution for 48 hours to convert eening benzyl chloride groups to quaternary
ammonium groups. As the cationic functional growmese formed through substitution of benzyl
chloride for trimethylamine, the polymers becameremore hydrophilic and the membranes (E-
1, F-1, and G-1) with relatively high mPEG grafintent became water. The membranes that
remained water insoluble were removed from thedtirglamine aqueous solution and subjected
to repeated soaking in fresh deionized water egenpurs. The membranes were finally rinsed

with deionized water and dried in a vacuum overetoove any residual trimethylamine.
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The membranes obtained after quaternization witimethylamine were titrated to
determine the conversion of benzyl chloride grotpsguaternary ammonium groups. The
quaternized membranes in the chloride form werseaglently exchanged to hydroxide in 1 M
KOH for 24 hours. The actual IEC was determinechipgroxide back titration method and the
results are shown in Table 5.2. The conversionuafternization reaction can be determined by
comparing titrated IEC with theoretical IEC, whichn be calculated by assuming complete

conversion of remaining benzyl chloride groups IinPEG grafted membrane to

benzyltrimethylammonium groups.

Table 5.2 Characterization of mPEG grafted andgrafted membranes

mPEG Theoretical Titrated Water c°on (MS/cm)

grafted IEC® IEC® uptaké
membrang  (mmol/g)  (mmol/g) (%) A R.T. 60 °C
A-2 1.99 1.68 58 19 10 33
B-2 1.94 1.60 80 28 17 44
C-2 1.88 1.57 91 32 22 50
D-2 1.79 1.49 108 40 27 61
J 2.04 1.73 28 9 7.8 25

a) Membrane A-2, B-2, C-2, D-2 were prepared bytirg A-1, B-1, C-1, D-1 with N(Ch)s,
and membrane J was prepared by directly soaking@w®S in N(CH)s; without grafting
reaction; b) estimated byH NMR spectroscopy and complete N(§4 quaternization; c)
determined by hydroxide back titration; d) measuredhloride form at room temperature; e)
hydroxide conductivity measured by EIS in water

A non-grafted and quaternized block copolymer memérwas also prepared for
comparison by soaking PVBC-b-PS membrane dirently frimethylamine aqueous solution for
48 hours without any mPEG graft reaction step (nramd J in Table 5.2). The theoretical and
titrated IEC of the resulting membrane was alsosuesal by hydroxide back titration, and the

conversions for all membranes were determined tgréater than 82%.
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The water uptake and hydration numberdf all membrane samples were determined at
room temperature and compared (Figure 5.3) to sthdyeffect of mMPEG grafts on polymer.
Because the grafting reaction requires substituibrsome benzyl chloride groups, the total
number of ionic groups (as measured by IEC) isabsad relative to the non-grafted membrane
(J). However, since only a small amount of benhfbgde groups are reacted, only small IEC
differences between grafted membranes are obsefvedwater uptake and hydration number
are found to increase with the number of mPEG graift the membrane, and the trends can be
observed in Figure 5.3. The hydration numbers ss®drom 9 to 40 going from the non-grafted
membrane to the most highly mPEG grafted membrdgdration number follows the reverse
order of IEC, therefore it is clear that the mPE@ftg increase the hydration number
independently of the number of cationic groups. Wader uptake value is also plotted and
shows the same trend as hydration number. The stigh&ter uptake reaches 108% with only

2.8 mol% benzyl chloride groups reacted with mPEG.
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Figure 5.3 Water uptake and hydration numberugetisrated IEC of PEG grafted AEMs
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Conductivity of each membrane in their hydroxidenfowas measured at room
temperature and 60 °C in a fully hydrated conditigrelectrochemical impedance spectroscopy.
The ionic conductivity is found to increase witltieasing hydration number and the amount of
MPEG grafts, and the results can be observed ite EaB. Although the IEC only varies over a
small range of 1.73 mmol/g to 1.49 mmol/g, the mughly grafted samples, which have the
lowest IEC, display a significant increase in hydde conductivity (61 mS/cm) relative to the
non-grafted sample (25 mS/cm). Therefore, the asmein water content, due to the high
hydrophilicity of mPEG in these membranes showseatgr effect on the ion transport than the
small difference in IEC. The trends of hydroxidedoctivity at room temperature and 60 °C are
also plotted as a function of water uptake in Fegbi4d to further study the mPEG graft effect in
anion exchange membrane. The conductivities at testiperatures show high dependence on
water uptake. The conductivity increases with theraase in water uptake as expected, which

correspond to the increase in mPEG graft contents.
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Figure 5.4 Conductivity of mPEG grafted and noafigd membranes as a function of water
uptake at room temperature and 60 °C
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The role of mMPEG on water sorption and its effectlee anion exchange membrane was
further examined by dynamic vapor sorption (DV)ewater uptake of the most highly mPEG
grafted membrane (D-2) was measured by varyingdlagive humidity from 0%RH to 95%RH
and compared with the non-grafted membrane in Ei§us. Water uptake and hydration number
increase with the increased humidity for both memnbs, but the mPEG grafted membrane
displayed greater water sorption than non-graftedhbrane, as expected. Figure 5.5 shows that
both grafted and ungrafted membranes absorb simdger at a low humidity range of 0%RH to
20%RH. However, the mPEG grafted membrane absagh#isantly greater amounts of water
than the non-grafted membrane as humidity increaese 20% RH. This further confirms the

MPEG content is responsible for the high watenayfin the grafted membranes.
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Figure 5.5 DVS study of mPEG grafted membrane (&2A) and non-grafted membrane J
(M,J) at 60 °C (solid symbols represent the water uptaid hollow symbols represent the
hydration number)
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In order to investigate the dependence of condiigidn humidity, the conductivity of all
membranes were measured at 60 °C by sweepingveelatimidity from 50-95 %RH in an
environmental chamber. Since the reactivity of bydfe ion with carbon dioxide could cause
complication upon exposure to air in the environtaechamber during measurements, the
membranes were examined in their chloride forntHerconductivity tests. The conductivities of
MPEG grafted membranes at different relative humesl(50%, 80%, and 95%) are plotted as a
function of titrated IEC in Figure 5.6. The chlagicdonductivities at all humidity conditions
increase with the increase in the amount of mPEARigg and related increased hydration level,

which agrees well with the trend observed in hydtexconductivity.

The conductivity is found to generally decreasenwéduced relative humidity, which is
consistent with the observation in other anion exge membrane studies.[24, 105, 175] For
instance, the conductivity of the non-grafted mesnkrdecreases by more than 50% on going
from 95%RH to 80%RH and reduces to 13% of its 95%Ritie on going to 50%RH. This
strong humidity dependence in conductivity corresf® to the low availability of water
molecules at low humidity condition. However, thenductivity of the highly mPEG grafted
sample, membrane D-2, displayed much less of a ditynmilependence. The conductivity of
membrane D-2 shows only a small decrease from 2&8m$® 22 mS/cm (21% decrease) on
going from 95%RH to 80%RH, indicating the ability the mPEG grafts in the membrane to
hold water at 80 %RH compared to the non-graftechbrane. The mPEG grafted membranes
still experience a significant conductivity loss ayoing to 50%RH, nonetheless, this
methodology demonstrates the potential to redueectimductivity dependence on humidity at

least at humidity changes from 95 %RH to 80 %RH.
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Figure 5.6 CIl conductivity comparison (50%, 806l &5%RH) of PEG grafted AEM at 60 °C

54 Conclusion

mPEG homopolymer is utilized as a hydrophilic potyntio modify the anion exchange
membrane properties through grafting reaction. MREG grafted AEMs enhanced the water
uptake and hydration number due to an increasedbmagra water affinity by mPEG even with
decreased IEC. The hydroxide and chloride condiigtimcreased with an increase in mPEG
graft content due to the greater water sorptionthe membrane for ion transport. The
investigation of dependence of conductivity on hditgiindicated that the mPEG grafts seem to
have little effect on reducing the humidity depamoke of conductivity at 50 %RH, but this
humidity dependence is apparently reduced for mgEBed membrane at 80%RH and higher
humidity. The results suggest promise for utilizihgdrophilic polymer to improve the ion

conduction and its performance at low humidity atad
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CHAPTER 6QUATERNARY AMMONIUM CROSSLINKED BLOCK COPOLYMERS F&
ALKALINE EXCHANGE MEMBRANES

6.1 Introduction

The alkaline fuel cell (AFC) is a competitive fuall technology to the proton exchange
membrane (PEM) fuel cell.[9] However, the tradi liquid electrolyte, KOH, can negatively
affect the performance of the AFC, as the carbaxide in air reacts with KOH to form
carbonate precipitates in the electrolyte, whiclockl pores in the electrodes.[35] The
development of solid-state electrolytes (i.e., anexchange membranes) can eliminate the

carbonate precipitate problem.

To be effective, the anion exchange membrane massgss certain properties and
research efforts have been directed to addrese ttlesracteristics. Foremost, the cationic
conducting group must be stable in an alkaline remvnent. Among the different cationic
functional groups that have been examined, quatgraemmonium has demonstrated good
thermal and chemical stability and the benzyltrimyetmmonium cation has been widely studied
because of its relative ease of synthesis.[26-28,Secondly, the polymer backbone must be
chemically stable under the alkaline conditiongr&tic polymers are alkaline stable materials
and can be readily functionalized, resulting in esal/ studies[34, 35, 37, 40] that have
incorporated polyvinylbenzylammonium groups intolypmer structures for anion exchange
membrane preparation. Moreover, an important requént for robust anion exchange
membrane is high ionic conductivity. The primarythoel for ionic conductivity enhancement
involves introducing more ion conducting functiongioups. However, as the degree of

functionality increases, the anion exchange mengnaay lose its mechanical integrity in water
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or fuel. In order to solve this problem, the intuotlon of crosslinking may effectively enhance
the membrane insolubility[8]. In addition, cros&iimg may also improve the thermal and
chemical stability in the membrane, but the crogstig also has the potential to render the

membranes more brittle.

Various strategies have been used to prepare ickss|polymers for anion exchange
membranes. Research has been performed to bronaindteethyl groups on a poly(aryl ether
sulfone) and then to use the resulting benzyl bdengroups in a self-crosslinking reaction at
high temperature by Friedel-Crafts reaction betwgmnbenzyl bromide groups and aromatic
rings on the polymer backbone.[186, 187] Anothesslinking strategy investigated the design
of a tetraalkylammonium functionalized cycloocteaseboth crosslinker and monomer for ring
opening metathesis polymerization.[69] Recentlye tiamine, 1,4-diazabicyclo[2,2,2]octane
(DABCO) was used to react with polyvinylbenzyl atidie grafts to crosslink anion exchange
membranes.[188, 189] Diethylamine has also beeesiigated as a crosslinker to form
crosslinks in poly(arylene ether sulfone)[190] oblygvinylbenzyl chloride) composite
membranes[191] and effectively reduce the membdamensional swelling in water, however,

the reaction left with moderate contents of teytmine in the membrane.

We have investigated a simple method to react diyteatnine with a portion of pendent
benzyl chloride groups in order to crosslink blamkpolymer chains. The remaining pendent
benzyl chloride groups are then reacted with trnyleimine to form additional cationic
functionality. The block copolymer is chosen siniteoffers the potential for controlled
morphology, which can be tuned by varying the blecknposition. The overall result is to
crosslink what ultimately becomes the hydrophilartpof the membrane, while potentially

retaining the mechanical properties of the hydrdgphanatrix. Additionally, the quaternary
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ammonium crosslinking unit can act as an ionic catidg group to maintain ionic conductivity.
The research investigates in detail the crossloland amination reactions of poly(vinylbenzyl
chloride)-b-polystyrene (PVBC-b-PS) in the formatiaf membranes. The effect of crosslinking
on the membrane properties, including water uptak@c conductivity, thermal stability, and

mechanical property is also investigated.

6.2 Experimental Section

6.2.1 Materials

Styrene (99%) and 4-vinylbenzyl chloride (VBC) (90%ere obtained from Aldrich,
dried over calcium hydride, and distilled underueed pressure right before use. 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) (Aldrich, 98%yas sublimed twice before use. Benzyl
chloride (Mallinkrodt, analytical reagentpotassium carbonate (Fisher Scientific, anhydrous),
dimethylamine (Aldrich, 40 wt% aqueous solution)datrimethylamine (Aldrich, 25 wit%
agueous solution) were used as received. Benzeybxmle (BPO) was purified by
recrystallization from 40:60 chloroform:methanolth€r reagents were used without further

purification.

6.2.2 Synthesis of Dibenzyldimethylammonium Chloride

Benzyl chloride (1.0 mL, 8.7 mmol) and potassiumboaate (1.2 g, 8.7 mmol) were
added to a 50 mL round bottom flask followed byrhiD methanol. Dimethylamine (40 wt%
aqueous solution) (0.5 mL, 4.35 mmol) was introduiceo the flask by microliter syringe. The
reaction flask was capped with a rubber septumhaatied to 60 °C for 24 hours. The potassium

carbonate was separated by filtration and the meth&action was concentrated by rotary
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evaporation. The final product was isolated by migation in hexane and dried under vacuum
overnight. Pure yield: 89%H NMR (500 MHz, DO, 8): 7.33-7.60 (10H, ArH), 4.42 (4H,

CH.CI), 2.81 (6H, CH).

6.2.3 Synthesis of PVBC-b-PS by Nitroxide Mediated Polymeation (NMP)

All glassware was dried overnight at ~150 °C befibre polymerization. The purified
VBC (10.0 mL), BPO (56 mg, 0.4 mmol), and TEMPO (68 0.4 mmol) were introduced into a
50 mL round bottom flask containing a magnetic lséir and capped with a rubber septum, and
contents were purged with argon for 30 min. Theturexwas then heated to 125°C for 3 hours.
The resulting TEMPO-terminated PVBC (PVBC-TEMPO) swaurified by repeated
precipitations in methanol, and further dried iwa@uum oven at room temperature overnight
before use.

PVBC-TEMPO was used as a macro-initiator to copelyre with styrene in a bulk
polymerization. PVYBC-TEMPO (250 mg) was weigheaiat50 mL round bottom flask and the
flask capped with a rubber septum. An excess oésty(10 mL) was then added to the flask by
syringe. After the PVBC-TEMPO dissolved in the sty, the round bottom flask was purged
with argon for 30 min. The bulk polymerization waarried out at 125 °C for 1 hr. The
copolymer was isolated by precipitation in methamold was purified by re-precipitating after
re-dissolving in chloroform. The copolymer was thligied under vacuum at room temperature.
'H NMR (500 MHz, CDC}, 8): 6.21-7.26 (9H, ArH), 4.37-4.65 (2H, GEll), 1.65-2.18 (2H,

CH), 1.19-1.65 (4H, Ch).
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6.2.4 Formation of Crosslinked Membranes

Films were crosslinked by reaction between the pendbenzyl chloride groups and
dimethylamine. An example procedure follows (meamer A-1): PVBC-b-PS copolymer was
dried overnight in a vacuum oven at room tempeeaté solution of approximately 5 wt%
copolymer in chloroform was prepared and sonicéedl5 minutes. The copolymer solution
was drop-cast onto a glass slide and the chlorofeas allowed to evaporate in the fume hood.
The copolymer film that was obtained was immersedvater to separate from the glass slide,
and then held for 20 hours in a vacuum oven atCGl@%55 g of dry copolymer film (1.15 mmol
of benzyl chloride groups) was weighed into a gngéck 100 mL round bottom flask equipped
with a magnetic stir bar. Based on the amount sfrdd reaction, potassium carbonate (63 mg,
0.46 mmol) and 30 mL methanol were added to rousiion flask. 26.0uL of a 40 wt%
aqueous dimethylamine solution (0.23 mmol) wasoohiced to the round bottom flask using a
micro-liter syringe. The reaction flask was cappeth a rubber septum and heated to 60 °C for
24 hours. The crosslinked membrane was removed tine flask and rinsed with water. Other
samples were crosslinked using the same procedutte twve amount of dimethylamine
calculated to produce the desired number of crdssland the amount of potassium carbonate

calculated as twice the amount of dimethylamine.

6.2.5 Quaternization of Crosslinked Membrane by Trimethylamine

The crosslinked membranes were soaked in 100 mwt2b aqueous trimethylamine
solution for 48 hours, then immersed in deionizeaten, and rinsed thoroughly with more
deionized water. The quaternized membranes weeel d@ni vacuum oven at room temperature

overnight.
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6.2.6 Characterization

'H NMR spectroscopy was performed on samples in GSing a JEOL ECA-500
spectrometer. Gel permeation chromatography wa®rmpeed using a system consisting of a
Waters 600 Pump, Wyatt Optilab DSP refractive indtector, Wyatt MiniDAWN light
scattering detector, and 2 PL-gak Blixed D columns. Fourier transform infrared (FTIR)
spectroscopy was performed using a Thermo-Eledtlionlet 4700 spectrometer with a Smart
Orbit attachment utilizing Nicolet's OMNIC softward@hermal stability was determined by
thermogravimetric analysis (TGA) on a Seiko TGA/CB2® at a heating rate of 10 °C/ min
under a nitrogen atmosphere.

Chloride conductivity was measured by electrochalrimpedance spectroscopy using a
Bio-Logic VMP3 potentiostat under controlled temgtere and relative humidity in a TestEquity
H1000 oven, whereas hydroxide conductivity was mess by electrochemical impedance
spectroscopy in water by sweeping the temperatora 60 to 90 °C. All membranes were held
in four electrode cells with platinum electrodesd alata was collected using EC Laboratories

software.

Theoretical ion exchange capacity (IEC) was catedlafor membranes both after
crosslinking and after final quaternization reactioThe theoretical IEC after the crosslinking
reaction was determined by dimethylamine feed ratiod the theoretical IEC of the final
membrane was calculated based on the assumptioangblete trimethylamine quaternization
reaction. Titrated IEC was determined by the Mobhikride titration method[159]. The desired
membranes were dried in a vacuum oven at 60 °Q4ohours, and their dry weights were
quickly measured. About 0.10 g membrane was aayratighed and soaked in 50 mL 0.2 M

NaNG; solution for 24 hours to exchange the chloride tomitrate. The NaNgsolution was
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titrated to determine the amount of free chloridiesi with 0.0992 M AgN®@solution by using
K2CrO4as color indicator. The end point of the titratiwas identified as the appearance of light
red brown color, indicating all the chloride iongne& consumed and AQrO,was formed. The

chloride titration was repeated three times anditteted IEC was calculated with the equation,

Cagno, V

IEC (mmol/g)= AgNO5

dry membrane
where c is the concentration of Aghl@olution, V is the volume of the AgNGsolution

consumed during titration, antifmemorandS the dry mass of the membrane.

Water uptake was measured comparing wet and dightgeof the membranes. The film
was soaked in water for two days. Excess waterrem®ved with a Kimwipe and the mass of
the hydrated film was determined. The film was tkdeied in a vacuum oven at 60 °C for 24 hr

until constant weight was achieved. The water uptaiis calculated using the equation,

mhydrated' My

WU (%)= Y % 100%

mdry

where mygratediS hydrated mass of membrane after removing afase water, and gy is dry

mass of membrane after drying in vacuum oven.

Mechanical properties of crosslinked and non-cnoksti membranes were performed
using aninstru-Met frame tensile tester (by MTS Model: A38} with a 1000-pound load cell (a
resolution less than 0.1 pound). The samples weee th a vacuum oven &0 °C for 24 hours
before testing and were cut indpproximately 60 mm x 8 mm strips with a thicknessbout
100 microns. The test was performed at crossheaeldspf 5 mm/min at room temperature in

dry condition.
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6.3 Results and Discussion

In order to attain the desired conducting perforceanf anion exchange membranes,
high cation functionality is typically introducednto the polymer structure. Although
incorporation of more cationic functional groups (@easured by an increased ion exchange
capacity) can enhance the membrane ionic condtyGtihiis method will increase the membrane
hydrophilicity and may result in the loss of its ¢hanical integrity under hydrated conditions.
The goal of current study is to develop a methoéhtwease the membrane integrity is water
without damaging its mechanical property. Resedraf been directed toward making block
copolymers that have a hydrophobic block that fothes matrix for mechanical strength and a
hydrophilic (cationic) block for conductivity.[23,05, 108] Here, the amount of cationic groups
is still limited because at a certain content, kiyerophilic portion can become the majority
phase or otherwise promote solubility or high levef swelling in water. We introduce a
variation in the use of block copolymers where lilydrophilic cationic phase is crosslinked to

limit the hydration and swelling while allowing farlarge number of ionic groups.

Scheme 6.1 Synthesis route for crosslinked AEM
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A method (Scheme 6.1) was developed with poly(\aagkyl chloride)-b-polystyrene
(PVBC-b-PS) block copolymer to form quaternary ammm crosslinking structures in what
ultimately becomes the hydrophilic portion of theembrane by using dimethylamine as
crosslinker. The remaining benzyl chloride groupsghe polymer are subsequently quaternized

by trimethylamine to form the final crosslinked nanane.

Block copolymers can be synthesized to provide @isaparated materials with
controlled morphologies, and living radical polymation techniques are suited for a variety of
monomers and functional groups. Nitroxide medigielymerization is selected in this work to
synthesize a PVBC-b-PS diblock copolymer.[111, 1BHjs technique allows the sequential
polymerization of both styrene and VBC with contoeker molecular weight of PVBC-b-PS and
composition of each block. A simple procedure gsmee TEMPO stable radical is used here.
The polymerization of VBC was carried out using BB®radical initiator in the presence of
TEMPOI[131, 132] ([BPOJ/[TMEPO] = 200) in bulk at 32C for 3.5 hours. The resulting
PVBC with a TEMPO functional chain end (PVBC-TEMP@Wgs analyzed by GPC to determine
a M, = 30,500 g/mol and MM, = 1.90. Several precipitations were conducted diBE-
TEMPO in order to remove any remaining VBC monomé&he nitroxide mediated
copolymerization of styrene was initiated by therifed PVBC-TEMPO macroinitiator at
125 °C in bulk. The conversion of styrene reache@ls after 30 minutes of reaction. The results
of GPC analysis of PVBC-TEMPO and PVBC-b-PS diblaoipolymer are depicted in Figure

6.1.

The molecular weight of PVBC-b-PS was determinedBAC to find M, = 85,700 g/mol
and M,/M,, = 1.86. The styrene conversion was calculatedsiyguthe molecular weight of the

PS block in PVBC-b-PS diblock copolymer dividedthg molecular weight of complete (100%)
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styrene conversion determined by initial molaraat styrene to PVBC-TEMPO macro-initiator.
The GPC chromatogram of PVBC-TEMPO shows a smaburnof tailing to low molecular
weights, resulting in the broad peak feature. Thaadth molecular weight distribution may be
attributed to the high reactivity of VBC monomedamcontrolled initiation.[133, 192] After the
block copolymerization from the PVBC macroinitigtthe GPC chromatogram of PVBC-b-PS
shows a significant separation from the initial BBEMPO peak, as well as an increase in
molecular weight as determined by light scatteriiggection compared to the initial PVBC-
TEMPO block. The significant peak shift indicates efficient initiation from the PVBC-

TEMPO macroinitiator to form the diblock copolymer.

——PVBC J
- - -=PVBC-b-PS

retention volume (mL)

Figure 6.1 The GPC chromatograms of TEMPO funetized PVBC (—) and PVBCB-b-PS
(----) diblock copolymer.

'H NMR spectroscopy was applied to determine thewarnof benzyl chloride groups in
the copolymer. Figure 6.2 shows the spectrum of €\BPS copolymer with the benzylic
protons at 4.37-4.65 ppm and aromatic protonszi & 7.26 ppm. The mass composition of

PVBC and PS blocks can be calculated based on th@senajor characteristic peaks, in this
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case, the PVBC block is calculated to be 32 wt%hef copolymer. At this composition, the
membrane will not be soluble in water after thetguazation reaction, so different analytical
methods can be applied to explore the effect afstnaking on membrane properties (e.g. water
uptake and conductivity). Since materials are imsfide to cast into membranes after the
crosslinking reaction, films were prepared using foluble PVBC-b-PS copolymers by drop
casting from chloroform at 5% wt/vol concentratimm glass slides. Isolated films could then be

crosslinked by reaction with dimethylamine.

8 6 4 2 0

'H chemical shift [ppm]

Figure 6.2 ThéH NMR spectrum of PVBC-b-PS by bulk copolymerizatin CDCk

In order to study the crosslinking reaction in thrembrane, a model reaction to
synthesize dibenzyldimethylammonium chloride waanexed (Scheme 6.2). The reaction was
carried out with excess amount of potassium catieoaad the pure product can be easily
isolated in nearly quantitative yield (89%). Frahms result, it was expected that the reaction
could be used to quantitatively synthesize crokstinstructures in the PVBC-b-PS block

copolymer membranes.
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Scheme 6.2 Synthesis of dibenzyldimethylammortutaride as model for the crosslinking
reaction

K>CO4
R .
60 °C /+\
al MeOH
24hr cl

Scheme 6.3 Crosslinking reaction by dimethylamine
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The crosslinking reaction occurs in two steps (8ahé.3), where dimethylamine reacts
with a pendent benzyl chloride and the resultingisley amine can then further react with
another benzyl chloride group to produce a crokghat is itself a quaternary ammonium cation.
While crosslinking is the major reaction expectélte formation of some non-crosslinked
structures through intramolecular reactions likat tethown in Scheme 6.3(b) can also occur.
Because of these possible side reactions, the ex@s®link density cannot be readily determined,

however the overall extent of reaction can be fotlmdugh titration. Further, the formation of
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crosslinks can be qualitatively determined by testhe solubility of films after reaction. It is
expected that an increase in crosslinks will redutim an increase in the amount of

dimethylamine added.

The crosslinking reaction with dimethylamine wasrieal out for 24 hours on films
suspended in methanol at 60 °C. After about 5 hthwsnembrane turned from transparent to an
opaque white. After 24 hours, the reaction was mdpand the membrane was removed and
soaked in different solvents (chloroform, toluemelF, DMF, and DMSO) to test the solubility
of the crosslinked membrane. The membranes diddissblve after soaking in any solvent
indicating the formation of crosslinked structureBhe reaction with dimethylamine is further
confirmed by FT-IR spectroscopy. Figures 6.3a adth 8how the FT-IR spectra of PVBC-b-PS
copolymer membrane and the membrane after reaatitndimethylamine. The characteristic
peak at 669 cih corresponds to the C-Cl stretch and this peakedses after the reaction, but
does not disappear completely, indicating benzybrade groups are still available after the

dimethylamine crosslinking reaction, as expectedhfthe stoichiometry.

Membranes with four different crosslink composisomere prepared through the
reaction with dimethylamine (Table 6.1). The amowoiftreacted groups is presented as a
percentage of the total number of benzyl chloridmugs available. The number of quaternary
ammonium cations, which is also the ion exchangmady (IEC), resulting from the reaction
with dimethylamine can be determined by titratidhe estimated IEC was calculated based on
the feed ratio of PVBC-b-PS and dimethylamine. Huotual IEC value was determined by
Mohr’s chloride titration method. The membranesemast dried to measure the dry weight and
were then exchanged from chloride to nitrate fivation. Since this is a direct titration method, a

large amount of membrane (about 0.1 g) was utiliredrder to produce a large amount of
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chloride ions in solution. The crosslinked composg of each membrane are shown in Table
6.1. All membranes show good agreement betweeatdttrand estimated values, indicating the
high conversion of crosslinking reaction betweaneathylamine and two benzyl chloride groups.
This implies the low existence of any tertiary aejinvhich would be the result of reaction

between dimethylamine and only one benzyl chlogieip and would not titrate.

Table 6.1 Characterization of crosslinked memésan

Theoretical  Estimated IE€  Titrated IEC
Crosslinked PVBC reacted (mmol/g) after (mmol/g) after Actual PVBC
membranes (%)’ by feed  reactingwith  reacting with  reacted (%)

ratio N(CHg)z N(CHg)z
A-1 40 0.41 0.33 32
B-1 30 0.31 0.26 25
C-1 20 0.21 0.17 16
D-1 10 0.10 0.09 9

a) Membrane A-1, B-1, C-1, and D-1 were crosslinkgdlifferent amounts of N(CHj using
the same PVBC-b-PS copolymer; b) mole% of benzldrake groups reacted; c) estimated by
feed ratio of N(CH); d) determined by Mohr’s chloride titration.

The remaining pendent benzyl chloride groups wéen tconverted into quaternary
ammonium groups by reaction with trimethylaminee Tnosslinked membranes were suspended
in aqueous trimethylamine solution at room tempeeatfor 48 hours. The membranes were
removed and were subjected to repeated soakingesh fdeionized water every 4 hours. The
membranes were finally rinsed with deionized waied dried in a vacuum oven to remove any
residual trimethylamine. The trimethylamine quaization reaction was examined by FT-IR
spectroscopy. The C-CI characteristic peak disagpen the FT-IR spectrum (Figure 6.3c)
indicating the reaction of the benzyl chloride grsu The strong peak at 3300 tnis
presumably due to the presence of water in the mamelfrom the increased hygroscopic nature

of the quaternary ammonium group.
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Figure 6.3 FT-IR spectra of a) PVBC-b-PS membizafere reaction, b) membrane after
crosslinking reaction by N(Cfjt and c) crosslinked membrane after final quaterianataction
by N(CH)s

The membranes obtained after quaternization witimethylamine were titrated to
determine the overall conversion of benzyl chlogdeups. The titrated IECs are compared with
the theoretical IEC’s in Table 6.2. The theoretittBCs were calculated by assuming 100%
conversion of remaining benzyl chloride groups inrosslinked membrane to
benzyltrimethylammonium chloride groups. The teéhiEC was again determined by Mohr’s
direct titration method. The titrated values coneglawell to the theoretical values, indicating a
high conversion of 88-95% of the benzyl chlorideugs in agreement with the qualitative FTIR

results.

A non-crosslinked, quaternized membrane was alepgped for comparison by soaking

PVBC-b-PS membrane directly in a trimethylamineeys solution for 48 hours without any
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dimethylamine reaction step (sample E in Table.6.Zhe theoretical and titrated IEC of the
resulting membrane was also measured by Mohr'sridelditration, and the conversion was

determined to be greater than 95%.

Table 6.2 IEC, water uptake and conductivity rafsslinked and non-crosslinked membranes

Cross- Theoretical Titrated Water Conductivity’

linked IEC® IEC°  uptaké

AEMs®*  (mmol/lg) (mmollg) (%) 60 °C 70°C 80 °C 90 °C
A-2 1.60 1.40 12 12 (4.3) 16(5.5) 18 (6.6) 10)9.1
B-2 1.66 1.49 16 18 (5.3) 21 (6.2) 22(7.4) 25 (11)
C-2 1.74 1.62 20 23(6.4) 25(7.7) 27(9.1) 30 (13)
D-2 1.79 1.69 23 24 (6.8) 26(8.4) 31(9.7) 34 (14)

E 1.87 1.78 29 26 (7.4) 28(8.9)  33(10) 35 (15)

a) Membrane A-2, B-2, C-2, D-2 were prepared bytirg A-1, B-1, C-1, D-1 with N(Ch)s,
and membrane E was prepared by directly soaking GREBS in N(CH); without
crosslinking ; b) estimated byf NMR spectroscopy and complete N(§Hquaternization; c)
determined by Mohr’s chloride titration; d) measlie chloride form; e) hydroxide measured

by EIS in water and chloride conductivity measupgdEIS at 95 %RH (chloride conductivity in
parentheses)

The water uptake and ionic conductivity of all meearte samples were measured and
compared (Table 6.2) to study the effect of crogsig and IEC. Because the crosslinking
reaction requires two benzyl chlorides to produoe @nic group, the total number of ionic
groups (as measured by IEC) is decreased relatdivket non-crosslinked membrane (E). The
water uptake is found to increase with the numlbeatonic groups or IEC as expected, and the
water uptake values decrease from 29% to 12% damng the non-crosslinked membrane to the
most highly crosslinked membrane. It is not ciaether the crosslinking decreases the water
uptake independently of the effect on IEC. Congtof all membranes were measured in

both the hydroxide and chloride forms by sweepimgngderature from 60-90 °C in
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electrochemical impedance spectroscopy. The iopmrdactivity is found to increase with
increasing IEC and the concomitant water uptakexagected and the trends can be observed in
Figure 6.4. The hydroxide conductivities are 2rds higher than chloride conductivities for all
membranes. While the most highly crosslinked samaisplay a significant decrease in
conductivity relative to the non-crosslinked sampidich could correspond to a restriction in
motion because of the tight crosslinking and ariegin in the hydration of the cationic groups,
samples with light amounts of crosslinking do nledw a significant decrease in conductivity.
The level of hydroxide conductivity for D-2 is onglightly decreased from that observed for
membrane E. Therefore, small levels of crosslinkingy not only maintain the membrane
integrity in water, but also maintain desired iooanductivity. This methodology can be used to
allow anion exchange membranes with high catiorctional group density to overcome the

hydrophilicity problem, with little side effect aon conductivity.
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Figure 6.4 lonic conductivity (60°C) and watetalke of membrane A-2, B-2, C-2, D-2, E
versus their titrated IECs
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The thermal stability of AEMs is also an importdattor for ultimate application in a
fuel cell. The thermal stabilities of crosslinkecEM (membrane D-2) and non-crosslinked
membrane E were examined by thermogravimetric arsalyn a nitrogen atmosphere. The
derivative curves (DTG) of both membranes are etbtin Figure 6.5 and indicate that the
crosslinked AEM has slightly better thermal stapithan the non-crosslinked membrane, which
is in agreement with research results on the thiestadility of other crosslinked versus non-
crosslinked materials[189, 193, 194]. The cros€thlREM exhibited an initial decomposition

temperature starting at 154 °C, which is 13 °C @éighan the non-crosslinked sample.

---=- Crosslinked AEM R

ug/min

—— P[VBTMA][CI]-b-PS

T T T T T T T T 1
100 200 300 400 500
Temperature (°C)

Figure 6.5 DTG curve comparison between crosstinklashed line) and non-crosslinked (solid
line) membranes

In order to investigate the crosslinking effectrnembrane mechanical properties, the
tensile test was performed on dried crosslinked branme and compared with non-crosslinked
membrane at room temperature in Figure 6.6. Thebrame D-2 (9 mol% benyl chloride

crosslinked) displayed a maximum stress and stdineak of 34 MPa and 2.1% with a Young’s
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modulus of 1.79 GPa, which are the similar tensitgerties compared to non-crosslinked AEM
(30 MPa maximum stress, 2.2% stain at break, &®lG&Pa Young’'s modulus). The
comparable mechanical properties between crossliakd non-crosslinked AEMs confirms that

the crosslinking structure formed exclusively irdigphilic components could in fact maintain

the membrane mechanical properties.
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Figure 6.6 Stress versus stain curve of crosstinrkEM (D-2) and non-crosslinked AEM.

6.4 Conclusion

Block copolymers of PVBC-b-PS were synthesized ublo nitroxide-mediated
polymerization. A solid film of the copolymer readb high conversions with dimethylamine in
an aqueous solution by a two-step amination read¢tdorm quaternary ammonium crosslinks
in what ultimately become the hydrophilic domaifite remaining benzyl chloride groups are
converted to benzyltrimethyl ammonium cations. HielR spectra and IEC values confirm the

nearly quantitative control over crosslinking amsaf quaternization reactions. The crosslinked
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membranes show a decreased water uptake due toemsed IEC and presumably also because
of the crosslinking. The crosslinked membranesldispn expected decrease in conductivity
from their lower water uptake and lower IEC, howevier samples with low extents of
crosslinking, only a small decrease in conductivity observed. Thermogravimetric and
mechanical analysis determined a slightly higherrtral stability and comparable mechanical
property of the quaternary ammonium crosslinked brames compared to non-crosslinked
analogy. The results suggest promise for utilizijogternary ammonium crosslinks to improve
the integrity of membranes with high ionic functbity under aqueous conditions without a

deleterious effect on ionic conductivity.
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CHAPTER 7CONCLUSION AND FUTURE WORK

7.1 Conclusion

Anion exchange membrane has demonstrated its pedmigse as polymer electrolyte in
AFC for renewable energy solutions, however, curagmon exchange membranes still suffer
from high material cost, low alkaline stability,gganechanical and conductive performance.
Although new chemistries have been designed tocowee the drawbacks, the understanding of
AEM design and its performance are still limitethefefore, it is important to direct the research
in developing AEMs with desired alkaline stabilitgechanical properties and ionic conductivity.

Phase separated block copolymers can lead to aveosifect on ion conduction by
tuning their morphologies. Block copolymer with tamiled molecular weight, composition and
functional groups can be synthesized through varoathods including living radical
polymerization (e.g. nitroxide mediated polymerniaaj and anionic polymerization.

Polyvinylbenzyl chloride-b-polystyrene (PVBC-b-R8pck copolymers provided a
versatile platform for cation functionalization amwrphology control to study AEMs.
Furthermore, its relatively poor mechanical projsrtould be improved by blending poly(1,4-
dimethyl-phenylene oxide) (PPO) with PVBC-b-PSdmi a miscible blend. The PPO blended
PS block copolymer membrane exhibited noticeabf@avement in mechanical properties. The
membranes with higher water affinity possessecdebéihic conducting properties with
hydroxide conductivity up to 43 mS/cm in water @t°&€, which was achieved by thermal
annealing in the presence of water and throughestlannealing. The PPO miscible blend
improves the mechanical properties of PS block yoper membrane while maintaining high

ionic conductivity through the formation of phagparated ionic domains.
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In order to expand the knowledge of PPO blend ABMminated poly(1,4-dimethyl-
phenylene oxide) (BrPPO) was also designed tadohath PVBC-b-PS to produce AEMs with
additional functionality in the PPO component. Altigh ordered phase separation in BrPPO
blend membrane was not achieved, the BrPPO bldmmgesl higher ionic conductivity than
PPO blends before annealing even though the iomaege capacities between both blend AEMs
were similar.

In addition to blend AEM system, amphiphilic blooépolymer membranes containing
polyethylene block as membrane formation matereewrepared by anionic polymerization
and post functionalizations. The polyethylene blpoépared through anionic polymerization
was a semicrystalline (approximately 30% crystéifinmaterial and could provide good
alkaline stability and necessary hydrophobic supfoorthe membrane. Bi-continuous
morphology was observed in membranes with higheexchange capacity. The PE block
copolymer membranes exhibited excellent properinesiding extraordinary mechanical
properties (up to 205% strain), high hydroxide agivity (up to 73 mS/cm in water at 60 °C),
and low activation energy of conduction (down tokliZnol). The well defined morphology
along with the great membrane properties indictedonic conducting property can be
enhanced through the formation of well defined rhotpgy of amphiphilic block copolymer
while increasing the alkaline stability and mecleahproperties by the semicrystalline
membrane matrix.

AEM properties were also investigated through vagythe hydration number in the
membrane due to the low water affinity and higheselence of conductivity on humidity
compared to proton exchange membrane. Mono methoyyethylene glycol) (MPEG), a

hydrophilic polymer, could be grafted onto benzylocide groups in PVBC-b-PS to only
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investigate hydration number independently withoateasing the functionality. The mPEG
grafted AEM displayed significant increase in watptake and hydration number with only
small amount of benzyl chloride groups grafted IBBE®. The membranes with higher mPEG
graft contents also showed higher ionic condugtiwitth much less dependence on humidity.
The results revealed the significance of hydratiomber on ion conduction and its performance
at low relative humidity.

The ionic conductivity is commonly increased byreasing the ion exchange capacity,
but the membrane could eventually become watebiohblue to the increased hydrophilicity of
the membrane. Therefore, a quaternary ammoniunslatked membrane was prepared by
dimethylamine crosslinking reaction through PVB®8-block copolymer to solve this problem.
The overall result was that the crosslink structurly forms in what ultimately became the
hydrophilic part of the membrane, while retainihg tmechanical properties of the hydrophobic
matrix. Additionally, quaternary ammonium crosslimk could act as an ionic conducting group,
so no deleterious effect was observed in condigtbatween slightly crosslinked membranes

and non-crosslinked membranes.

7.2 Future work

We have reviewed four different polymer systemsrf| block, grafted, and crosslinked
polymer) in this thesis and built the further uredending of anion exchange membranes for
alkaline fuel cells. However, there are still maspects to be studied in order to improve our
knowledge in the design of fuel cell membranes.

The concept of blending PPO and its derivative @DdIPto enhance the mechanical

properties of PS block copolymer is demonstrateddver, two main areas can be exploited to
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further understand this material. One approach eénd PPO with PS block copolymer
(PVBC-b-PS) in much narrower molecular weight dmttion. Although a low polydispersity
block copolymer is not required for phase sepanatorphology,[195, 196] the block
copolymer with low dispersity could possibly resala more defined morphology. Therefore,
the ionic conductivity and water affinity can bendamined to study the polydispersity effect on
blend membrane properties, which can be furtheetaie with the phase separated
morphologies in both blends.

In Chapter 3 the quaternized BrPPO exhibits griéatteon ionic conductivity before
annealing, however, degradation was observed im#rabrane after thermal annealing. Since
the solvent vapor annealing only requires moddeatgerature, this method may be able to
anneal the BrPPO blend AEM without degradation. ISamgle x-ray scattering and
transmission electron microscopy can be combinestiudy the solvent annealed membrane
morphology, which can be related to the water uptakd ionic conductivity. This can provide a
more complete understanding of blend membrane nléisag leads to higher membrane
performance.

Previous semi-crystalline block copolymer AEMs shibwe outstanding performance in
mechanical properties, ion conducting and watetlgwgecontrol. Low activation energy for
hydroxide conduction is also observed, which caadespond to the formation of a
bicontinuous morphology in the block copolymer AEM a result, the understanding of
bicontinuous morphology formation in this partiautdock copolymer becomes more significant.
Since the AEM is formed by the quaternization dfypthylene-b-polyvinylbenzyl bromide (PE-
b-PVBBr) at room temperature, the phase reorganizatfter quaternization is limited and the

Flory-Huggins parametey) between PE and PVBBr block becomes an importatof in the

157



phase-separated morphology. It is possible to nmmegsiy small angle x-ray scattering of PE-b-
PVBBr at a variety of block compositions.[197-19%]e second virial coefficient, which is
related tgy, can be obtained by constructing a Zimm plothis tase, the complete
morphological diagram of this system (at leasttier morphologies in which we are interested)
can be further studied experimentally by prepaarsgries of PE block copolymers along with
the characterization by electron microscopy andykscattering.

We examine the effect of hydration number indepatig®n block copolymer
membrane properties in Chapter 5 and concludehkeabnic conductivity and its dependence
on humidity can be improved by grafting hydrophpialymer (mPEG), but the mPEG grafted
AEM needs to be understood in more aspects. Therragga can be explored is to study the
effect of MPEG grafts on random copolymers, sibhcenot dertermined how the water absorbed
by mPEG is involved in the ion transport. This pewol can be indirectly solved by preparing a
mMPEG grafted random copolymer (PVBC-r-PS) with Eminolecular weight, functionality and
graft content compared to its block copolymer agaé The ionic conductivity and water uptake
along with morphological structure can be compdreiveen both grafted AEMs in order to
study the random and block copolymer effect on mamd properties. It is believed that the
MPEG grafts prepared using block copolymer can hayeer probability to provide water for
the ionic domains.

The benefit of studying mPEG grafted AEM is to urstiend hydration number effect on
membrane ion conducting property. mPEG increasewgtter uptake and hydration number
while also increasing the probability of losing ni@ane integrity in water. For example,
copolymer with 20 wt% mPEG grafted became watarldelafter quaternization reaction. One

simple route to study high mPEG grafted membrane iake advantage of crosslinking
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technique developed in Chapter 6. The high mPEGegt®VBC-b-PS backbone, and this
resulting polymer can be cast into membranes frétR.TThe pre-cast mPEG grafted PVBC-b-
PS membrane can react with dimethylamine to fogroaslinked membrane and the
trimethylamine quaternization can be performedruthe last step. Since grafting reaction
needs to consume functional groups, the balaneesleethydrophilic grafts and cationic
functional groups can be further studied by compgahighly grafted membrane with the slightly
grafted membrane, which could advance the undefistgof hydrophilic effect on membrane.
Due to the excellent membrane properties, PE btoplolymer AEM can be used as
backbone to study new cationic functional groupshfaroxide conduction. Although benzyl-
trimethylammonium [BTMA] cation can be readily teted onto the polymer backbone, the
alkaline stability of [BTMA] is less stable in aftkaline environment compared to other
cations.[84, 88] For example, tris(2,4,6-trimethplkgnyl) quaternary phosphonium (TPQP) has
been reported to have a high hydroxide conductasitg alkaline stability and it can be
introduced through the benzyl chloride group.[8&, 8s a result, polybutadiene-b-
polyvinylbenzyl chloride (PB-b-PVBC) developed ippendix B can be quaternized by TPQP
and solution cast to form TPQP functionalized filfhe heterogeneous hydrogenation of PB
block can be further accomplished by using Craltrestalyst and hydrogen gas.[68, 200] Once
the preparation of PB-b-PVBC is optimized and fimedl, a series of hydrogenated TPQP films
can be produced and characterized to study themwbrane properties through water affinity,
ionic conductivity and morphology. Additionallyngie the cationic functionalization is carried
out on PB-b-PVBC copolymer and the PB block hag adll below the room temperature, the
phase reorganization between PB and ionic blo@stnast membranes is expected to be

significant. Therefore, this strategy provides eagropportunity to manipulate the morphology
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by using variety of cationic functional groups didck compositions while still taking

advantage of the benefits provided by polyethylene.
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APPENDIX A BULK ANIONIC POLYMERIZATION OF a-METHYLSTYRENE AND
ISOPRENE BLOCK COPOLYMERS

A.1 Introduction

Poly(@-methylstyrene) (PAMS) is a polymer with high glagansition temperature
(~173°C)[201, 202] that has not achieved high useart because of the difficulty in its
formation. There is a well-established ceiling temgpure[203] for the polymerization of
methylstyrene (AMS) that inhibits high conversion polymer.[204, 205] The ceiling
temperature precludes the polymerization at moddaghperature to high temperature, and the
only successful polymerizations of AMS are anio?df-215] and cationic[216] polymerization

at low temperature.

PAMS has been incorporated as hard phase in blopélymers to prepare thermoplastic
elastomers for high temperature application, andgtn®RAMS block copolymer syntheses are
accomplished by living anionic polymerization. Digethe low ceiling temperature of AMS, a
common strategy of AMS diblock copolymer prepami®to react AMS in the first step at very
low temperature (-78 °C) in polar solvent or witlpalar additive in order to yield a defined
PAMS block with high conversion of AMS monomer tolymer.[217-220] However, this
strategy usually results in a low level of contvdien diene monomer is copolymerized with
AMS, since the polar solvents or additives will saumore 1,2- or 3,4-addition instead of 1,4-
addtion during diene polymerization,[218, 219] anid well known that only the 1,4-structured

polydiene leads to an elastomeric property.
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Researchers have also synthesized triblock copag/titough di-functional initiators
(e.g. dilithio compound) with comonomer block inetmiddle and PAMS blocks in both
ends.[221-225] In this case, PAMS block copolynsgpalymerized right after the completion of
comonomer. This method allows the polymerizationliehe monomer in non-polar solvent, but
the crossover reaction from polydiene to AMS polyizegion is usually quite slow in non-polar
solvent. It is found that the crossover reactiolPAMS can be significantly enhanced through
introducing small amounts of styrene monomer oapatditives (e.g. dimethyl ether, THF, and

trimethylamine) before AMS addition.[221, 222, 226]

Our objective is to take the advantage of the leiling temperature and weak reactivity
of AMS to develop a sequential synthetic pathwaytfe block copolymer formation by bulk
anionic polymerization. In the current study, weedstigate the anionic polymerization of AMS
in bulk and the reactivity of AMS-isoprene systéivie have developed a simple method using
secbutyllithium as an initiator and block copolymesise synthesized sequentially with good
control over molecular weight and molecular weiglgtribution. The synthesis of diblock
copolymer (PAMS-b-PI) involves the formation of &ANMAS block first, and then isoprene is
introduced into the reaction in order to switch {h@ymerization from AMS to isoprene.
N,N,N’,N'-tetramethylethylenediamine (TMEDA) was introdu@sa polar additive to produce
the triblock copolymer (PAMS-b-PI-b-PAMS). Here weport the detailed synthesis of AMS

and isoprene block copolymers and their results.
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A.2  Experimental Section

A.2.1 Materials

AMS (Aldrich, 99%) and isoprene (Aldrich, 99%) wenest dried over calcium hydride
and then distilled over di-n-butylmagnesium unatuced pressure right before use. N,NNN
tetramethylethylenediamine (TMEDA) (Aldrich, 99%)as purified by calcium hydride and
sodium metal by the procedures described in tlesaliire.[227, 228kecButyllithium (sec
BuLi) (1.4 M in cyclohexane) solution and whbutylmagnesium (1.0 M in heptane) solution
were purchased from Aldrich and used as receivedalofexane was purified by passing
through columns on a commercial solvent purifiestegn (Innovative Technology). 2,6-Daft-
butyl-p-cresol (BHT, Eastman) and other reagents were usduwbut further purification. All
polymerization glassware, glass syringes, needtes stir bars were oven-dried at 180°C
overnight and the glassware was further flame dueder an argon purge after equipped with

stir bar and septum.

A.2.2 Bulk Anionic Polymerization of a-Methylstyrene Homopolymer

Freshly distilled AMS (18 mL) was transferred irgdlame-dried and Ar-purged 50 mL
round bottom flask equipped with septum and stit bacBuLi was added dropwise to titrate
any protic impurities until a pale orange color veéiserved. The calculated amounse€&BuLi
(50 uL, 0.07 mmol) was then injected by a 290syringe and the color of reaction turned to red
orange. The bulk homopolymerization was carrietl @uroom temperature. Homopolymer
samples were taken at different times (0.5 hr,,2Hwr, 3 hr, 3.5 hr, 4.5 hr, and 5 hr) during the

polymerization.
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A.2.3 Reactivity Ratio Determination

The procedure for monomer reactivity study is dows. AMS (18 mL) and isoprene (2
mL) were re-distilled from di-butylmagnesium right before the reaction and fiemnsd into the
septum sealed, flame-dried and argon-purged 50 onbhd bottom flask before initiation. A
calculated amount o$ecBuLi (50 pL, 0.07 mmol) was injected after the titration, atte
polymerization was left to react at room tempemtén aliquot of reaction solution (1 mL) was
removed during the bulk polymerization at differegdiction times (1 hr, 1.5 hr, 2 hr, 2.5 hr, 3 hr,
3.5 hr, 4 hr and 24 hr). The monomer reactivityoragn be calculated from the experimental

results depending on the feed ratio (f) and copelycomposition (F).
= — and = —

where m and m are the mole fractions of isoprene and AMS esthdtom the molecular
weight data respectively, moreover, the &hd M are the mole fractions of isoprene and AMS
in copolymer determined b{H NMR spectroscopy respectively. The reactivityiaatan be
obtained by the calculations of the feed ratio @aogolymer composition according to the

Fineman—Ross (FR) method,[229]

f(F-l)_r I
ALV

F F 2

A plot of f(F-1)/F versus4F give the linear regression, where the intergeptand slope isir

A.2.4 Anionic Polymerization of AMS and Isoprene Block Cpolymers
AMS and isoprene block copolymers were synthesikgdsequential bulk anionic
polymerization. An example procedure follows (Expemt 1) : AMS (18 mL) was re-distilled

and transferred to a flame-dried 50 mL round botftask equipped with stir bar and septum
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under the pressurized argon atmosphere. sec-Butiadded dropwise to titrate the impurities
until a pale orange color was observed. The caledlamount of sec-BuLi (50L, 0.07 mmol)
was then injected. After 30 min, an aliquot (1 ndlusion) was removed from reaction and
terminated with argon-purged methanol. After thengle was taken, 2 mL fresh purified
isoprene was then added into the reaction soldttyogas-tight syringe. The reaction was left to
stir for 4 hours under room temperature. An aligdomL solution) was removed for analysis
and previously distilled TMEDA (0.25 mL) was subsenqtly injected into the reaction solution.
1 hr after the addition of TMEDA, argon-purged natbl was introduced to terminate the
polymerization. The polymer solution was isolated! urified by precipitation in 10 times
excess of methanol with 0.2 wt% of 2git-dibutyl-p-cresol (BHT) to prevent oxidation of the

polyisoprene block.

A.2.5 Characterization

Gel permeation chromatography (GPC) was used &rmete the molecular weight and
molecular weight distribution for homopolymer ankbdk copolymer samples, and all GPC
samples were prepared at a concentration of appedgly 5 mg/mL in the volumetric flask.
GPC was performed in THF at room temperature ugilgaters model 600 high pressure liquid
chromatograph with the flow rate at 1 mL/min usimg Polymer Laboratories PL-gel [im
Mixed-D columns. The columns were connected to Bbresed Wyatt R401 differential
refractometer and a Wyatt Technology miniDAWN naltigle laser light scattering (MALLS)
detector. Astra software (supplied by Wyatt Tecbgg) was used to calculate molecular weight

and molecular weight distribution.
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'H NMR spectra of all block copolymers were obtainedm a JEOL 500 MHz
spectrometer to determine the block composition emdrostructure of polyisoprene. All
polymer samples were dissolved in CB@hd chemical shifts are reported with respect to

tetramethylsilane (TMS)(0.00).

A.3 Results and Discussion

PAMS has been successfully synthesized by aniorotyngerization.  Solution
polymerization is the most reported method,[206, ZD9-211] while a few studies investigate
the bulk polymerization of AMS.[230] In order to derstand the anionic polymerization of
AMS in bulk, the homopolymerization of AMS was dgsd and samples were taken during the
reaction. The reaction can be carried out at roemperature since bulk AMS polymerization
has a ceiling temperature at ~ 57 °C,[203, 208] lewethe low ceiling temperature also
indicates that the polymerization of AMS will reaequilibrium at room temperature.[205, 231-
233] This bulk anionic polymerization usedcBuLi as initiator ([AMS]/[secBuLi] = 1980.0)
due to its high reactivity. According to our obsaign, the reaction solution color changed to
red in only a few seconds aftesecBuLi was introduced, which was much faster thaa th
initiation time reported fon-BuLi initiated AMS bulk polymerization.[230] Sevesamples were
taken during the bulk polymerization and terminabgddegassed methanol for analysis. The
color of the solution stayed red orange duringwithele reaction, suggesting low occurrence of
termination during the sampling process. GPC wasd u® analyze molecular weight and
molecular weight distributions (MM) of all homopolymer samples and thg/M, values are
in the range of 1.06-1.17, which are much narrotian the results (MM, = 1.55-2.20)

reported byn-BulLi initiated AMS bulk study.[230] The AMS conwaon can be determined by
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using molecular weight of PAMS over the moleculaeigit of complete (100%) AMS

conversion calculated by initial molar ratio of AM&secBuULI.

Table A.1 Molecular weight and composition dat@&MS and isoprene reactivity study

Rxn Time () M2 (g/mol)  MJM2 Pl (mol% (;’g'l\&s)b
1 9,900 1.04 98.3 1.7

15 12,900 1.04 98.6 1.4

2 14,300 1.05 98.5 15

25 16,700 1.03 98.3 1.7

3 17,900 1.10 98.0 2.0

3.5 18,100 1.10 97.7 2.3

4 18,900 1.07 97.6 2.4
24 46,900 1.79 46.9 53.1

a) determined by light scattering (GPC); b) determibhgdH NMR spectroscopy

The reactivity of AMS and isoprene was also ingsed before the block
copolymerization, since it was observed in previstigdies that the crossover reaction from
polybutadienyl anion to AMS is quite slow[221-228]d the reactivity of AMS-isoprene system
in bulk anionic polymerization has not been invgestied to the best of our knowledge. The
reaction solution with 18 mL AMS and 2 mL isopremas prepared at high concentration of
AMS monomer (AMS/isoprene = 90/10 v/v). The polymation was carried out usirsgcBuLli
as initiator (JAMS]/lsecBuLi] = 1980.0 and [isopreneBEcBulLi] = 258.6) at room temperature,
and both monomers were initiated at the same titoecever, after the calculated amounset
BuLi was added into the reaction, the color of tbaction turned to light yellow instead of red
orange indicating that isoprene was the major maroim be polymerized, since the color of
polyisoprenyl anion is light yellow. The reactiool@r stayed light yellow for over 8 hours, but

the color changed to red in the end of reactiotef&4 hour) and the reaction solution became
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more viscous than first 8 hour reaction. Small antoof polymer solutions were taken at
different times in first 4 hours of reaction, ahe fpolymer samples were terminated by degassed
methanol and precipitated in methanol for sevarak$ to remove extra AMS monomer. All
polymer samples were analyzed by GPC to deternfieentolecular weight and tHél NMR
spectroscopy was used to determine the monomer agitigm in polymer samples, the results

are shown in Table A.1.
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Figure A.1 Fineman—Ross plot for reactivity rattady

In the first 4 hours of reaction, the molecular gieiof polymer samples increased with
the reaction time and the narrow molecular weightributions (My/M, = 1.03 — 1.10) were
observed in all samples indicating the successitiation and polymerization. The composition
of Pl and PAMS in polymer samples was calculatedhfthe Pl and PAMS characteristic peaks
in the®H NMR spectra. During the first 4 hour reaction,saimples showed high Pl composition

(97.6 to 98.6 mol%) showing only small amounts dfl& monomer was incorporated in the
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polymer samples, which agrees well with the ligtgllow color observed during the
polymerization. In order to have a better undeditajnof AMS and isoprene copolymerization,
the Fineman—Ross linear curve is plotted in Figudeto determine the isoprene-AMS reactivity
ratio. The experimental value of reactivity rateveals that isoprene monomey € 752.6) is
much more favorable to react with itself in thisnddion compared to the addition of AMS
monomer, while the AMS £r= 0.0019) polymerization is almost negligible evana high
concentration.

The reactivity ratio further confirmed that onlyopene polymerization took place at
room temperature in first 4 hours. The conversibisoprene can be calculated by comparing
the molecular weight of polymer sample with thei@&imolar ratio of [isoprenelgecBuli].
After 4 hr reaction, polymer has a,Mf 18,900 g/mol indicating a high conversion ajpeene,
since the theoretical Mof 19,300 g/mol can be calculated for completeveosion of isoprene.
Interestingly, the reaction solution became redra®4 hours and the polymer sample was also
analyzed in GPC antH NMR spectroscopy. Table A.1 exhibited that sangster 24 hours had
much higher molecular weight than the earlier oaed the polymer sample had significant
amount of AMS incorporated indicating that the AMG&uld still be polymerized without the
polar additives as long as the isoprene monomepispleted. However, the final molecular
weight distribution (M/M,, = 1.79) is relatively broad, which could correspaio the slow
crossover reaction from polyisoprenyl anion to AM8&ding to a low efficient initiation reaction.
Therefore, the addition of polar additives mightdtidl important when fast initiation process
from polyisoprenyl anion to AMS is desired.

As discussed above, research has been conducfedpare PAMS triblock copolymer

using di-functional initiator,[221-224] however etlbenefits of AMS’s low ceiling temperature
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and its weak reactivity have not been fully realiz8ince the isoprene can be predominantly
polymerized in AMS, a bulk anionic polymerizatiorethod (Scheme A.1) can be developed to
synthesize AMS-isoprene diblock and triblock copodys sequentially. The synthesis first
involves the polymerization of AMS and subsequeilg isoprene is introduced for diblock
copolymer preparation. The triblock copolymer swsib is finally achieved by adding polar

additive (TMEDA) for AMS polymerization again aftdre completion of isoprene monomer.

Scheme A.1 Anionic polymerization of PAMS-PI a@ibk and triblock copolymer

1. TMEDA
2. MeOH

—_——

s-Bu s-Bu

R.T.

In the first step, anionic polymerization of AMS3(InL) was carried out usirggcBuLi
at room temperature in bulk. TheecBulLi was shown to be a good initiator for bulk
polymerization of AMS in homopolymerization expeents. The color of reaction stayed red
during the AMS polymerization indicating the fornaet of PAMS anion. After 30 min reaction,
a small amount of polymer solution (1 mL) was taker terminated with degassed methanol
for analysis. A series of experiments were perfarraed GPC was used to analyze all initial

PAMS block samples. The molecular weights of PAM&ks in all experiments were found in
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a small range of 16,100 to 17,600 g/mol (Table Awhich show a good consistence of initial
PAMS block polymerizations. The molecular weighstdbutions of PAMS samples are also
relatively narrow with a range of 1.05-1.13. Sitite AMS polymerization will eventually reach
the equilibrium, the concentration of AMS playsiarportant role in triblock copolymerization
and can be determined by comparing the conversioAMS monomer with initial AMS
concentration (7.69 mol/L). The concentrations df1& after 30 min bulk reaction in all
experiments were estimated in a range of 7.1116 ihol/L (based on the molecular weight of
PAMS), which are still much higher than the equilin concentration (~ 2.23 mol/L) of AMS

polymerization at room temperature.[205]

Table A.2 Characterization of PAMS and PAMS-teBpolymers

a
Exp M.%g/mol) M,/M,* isoprene Mna(_g/mol) MWQ/I“ Pt;AMS L Lapb
' of PAMS of PAMS  (mL) of diblock diblock PI” (wt%) ’
1 16,300 1.05 2 37,100 1.15 43.8 : 56.2 94.2
2 17,200 1.09 2 38,800 1.16 41.8:58.2 93.6
3 17,600 1.02 4 39,400 1.04 46.0 : 54.0 93.6
4 16,900 1.13 4 47,700 1.14 29.8:70.2 934
5 16,100 1.03 4 60,400 1.05 254 :74.6 93.9

a) determined by light scattering (GPC); b) deteediby'H NMR spectroscopy

The diblock copolymerization was accomplished hyokiucing isoprene to the living
PAMS chains. It is concluded from our reactivityioastudy that this reaction should switch to
isoprene polymerization when isoprene was introduaéhough there was a significant amount
of AMS left. As the isoprene was introduced, thocof the reaction solution changed from red
orange to light yellow immediately, indicating thast crossover reaction from AMS

polymerization to isoprene, and the color stayghtlyellow during the reaction. A small amount
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of polymer solution (1 mL) was also taken for asa&y A series of diblock polymer samples
(Table A.2) were synthesized by varying the amainsoprene monomers with corresponding
reaction time (more monomers require longer reactime). It should be noted that the
unsaturated polymer might not be stable due to aiixid degradation even under ambient
condition, therefore, radical inhibitor, BHT, waseda in methanol with a concentration of 0.2

wt% during the polymer precipitation.

Retention Volume (mL)

Figure A.2 GPC chromtograms of Exp.5. a) PAMS anBAMS-b-PI

The progression of copolymerization is demonstratedrly by GPC chromatograms in
Figure A.2 for diblock copolymerization experimdiiixp. 5). Dashed line represents the first
block of PAMS homopolymer, and the solid line shawe complete separation from PAMS
homopolymer to PAMS-b-PI copolymer. The diblock beampletely shifts to higher molecular
weight in the chromatogram demonstrating the effiti crossover reaction from pady(
methylstyrenyl)lithium to poly{-methylstyrenyl)-b-polyisoprenyllithium. The moldau weight
distributions (M/M, = 1.05-1.16) of all diblock samples become onligaly higher after

adding the second block indicating the successhypriene initiation and polymerization. A tiny
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peak in the low molecular weight region is obsenmeddiblock copolymer and also it is
overlapped with first PAMS block. This extra smp#lak could result from the introduction of
impurities during the PAMS homopolymer samplingtioe isoprene addition. The molecular
weight of PI block can be estimated by comparirg tiolecular weights of block copolymers
with the initial PAMS block in order to determinieetisoprene conversion. Based on the initial
molar ratio of [isoprene]decBulLli], it is calculated that isoprene in Exp. 1,a8d 5 reached
almost complete conversion, whereas Exp. 3 andddis@prene conversion at approximately
56% and 79% respectively.

The block composition of copolymers and microsuet of the Pl block were
determined byH NMR spectroscopy. Figure A.3 shows the spectréif@AVS-b-P1 copolymer
(Exp. 5) consisting of characteristic chemical tshiff Pl and PAMS. The chemical shifts at 6.5 —
7.2 ppm region are attributed to the aromatic pretisom AMS, and the peaks at 4.9-5.8 ppm
represent olefin protons of isoprene. The molar masition of PB and P4MS can be readily
estimated by comparing integration of characteripgaks for PAMS and PI. Furthermore, the
weight fraction of PAMS and PI blocks in copolym&idetermined at 25.4% : 74.6% for Exp. 5
(Table A.2). The block composition can also benegted by the molecular weight of initial
PAMS block and PAMS-b-PI, and the spectroscopy datches very well with the composition
calculated from molecular weight method. As a reswe can further conclude from
spectroscopy results that almost no AMS was polyedrduring the isoprene reaction. The
peaks at 4.6-4.9 ppm represent the two olefinitcgm® from 3,4-structured Pl and the chemical
shift at 5.0-5.3 corresponds to the single olefimiotons from1,4-structured Pl. Therefore, the
microstructure compositions in Pl block can be wlalted based on the resonance integration of

3,4-structured Pl and 1,4-structured Pl. The amaoidirit,4 conformation is predominant in the
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microstructure of Pl and only varies in a smallgan93.4% to 94.2%) in Table A.2. The
microstructure results of Pl is in a good agreemeith the value expected for anionic
polymerization of diene monomers in nonpolar solsenvhich further indicates that AMS
worked well as a nonpolar solvent for isoprene pwgization. Additionally, the chemical shifts
at 1.6 ppm and 1.7 ppm correspond to titaes andcis isomers of 1,4-Pl. It is very clear to

identify thatcis-1,4-PI (approximately 70%) is the predominatingsiure in 1,4-Pl.

TMS

cocl,

8}?—61:4 J =

3 2 1 0

'H chemical shift [ppm]

Figure A.3 'H NMR spectrum of PAMS-b-PI (exp.5) in CD@®Vith respect to TMS

After isoprene polymerization, a large amount of 8Mas still left in the polymerization
system, however the amount of isoprene added heoré¢action solution can dilute the AMS
monomer concentration. Since almost no AMS polypation occurred during isoprene reaction,
the AMS concentration after diblock copolymer fotroa can be estimated in a range of 5.82 -
6.44 mol/L depending on the amount of isoprene dddibe value is still much higher than the
room temperature equilibrium concentration of AMicating that AMS can be polymerized
again to form triblock copolymers. Previous studydicated that although the

polyisoprenyllithium could switch to AMS polymerizan after isoprene is finished, the
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crossover reaction was quite slow resulting inlhhead molecular weight distribution. In order
to synthesize the well defined triblock copolymiéxe efficiency of AMS re-initiation reaction
needs to be enhanced. Different additives have bsed for increasing the crossover reaction,
such as styrene, THF and hexamethylene phosphasimide (HMPT),[221, 222] however,

TMEDA has not been investigated as polar additoreliis crossover reaction.

Table A.3 Characterizations of TMEDA additionctan

TMEDA M.g/mol) M./M.?of PAMS : PP

Exp. (mL)  oftriblock  triblock  (wt%) 14-PP
1 0.25 52,100 125  612:388 940
2 0.25 56,800 120  607:393 934
3 0.25 65,800 126  25.0:750 622
4 0.25 70,000 114  282:718 789
5 0.25 76,500 116  36.2:638  93.9

a) determined by light scattering (GPC); b) deteediby'H NMR spectroscopy

The final PAMS-b-PI-b-PAMS polymerization was cadiout by adding TMEDA as
polar additive into reaction solution at room temgpere to increase the crossover reaction from
poly(isoprenyl)lithium to AMS. When calculated anmbwf TMEDA (0.25 mL, [TMEDA]/[sec
BuLi] = 23.9) was introduced, the reaction coloraeged from light yellow to red orange
immediately suggesting the successful re-initiandAMS. The color stayed red orange during
the reaction and the solution became noticeablgouvis demonstrating that high molecular
weight polymer was formed. The final polymer sarsplgere also analyzed by GPC to
determine the molecular weight, which is in a ran§®&2,100 to 76,500 g/mol. The molecular
weight distributions are still relatively reasoral§M,,/M, = 1.14 — 1.25), which are shown in
Table A.3. The GPC chromatogram of the final polynsample in Figure A.4 clearly

demonstrates a clear separation from diblock paskyell as an increase in molecular weight
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from PAMS-b-PI indicating the successful initiatiollom the polyé-methylstyrene)-b-
polyisoprenyllithium to AMS. The molecular weight third block can be easily calculated by
comparing the molecular weight data of triblockTiable A.3 with diblock molecular weight.
The GPC chromatogram of triblock copolymer (Expalsp shows a little peak at low molecular
weight region, which is overlapping with both th@al bump in diblock sample and initial
PAMS block. This implies that the TMEDA were sucfedly purified and functioned in the

polymerization of AMS.

Retention Volume (mL)

Figure A.4 GPC chromatograms of Exp. 5 b) PAMBHand c) PAMS-b-PI-b-PAMS

The*H NMR spectroscopy was also applied to determieecttmposition after the final
synthetic step. The composition data for reactiver & MEDA addition is also shown in Table
A.3, and can be compared with composition dataaibld A.2. Due to the incomplete conversion
of isoprene before TMEDA addition in Exp. 3 andhk final polymerization step was expected
to involve both AMS and isoprene monomers. Theeefthe composition of PAMS in final
polymer (Exp. 3, and 4) decreased while the firdymer samples in Exp. 1, 2, and 5 displayed

a significant increase in PAMS contents after tiEDA addition. Furthermore, it is observed
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in 'H NMR results that the microstructure of Pl in Egp2 and 5 still remain the same after the
TMEDA addition, but the Exp. 3 and 4 lose the cohtver microstructures of Pl with a
dramatically decrease in the amount of 1,4-strectil after the final-step polymerization. Both
composition and microstructure data confirm thatpblymer samples after TMEDA addition in
Exp. 3 and 4 resulting in a tapered block copolymi¢gh AMS and monomer in the third block.
Nonetheless, Exp. 1, 2 and 5 only synthesize th&Aikhe final step, so the clean PAMS-b-PI-

b-PAMS triblock copolymers are prepared in thelfstap.

A.4  Conclusion

We have demonstrated thsg¢cBuLi initiated anionic polymerization of AMS careb
carried out in bulk with a good control on molecukgight and its distribution in this work. The
reactivity study of AMS and isoprene in bulk inde@ that isoprene could be predominantly
polymerized until completion in the presence ofhhigMS concentration (90% v/v). Well-
defined diblock copolymers were prepared throughueastial addition strategy in the large
amount AMS monomer. The polar additive, TEMDA, tenused to effectively enhance the rate
of crossover reaction from pobxnethylstyrene)-b-polyisoprenyllithium to AMS
polymerization. The tapered and clean triblock ¢pmpers were prepared depending on the

isoprene conversion before TMEDA addition.
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APPENDIX B AMPHILIPHILIC BLOCK COPOLYMERS CONTAINING QUATERNARY
AMMONIUM CATION SYNTHESIZED BY LIVING POLYMERIZATION

B.1 Introduction

Alkaline anion exchange membranes (AAEMSs) haveivedeconsiderable attention
recently as electrolytes in alkaline fuel cells @€3.[9, 10, 29] The disadvantage of traditional
AFCs is the liquid electrolyte (e.g. KOH), whiclstdts in the formation of precipitated
carbonate by reaction with GOAAEMs can overcome the problem of carbonate prtes in
AFC electrolytes. Right now, amphiphilic block cdpuers containing quaternary ammonium
cation are an interesting class of AAEMs and haxtential application in AFCs.[27]

Numerous methods can be used to synthesize amiphiploick copolymers. Living
polymerization is one powerful method to form thes&ue structures. This method not only
results in controlled molecular weight and molecwaight distribution,[111, 234] but also good
phase separation, which is particularly usefulnfmrphology control. In the current study, we
demonstrate combining two living polymerizationheitjues (anionic polymerization and
nitroxide mediated polymerization) to synthesizephiphilic block copolymers containing

guaternary ammonium cation for potential AAEM apations.

B.2 Experimental

B.2.1 Materials
Butadiene ¥99%) was purified by the procedure described iritemture.[235] sec-
Butyllithium (1.4M) in cyclohexane solution, B%0), 2,2,6,6-tetramethyl-1-(2-bromo-1-

phenylethoxy) piperidine (TEMPO) (98%) and anhydrtnimethylamine gas (99%) were used
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as received. Styrene (99%) and vinylbenzyl chlo(MBC) (90%) were purified by distillation
under reduced pressure right before use. Polyntenzsolvents (cylcohexane, THF) were
purified by passing through columns on a commesyatem (Innovative Technology). Other

reagents were used without further purification.

B.2.2 Synthesis of Nitroxide Functionalized PolybutadienéPB-TEMPO)

Glassware and a stir bar were dried at ~150 °C aylerbefore the polymerization. s-
BuLi (80 uL) was injected into a flame-dried 50 mL round battflask with dry cylcohexane
(25 mL) from the solvent purifier. Purified butadee(12.5 mL) was transferred into the round
bottom flask by cannula at room temperature, aeptilymerization was left to stir for 20 hr.
2,2,6,6-tetramethyl-1-(2-bromo-1-phenylethoxy) pigme (Br-TEMPO) was synthesized by the
procedure described in the literature,[235-238] BrRdEMPO (200 mg) was dissolved in dry

THF and transferred into reaction flask to termenide polymerization.

B.2.3 Synthesis of Polybutadiene-b-Polystyrene (PB-b-PShy Nitroxide Mediated
Polymerization

PB-TEMPO was used as a macroinitiator to polymestgeene. PB-TEMPO (100 mg)
was added to a 50 mL round bottom flask, and se&y(& mL) was injected into round bottom
flask. After PB-TEMPO was dissolved in styrene, thend bottom flask was purged by Ar for

30 min. This bulk polymerization was carried oufidb °C for 5 hrs.

179



B.2.4 Synthesis of Polybutadiene-b-Poly(vinylbenzyl chlade) (PB-b-PVBC) by Nitroxide
Mediated Polymerization

PB-TEMPO was used as a macroinitiator to polymevie€. PB-TEMPO (200 mg) was
weighed into a 50 mL round bottom flask, and VBO (L) was then injected into the flask.
After PB-TEMPO was dissolved in styrene, and thentbbottom flask was purged with Ar for

30 min. The bulk polymerization was carried out25$ °C for 4 hrs.

B.2.5 Synthesis of Polybutadiene-b-Poly(vinylbenzyltrimdtylammonium chloride) (PB-b-
P[VBTMA][CI])

PB-b-PVBC (300 mg) was dissolved in 15 mL chlorafan a 25 mL round bottom flask
sealed with a septum. Anhydrous trimethylaminewas added into the polymer solution to
form PB-b-P[VBTMA][CI]. The precipitates formed imediately as the trimethylamine was
added. Preparation of PB-b-P[VBTMA][CI] membrané&eTPB-b-P[VBTMA][CI] was solvent

cast in a chloroform/methanol co-solvent at roomgerature.

B.2.6 Characterization

Gel permeation chromatography (GPC) was performdHF at 30°C using a Waters
model 600 high pressure liquid chromatograph withftow rate at 1 mL/min, and connected to
a calibrated Wyatt R401 differential refractometad a Wyatt Technology miniDAWN multi-
angle laser light scattering (MALLS) detector.

'H NMR spectra of polymers were obtained from a JBEOQ MHz spectrometer. Al
polymer samples were dissolved in CRQsing tetramethylsilane (TMS) as standard. IR

measurements were performed on a Thermo FT-IRrgpeeter.
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B.3  Results and Discussion

PB-TEMPO and PB-b-PS. The anionic polymerization of butadiene was caroed
using sBuLi as initiator ([Bd]/[«-BulLi] = 735.3) in cyclohexane at room temperatamg] the PE
was functionalized by BFEMPO to form TEMPO end capped °. This termination reactio
was carried out using a 2f6ld molar excess of terminator in cyclohexane/THF 24 hP at
10 °C. The functionalized PB was analyzed anddt&#/, = 50,000 and M/M,, = 1.10. In order
to prove the formation of PBEMPO, bulk copolymerization of F-b-PS was conducd on PB-
TEMPO macroinitiator and styrene at 125

The living radical copolymerization of styre (10 ml) was initiated by TEMP!
functionalized PB. The conversion of styrene redcbé8% after 6 hr. The results of GF

analysis of PBFEMPO and the P-b-PS dblock copolymer are shown in FiguB.1.

L 1 1 1 1
8 10 iz 14 16

retention volume (ml)

Figure B.1 The GPC curves of TEMPO functionalized PB anc-b-PS diblock copolym:

The molecular weight of F-b-PS was measured by GPC and it had=NM50,000 and
broadened molecular weight distribution witk,/M, = 1.90. The styrene conversion v
determined by using molecular weight of PS blocRE-b-PS over the molecular weight

100% styrene conversion calculated by initial moddio of strene to the PB-EMPO. The
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GPC curve of PB-b-PS shows a small amount of taitinthe low molecular weight region, and

it shows a significant separation from the inik8-TEMPO block. Some portion of PB-TEMPO

initiator may not convert to diblock, but most bétmacroinitiator was reacted to form diblock.
PB-b-PVBC. Different block compositions of PB-b-PVBCs weftscasynthesized by

using PB-TEMPO as macroinitiator to bulk polymenzeC (10 ml) in different polymerization

times at 125 °C (Scheme B.1). The PB-b-PVBC copelgmvere analyzed by GPC alttl

NMR spectroscopy, and the results are shown in€fBdl. GPC curves of PB-b-PVBC

copolymers depict the increase in molecular weligith initial PB-TEMPO block

Scheme B.1 Synthesis of PB-b-PS by TEMPO funatined PB

-
s-But > L P O-N

Br { O_b s-Bu

THF
-78 °C

OO

Koz
O—N
s-Bu Z j:> EP
I® C'
Cl

Table B.1 Molecular weight and composition ddt&B-b-PVBC copolymers

Rxn time PVBC 1,4-PB

of VBC M2 PDP (Wt%)P (%)°
2.5 hr 61,210 1.46 28.3 95.4
3.5 hr 73,150 1.7 39.3 95.0
5 hr 100,010 1.82 53.1 94.9

a) determined by light scattering (GPC); b) deteediby'H NMR spectroscopy
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Figure B.2 shows the RB-PVBC with 3.5 hr polymerization of VBC. The spectr
exhibits both PB and PVBC characteristic resonares composition of PB and PVBC can
determined by comparing the resonances 5.8 ppm with those at 4.58 ppm. It is well kno
that the microstructure of PB can be quantifieccbsparing the integrations of resona
between 4.9-5.1 ppm and 518 ppm, which represent for the - and 1,4PB. From Figure 2z
the 1,4PB was estimated to be about 94.5%, which is iregent withhe value expected fi

anionic polymerization of diene monomers in nonpsetavents

1,2-polybutadiene
1,2-polybutadiene

cis and trans
1,4-polybutadiene

benzylic protons

..................

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Figure B.2 *H NMR spectrum of P-b-PVBC with 3.5 hr VBC bulk polymerizatic

PB-b-P[VBTMA][CI]. The resulting P-b-PVBC copolymers were dissolved
chloroform and reacted with a large excess of ardugitrimethylamine at room temperatu
The FTIR spectroscopy confirms the formation of quateyreanmonium cation. FiguiB.3(a)
depicts the IR spectrum of PBRVBC, which shows a very clear chloromett-CH,-Cl)
functional group with absorption peaks at 571.7*and 1263.8 cif. By comparing Figur
B.3(a) with Figure 3(b), the 571.1 *and 1263.8 cihabsorption peaks in Figure 3(b) he
almost disappeared, which indicates the reaction ochl@omethyl -CH, -ClI) functional

group. The absorption peak at 3364.5in Figure 3(b) represents the water [ associated
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with the formation of quaternary ammonium groupeaFPB-b-P[VBTMA][CI] was solvent
cast by chloroform/methanol co-solvent at room terafure on teflon substrate. Other properties

will be investigated in the future.

204
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Figure B.3 The FT-IR spectrum of (a) PB-b-PVB@ #éb) PB-b- P[VBTMA][CI]

B.4  Conclusion

In this study, we demonstrate a synthetic pathwagotnbine two living polymerization
techniques (anionic polymerization and nitroxidedmaged polymerization) to produce the
amphiphilic block copolymer PB-b-P[VBTMA][CI]. Thiarmation of TEMPO functionalized
PB was proved by further polymerization of PB-b#38\NMP, and GPC curve of PB-b-PS
showed complete separation from that of the PB-TBEMBubsequently, bulk copolymerization
was carried out on PB-TEMPO macroinitiator and V&Q25°C, and GPC curves attl NMR
characterization proved the formation of PB-b-PVBGe PB-b-PVBC diblock copolymers with

different block compositions were investigated. IRTwas used to characterize the formation of
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guaternary ammonium cation by trimethylamine. Thembranes made from PB-b-

P[VBTMA][CI] were solvent cast, and could potenlya¢xtend the application in AAEMs.
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