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ABSTRACT

Anion exchange membranes are of great interest dtreeitopotential toenable
low-cost solid polymer alkaline electrochemical technolobpwever, a significant
problem for AEMs idong-lasting performance and robust materials stabilibderfuel
cell and electrolyzer conditian Block copolymersbased on styrene having pemd
trimethyl styrenybutyl ammonium(containing 4methylene group$®etweenthe ionic
moieties andhe aromatiaings) or benzyltrimethyl ammonium groupgere synthesized
by reversible additiofiragmentation radical (RAFT) polymerization. Taebility under
basic conditionsof the block copolymers were evaluated under severe, accelerated
conditions. The block copolymer with C4 side chain trimestytenybutyl ammonium
motifs displayed improved stabilitpompared to théenzyltrimethyl ammoniurbased

AEM at 8CC.

The AEMs obtained from polystyrene based block copolynasgsbrittle yet
highly swollen in liquid water, thus hamperitigeir study in fuel cell deviceglowever,
crosslinked  copolymer AEMs  based onpoly(vinyloenzyl  chloride)b-
poly(butenylstyene) copolymersising a lowtemperature olefin metathesisosslinking
routewere selfsupportingrobustmembranesThe covalentcrosslinkingafforded robust
mechanicalpropertiesin dry materialsand low water uptake&nd small dimensional
changs for the hydratedmembranesThe crosslinked membranes showed gamudc
conductivitywhen in contact with liquid water, but had lower conductivity than samples

of noncrosslinked AEMsat any givenrelative humidity hydration condition. The



v
morphologiesof croslinked AEMs as investigated by SAXScorrelatedwith their
conductivity valuesThe ionic conductivity of crosslinked samples decreakezito the

disruption of ionic domainduring the crosslinking process

A detailed study regarding morphology, ion cantivity and water uptake with
controllable hydrophobic block composition in AEM&s conductedin this work |
describé how the properties of block copolymer anion exchange membranes (AEMS)
vary with the hydrophobic block composition and ion contéhtder the similar ion
content (IEC = ~ 2.0 meq™, the block copolymers with methacrylate and styrenic
hydrophobic blocks showed similar ionic conductivitire water uptakef the materials
slightly increased when the ion content of the samples was aboveed; ¢ below
which the hydration number almost remained gamt (~7 water molecules per ionic
moiety).The stearyl methacrylate containing sample was mechanically robust in liquid
water due to the introduction of semicrystalline blocki& particular, the factors
conducive to the conductivity will be discusseddetail. The ionic polymers with long
range orderednicrostrtures andhigh ion content (IEC = ~ 3.0 meq*yhad the highest

conductivity.

Sulfonimidecontaining random copolymers based on poiglene ether sulfone)
(PAES), poly(2,edimethytl,4-phenylene oxide) (PPO) and poly(styrene) (PS) were
synthesized by low cost pegblymerization modification under mild conditions. These
synthetic routes provided universal seafe approaches for indugtproduction due to

the absence of expensive monomers purification. The Radel samples in sulfonimide or
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sulfonic acid form displayed higher proton conductivity than PPO analogues. These
sulfonimide copolymers showed proton conductivity comparable torsalémalogs but

lower water uptake. The thermal stability of sulfonimide copolymers was stable up to 250
°C under nitrogen atmosphere. The sulfonimide samples are applicable to high

temperature PEMs due to its higher ionic moieties degradatmoperature
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Chapter 1
Introduction to Anion Exchange Membranes

1.1.Introduction

Fuel cells are of significant interedtie totheir use of energgense chemical
fuels and these devicesan direcly convertthe fuels such abydrogen, methanol to
electrical energy in a clean ancefficient manner. Fuel cells area potential
environmentally benigtechnology that usesiydrogen generated frommnewable sources
to make electricitywhile the only byproduct is watefhe main difference of fuel cells
from batteries is thdtel cellsdirectly convert the fuels to energy without power storage
and the production can be controlleglthe fuel feedsAnother merit of fuel cells is the
higher power density 10 times thiaof lithium ion batteriesThe most studiedype of
polymer membranéuel cell is based oa proton exchange membraGeEM), or solid
polymeric proton conductpm which hydrogen isoxidizedto protons and electronghe
electrongravel along an electrical circuit whitbe protons are transported viee PEM
(such asNafion®, a benchmark PEMgided bythe sulfonic acid groupand water At
the cathode, oxygen is reduced to water which is emitted from theHosllever,the
presence ofexpensive noblanetal catalystused in the PEMuel cell for hydrogen
oxidation anl oxygen reduction in the presence of an acidic polymene of the main
factors hampeéng its widespreadapplication inelectric vehiclesand as portablepower
sourcesCurrently, the communitis seeking alternative options to amend the high cost
in construction ofcommercial fuel cellsAnion exchange membrai8EM) based fuels

cellsare the most efficient fuel cells at temperatures below’@0@singnon-noble metal
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catalystsuch as Nior Ag underalkaline conditiond? As shown inFigure 1.1, AEMs
based fuel cellgonvert chemical fuels telectrical energwsing high pH half reactions

as outlinedn the following equations:

For Hydrogen For Methanol

Anode: 3H,+ 60Hf 6H,0 +6¢€ Anode: CHOH+6 OHf CO,+5H,0+6¢e
Cathode:3 H,0 +%,0, + 6 €f 60H Cathode:3H,0 +%,0, + 66f 60H

Full Cell: 3Hx+ %,0,f 3H,0 Full Cell: CHsOH +%,0,f CO,+2 H,0

6H,0
CO, + 5H,0
=

Alkaline Anion-Exchange Membrane
[AAEM]

Figure 1.1. Diagram of an anion exchange membranes based fuelitbllhydrogen
(black)andmethanol (redjeed?®

1.2 Motivation for This Work

In alkalineenergy conversion devices, the key component i&\EM, capable of
transporting hydroxide iong/hile acting as a barrier for fueishile maintaining high

performane, high conductivity, and low degradatiorhe performance diiel cellsand
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other membrane electrochemical deviteslosely associated witthe properties ofhe
polymer membraneThe development odn AEM based fuel cellor electrolyzeris
concentratedn the improvement of the AEM propertiesalkaline environment such as
high conductivity, mechanical robustnefisermal, chemical and oxidative stability
particular.the longlastingstability underfuel cell operation conditiogsiis one of themain

issuesin this field

Fuel cells remain an important energy conversion technology dileitouse of
energydense chemical fuels such as methanol and compressed hydvtegeanol and
other alcohcfed fuel cells have the potential to be components itelyarecharge and
stationary power systems for primary and backup pbamea hydrogesied fuel cells can
provide driving ranges that current pure electrical vehicles (EVs) cartiowever,
wide-scale deployment of fuel cells has been hampered by thetimmbuding expensive
components such as perfluorinated membranes and preciousbasdl catalystSolid
polymer electrolyte membranes are key components in modern fuel cells for ion transfer
between anode and cathode half reactions to maintain theucedntand toprovide
robust isolation of the fuel and oxidant. Proton exchange membranes (PEM) such as
Nafion®, apoly(perfluorosulfonic acijiderivative have demonstrated excellent chemical
and thermal stability and high proton conductivity as theddard membrangypein the
fuel cellfield. However, perfluorinated materials have some drawbacks such as high cost,
high fuel and water crossover and poor mechanical stability at temperatures greater than
100°C. Moreover, acidic fuel cells can sufferiinocsluggish oxygen reduction andrborz

basedfuel oxidation kinetics. High performandeEM fuel cells universallyrequire
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platinumbasedand precious metatatalysts, which can be deactivated by carbon

monoxide andsignificantlyraise the cost of fuel dgechnology?

In the pursuit of alternative PEMSs, researchers hdemonstratedthat the
nanophase separated morphology between hydrophobic polyemnentsand the
backbonetetheredacidic moieties leaxito ion-conducting nanochannnels responsible for
water uptake and proton transpdBiock copolymers with ioftontaining blocks and
hydrophobic blocks have been designed as one of the most predicable method to
manipulate the ionic domain morphology of PENEabd, et al. showed the proton
conductivity of sulfonated poly(styrefieisobutyleneb-styrene) (SIBS) (76 mS ch
IEC = 2.04 meq §) was almost four times higher than that of sulfonated poly(styrene)
(17 mS crit, IEC = 1.92 meq Q) at room temperature, likedue to ordered domain
morphology! McGrath and coworkers demonstrated the conductivities of sulfonated
multiblock poly(arylene ether) were greater than that of the random copolymer analogs at
similar conditions due to wettonnected hydrophilic domairss observed by atomic
force microscopy:® For these stegrowth multiblock copolymers, conductivities from
80 to 320 mS crfwere measured with IECs from 0.95 to 2.29 méqugd water uptakes
from 49% to 470%. Recently, Park, et al. observed a rangedefenl lamellar, gyroid
and hexagonally packed cylinder microstructures from sulfonated poly(siyrene
methylbutylene) (P$®-PMB) despite the fact that the symmetric fionic block
copolymers had volume fractions between 0.45 and 0.58e nonionic blod
copolymers were anticipated to exhibit lamellar microstructures predicted by- Flory

Huggins and sel€onsistent meafield theories. Due to the strong segregation strength
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between sulfonated blocks and Aionic segments, sulfonated R®-PMB, showed tle
smallest domain spacing (5.2 nm) with gyroid structures as obtained from SAXS and

TEM.

Recently, AEMsbased fuel cellbave drawrgreat interest due to the use of non
noble catalyst such as Ni. However, perhtygs mostsignificantchallengefor AEMs is
their chemicalinstability under alkalineconditions due to weHknown degradation
pathways of quaternary ammonium catioparticularly for benzyltrimethyl ammonium
cations However, AEMs with trimethylalkyl side chains have shown increatasullisy
in a key early report. The AEMs witG4 side chainghavng 4 carbons)n OH form
retained 92% of the original ion exchange capacity (IEC) under hydrolytic condition at

100°C for 30 day$¢Figure 1.2).*



X
2-8%
X X
1)Mg/E =
] INg®ERO, ~ crosslinked AEM
\> 2)Br-R-Br x.\ suspension
R
Cl BY N

R = (CH)4,(CH2)7, etc.

Strong Base Capacity®

(mEqg/L)
Remaining Ratio®

Spacer Chain® (R’) Initial After Test? (%)
CH. (DIATON® SA10A) 1.42 .12 9
(CH.), 0.84 0.78 (0.03)° 92
CH.,CH.,CH(CH,;)CH. 0. 77 0.71 92
1.05 0.91 86

(CH2):CH(CH3)CH-CH> 1.01 0.97 96
(CHb2)» 1.13 1.03 92

CHZCH;.*@— CH.
0.93 0.86 93

Figure 1.2. Preparation andhermal stabilityof anion exchange resins witidkylene
spacers

In this study lhere were no directly observed benzyl and methyl substitution to the
alkylene spacers in the anion exchange resnghe authors investigated degradation by
FT-IR. However,minor Hofmann elimination occurred in the propyleneoxymethylene
spacer based resin. The introduction of alkylene spacers between the benzene ring and
guaternary nitrogen is thought to improve the stability of the material in the strongly
basic conditionsdue to the steric hindrandeom bulky alkanegroups which prevents

benzyl substitution or Hofmann elimination on the pendant chain

Separating the ieoonducting phase and the hydrophobic phassn®hEM-based

block copolymer formaénables independent tuning the ion condugbraperties water
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swelling and mechanical properties of the membrafer example, gaternary
ammoniumfunctionalized styreneethylene/butylenstyrene (SEBS) block copolymers
had excellent dimensional stabli during hydration. Continuous hydrophobic
microdomains were observed by atomic forcécnmscopy (AFM), which promoted
hydroxide (OH) conductivity of 9.6 mS cfh (liquid water, room temperaturey IEC
1.54 meq ¢ but a high water uptake of 265 wi¥he presence ofsoft segments

facilitates the membrane formation, but in some cases may lead to excessive swelling.

Many examples of AEMs have high water uptake due to the need for significant
hydration to promote anion conductivitgrosslinked AEMs have showower waters
welling, bettermechanicaproperties higher conductivitieand betterchemical stability
against the alkaline operational conditions in alkaline membrane fuel cells (§MFC
compared to uncrosslinked sample€hloromethylated polgulfone) crosslinked with
hexane diamine showed high stabildyer 240 h in 2 M NaOHat 40 °C, although
temperatures lower tha80 °C have proven to be ineffective for revealing true AEM
stability.! Diamine crosslinked poly(vinylbenzythloride) (PVBC) AEMSs displayed
moderatefuel cell performancat 3 °C under methanol/©@conditions wheréhe loss of
the ion exchange capacity was less than 5% after 233 h of opesattioa peak power
density of 1.1 mW.cf? The FriedelCrafts type reaction betweerchloromethyl and
dimethoxyhenyl groups was applied thloromethylatecand quaternary phosphonium
poly(2,6dimethyt1,4-phenyleneoxide) (PPO) blends in which tttdoromethyl groups
and high electron density phenyl ringsicted as crossking moieties® The self

crosslinked PPO AEM had-H0 fold lower swelling ratio compared to rorosslinked
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PPO samples and also showed high hydroxide conductivity in liquid water (38 HhScm
with IEC = 1.23 meq ¢ at 20 °C. Ring-opening metathesis poherizations of
derivatives of cyclooctenes and norbornenes wemgployed to make crosslinked
polyolefin quaternary ammonium and ruthenium based AEMs with tunable properties
that have comparable conductivifg8.7 mS/cm, OHform, liquid water, 22°C) and
mechanical strength to traditional quaternasynmoniumbasedAEMs.* Crosslinking
mitigated water swelling in these materials and provided mechanical integrity for high
conductivity AEMs that originally sufferetfom significant liquid water swelling and
very poor mechanical properties. Tgeal in this report was to extend the strategies for
producirg crosslinked AEMs using a lovemperaturecrosslinkingmethod. The post
polymerizationolefin metathesis route reported herein enables design of block caolym
AEMs with wellestablishedpurification proceduresand solvent processingf the

materialsbefore crosslinking is induced during final sample fabrication.

As a bifunctional monomer -@8-butenyl)styrene (BeS) containing a styrene
polymerizable groumnd a terminal butene double bond hamnabéd the preparation of
BeS copolymers with pendant alkene groups. It has been demonstrat&E8ean be
used to synthesize amphiphilic block copolymers by living anionic polymerization of
styrene andeSsequentially followed by hydroxylatioof the terminal olefinic groups.
BeS and propylene were copolymerized to produce crosslinkable functionalized
poly(propylene) with flexible styrene pendent moieties usimgetallocene catalyst and
methylaluminoxaa (MAQO) followed by high temperature crosslinking via the Diels

Alder [2+4] cycloaddition of two styrene moieti®sin another example,ifanctional
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BeS monomers were incorporated into bottlebrush copolymgmough RAFT
polymerizationto fabricate amphiplic organic nanotubes with tunable surfaces thdt ha
high selection and efficiency for nanomaterials and biomacromolecules. CrabBink
shell layers were formed by metathesistloé butane double bondsing Grubbs2™
generationcatalystand the inne cores of poly(lactide) (PLA) were etched away by

NaOH at room temperatufe.

Previous resultshowedblock copolymercrosslinkingwas a promising approach
to fabricatehigh performance AEMs. Quaternized block copolymers with high ion
contentcan show higlwater swelling oreven be soluble in water but this disadvantage
can be solved by crosslinking. In my work, poly(vinylbenzyl chloride)-poly(4-
butenylstyrene)-PhCHCH,CH=CH,)with pendant crosslinkable olefinic double bonds
was synthesized and studied detail. Compared to nowrosslinked block copolymers
the crosslinked copolymeisy second generation Grubbs cataljigive been used to
fabricate robust anionic membranes while the conductivityomgsslightly reduceddue
to the crosslinkingThe relationship ofvater uptakeconductivityand morphology was
researched to providguidancefor reverse engineering improved AEMEBhis approach
provides an opportunity t@onstruct robust membranes in liquid water using low
temperature crosslinking.

Most proton conducting membranes based on the materials with pendant sulfonic
groups have been studied extensively in the fuel cell community. The effects of
sulfonated block copolymers on the proton exchange membrane (PEM) performance

have been demonsteal, resulting in increased proton conductivity relative to the
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sulfonated random copolymerdue to the formation of unique phase separation
nanostructure3.For example, hydrophilic blocks containing tethered sulfonic groups
formed ionic microdomains of pgstyreneb-isobutyleneb-styrene) (SIBS) and
facilitated ion transport compared to randomly sulfonated poly(styteRayk, et al.
showed that the proton electrolyte membranes with less than 5 nm hydrophilic phases had
enhanced proton conductivity andjher water uptake at temperatures up t6Q@@ue to
the capillary condensation. The addition of sulfonic groups to block copolymers to
morphology changes that depend on the sulfonation d&rerticularly, the block
copolymer poly(ethylene)-poly(styrenesulfonic acid) containing crystalline blocks
showed | ower water wuptake (6.5 wt %, hydr at
conductivity (86 mS ci) compared to Nafidh conductivity of 96 mS cih (water
uptake =345wtvh y dr at i on rbuumderethe similr conditioris. The highly
crystalline state of the hydrophobic phase maintained structural stability and less water
swelling by surrounding the bicontinuous cylinders of hydrated ®¥i% fundamental
understanding of how the phase sepest morphology affects the transport properties
and morphologies has been researched in PEMs. However, there is no consensus on the
morphological evolution of the sulfonated copolymers due to the complicated phase
behaviors. Bck copolymers are gotential route to higherproton conductivity
membranesut this has not been demonstrated muchamon exchange membranes
(AEM) due to their intrinsically low ion mobility and the synthetic challenges in

preparing the materials.
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The properties of AEMs ar highly relatedto the morphology of asast
membranesThere have been a few reports on AEMs based on hydroxide conducting
block copolymers In their studies,block copolymerbased membranes had greater
conductivity than thB random copolymer counterparet the similar IEC. The
conductivity ofblock copolymers deperd on the morphologyf membranesand the
formation of continuous conductiveanachannelswhich facilitated ion transportThe
guaternized block copolymers have improved mechanical strexagtipared to non
crosslinked samplesand reduce swelling compagd to randomly functionalized
copolymers"®However, there is no detailed study in depthegard tanorphology, ion
conductivity and water uptake with controllable hydrophobic block composin

AEMSs.

The properties of block copolymer anion exchange membranes (AEMs) vary with
the hydrophobic block composition and ion conteave been elucidated in this work
The morphologywas investigatethrough transmission electron microscopy (TEM) and
smallangle xray scattering (SAXS)ion conductivity and water uptake relationships of
various block copolymers at the different ion conteritke optimal AEMs performance
was manipulaéed bythe charaar of the hydrophobic block3he introductionof long-
chain alkyl methacrylate hydrophobic blocks AEMs afforded the robust membranes

and limited swelling idiquid water.
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1.3 Ouline of the Thesis

In this thesis,Chapter4focuses on thesynthesis andharacterization of C4 side chain
block copolymers via RAFT polymerization and ppstymerization modificationThe
side chain effecbn the conductivity, interdomain spacing and chemical stability of
AEMs wasdescribed in the chaptein Chapter 5 congruction of robust membranes
againstswelling in liquid waterwas examined The crosslinking effect on the intrinsic
properties of AEMswas studied Hrough corresponding techniques exposed to liquid
water and relative humidity condition€hapter 6analyzed the hydrophobic effect,
including semicrystalline blocks, on the properties of AEMs demonstrated in this
section,the incorporation of semicrystalline block in AEMs rendeneeimbraneswith
goodmechanical integrity in liquid watein Chaptei7, sulfonamidecontaining polymers
were synthesized to increase the acidity relative to traditionally sulfonic tethered
polymers. Finally,Chapter 8 summarizehe dissertatiorand identifies directions for

future research
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Chapter 2

Literature Review of Anion Exchange Membranesand lon-Conducting Block
Copolymers

2.1 Introduction

Traditionally, anion exchangeolymersare used for ion exchangeembranes
and resins in electrodialysisand asconductiveseparata, sensos and solidpolymer
electrolytes. The alkalinefuel cell with liquid electrolytewas first discovered in the
1930sandwas one of the oldesworking fuel cells Initially liquid alkalinefuel cellswere
used for the primary powesource of the critical systenad drinking water supply of
astronautdor the Apollo space program ithe 1960s'To date due to the increase in the
need for thenext generatiomreenenergy,AEM fuel cellsare ofimportantinterest for
their high efficiency andenvironmentally benign power generation technologjitis new
generationof alkaline fuel cells uses a solid polymer membrane, instead of a separator
filled with liquid electrolyte, as in previous alkaline fuel cell technoldgyAEM fuel
cells, the central component ke solid polymer membraneserving asn ion conductor
between cathode and anodduel barrier andan electrical insulatorCompared t(AEM-
based fuel cellsproton exchange membrafEMSs) fuel cells havevery high ion
conductivityandthermaland chemical stabilitimparted by perfluorosulfonic acisased
polymeric proton conductors. PEM fuel cells rely on wellestablished membrane
technology, butdepend onthe use of expensivelatinum and precious metddased

catalysts which greatlyncreagsther cost.Because of low metal corrosion at high pH,
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the useof nonnoble catalyst allows AEMuel cellsto beanalternative candidate for the

productionof clean energy®

AEM fuel cellsare operated under basic conditidasilitated by thehydroxide
conducting AEM Exposed tovorking temperaturegreater thar80 °C, AEM fuel cells
showed poor performance dueltmgterm stability issues in whicthe polymer basd
membranes would bepidly degradedincluding thecationicion transport moieties and
polymer backbon&® The chemical degradationof the AEM at high temperaturill
substantially reduce thkfetime of AEM fuel cells and has thus far preventede
commercial development of AERel cellsin practical applicationsMeanwhile AEMs
have an intrinsically lower ionic conductivity théhose ofPEM counterparts asimilar
IECs due to the lowemobility of hydroxide ionscompared tgrotons.In addition,the
formation of bicarbonate ions from the reactioh atmosphericcarbon dioxide and
hydroxide anionslso will remarkably decreasiee ionic conductivityof the materiatlue
to the low mobility of bicarbonate ionMany of these issues also exist in electrolyzers
and other polymer membrane electrochemical technology that rely on anion exchange
membrane fuel cellsFor AEM developmenfor fuel cellsand other devicesthe AEM
must be chemically mechanicallyand electrochemicallystable under operatioml
conditions while maintaining reasonable conductivity to achievgood device

performance.

The organic cationsommonly used in AEMare susceptible tdegradatiorfrom

hydroxide nucleophilic attack in the presence dlkaline conditions, which would
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neutralize the bound cationic grouf$his degradationwill gradually cause the
conductivity loss Recently, alternative cations such amidazolium, phosphonium,
sulfonium,andbis(terpyridine)ruthenium(llyere synthesized and held new promise as a
new class o&nion conducting membranés.

Aside from the cation stabilitynderhigh pH conditions the chemical stability of
the polymer backbne will affect the mechanical propeds of the AEM, leading to
catastrophic failureof the membrane electrolyte assembly AEM fuel cells The
cationic group and polymer backbone stability will be elaborated in the following

sections.

2.2 Chemical Degradation of Anion Exchange Membranes

2.2.1 Major Degradation Mechanism

The majoity of AEM stability research hagealt withbenzytrimethylammonium
cations. The recognizedegradation pathwayander highpH environments are \2
nucleophilic substitutin, E2 Hofmann eliminatiomndylide formation Scheme2.1.2°*
Nucleophilic substitution takes place via hydroxide attackheri}carbon of the cation,
which can eithembstractthe methyl group from the cation moiety form a tertiary
amine ordetachthe cationby attack at the benzyl positiaa producebenzyl alcohobhnd

trimethyl aminefrom the benzyltrimethylammonium catioisy2 substitutioncan be

decreased by steric hindramafehe benzyl position as demonstrated by Tomoi,.Et al
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Scheme2.1. Degradation pathways ammoniumcationic groups

Hofmann eliminationoccurs by hydrogen abstraction froma b-carbon by
hydroxide anion attack, resung in the formaion of olefin andertiary amine elimination
from the neighboimg carbon. At temperatures below 8C, Hofmann elimination
proceedsnore slowlythanat temperatures above 1@as reported by Merat al** In
the absence ofb-hydrogens, Hofmann elimination isnfavorablewhile nucleophilic
substitution is the main decompositionthe AEMs Preliminary reports show that there
are significant contributions by both benzyl and methyl elimination with the ratio of the
two mechanisis being dependent on the exact sterics and electronics of the cation.
Hydroxide attack on the methyl group of the cation leads to the formatiofidef
product along with water.

Moreover, the degradation of AEMs is influenced by dlegree ofydration of
the ammonium cabns (the number of waterassociated with eacionic moiety)

Pivovar, et al? found thatthe tetramethylammonium catiowas relatively stable in
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agueous alkaline solution. However, whbka number of water moleculesordinated to
the ammonium cationsas less than 3, the dehydratiawil accelerate the degradatiam

such conditionslue to increased nucleophiliciand reactivityof the hydroxide™

2.2.2AEM Degradation of Different Cations

Different ammoniurrbasel cations wereneasuredfor their chemical stability
underalkaline conditionsit was reported thathe phenyltrimethylammoniun{fPTMA)
cation wasless stablghanthe benzyltrimethylammoniunBTMA) cation in2 M KOH
agueous solutionat 8C0C during whichthe remaining ratio of PTMA was 30%
compared t®0% remaining of BTMA. The methylene linker betweka aromaticring

andN-centered catioenhanced the stability.

R A
_N_ _/P+_ /S+_ ﬁ&

PTMA BTMA Guanidium Pyridium  Phosphonium Sulfonium Imidazolium

Figure 2.1The cations mainly studied in AEMs for fuel cells.

It was believed thathe higher pKa of 13.&or pentamethylguanide increased
the alkaline stability of this cation compared to the 10.8 pKa of the
benzyltrimethylammoniuntation. Wang et al. reportedhat benzyl guanidiumbased
AEMs showedexcellent ionic conductivityvhen exposed to 1M NaOH at 60 after 2
days* Meanwhile, Kim et al. reported thgthenyl guanidium based AEMs maintained

decreased ionic conductivity in 0.5M NaOH at 80 BGth guanidiumcontainingAEMs
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showed better conductivity and chemicstiablity than trimethylammonium based
counterpag.® Qu, et al. fabricated biguanidiumcontaining polysesquioxane AEMs
which showed the highepbwer density of 32inW cni® at 700 mA crif at 40 °C with
borohydride fuel. The guanidiurrbased fuel cell last for 50 h with the voltage
maintained at 0.76 VPBut therewas no detailed study regarding the degradation.

Bauer et al.reported that pyridinium base&EMs had the lowestability among
the cationgn the study which was also confirmed by the research of Sstal in the
presence ohlkaline solutions at higher temperaturByridinium basedAEM showed
accelerated IEC aridnic conductivity lossunderalkaline conditios®

Qiu, et all’studied the properties ofmidazolium functionalized AEMs
synthesized byn situ crosslinking of styrene, acrylonitrile and imidazolium vinylbenzyl
chloride in the presence o#& divinylbenzenecrosslinker. The imidazolium based
membrae shoved reasonabléydroxideconductivity (~16 mS cif IEC = ~1.50 meqg
1) and chemical stability of up to 1000 h without appatess of ionic conductivityvhile
the quaternarammoniumcontaining membrane degraded in 1M KOH met#ading to
IEC lossfrom 1.62 to 0.93 meq The greaterchemical stabilityof the imidazolium
moiety was probably due teteric hindrance anthe resonance effect of the conjugated
imidazole ring, weadning the attack of hydroxide iorte the cation

Traditionally, phospbnium cations have lower stability than ammonium cations
and phosphorous is a more expensive reagent than nitfSg@n, et al. reported the
synthesis of 2,4:&imethoxyphenyl (TMOP) phosphonium AEMs. The phosphonium

AEMs were crosslinked with chloromehylated poly(sulfone) via FriedeCraft like
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intermolecular reactions. The crosslinkesmples showed higher degradation
temperature (183 °C) as characterized by T&An addition, Stokeset al. reported even
higher thermal degradation temperatures yab®&40°C) of trimethylphosphonium based
poly(styrene) AEMsbut these samples were in BEform.**

Cyclic cations includingquaternized 1qliazabicyclo(2,2,2)octane (DABCO),
and piperidiniurdbasedAEMs maintained high alkaline stability at 8@ in 1.8 M
aqueous NaOH conditiongith more tharf0% of the catioric moietiesremainingafter
240 h The reduction of Hofmann elimination and nucleophilic displacement was due to
the unique structuref DABCO which providesnternal steric hindrance betesm carbon
and nitrogen andhe decreased acidity from the presence of the second nitrogen in the
para positionMore interestinglymoncDABCO based copolymer was more stable than

bi-DABCO quaternized catiorfS?*

2.3 Chemical Stability of the AEM Polymer Backbone

Figure 2.2.Aryl-ether bond cleavage of quaternary ammonium functionalized PAEs

under high alkaline environment.

Compaedto the extensive stugk of the cationic groupgshe degradation of the

polymer backbne hasreceived less attentioffhere have been some reports of basic
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degradation of polymers, such psly(vinylidene fluoride), poly(imide) etc However,
most of these studies were merhed on hydrophobic polymer3he degradation of
hydrophilic polymers cabe highly acceleratedue to the intimate contact between the
polymer molecules and degrading moiety such as reactive oxygeroxide, or
hydroxide Generally the backbone of AEMs was assumed to be much more stable than
the cationic moietieBackbone instabilitynay be due tattackfrom the hydroxide anion
or oxygen. For example, Sladet al. observed the degradation of the poly(vinylidene
fluoride) (PVDF) and poly(vinyl chloride) (PVC)ackbonefrom the attack of OH
leading toE2 elimination through dehydrofluorinatiah® In the presence of oxidants
such as oxygemwr peroxide it is very likely thatthe styrenic backbones oxidized to
generatearboxylic acid and CQ, ultimatelycausing chain scissioRecently, Fujimotp
et al. observed that polgfylene etherYPAE) underwent arykther linkage cleavage
under high pH environments as confirmed by F1ARhe degradation othe polymer
backbone will influence the mechanical integrity of AEMs, thus reducing the
performance of fuetells by the increasedhigh frequency resistancand catastrophic
failure of membrane electrolyte assembBAE ionomers displayed good initial fuel cell
performance after only 55 h whipmly(phenylene) MEA had stable performance without

intensivehigh frequency resistanaacrease for 300 h.
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Figure 2.3.The hydrolysis ofjuaternary carbon and ether bonds in poly(sulfone) tethered
with benzyltrimethylammonium cations.

In addition to the ether hydrolysithe quaternary ammonium cations triggettesl
poly(sulfone) backbone degradation via quaternary carbon hydrolysis Ar ge 6 s
degradation analysfé.The AEM degradation mechanism was elucidate®ByNMR
spectroscopy. Their analysis refuted that the cationic stability mainly dictated the whole
AEM stalility. They proposed that the longer alkyl side chain between the ring and ionic
group separating the cations from the quaternary carbon and ether maydstabilize

the poly(sulfone) backbone.

2.3.1 Approaches to ImprovelLong-term Stability of AEMs

Most AEMs containing benzyltrimethyl ammonium cations suffer from hydroxide
degradation, leading to decreases in ion exchange capacity and ion conductivity.
However, AEMs with trimethylalkyl side chains have shown increased stability in
T o mo repos’* The AEMs with side chains in OHorm were prepared from
bromoalkystyrenes with divinyloenzene (DVB) as the crosslinker by suspension

polymerization, followed by trimethylamine quaternization and ion exchange with
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NaOH. The sample with C4 side chain retl 92% of the original ion exchange
capacity (IEC) under hydrolytic condition at 100°C for 30 days. There were no directly
observed benzyl and methyl substitution to the alkylene spacers in the anion exchange
resins. However, Hofmann elimination occurredthe propyleneoxymethylene spacer
based resin as indicated by IR spectra. The degraded resin showed two absorption bands
at 1640 and 990 cimdue to-CH=CH, double bonds. The introduction of alkylene
spacers between the benzene ring and quaternary emtnggthought to improve the
stability of the material irstrongly basic conditiondue to steric shielding

Yan and coworkerseportedthe synthesis of the incorporation of C6 side chain
between ringonic group to the poly(fluorene) ionomeusing thec onc e p t I n Tom
research Imidazolium functionalized poly(fluorengC6 side chain AEMs were
synthesized bypolycondensation polymerizatipproducing flexible yet mechanically
tough. The hydroxide conductivity of the poffluorend AEMs is up t023.5 mS m™ at
30°C (IEC = 0.98, water uptake = 17.3%j)oreover, the synthesized membranes showed
excellent alkaline stability in 1 M KOH at 6@ for 400 h, enabling the C6 side chain
poly(fluorene) a suitable candiddte

Crosslinking ofthe AEM precursors witldiamine is a good synthetic strategy to
fabricate mechanically robusEMs while improving thealkaline stabity and long-term
fuel cell performance.N,N,NGgNGtetramethylhexané,6-diamine was used as the
amination/crossinker to crosslink noronic precursor due to high base stabilitytloi
diaminecrosslinking approacithe crosslinked AEM showed 233 h lifetime and the IEC

of the membranedeclined byless than 5%, indicating the successful crosslinKiis
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aliphatic chain length diaminerosslinker effect on the base stabilas reportel by
Komkova et al. andcorroborated byPark et al*® Theyreportedthatthe AEMs stability
increased with the increasing crosslinker chain length when exposed in 2 M &aiDH

°C.

CHClg, MeOH
55 °C

AAEM-17 (x = 0.17)

IEC (mmol OH™/g CI") = 0.67 £ 0.10
Water uptake = 52 + 4%

Figure 2.4. Phosphonium functionalized pdbthylene) for anion conducting
membranes.

Noonan et al.synthesized a newase stabléetrakigdialkylamino)phosphonium
cationwith bulky side chaingppended to poly(ethylepby the labmade monomers via
ring-opening metathesis polymerizationhese materials showezhly a smallloss of
hydroxide conductivity (from 22 to 18 mS cif)in 1M KOH aqueous solution at 80 °C
for 22 days They ascribed the high stability to tiplosphaium cations in alkoxide
conditions due to the significant energtalslization of delocalizatiorof the amino
phosphoniunt*

I n Hol dcroft and coworkersd investigat:.i

to a benzimidazolium (methylated benzimidazole mtrogen atomp to improve the
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alkaline stabilityof the polymer as proven by NMR analysi©ie membrane stability was
measured by immersing in 2M KOH aqueous solution for 13 days and showed good
alkaline stability by measuring the membrane IEC. This realization of enhanced stability
of benzimidazole unit provided a novel approach to constcheimically resistant

membrane&?
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Figure 25. Improved durability with crosslinked ionomer.

A remarkable breakthroughias reported by Tokuyama 2011using crosslinked
ionomerunder high ion exchange capacity tested irthe Electrochemical Engineiaig
Centerat Penn StateThe durabilityof this cellunder 100 mA cifiat 50°C exceeds 4000
h and dropped to ~ 80%f theinitial voltage.However, theravasno detailedpolymer

structure information releases the material®

24. Methods to Improvelonic Conductivity of AEMs
24.1. lonic Conductivity for lon-containing Polymers

lon-containing polymerghat conduct ions fall into two categories: segmental

motion in horaqueous conditions and water dynamics in hydrated membranes. Polymers
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leveraged in anhydrous conditions such as those usedon batteries transport ions by
polymer segmental motion. The segmental motion is dominated by glass transition
temperature § and dielectric constant of the system, driving ion pair dissociafioa.
temperature dependent conductivity of thedn solidstate electrolyte follows a Vogel
FulcherTamman (VFT) dependence indicating the conductivity is governed by long

range polymer segmental motith.

-B
s = gexpe—)
0

wher e O itsy gdsdlie dondudtivityat infinite temperature; B is a constant; T
is temperature; and ¢Tis the Vogel temperature. Typically, the segmental motion
conductivity ranges from 0mS cm'to 1 mS cm®.

Hydrated or ionic liquid swégn polymer systemmsiainly rely an water dynamics
for ionic conductivity instead of polymer segmental dynamics and follow Arrhenius
35,36

dependencbecause they are far above th@Twater

Ea)

s = gexp(_RT

where 0 i s iseohe cbndactivityai irfinite teniperature; i the activation
energy, R is the universal gas constant; and T is the absolute temperature. In the case of
polymer electrolytes, activation energy of E influenced by water absorption, ion
content andhe interaction of water and ions in the polymer electrolytes.

The hermally activatednotion of water in the hydrated polymer facilitates the
ionic conduction, allowing the higher conductivity compared to-agmeous systems.

The conductivityin hydratedsystemsvaries from 13 mS cm* to 16 mS cn'.
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However, the detailed mechanism of ion transport in ion exchange membranes is
still not fully elucidated though hopping and vehicle mechasisere proposed to shed

light on ion transport in pure wat&f™

2.4.2. Approaches toObtain High lonic Conductivity

In contrast taintrinsically high proton conductivityof PEMs AMEs have poor
hydroxide conductivity resulting inmoderate power density and energy densitye
hydroxide conductivity is of conceffor quaternary ammonium based AEM$ie highly
conductive phosphoniwtontaining AEMs were devised by Guet al. The tris(2,4,6
trimethoxyphenyl)polysulfonenethylene quaternary phosphonium hydroxisteowed
enhancedonductivity( 27 mS crit, IEC = 1.09 mg g*) at room temperature compared
to quaternary ammonium A&’ ( 13 mS cnit, IEC = 1.30 meq Q) due to its higher
basicity'®The phosphonium AEMs exhibitedoderatestability in 10M KOHfor 48 h at
room temperature ankigh flexibility. Becausethe 24,6-trimethoxyphenyl groupsre
strong electron donotkrough conjugatiosandthe high steric bulk groupof tris(2,4,6
trimethoxyphenyl)phosphine botif which preventhe centralphosphorus atorand the
U-carbon atonirom hydroxide attack.

In the devdopment of highly conductive PEMs, multiblock copolymers
containing sulfonic acid groups in the hydrophBlocks showed unique phaseparated
morphology with well interconnected proton transportingchannels The proton
conductivity of thesulfonatedmultiblock copolymes was high comparable to that of

Nafion® under severe conditionsf low relative humidity and high temperaturghe
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strategy ofusing hydrophilic/hydrophobicmicrostructure with ionic groups in the
hydrophilic domainswas expaned to synthesize highly conductive aromatic AEMs by
Tanaka et al*! The multiblock copolymers were prepared by block copmhgensation
of linear hydrophobiand hydrophilicoligomers,followed by postpolymerization.The
AEMs showed hydroxide iorconductivitiesof 144 mScm™ at 80°C, in which the
microphase separatigatays a vital role in th@igh conductivity.

The AEM maintained high conductivity at 80C for 5000 hunder severe,
acceleratediging conditions The maximum power density of 297 mWwh? was
obtaired using hydrazine as fed fueRoly(arylene ether sulfondjlock copolymes were
preparedby polycondensatiomy Zhaq et al The block membrane displayed hegh
conductivity of29 nS crm'than the random counterparts (10 mS'pmt the similar ion
contents’?

Coates, et al. developed tetraalkylammonifumctionalized crosslinked
poly(ethylenebased AEMs usingring opening metathesis copolymerization of
functionalized cyclooctenesatalyzed by second generation Grubbs catalybese
materials showe high hydroxide conductivity d8.7mS cm* at 2°C and 111 mS cin
'at 50°C with IEC 2.30meq g@".The high conductivity is from the hydrophobic nature of
these materials at high water content, which will promote ionic conductivity and reduce
hydroxideion reactivity within the membrané3Ultimately, high ionic conductivity will
help fuel cell operation at relatively low temperatugenerating slow degradation.

Yan and coworkers studied quaternizatadereffects on the ionic conductivity

of chloomethylated poly(sulfone): (1) direct quaternization with trimethylamine; (2)
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quaternization with diamine crosslinker, followed by treating with trimethylamine; (3)
qguaternization with diamine crosslinker, followed by alkyl halide. They found the
appropride quaternization would exponentially increase the ionic conductivity of AEMs
from 4.7 to 31 mS cihat the same polymer substratésiowever, they did nodffer an
explanation about the conductivity improvemetobably,the postprocess generated
different morphologies of AEMs.

In summarythe ionic conductivity of AEM£anbeincreasedy the introduction
of bulky phosphonium ionic moietietie corporation of hydrophilic units in the AEMs;
the formation of ionic transporting pathways through blockoboper phase separation;
the appropriate quaternization approach&s. demonstrated irmy work, the ionic
conductivity can be tuned tsplvent induced longange ordered microstructures and the
soft segmental side chain introduction of aromatic ring anid ications.

2.5. Block Copolymers

2.5.1. Synthesis oBlock Copolymers

The synthesis oharrow polydispersity chargedblock copolymers with tunable
hydrophobic and hydrophilic blocks can decomplishedy living polymerizationincluding
ionic polymerization (involving anionic and cationic active ssj¢ condensation, catalyst
transfer polymerization or controlledliving radical polymerization To date anionic
polymerization, nitroxide mediated polymerization (NMP), atomic transfer radical
polymerization (ATRP)andreversible additioffragmentation chain transfer polymerization
(RAFT) are the most popular techniques for block copolymer synthesisnimolledliving

radical polymerizationsAnionic polymerization requires high purity monomers in anhydrous
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condition using air sensitive initiatot§* Moreover, it is extremely difficult to obtain
reproducible kinetic polymer productand functional monomers leading to ionic groups
remain prok@matic It should be noted that anionic polymerization maintains the active sites
that in theory,never selterminateto yield a perfect livingpolymerizationsystem Thusthis
scheme issuitable to prepare multiple block copolymers with consecutiveitiad of
different monomers. Anionic polymerization offers maximum control in polymer
composition,low polydispersiy and backbone topologyCatalyst transfepolymerization
such metallocene olefin polymerizatianitiates and propagates hycatalyst ad monomer,
having living charactefThe typical covalent polymerization using organometallic initiator is
ring-opening metathesis polymerizatiROMP)to catalyzestrained ring$***However, the
monomer must be functionalized via multygiep organicsynthesis to generate solid state
polymer electrolytes. The monomer synthesifiigh purity would increase the expense and

time involved in ROMPpolymerization.

NMP polymerizationnecesgates higher polymerization temperature (120 °C),
long reactiontime (> 24 h) andncompability with acrylates and methacrylatésTRP
polymerization is used to prepare the copolymers widhide initiators impeding the
feasibility of ATRP polymerizationin halidecontaining monomersespecially for the

preparation ofvell-definedhalide containing block copolymef§>*
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Scheme2.2. Generally accepted mechanism for RAFT polymerization.

RAFT polymerization is similar toan otherwise conventional free radical
polymerization but uses thesulfur-containing chain transfer agent to mediate the
polymerizatiorr>** The commonly accepted mechanismR&FT polymerization is given in
Scheme2.2. Initiation and propagatiomccurs in the same manner @mnventional radical
polymerization.The contolled nature of RAFT polymerization roots fromversiblechain
equilibration with RAFT chain transfer agentnitiator and intermediate radical derived
chains rapidly equilibrate and have the same probability of monomer addition, thus
producingmacroinitator polymers with narrow molecular weight distributidDI < 1.30)

The macrmitiator retains radical activity and continues to polymerize sequential monomer
in presence ohew initiator.Given a monometthe control of RAFT polymerizatiomainly

relies onZ and R groups on tHRAFT agent, reaction conditions (concentration, temperature,
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etc.) and the ratio of monomer to the RAFT agdite macreCTA must remain active to
perform the second monomer addition duethe susceptibility of thiocarbongtio
functionality to oxidation, reduction, hydrolysis and aminolysidumberaverage
molecular weight correspondsttte followingEquation

— I\/IO
" [CTA,

m, éoro

where [Mpand[CTA]is theinitial monomerand RAFT agentoncentration is the initial
concentratiorof RAFT agent, m and con%are the molecular weight of the monomer

and theconversion from monomer to polymersspectively.

The advantage of RAFT polymerizatioaver otherwisecontrolledliving radical
polymerizationis tolerant of functimalized radical active monomeRAFT technique is able
to place the i onic moiety on the desired
backbone topologyn my researchRAFT polymerization igeliably leveraged to synthesize
AB type block copolmers tethered with chloromethyl moietieghich is able to be further
quaternized with trimethylaminélhese affect the block copolymer saffsembly through

solvent casting.

2.5.2. HBr Bromination of Butenylbenzene Group

C
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HBr
0, Br~ > pr Anti-Markovnikov
CH,=CHCH,Br 1,3-Bromo
HBr /YBr Markovnikov
Br

1,2-Bromo

Figure 2.6. O, effect on HBr addition t@-bromo1-propene

In the presence of trace oxygen, the principaedductof the reaction oéllyl bromide
with HBr is 1,3dibromopropane whileinderoxygenfree condions, the majomproduct is
1,2-dibromopropaneThe terminal addition HBr tdhe allyl group was attributed to the
peroxide effect due to atmospheric oxygéilyl bromide is sensitive to oxygen oxidation
even in the dark at room temperatageconfirmedy peroxide testAt inert atmospherehe
formation of1,2-addition productsvas exclusiveMoreover, higher temperature is favorable
to 1,3-addition. The addition of acetic acitb the reaction system would accelerate HBr
terminal adductsBased on theséndings, the olefinic double bondattached to butenyl
group wasbrominatedwith HBr acetic acidexposed to atmospheric environmetroom

temperaturéo generate exclusive end addition prodticf

2.5.3.Block Copolymer Phase Behaviors

Mostion exchange membranese based omandom copolymers due tesssynthetic
challengein obtaining these material8lock copolymers are&omposed of two or more
immiscible blocks of polymerized monomerthat are covalently tetheredThe
thermodynamically immisble blocks result in phase separation to form tunable and unique

morphologies orthe nanometer scaldue to the incompatibility between unlike blocks
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Flory-Huggins theory can be applied to the thermodynamics of copolymer phase separation

using free engy of mixing modef">®

S SNT

Block A BlockB

| Sphere B] Cylinder BIEI Lamellae I@ICylinder All Sphere Al

|Increasing Volume Fraction Bj

|G-Gyroid_morphology |

Figure 2.7. The diagram of diblock copolymer with increased volume fraction.

The theory incorporates the enthalpic ef
segregatiorstrength¢ N i s defined as teche murdttarpd dteidorbyp a
degree of pol ymerization, N . Given above a
polymer is in an ordered state above which the polymer phase separates irdefiwved,
predictable morphologies. The interaction parameter i s calcul ated fro

solubility parameters for each component according to the following equation:

_V.(d.- @
RT

c

where i s t he ref esa®&md aré theodolubititg parardete A and B

componentrespectively, R ishe ideal gas constant, and T is #tsoluteemperaturé®®*
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Figure 2.8. Phase diagram of diblock copolyme@OT
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Block copolymers are capable of forming amyriad of selfassembled
morphologies including spheres arranged on a cubic lattice, hexagonally packed cylinders,
interpenetrating gyroids, and alternating lametlapending upothe intrinsic parameters
volume fraction and segregation strendth addition b the intrinsic parametershe
molecular weight also determintége stabilzation of various morphologies in the case of
ionic-neutral diblock copolymers as reporféd.

Block copolymer phase separation is principally treated with Frggins theory
which is based on the free energy of mixing of the polymer segments arazbissktent
mean field theory. The free energy of mixinG, can be described by variables, H is
enthalpy, T is the absolute temperature, and S is entDpg. system is favorable to
minimize the free energy of mixing. The enthalpic part of the equation includes the
interaction between monomers while the entropic part incorporates polymer configurations
andthe covalent bond between monomers.

&=aH-TaS
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The ionic conductivity and mechanical propertied ion exchange membranese
linked to the morphology of themembranesThe properties of the membransuch as ionic
conductivity andmechanical properties could be tunedabering the morphologgand the
block materialé chemical compositionsThe ease of the tunability of bloatopolymers
would leadto improved membrane performance.

For fuel cell applications the embranes must benechanically robusthighly
conductive and chemically stable unddong-term alkaline conitions. Mechanically little
membranescan in some casebe convertedto robust membranes in liquid water by
introducing softsegmentsuch as poly(methacryladeor a crystallizable block as described
in my work® The phase separation of ionic blockpolymers has been demonstrated to
increase the ionic conductivity through formation of ionic chamnBut the degree of
polymerizationwill influence the hydrophilic domaisizeasthere is a greatamergybarrier
to the ordered morphology when the mallar weight of block copolymer increases
Moreover, he solvent used for casting the membrapas induce longange ordered
microstructures by selecting benign solvents to the ionic block copolymers, thus leading to
greater ionic conductivit}® The methods to enhance the chemical stability have been
thoroughly discussed in previous section.

Functionalization of block copolymers witfonic moieties (sulfonic acidand
guaternary ammonium groups) in the hydrophilic blogksatly increases the interaoh
parameter compared to-functionalized copolymers. This segregation strength increase
lead toanincrease irthe interdomain size through polymer chain stretching by introduction
of ionic motifs. The ionic groups complicate the phase behaviorghigl theoretical and

simulation advancementSegalman and coworlerobserved that the interdomain size
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increases with the addition of trifluoroacetic acid due to the formation of charged side
groups, leading to chain stretching as well as the incredsaliophilic volume fractiofi® In
addition to the interdomain size increase, the ionic conductivity increases with the
interdomain size by reducing the number of block copolymer interfaces and the interfacial
width. The increase in interfaces number andrfacial width would hinder the ion mobility,
thus educing the ionic conductivityThe ion transport mainly relies on the polymer

segmental motion butasconsistent with Arrhenius behavior as indicateigure 2.9,
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Figure 2.9. lonic conductivityas a function of interdomain spacing and temperature.

In contrast to the conductivity dependence on chain motion, the changes in the
domain size do not affect the ion transport for the ion conducting polymer in hydrated or
swollen polymer systems. As deibed above, the ionic conductivity is dependent on the
thermally activateddynamics of water. The incorporation of ionic motifs iblock
copolymers hsa concentratedon Nafion®-like fluorinated or aromatic backbonesith
sulfonic acid pendant group&labd, et al.and found that poly(styreAgisobutyleneb-
styrene)(SIBS)with lamellar morphologieshowedenhanced proton conductivigpmpared

to randomly sulfonated poly(styrenahder the same conditiaffsPark et al. and Ye, et al.
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in different groys have studiedhe relative humidityeffect on themorphology changesf
poly(styrene sulfonajeblock-poly(methylbutylene) (PSSh-PMB) and
poly(methylmethacrylaté-1-[(2-methacryloyloxy)ethyH3-butylimidazolium) (PMMA-b-
PMEBImM)®® They found that long-range ordered microstructures were disrupted by
increasing humidity andhese block sampleshowed higher conductivitghan random
copolymers.Balsara et al. has observedvarious microstructuresfor PSSb-PMB in the
location of lamellar morphologws predicted byFlory-Huggins and sel€onsistent mean
field theories, but the iomtroductionin the hydrophilic blocksled to perforatdamellar,

cylindrical, and gyroid microstructures.

2.5.4.Kinetic Trapping of Block Copolymers

The term kinetic trapping igsed to describthe polymermorphology in a non
equilibrium statemoving towardghe lowestGibbsfree energyKinetic trapping would
generatedefect structures as observed @omic force ortransmission electronic
microscoly images,interrupting longrange ordered microstructure formati@p, it is
necessary to eliminat¢he defets in the block copolymer films t@pproach an
equilibrium state inthe lowest energy.Generally, hermal and solvent annealirig
employed toannhilate and dispersdefecs in block copolymer membraneklowever,
high glass transition temperaturg,, ion-containing polymersnake thermal annealing
fruitlessbut solvent annealing is a good chodige to swelling and plasticization of the
ionic domains Benign ®lvent casting at lowevaporationrate during solid membrane
formation allows sufficient time for the phase formation tobtain a nearequilibrium

microstructure The benignsolventfor the polymerswill solvatethe polymerso some
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extent b allow for segmental motion, favorable tioe phaseseparation of the polymers
In essencehke solventeducs the polymedy s gl ass transition tempe
solvent casting behaves liklgermal annealingo facilitate the polymer movemerg&low
solvent castingis particularly useful in the casef ion-containing block copolymeras

demonstrated imy research.

Block copolymer AEMs particularlywell-definedblock copolymershave not been
investigated in detailcompared to the well-documented proton exchange membrane
analogueslue to thesynthetic challengesvolved with AEMs and less development of the
chemistry in this field In previous stugs quaternizedpoly(hexyl methacrylateplock
poly(vinylbenzyl chloride) PHMA-b-PVBC) block copolymers were synthesized by post
polymerization modificatiorunderrelativdy mild conditionsto minimizeside reactions and
crosslinking which will partially hydrolyze the ester moieties to acetitd *This synthetic
route suffers from low degreef functionalization anddifficult repeatability. The small
fraction ofacid motifs on the hydrophobic blodould prevent from the formation of long
range ordered morphologyue to the electrostatic imction with hydrophilic blockas
shown in smallangle Xray scattering The nonionic blockin quaternized block copolymers
increased mechanical strength comparison withranrdomly-functionalized copolymers by
controlling the swelling Miyatake et al. confirmed that the selectively quaternized
multiblock copoly(arylene ether) fluorefiock cqolymersshowed higher conductivity than
random copolymecounterpart§'itwould be interestingo perform additional work omow
to achieve high ionic conducttyi and improve the mechanical robustness in liquid water
based on block copolymemalthough considerable insighinto phase behavior of sulfonated

block copolymerhave been accomplishethore efforts are necessitated delineate the
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universal picture otructuremorphologyproperty relationship of anionic block copolymers.
The synthesis of welllefined ionic placement anionic block copolymers guides the direction
for the purpose of designing and developing new ionic materials in aatkeyas separation

applications antbattery and fuel cells.
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Chapter 3

Experimental Details of RAFT Polymerization, Membrane Fabrication and
Characterization

3.1.Introduction

This chaptemwill introduce general procedures tiie block copolymer synthesis
by RAFT polymerization block copolymer quaternization with trimethylamjnand
membranes fabrication used in the dissertatioand concisely introducesthe
characteriation methods The polymer sulfonimideynthesidor PEM fuel cellswill be
noted in theChapter 7.The preparation proedures andcharacterizationtechniques
presentedn this chapter are applicable to blbck copolymetased AEMaused in this

work for structure angbropertyelucidation

3.2.Materials

All chemicals and reagents were purchased from Sigldach (St. Louis, MO)
except as notedStyrene (>99 %) was distilled under reduced pressure. Vinylbenzyl
chloride (VBC) (>90 %) was deinhibited by 0.5wt. % NaOH solution, followed by DI
water. Hexyl mdhacrylate (HMA) (98%) and lauryl methacrylate (LMA) (96%) were
washed with 0.1M agqueous NaOH solution and dried over sodium sulfate before
distillation under reduced pressure. Stearyl methacrylate (SMA) (technical grade) was

deinhibited by 0.1M NaOH sdiion, followed by DI water and ultimately stearyl
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methacrylate was purified by recrystallization from hexane2@t °C. 2 , -Rzbdlis(2
methylpropionitrile) (AIBN) (98 %) was purified by recrystallization from methaarad

dried under vacuum oven at 40 °Ceovight. Allylmagnesium bromide (allyiMgBr,1 M

in ether), hydrobomic acid solution (33 wt. % in acetic acid), &sbdecyt S-jU- U Nj
dimethylU Njddtic acid)trithiocarbonate (DDMAT) (98 %),4-Cyano4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic ac{@DP) (97%), ibromopropane
(99%) and magnesium turnings (99.5%, purum, for Grignard reactions) were used as
received. Poly(2,6dimethyt1,4-phenylene oxide) (PPO) with the average molecular
weight of 20,00Qy/mol (~ PDI = 1.50andpoly(styrene) (PS) witlthe average molecular
weight of 35,000y/mol were obtained from Sigma AldricRadel NT 550@vas donated

from Solvay Advanced Polymer (Alphareta, GAJrifluoromethanesulfonamide was

received from TCIl and used as received.

3.3Synthesis oBlock Copolymers

This section will present theyeneral synthesis and characterization of well
defined block copolymers, quaternization of #ioisned block copolymers.The

techniques used in membranes characterization will be discussed in detall.

3.3.1Synthess of Block Copolymers

Thedetailed procedures for tidock copolymeisynthessin this dissertation will

beoffered in each sectiodMonomes must bepurified by appropriate methods remove
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the polymerization inhibitoreind side product impuritidsefore use.The chain transfer
agents were selecteid better control ofRAFT polymerizationin controlled/living
manneraccording to the chemical nature of the monomiEnge monomer, chain transfer
agentand appropriate solventvhen applicablevere added to a rourtiottom reaction
flask. The vessel was purged with argon to remove oxygen fromedlcion systenand
sealedwith rubber septumThe polymerization systemvas placed in gre-heated oil
bathunder the proper temperatumeperformthe reation. After the appropriate reaction
time, thereactionvessel was allowed to cotwl room temperaturender inert atmosphere
The reaction contents were utéd with tetrahyrdofuran (THF)The polymer was
precipitated into methanol (MeOH), washed, precipitdtedhree times to remove any
trace monomersThe polymer was dried in a vacuum ovend@t°C overnightbefore
characterizationThe first block acted as the maged A and the synthesiof diblock
copolymes was performedn a similar fashion as described abovelditional specific
polymerizationconditions will beoffered in the following chaptes pertaining tothe

preparation of the welllefinedblock copolymers.

3.4 Characterization of Block Copolymers

This section will discuss théypical characterization of bloclpolymers. Gel
permeationchromatography(GPC) was used to determine the molecular weight
polydispersity index (PDI) of the synthesizedpolymerss based near monodisperse

poly(styrene) calibratiorstandardsand to ensurethe successful chain extension of the
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macreCTA. Nuclearmagnetic resonance spectroscoNiR) was also used to ascertain

the degree gbolymerizationby end group analysis and block copolymer composition

3.4.1 Gel Permeation Chromatography

Gel permeation chromatography (GPC) was conducted to determine the
molecular weight and polydispersity index and calibrated with poly(styrene) standards
(Varian, Lake Forest, CA) in tetrahydrofuran (THF) with a floate of 1mL mif at
35 °C on a Waters (Milford, MA) GPC system with a Waters 2414 refractive index (RI)
detector.The GPCis equipped withVate's Breeze software for analysis aadl515 isocratic

HPLC pump. Thenon-quaternizechomopolymer andblock copolyners were dissolved iHPLC

gradeTHF for this characterization.
3.4.2 Quaternization of Block Copolymers

In a typical quaternization, to a stirring solution dflock copolymer in
dimethylformamide (DMF) was add&dequivalentagueous trimethylamine antirsed at

50 °C for 24 h. The homogeneous solution was cooled to room temperature and
concentrated under reduced pressure to give an orange viscous liquid. The quaternized
form PSorb-PBBS;s was driedin vacuoovernight at 50 °C to give an orange solid

before use

3.43 Nuclear M agneticResonanceSpectroscopy
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'H and**C nuclear magnetic resonance (NMR) spectroscopies were performed on
a Bruker (Bruker Biospin, Billerica, MA) CDR800 FFNMR using CDC} as solvent
and the residue peaks of CRGIt 7.27 ppmas internal reference¥he dried polymer
samplesvere dissolved ifCDClsfor NMR characterizationlhis technique was alsmployedo

calculate the Mof macreCTAs from end group analysisThe total molecular weight of diblock
copolymers were calculatédtbm the ratio of the second blocks to ma€®As on thebasis of
the degree of polymerizatio.o obtain the most accurate molecular weight information from
NMR spectrathe degree of polymerization of the ma€@®As was designed to be blow 100.

The chaacteristic end groups of the magzd As were clearly visible iftH NMR spectra.

3.5 Membrane Fabrication and Characterization

This section will discusshe key parameters fahe evaluation ofmembrane
performance Measumng conductivity and water uptakie relative humidity conditions

and liquid watetechniquesind membrane morphologietermirationwill be described

3.5.1 Membrane Fabrication

The quaternized polymer powders were added to a flask with agNedlCO; or
NaCl (1 M) and the solutions were decanted after 8 h upon standing and refilled every 8 h
for two times to ensure complete ion exchange. The removal of &&d€X0; or NaCl
was carried out by dialysis with& kDa molecular weight cwaff (MWCO) membranes

(Spectra/Por® 1 Dialysis Membrangurchased from Spectrum Laboratories, Inc.,
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Rancho Dominguez, QAN deionized water with fresh water changes three times at 8 h
intervals. Thebicarbonate ochloride form polymers were dried vacuoat 40°C for 24
h. The anion exchange membranes were cast from bicarbonate or chloride form
guaternized block copolymers in toluene angropanol (v/v 1:1) or DMF and-n
propanol (v/v 3:1) on polytetrafluoroethylene (PTFE) molds at room temperature for 24 h
in a slightly venilated desiccator. The membranes were then dried at room temperature

prior to use for other measurements.

3.5.2 Water Uptake

Relative vater uptake from the vapor phase was measured using a TA Instruments
(New Castle, DE, USA) Q5000SA dynamic vapor sorptanalyzer at 30C. The
relative humidity of the sample chamber was controlled by mass flow control of a fully
hydrated gas stream and a dry gas stream. The total gas flow rate was 200 wstich *cm
The mass of the membrane samples was around 15 mg and the relative humidity ranged
from 20 % to 95 %.The samples were dried under vacuum before measurements.
Humidity and temperature were controlled by an Espee2&Hhumidity chamber for

relative humdity conductivity measurement.

Liquid water uptake was measured after drying the membrabe @@ under
vacuum for 12 h. The dried membrane wialy immersed indeionized water to

equilibrate for 24 h before us@he hydrated membrangas lightly Botted with a
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Kimwipe® to remove surface watemd periodically weighed on an analytical balance

until a constanhydratedmass was obtained, giving the méssed water uptake.

Mass uptake was calculated froMuerMary)/Mary. Hydration numberl() or water

moleculeperammonium group was calculattdm

M, - My, & 1000

/ =ge
¢ 18  &,’IEC

WhereMetis the sample mass at a given RH a¥ig, is the drysamplemass.

3.5.3 Conductivity measurements

AC impedance spectroscopy was used to measure the memésetance using
a Solartron SI 1260A Impedance/Gd&thase Analyzer. The filnresistancewas
measured in a twpoint, inplane geometry at frequencies between 1 MHz and 100 Hz at
30 °C under humidified conditions. Humidity and temperature were controlled by an
Espec SH241 humidity chamberThe freestanding film conductivity was measureca
two-point, inplane geometry at frequencies between 1 MHz and 100 Hz il hgater
at roon temperature («2C). In both cases, the impedance was extrapolated to an

imaginary component of zero to approximate the DC film resistance.

The c¢ on d uottheifilmiwasyalcglated from the resistance (Rhg:

& = L/ (RA)
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where L is the distace between electrodes, R is the resistance of the membrane, and A is
the crosssectional area of the membranes and calculated from the sample thickness, t,

and width, w, respectively.

3.5.4 Calculation of lon ExchangeCapacity (IEC)

The IECof the polymerswvas calculated based on the ratio of the hydrophobic
block and the hydrophilic block in quaternized chloride form frim NMR data
assuming 100 % aminatiorThe ratio of hydrophobic and hydrophilic blocks was
calculated by correspondingly learacteristic peaksassuming that the polymer
compositions remained constant before and after quaternization widqueous

trimethylamine solution.

3.5.5Small Angle X-ray Scattering

Small angle xay scattering, SAXS, patterns were obtained on a Rigaku
(formerly Molecular Metrology) instrument with a pinhole camera with Osmic
microfocus source and parallel beam optic. The instrument had a Cu target with a 1.452
A wavelength and also a multiwiD areadetector.Measurements were conducted on
dried samples under vacuum at ambient temperaltestypical collection times ranged
from 2-4h to achieve a minimum of 300,000 photon counts. Scattering intensities were
normalized for background scatteringdabeam transmission. Interdomain spacings were

calculated from equation below:
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where d is the interdomain spacing and q is the scattering vector in idregsiom D-

spacing values are reported in nm.

3.5.6 Transmission Hectron Microscopy

Transmission electron images were collected on a JEOL JEM 1200 EXII
microscope with a tungsten emitter operating ak80 All images were captured with
unstained samples and recorded on a CCD camera. Cast membrane samples were cross
sectioned at120 °C wsing a Leica Ultracut UC6 ultramicrotome with an EMFC6 cryo
attachmenby Missy Hazen of the Huck Institutes of the Life Sciences at the Pennsylvania State
University. The sections were collected on grids coated with 40@agbonformvar. All

images were of unstained samples.

3.5.7 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis, TGA,(Tistrument2050Qwas carried out under a
nitrogen atmosphergom room temperature t800°C and a heating rate of 1 min’

1 All the samples were first vacuum dried before TGA characterization.
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3.5.8 Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter, DSC, (TA instrument Q10@s used to
measurethe crystallinity of the samples.Membranesamplesof 510 mg sealed in
aluminum pans weréirst heated from roontemperature ugo 180 °C at 10 °@in™,
cooled-50 °C at 10°C min™, and second heated to 180 °C at Odnt™ underpure
nitrogen Heatflow as vatts (mW) wagecorded during the heating andoling cycles.

The enthalpy changeH,, were obtained by normalizing the heat change at the thermal
transitionsand the polymer mass (Jhe melting point, |, was defined as the peak

temperature of the melting endotmer
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Chapter 4

Synthesis ofSide Chain Block Copolymesfor Stable Anion Exchange
Membranes

This chapter is adapted from the draft Wang, L.Z.; Hickner, M.s#bmitted for

publication.

4.1 Introduction

There have beenust a few reportson AEMs with nanophaseseparated
morphology, the strategy amployinga block copolymer structure expected to be
useful in AEMsto boost conductivity and maintain robust membrane mechanical
properties Generally, block copolymerdhat are prepared from controlled/living
polymerizationtechniques provide a templdta the formation of ionic domainsvhere
phase separation occurs on a hanometer scale due to the thermodynamic incompatibility
betweenchemically dissimilablocks. As a resulthese materialare capable of forming
a varigy of selfassembled morphologies including spheres arranged on a cubic lattice,
hexagonally packed cylinders, interpenetrating gyroids, and alternating lamellae. The
selforganization of these block copolymers offers the opportunity for control of
membrae morphology by manipulation dhe chemical compositions and relative
volumes of the constituent blocks ion-containing block copolymers, phase separation
is anticipated to be quite strong due to the large solubility parameter difference between

the ianic and noronic blocks. However, ions introduce complications in predicting the
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resultingphase structure of the material including difficulty in estimating the solubility
parameters and kinetic trapping of pequilibrium morphologies during solvent tag
of membranes. Despite these drawbacks, pursuing the block copolymer strategy for
AEMs may help to further elucidate structymeperty relationships in this class of

materials.

In some key workon block copolymer AEMs, a chloromethylated block
copolyarylene ether sulfone) sample had kighydroxide conductivity (29 mS cf
water upt ake ¥thad he&sandomaopolymer analdd (S cnl, water
uptake = 13%, cas-= 4.6) at 20°C at similar IEC (~1.60 meq Y.2Tanaka et al.
confirmed that quaternized multiblock copoly(arylene ether) based membranes had
greater hydroxide conductivity (144 mS ¢mIEC = 1.93 meq ) than that of the

random sample (34 mS ¢mIEC = 1.88 meq Qat 80°C.°

In other work on commercially available blockpolymer substrateshé highest
obtainedIEC (0.3 meq ¢') of chloromethylated poly(styrere-ethyleneco-butyleneb-
styrene) (@SEBS) copolymers was limited due to the gelation of the polymer at high
degrees of chloromethylation. The-SEBS membrane shad moderate hydroxide
conductivity of 5 mS cf (IEC = 0.3 meq ¢, water uptake = 13%, hydration number =
24) at 30°C.° More recently, Tsaiet al. found that the AEMs cast from BS
P(VBTMA)(OH) block copolymers in DMF with lamellar or cylindrical mistouctures
confirmed by SAXS showed conductivity dependence on the morphology and the

generation of long range ordered conductive chanmkish facilitated the ion transport
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in the prepared AEMY.At 80°C with 90% relative humidity the conductivity @fhigh
ion contentsample(IEC = 1.36 meq §, 12.5 mS crit) was approximately increased 4
fold compared tahat of thelow ion contentsample(IEC = 0.58 meq ¢, 0.36 mS crm
Y).Part of this difference in conductivity between the samples was attributéle to
morphological change from spial to cylindrical or lamella along with the IEC

increase and percolation of the ifamctionalizedphase

In addition tocontinuing to raise the ionic conductivity of these materat®ther
significantchallengefor AEMs is their chemicainstability under alkalineonditionsdue
to wellknown degradation pathways of quaternary ammonium catidnset al. have
developed a series of cationmly(phenylene oxideAEMs with alkyl side chais
attached to the benziihked cationic center. These materialsplayed improved
alkaline stabilityin cast membranes, likely due to the steric hindrance of the side chain in
the solid staté®> Meanwhile, Hibbsreported a simildy good stability result for a
poly(phenylene) babone with trimethylalkylammonium cations attachéd the
backbonethrough a hexamethylene spacereminiscent of Tomoi, et AfBased on
previous interesting results with block copolymer and side chain tethered caliens, t
purpose of thichapteris to demonstratdhow the side chainmfluencethe degradation
and properties obtyrenebackbone block copolymdrasedAEMs. Block copolymers
with C4 side chaingonnecting the backbone and cationic growpse synthesized ki)
terminal akenebearing monomers that were first polymerizédominated and then
quaternized or Ppostpolymerization Grignard attachment of allylmagnesium bromide to

PSb-PVBC block copolymers and subsequent conversion to quaternary ammonium
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groups These two syhietic approaches to similar materials are reported in detail along

with theirmorphology conductivityand degradadin characteristics

4.2 Experimental Section

Materials. All chemicals and reagents were purchased from Sigldach (St. Louis,

MO) exceptas notedAllyimagnesium bromidedllyIMgBr,1 M in ether), hydrotomic

acid solution (33 wt. % in acetic acid), ar@ldodecyt S-jU-ditdedhylU Nidétic
acid)trithiocarbonat€DDMAT) (98 %) were used as received.

Synthesis of 4(3-butenyl)styrene (BeS) This compound was prepared following the
previous literaturé>To a stirring solution oéllylMgBr (1.6 L, 1 M) at 0°C, VBC (195.2

g, 1.278 mol) in anhydrous diethyl ether (320 mL) was added dropwise and stirred
overnight at room temperature. Theaction mixture was quenched with dilute
hydrochloric acid (800 mL, 1 M) at 0 °C and extegbwvith diethyl ether (600 mL x3).

The combined organic layers were washed with saturated brine (500 mL x2), dried over
NaSO; and concentrated under reduced press The compound was isolated by
distillation under reduced pressuyt64 g, Yield: 81 %)H NMR (300 MHz, CDCJ) d

7.36 (d,J = 8.1 Hz, 2H), 7.17 (dJ = 8.1 Hz, 2H), 6.72 (dd] = 18.0, 11.1 Hz, 1H) 5.88

(m, 1H), 5.73 (d,J = 18.0 Hz, 1H), 5.22(d] = 11.1 Hz, 1H), 5.18+.99 (m, 2H), 2.73 (t,

J= 7.5 Hz, 2H), 2.39 (m, 2H}’C NMR (75 MHz, CDC}) d 141.6, 138.0, 136.8, 135.3,
128.6, 126.1, 115.0, 113.0, 35.5, 35”1 NMR spectroscopyFigure Al.)

Synthesis of P&h-PBeS.In a typical experiment, a sting solution of MacrePSo

(3.254 g, 0.313 mmol, M™R = 10.4 kg mof), BeS (11.394g, 72 mmol), AIBN (10.7
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mg, 0.065 mmol) and benzen&.& mL) was bubbled with argon for 30 min and
immersed in an oil bath thermostatted at 70 °C for 9 h. The reaction mixture was
qguenched by liquid nitrogen and warmed to room temperature. The mixture was diluted
with a minimal amount of THF and the polynveas precipitated three times in methanol.
The final polymer was drieth vacuoat 40 °C to give as R&b-PBeSs (M= 16.1 kg
mol’t, Mu/M, = 1.29 as a light yellow solid.
Bromination of PS-b-PBeS to PSb-PBBS. The bromination was carried out in a samil
manner to the bromination of Rgb-P(VBCy-r-BeS g to give PSb-PBBS;s (M= 16.6
kg mol*, My/M, = 1.40 from PSorb-PBeSs The molar ratio of HBr to olefin groups
was maintained at 2.0 and the bromination yield was quantitative based amtpkete
disappearance of olefinic protonsH&CH-) (5.90 and 5.10 ppnmgnd the appearancé o
bromobutyl protons (Br8y) (3.40 ppm) in théH NMR spectrunof Figure 4.1
General Synthesis Procedure of PSb-PVBC Block Copolymers All polymerizations
were carried out in a similar fashion in emeck round bottom flasks sealed with septa.
A typical polymerization is as follows stirring mixture of styrene (14.060 g, 0.135
mol), DDMAT (342.0 mg, 0.938 mmol) and AIBN (51.3 mg, 0.3fi&hol) was bubbled
with argon for 30 min and immersed in a preheated oil bath at 60 °C for 24 h. The
reaction solution was quenched by liquid nitrogen for 5 min and warmed to room
temperature over 30 min. The reaction mixture was diluted with THF, pedeigpithree
times in a large amount of methanol and then dmedacuoat 40 °C to give the
polystyrene macroinitiator (Mac®Sos, M, = 10.5 kg mot, MM, = 1.15, M"MR=

10.4 kg mot*) as a yellow solid.



60
A solution of MacrePSy (4.578 g, 0.440 mmol), VBC (18.314 g, 120 mmol),

and AIBN (32.6 mg, 0.200 mmol,) in benzene (10 mL) was degassed by argon for 30 min
and placed in a preheated oil bath at 70 °C for 11 h. Purification of the resulting polymer
was carried out in a simildashion to Macreé? Sy to give PSoo-b-PVBCi67 (M, = 32.0
kg mol*, My/M, = 1.28) as a light yellow solid. The average degree of polymerization of
the PVBC block was calculated from the ratio of PVBC to PS based on the aromatic
protons {CgH4~ and-CgHs-) (7.20 to 6.80 ppmjo chloromethyl protons (Cldy-) (4.50

ppm)in the'H NMR spectrum.

General Synthesis Procedure of PSb-P(VBC-r-BeS) -Scheme 1. In a typical
experiment, to a stirring solution of Reb-PVBCis; (3.0 g, fraction of-CH,CI 62.8

mol%, 14 mmol total) in THF (30 mL) was addedlyIMgBr (30 mL, 30 mmol, 1 M in
ether) at 0 °C dropwise and stirred overnight. The reaction mixture was quenched by
diluted HCI (30 mL, 1 M) at 0 °C and concentrated to around one fourth of the initial
volume. Thecombined organic and inorganic layers were poured onto a mixture of
methanol and DI water (v/v 1:1). The polymer was recovered by filtration. The obtained

polymer (M, = 34.0 kg mot', My/M,, = 1.39) was drieéh vacuoovernight at 40 °C.

General Procedure for the Synthesisof PSb-P(BBSr-VBC) - Scheme 1 In a typical
experiment, HBr (1.6 g, 20 mmol, ~3.5 mL) in acetic acid was added dropwise to a
solution of PSgb-P(VBCe-r-BeS7g) (2.15 g, 10 mmol alkene group) in toluene (120

mL) at 0 °C and stirred @rnight. The reaction mixture was concentrated under reduced
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pressure, diluted with a minimal amount of THF angmecipitated in methanolThe

polymer (M,=36.0 kg mof, My/M,= 1.61) was drieéh vacuoovernight a#0 °C,

Block Copolymer Quaternization. In a typical quaternization, to a stirring solution of
PSorb-PBBSs (2.25 g,~ 5 mmol-CH,Br) in dimethylformamide (DMF) (10 mL) was
added aqueous trimethylamine (3 mL, 20 mmol, 45 wt. %) and stirred at 50 °C for 24 h.
The homogeneous stion was cooled to room temperature and concentrated under
reduced pressure to give an orange viscous liquid. The quaternized faypP8BS;s

was driedin vacuoovernight at 50 °C to give an orange solid before performing ion

exchange.

Membrane Formation and Characterization. The quaternized polymer powders were
added to a flask with aqgueous NaH{® NaCl (1 M) and the solutions were decanted
after 8 h upon standing and refilled every 8 h two times to ensure complete ion
exchange. The removal ekcess NaHC®or NaCl was carried out by dialysis with86

kDa molecular weight cedff (MWCO) membranegSpectra/Por® 1 Dialysis Membrane
purchased from Spectrum Laboratories, Inc., Rancho Domingueg,inCAeionized

water with fresh water changes thtaees at 8 h intervals. The bicarbonate or chloride
form polymers were drieth vacuoat 40°C for 24 h. The anion exchange membranes
were cast from bicarbonate or chloride form quaternized block copolymers in toluene and
n-propanol (v/v 1:1) or DMF and-propanol (v/v 3:1) on polytetrafluoroethylene (PTFE)
molds at room temperature for 24 h in a slightly ventilated desiccator. The membranes

were then dried at room temperature prior to use for other measurements.
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lon Exchange Capacity (IEC). The IEC was calculated based on the ratio of the
hydrophobic block and the hydrophilic block in quaternized chloride form HomNMR
dataassuming 100 % amination. The ratio of hydrophobic and hydrophilic blocks was
calculated by the ratio of aromaticopons {CgHs- and-CgH4-) (7.20 to 6.80 ppmio the

chloromethyl protons (CIB;-) (4.50 ppm)and bromobutyl (Br&,-) (3.40 ppm)protons.

Stability Assessment The block copolymer powdgrwere immersed in excess 1M
NaOH solution and the solution was decanted at 12, 18, 24 and 30 days aachpihes
were subject toH NMR analysis with deuterated DMF/GOD or CRCDs0D (3:1, v:v).

The homopolymers were added to 4M deuterated NaOD solution eanddlar ratio of
the quaternary ammoniurgroup to the OD solution was maintained dt:100. The
mixture wasthenimmersed in an 80C oil bath. The aliquots mixed with GOD (~3:1

v/v) were subjected ttH NMR analysisafter aging Deuterated methanofDsOD was
used todistinguish tharimethylammonium protons of the side chain homopolymer in the
'H NMR spectra. In the NaODAD solution, the side chain protons were overlapped,

making N(CH)s indistinguishabldrom the rest of protons in the C4 side chain
4.3 Results and Discussion
Synthesis andCharacterization of Side Chain Block Copolymers

Three series of side chain block copolymamspresented in this worlEirst, side
chain block copolymers of poly(styrerlepoly(bromobutylstyrene) (RB-PBBS 3)

with narrow polydispersity indicePDI) weresynthesizedby onestep HBr addition
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from: poly(styreng-b-poly(butenylstyrene) (RB-PBeS 2) prepared by reversible

additionfragmentation chain transfer (RAFT) polymerizatias shown inScheme
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by RAFT polymerization.
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For the preparation of wetlefined block copolymers with controlled molecular
weights and polydispersitindexes by living radical polymerization, atomic transfer
radical polymerization (ATRP), nitroxidmediated polymerization (NMP) and RAFT
polymerization offer straightforward syntiestrategies. In our study, RAFT was chosen
for the synthesis of the F&PVBC block copolymers. ATRRasnot feasible due to the
benzylhalidemonomeracting as an ATRP initiator. Normally NMP is conducted at
temperatureabove 110C to generate the radicals and longegictiontimes areneeded.
The reactivity of VBC monomersi high under these conditions, rendering the
polymerization less controlled than RAFT polymerizatatihough successful synthesis
of PSb-PVBC materials has been reported, previously using NMP by Mahanthappa, et
al.’®In the polystyren@ macroinitiator synthesis using DDMAT as the chain transfer
agent and AIBN as the thermal initiator with the feed ratio [monomer]: [CTA]: [initiator]
= 144:1:0.33 at 60C for 24 h in bulk, the polymerization showed high monomer
conversion £70%) and narrev polydispersity ( M/M,, = 1.15) verified by GPC. The
theoretical number average molecular weightT¥” = 10.7 kg mof) based on the
initiator concentration anthonomer conversion was in good agreement with the values
from *H NMR spectroscopgnd grop analysigM,""} = 10.4 kg mot), Figure 4.1, and
GPC (M,°° = 10.5 kg maf). The M"™R from 'H NMR was based on the intensity
integration ratio of the resonances for #igHsi protons(from 7.20 to 6.20 ppm ) dhe
poly(styreng repeat units to the resonance of t&CH,i protons(3.27 ppm)on the
terminal CTA end groups. These results confirmed the controlled characteristics of the

RAFT polymerization for forming the desired ma&adA.
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Figure 4.1 'H NMR spectra (300 MHz) ahacrePS oo, brominated P&gb-PBBS 60

and P$00-b-PB€Seo.

The monomer 43-butenyl) styrene was synthesized by the coupling reaction of
vinylbenzyl chloride with allylMgBr solution in excellent yieldfollowing literature
protocols**A styryl group capale of radical polymerization and a pendant alkene moiety
coexist in the monomer. During the polymerizatitre pendanalkenemoieties were not
involved in the radical reaction as tracked ¥ NMR in eitherthe homopolymer of
poly(butenylstyrene) (PBeS)r block copolymers polgtyreng-b-poly(butenylstyrene)
(PSb-PBeS). The terminal alkenes form shared secondary carbon radical spediest
do not participate in this type of polymerizatiahthe reaction temperature used in this
work. The prepareiomopolymer (PBeS) using RAFT in bulk conditions showed narrow

PDIs at short polymerization times with low monomer conversidextended






