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ABSTRACT

lon-containing polymerdor fuel cell membranes have been studied to determine the
chemical structure and ion content relationship to membrane water uptake, conductivity, and
morphology. Random and block copolymer proton exchange membranes (PEMs) and anion
exchange membranes (AB) with unique properties, such as diblock and triblock copolymers
superacidic moietiegnd chargalelocalized polymetethered Rtcomplexbased cations, were
investigated, and new metrics were developed to analyze fundamental ion transport behavior in
these polymers. The morphology of the polymer systems was examined using smaltraggle x
scattering (SAXS), small angle neutron scattering (SANS), and transmission electron microscopy
(TEM). By studying a number of different issonducting systems ugirmultiple techniques and
deep analysis of structupmroperty relationships, a more complete picture of the property
landscape of these materials was developed.

Model diblock anduniquetriblock copolymer systemith centerfunctionalized blocks
based ompoly(styrene), PS, and poly(hexyl methacrylate), PHMA, were synthesized via atom
transfer radical polymerization (ATRP). The PS block was functionalized for
backboneindependent comparissof PEM and AEM water uptake and conductivity to provide
insightin how the properties of PEMs and AEMs compamd aidin further AEM development.
The ratio of the mobile ion diffusion coefficients and dilute solution ion diffusiip,) was
developed as a new metric, allowing for accurate comparison of polymemsysith different
ion moieties and contents. Subsequently, it was determined that block copolymer PEMs and
AEMs demonstrate the same barriers to ion transpdhte mobility of the charge carrier is

considered



iV

Solution and membrane morphology was coteglafor the PPHMA membrane
systems using SAXS, SANS and TEM techniqgues. Two additional polymer systems
incorporating unigudRu-complexbased anduperacidionic groups were investigated, as well.
The effect of crostink density on water uptake and conductivity was studied for bis(terpyridine)
rutheniumbased AEMs with the new metrics to compare the conductivity of various AEM
counterions. Finally, the cdnctivity, water uptake, and morphology of superacid random and
block copolymer PEMs were explored. The perfluorosulfonic acid groups in these polymers led
to enhanced conductivity over the alkyl and aryl sulfonic acid groups.

Through this research, newsight was gained into the fundamental associations between
water and ions in polymer membranes. These methods were appiesnioranes with a wide
variety of ionic groups ancandom and block copolymer PEM and AEM systems, with the goal
to aid in the deslopment and design obn-conductive materials for a wide variety of

applicationswith enhanced performance.
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Figure 7.9. Conductivity of membranes as a function of hydration number in the
(a)chloride form and (p bicarbonate form for ) [DCPD]:[M+COD] = 1:1,
(, ) [DCPD]:[M+COD] = 2:1, andg ) [DCPD]:[M+COD] = 5:1. The maximum
conductivity occurred at a hydration number of approximately 50 and 125 for
membranes in chloride form and bicarbonate fagspectively...........................e. 151

Figure 7.10. Theole of ion concentration on membrane conductivity for membranes in
the chloride form with [DCPD]:[M+COD] ratios ofA() 1:1, ( ) 2:1, and §§ ) 5:1.
The IEC and hydration number of the membranes are denoted next to the
COIreSPONAING SYMDOIS. ...coiiiiiiiiiiitie e e e eean 152

Figure 7.11. Hydration number decreased ascioncentration increases for membranes
in chloride form with [DCPD]:.[M+COD] ratios ofA) 1:1, ( ) 2:1,and ) 5:1........ 153

Figure 7.12. Ratio of the diffusion coefficient, D, to the dilute solution diffusivity,a®
a function of hydration number fomembranes in the (a) chloride form and
(b) bicarbonate form, with DCPD]:[M+COD] ratios oA( 1:1, ( ) 2:1, and §p )
5:1. The higher D/Pratio for the bicarbonate ions signifies that the bicarbonate
diffusion coefficient in the samples was closer to thetel solution diffusivity of
o] or=1 g o o] 0 F= 1= 0] o L= TR ESUUES 156

Figure 7.13. lon transport properties of membranes in the bicarbonate form, for Ru (Il)
complexbased membranes with [DCPD]:[M+COD] ratios Af)(1:1, @) 2:1, and
(A) 5:1; BTMA-based tetramethyl bisphenol membranes with 100, ( ) 80,(, )
60, and () 40 mol % tetramethyl bisphendl;(p ) imidazoliumbased
poly(fluorenyl ether ketone sulfone) membrdneand phosphoniurbased
bromomethylated poly(2;8imethytl,4-phenylene oxide) membranes witlq X
20%, @ ) 34%, @) 57%, and ¢ ) 90% degreeof functionalizatior, where (a)
depicts bicarbonate conductivity as a function of hydration number, and (b)
illustrates the ratio of the diffusion coefficient, D, to the dilute solution diffusivity,
Do, as a function of hydration NUMDBDEL.............uuuiiiiiie e 157

Figure 8.1. Chemical structures of sulfathpoly(sulfone), PSU, and poly(styrene), PS.
The perfluorosulfonate, aryl sulfonate, and alkyl sulfonate groups are shown as S
- 1T BT (=] o LT 1Y USSR 165

Figure 8.2. Intermediate angleray scattering (IAXS) patterns of dry 286U (top)*
and 46sPS (bottom) membranes. The sPS memés scatter more strongly than do
the PSU membranes. *Adapted from Chang, Y., éPalymer Chemistr013,4,

A 7 1 PSRRI 168

Figure 8.3. Small angle neutron scattering (SANS) patterns of hydrateBSL35top)
and 30sPS (bottom) membranes. The primary scattering peak is denoted oy g. T
overall scattering of the membranes is Similar...........cccccccevviiiccciiiiieiieiecieeeeeee, 170

Figure 8.4. The swelling of the membranes calculated freanddiaxs)/diaxs increased
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Chapter 1

Introduction and Literature Review

1.1. Background and Motivation

Current global energy demands are increasing along with fossil fuel costs, requiring new
sources of energy. Means of alternative energy production are being explored as an answer to this
problem, and new matergahre being developed to attair tfpoal of moving beyond fossil fuels
as our predominant energy supplgn-containing polymers have been of interest for use in
lithium batteries and as electrolytes &mlar hydrogen generators, water electrolyzers,faed
cell membranes. The conductivity, stability, and cost of these polymer electrolytes are still below
the desired values for widespread industry use, and improving their performance commands deep
comprehension of thgghenomenacontrolling the ion conduivity of polymeric materials
including polymer and solvent dynamical processes and the concentration of charge carriers
within the material The conductivity of polymer electrolytes such as poly(ethylene oxide) used in
lithium batteries depends on thentprange segmental motion of the polymer, which is
temperature dependeand described by the Vogel Fulcher - Tammann (VFT) relaxatio
dynamics of the polymer chaisegments Polymer fuel cell membranes, the focus of this
dissertation, also demonstraereased ion conductivity with temperature, but the conductivity is
extremely dependent on the hydration of the membramngshe conductivity process is thermally
activated as described Byrheniuskinetics, which signals that water dynamics controésitm

conductivityof hydrated materials'?
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Fuel cell devices lectrochemically convert the chemical energy of a fuel, such as
hydrogen or methanol, into electrical enefglfor polymer electrolyte membrane fuel cells
operated using hydrogen as the fuel, the only chemical byproduct is water, and applications
include providing engy for vehicles and for stationary and portable devices. Compared to other
fuel cells that operate at temperatures betweer8R00°C, polyme electrolyte membrane fuel
cells operate at relatively lower temperaturesl80 °C, and typically have higheower density
and lower cost than fuel cells that operate at higher temperétushematics of proton
exchange membrane (PEM)dhanion exchange membrane (AEM) fuel cells are sHmimwin
Figurel.1. A polymer electrolyte membrane fuel cell device consists of an anode and a cathode,
responsible fooxidation andreduction reactions; gatiffusion layers (GDLSs); catalyst layers;
and a polymer electrolyte membrane. The PEM or AEM & separator for the reactaatsl

asan ion conductor between the electrodes.

(a) (b)

——*| LOAD LOAD
2e 2e 2e

2e

H, —» _ +«— %0, H, —» _ «— %

. C “p C
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Figure 1.1 Schematic ¢ a fuel cell with the polymer electrolyte membrane shown in
blue, the catalyst shown in gray, and the gas diffusion layers (GDLs) shown in blac
for (a) proton exchange membrane (PEM) fuel cells and (b) anion exchange membrai
(AEM) fuel cells.

Polymer fiel cell membranes (shown kigure1.1) should be as thin as possible to allow

for efficient proton or anion transport, but thick enough to provide separation between the anode
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and cathode of the fuel cell. To be caolesed for widespread use, a fuel cell membrane must
possess high ionic conductivity, good thermal and hydrolytic stability, low fuel crossover,
adequate water uptake with minimal swelling, low cost, and easy incorporation into membrane
electrode assembBgMEAs)*®’ Increasing the thickness of the polymer electrolyte membrane
lengthens the lifetime of the fuel cell, but it also increases the cost of the U&iiceently,

proton exchange membranes (PEMSs) require precious metal catalysts, such as platinum, for fuel
cell operation; anion exchange membranes (AEMs) do not have this demand. However, the next
generation of AEMs will have to be more stable undkaline conditions and demonstrate
improved conductivity:*®® Advances in this technology would have a significant impact on the
transportation industry if performance increased with cost reduchah costperformance
tradeoffs must be considered. Most major automakers have active fuel cell projects, as fuel cell
efficiency is more than double the efficiency of internal combustion engines.

In addition to the high cost of PEM fuel cells due to precious metal catalysts or expensive
membranesuch as Nafiof the lifetime of these fuel cells is too short. Exposure to fuel and air
impurities can inhibit electrode chargansfer processes and alter water and gas transport of the
GDLs, reducing PEM fuel cell performance. To better gauge PEM ceiéldurability, load
cycling, start/stop cycling, and exposure to changing temperature and relative humidity
experiments are an active area of PEM fuel cell resédfohlthough AEM fuel cells do not
require nble metal catalysts, the conductivigy AEMs is lowerthan PEM due to the decreased
diffusion coefficient of the hydroxide ions associated with AEMsmpared to the protons
associated with PEMs. Further decrease in conductivity occurs if the hydroxide ions reaction with
carbon dioxide and convert to bicarbonate ions, which have an even lower diffusion coefficient.
Additionally, AEMs are not currentlgtableat the high pH required for fuel cell operation; the
stability of quaternary ammonium, phosphonium, and sulfonium groups in basic conditions needs

improvement and is under investigatfoh.
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The interaction of water with PEMs and AEMs is critical to the performance of fuel cells;
proton and anionanductivity depend on water content. Reducing the relative humidity (RH)
dramatically decreases the membrane conductivity and can damage the membrane. Yet, liquid
water can flood the porous GDLs, which can lead to breakdown of the fuel cell. The afount o
water in a fuel cell must be carefully regulated, but fuel cell membranes must also maintain high
conductivity at low levels of hydration:' There is a need for fundamental knowledge to allow
for gains in understanding fuel cell operation mechanisms, but éxtiemely difficult to
simultaneously investigatén situ and operando water transport in fuel cells. Although
investigation of theMEA is important, it is also critical to understand the water sorption and
transport properties of the polymer electrolytembrané€. This work focuses on investigating
the connections between polymer hydration, morphology, and conductivity in polymer electrolyte

membranes.

1.2. Important Membrane Characteristics

To properly research polymer electrolyte membranes and compare the performance of
one membrane against others, spediharacteristics are commoninalyzed and need to be
considered as a set of information to gain insight into the different levels of membrane
performance Instead of using degree of functionalization to account for the ion content in
membranes, whictsidifficult to use to evaluate different membrane systeman equal basia
gravimetric ion exchange capacity (IEC) is calculated in units of milliequivalents of ion per gram
of dry polymer. The IEC serves as a consistent quantity to assess ion cafgpendent of the
polymer system; a membrane with an IEC of 2.0 m&gepntains twice as many ions as a

membrane with an IEC of 1.0 metf;gegardless of the specific polymer or ion used. The water
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uptake (wu) of a polymer or membrane is typicallpaiged as a weight percent, shown in

equation 1.1, but this does not account for the ion content of the polymer.

o

m,.q- M
wu (%) = aM% 100 (1.1)
& m

0 -

where myq is the hydrated sample mass angsrthe mass of the dry sample.

From the IEC and water uptakkbe conducting ion concentration can be computed from

equation 1.2, below.

c=0.00165—+ JEC
1+0.01C .0 1.2
where ¢ is the moles of ions per tm f pol ymer , | is the polyme

milliequivalents of ion per gram polymer, ang%o is the volumebased water uptaké.

The wu of a membrane is eft converted to a hydration numbay, which is the number

of water molecules per mobile ion (see equation 1.3).

~

ey - Mg 6%/' 1000 @
: (1.3)
my 8 G"V'H20 CDEC§

o=

@%%Jo

where my is the sample mass at a given relative humidity, Ridisrthe mass of the dry sample;

Moo is 18.02 g, the molecular mass of water; and IEC is the ion exchange capacity with units of

milliequivalents of ions per gram of polymer.



Finally, the ionic conductivity (0) is det
resistance, illustrated by et i on 1. 4. The wunits of &, oare Sie

milliSiemens per centimeter.

o _ L
U=——- 1.4
RO (1.4)

where L is the length between electrodes, R is the resistance of the membrane, and A is the
crosssectional area of the membran&he conductivity can be used to determine the effective
proton mobility of the ion, which includes contributions from acid dissociation, tortuosity, and the

proximity of acid groups to one anotHéThese terms are related by equation 1.5, below:

Q. = F[-SO;H]¢e,,, (1.5)

where is the measur ed c¢ on dSOg#ltid theiatid/concertratios, Far a
andndy, is the effective proton mobilit}y’ These symbols and parameters will be used frequently

to discuss the performance of PEMs and AEMs compare and contrast different polymeric
systems.

There are a few other key membrane parameters such as watdiffgsibn
coefficient’*® dilute solution diffusivity}’ and interdomain spacing and ionic phase
morphology'®# These terms will be introduced throughout the thesis, where needed. It is
thought that the interplay of ionic group concentration, hydration number, and morphology
ultimately determine the conductivity of the mater&id it is helpful to Ave measurements of

these key parameters in understanding membrane properties from a fundamental level.



1.3. Current Status of Proton and Anion Exchange Membranes

1.3.1 Proton Exchange Membranes

In the past few decades, PEM development has been an active egsaanth, and the
membranes are being integrated into commercial fuel cells. To serve as a successful PEM, a
membrane must demonstrate thermal stability and high proton conductivity at low levels of
hydration, and it must also be robust to survive theimy¢hat occurs during fuel cell operation.
Improving the ion exchange capacity, IEC, the number of ions per gram of polymer, without
compromising the membrane toughness is necessary. To minimize PEM swelling, the number of
water molecules perion,orhydat i on n u mb e3}, muest alsocbg a @Eointiofcfatus and
mustbe kept low enough to not plasticize the polymer gregdysome water is required for
effective ion conductivity. Finally, the overall durability and cost of perfluorinated PEMSs is
barrier to widespread use, especially since PEM fuel cells currently require precious metal
catalysts because of their acidic environmtérit™°

Random copolymer PEMs with sulfonate groups distributed statistically along the
polymer backbone have demonstrated potential for use in fuel cells, and poly(perfluorosulfonic
acid)}based membrandsad the field with trademarked NaffynAquivion®, Flemior?, and 3M
ionomer polymers. Nafidh in particular, developed by DuPont, has been extensively studied
and used as a benchmark for comparison for new polymer electrolytes. In an effort to design
polymers with similar performance, the morphology of Nafidras been an active area of
research. The early Gierke model suggested that the main substructure of® Nedi®n
watekfilled nanochannels lined with functional groups, based on small angle aiedangle

X-ray scattering measurements. The model depicted clusters of inverted micelles on the order of
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4 nm, connected by channels that were approximately 1 nm irf*$izdowever, the Gierke
model did not take into account theystallinity of the perfluorocarbon backbone or the chemical
structure of the polymer on the phassparated morpholggand thismodel has been considered
inadequate in light of more extensive scattering and hydration studies. Although there is not
agreenent on the exact morphology of Nafforcurrent accepted models include ionic clusters
that form rodlike micelles or form cylindrical or ribbelike aggregates that bundié’ and
invertedmicelle cylinders that also form bundf@sThe newer models relate the ionomer peak
from small angle xay scattering data to the distances between aggregates and usmglide
x-ray scattering data to provide data on-agigregate structural details and account for the
ion-ion interactions, crystallinity, and loraspect ratio structures observed in Natigif 2%

Nafion® has been compared to other PEMs to determine thesbfs the high
performance of Nafioh In relationship to sulfonated poly(ether ether ketone ketone), SPEEKK,
Nafion® was found to have wider, more direct and separated channels that interconnected, with
ions in close proximity channels while the channels in SPEEKK were narrow, branched, with less
connectivity, further separation between ions, and dead ends. As hydimtieased, the
conductivity increased for both membranes, but at low levels of hydration, the conductivity of
Nafion® was less reduced than the conductivity of SPEEKK. Further of note was the effect of
water on the mechanical and transport propertieheoftembranes; with excessive swelling, the
membranes lost mechanical integrity, and conductivity decreased due to ion dfufios.
morphology of Nafiofi was imaged by transmission electron microscopy (TEM) and compared
to the morphology of sulfonated poly(phenylene), SDAPP. The images illustrated the larger ionic
domains of Nafiofi, which led to higher water diffusion and ioarnsport. The smaller domains
and lesgpronounced phase separation of SDAPP were believed to be the origin of the lower

conductivity in those membran&s.However, the high conductivity of Nafi6ris paired with
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undesirable high methanol crossover in fuel cell operation, as well as low stability at temperatures
above 80 °C:*°

Polymers with aromatic backbones, such as poly(imides), poly(phenylenes),
poly(sulfones), and poly(ketones) have also shown prohiis€®2** Poly(imide) fuel cell
membranes from simember rings have demondad long lifetimes and high performance, as
the stability is greater than poly(imide) backbones containingrfieenber rings® In contrast to
Nafion®, poly(imides) have stiff backbones and low methanol permeability. Nevertheless,
poly(imides) have lower conductivity than Nafforand many other PEMs, but are making
advances in thaarea®*® Sulfonated poly(phenylenes), such as SDAPP, also have stiff
backbones, leading to high glass transition temperatugparf@ desirable mechanical properties.
Although the conductivity of SDAPP membranes is appreciablis, iéss than Nafidh and
poly(sul fone) membr an®**Polf(avytene @thegsulfomes) haveEl@ena nd
studied extensively as fuel cell membranes due to their promising thermal stability, high
conductivity, and low methanol permeability. Of particular interest are poly(bispkeifiones),
BPSH, membranes, which have demonstrated conductivities higher than“Nafiovever, the
IEC values of the BPSH membranes were also higher. It is believed that BPSH membranes
possess less phase separation and fewer interconnected ioningjavhéch lowers conductivity
and methanol permeability by greater confinement of water. The synthesis of these membranes
has improved to allow for design of hydrophilic or hydrophobic blocks, enhancing the durability
and conductivity of the membran®s® Sulfonated poly(arylene ether ketone) membranes
exhibited similar conductivity asNafion® and hi gher Youngds modul us
membrané? By blending sulfonated poly(arylene ether ke®)neith poly(benzimidazole) to
ionically crosslink the poly(ketone) artgy doping the polymer with hetegpolyacids that are
strong Bronsted acids, the swelling and resistance of the membranes detréaseduggests

that other PEMs comprised of a single homopolymer may also benefit from combination with
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other substituents. Also, iegontaining block copolymers have exhibited higher conductivity than

their random copolymer counterparts and will be uised later for use as PEMs and AENS®

1.3.2 Anion Exchange Membranes

The first alkaline fuel cells used an aqueous tsmiuof potassium hydroxide as the
electrolyte, hydrogen gas as fuel, and operated at temperatures ranging f200 3QC.
However, the liquid electrolytes are susceptible to carbon dioxide poisoning, causing the
formation of precipitates and reduced pariance. Instead, polymer membranes have been seen
as an alternative electrolyte for ion conduction, leading to increased interest in AEM fuel cells.
Unlike PEM fuel cells and their need for precious metal catalysts, fuel cells based on AEMs can
leverage chaper catalyst metals due the alkaline environment during fuel cell operation.
However, AEMs are less stable and must demonstrate improved conductivity to be viewed as true
competition to PEMs in the fuel cell markét>®

Developed by the Tokuyama Soda Company of Japan, the earliest AEMs were
poly(chloropropene) crosslinked by divinylbezene and functionalized with quaternaryrgumm
groups using triethylamirfe. Since then, many other random copolymers, such as
poly(sulfonesf®* poly(phenylene oxides}' > poly(ketones§? poly(tetrafluororoethylene¥,
and poly(styrendb-ethyleneco-butyleneb-styrene) have been used to produce AEMs.
Quaternary ammonium, QA, functionalized poly(arylene ether sulfone) membranes with side
chain pendant functional groups demonstrated lower water uptake than “Nafimh a
conventional poly(arylene ether sulfone), but the hydroxide conductivity was also lower for the
majority of the membranes test&dBromination of a benzylmethyl poly(sulfone) with

subsequent amitian before and after membrane casting led another series of QA poly(arylene
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ether sulfone) membranes. The membranes that were in QA form before being cast exhibited
higher conductivity for a given IEC than those converted after casting. The higher oatydott

the first set of membranes was attributed to ionic interactions of the QA groups during the casting
process’ Brominated poly(phenylene oxide) was reacted with dimethylethanolamine to produce
AEMs that had high ion exchange potential. By controlling the concentratibn
dimethylethanolamine and the reaction temperature, AEMs \dther wu and higher
conductivity have been developgdCombshaped, QAunctionalized poly(phenylene oxide)
membranes demonstrated comparablendootivity and lower wu than analogous,
noncombshaped poly(phenylene oxide) membranes. Membranes from the-st@ped
polymer showed a morphology consisting of hydropHilidrophobic domain phase separation
with interconnected hydrophilic domains, whigtcounted for the higher conductivify.
Continued development of this class of polymers through variation ¢énigéh of the alkyl side

chain allowed for tunable properties; the polymer with the longest side chain showed lower wu
and higher conductivity? A quaternized cardo poly(ether ketone) membrane with minimal ion
cortent had low water and methanol uptake while exhibiting high conductivity for the IEC. In
fact, the overall water and methanol uptake of the AEM was similar to a membrane cast from the
unfunctionalized polyme¥. To research Nafidhbased AEMs, membranes were cast from
poly(tetrafluororoethylene) backbones functionalized with different cationic moieties. The
membranes demonstrated reasonable conductivity values for their IEC and their overall thermal
and chemical stability was promi ¥Camparativelyt t he
the hydrocarbon backbone p(dtyreneb-ethyleneco-butyleneb-styrene) was functionalized

with QA for use as an AEMs. Penetrating channels were observed in an image of the membrane
crosssection, and the overall morphology was uniform. Again, thermal stability was adequate,
but themembrane demonstrated low conductivity and high wu for the’{EMs continue to

improve, and block copolymer AEMs will be discussed in Sectidn At this point, it is not
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known what the key strategies are for improved AEM performance, but by studying the
relationships between fixed ion concentration, water diffusion, morphology, and ion conductivity,

promising directions in the fieldan be identified.

1.4. lon Transport

1.4.1 Non-Agqueous and Aqueous Dynamics

lon conduction in polymers can occur through either-agmeous mechanisms in dry
systems or aqueous dynamics in hydrated polymers. The important material contributions
governing the conducin vary with the mechanism. For nagqueous conductors, such as
polymers for lithium ion batteries, the ion dynamics are dominated by the polymer segmental
properties, such asyTthe glass transition temperature, and the dielectric constant of the system
which drives ion pair separation.

Conductivity values in these systems typically range from $@ni' to 10° S-cm’.
Their temperature dependent conductivity behavior is described by the-MdgkeerTammann

(VFT) equation, shown below:

o o é- 'B 6
Inu=u.e 8 (1.6)
¢T-Tox
where 0 i s cisothedcanductivity iattinfinite tdmperature; B is a constant; T is

temperature; andylis the Vogel temperature, at which point the polymer has essentially no free

volume®” VFT expressions for the temperatatependent conductivity are directly linked to
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VFT expres®ons of segmental dynamics and provide a justification for increasing the segmental
dynamics of the polymer to increase ion conductivity.

A protonconducting system of imidazeterminated ethylene oxide oligomers doped
with small amounts of strong acidsasv designed to function with no liquid solvent. The
significant imidazole content and the low ®f the systems translated into relatively high
conductivities. It was determined thatl@ mol % of acidic groups provided the best structure,
which is critial because proton conductivity occurred primarily through structure diffusion,
which is intermolecular proton transfér.The effect of counterion was investigated for
poly(phosphazenes), where a doped system was compared to a pure iogstaars although
the polymer matrix controlled ion diffusion, the mobility of the ions in the doped system was an
order of magnitude larger than the ionomeric system, and the activation energy for transport was
lower for the doped system. It was concludedt ionomers must have lower glass transition
temperatures, create new transport pathways, or decrease the bonding energy between the bound
ion and the counterion in order for these systems to be viable.

Comparatively, aqueous conductors rely on wadtgramicsfor conduction rather than
the polymersegmental dynamics as governedTyand typical conductivity values range from
10* S-cm' to 1 S-cnl. Water acts as both a proton donor and a proton acceptor and possesses
fast rotational dynamics, allowing for the higher conductivity of hydrated polymers compared to

nonagqueous conductors.
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The ionic conductivity of these systems is dominated by Aitsebehavior, as described

by equation 1.8 below:

In 0 =0.expae-—20 (1.7

where 0 i s oisthe condactivityvat itfiyite teniperature; iE the activation energy
to transport, R is the universal gas constant; and T is tempe’réﬁlnrethis case, water motion is
thermaly activated, so an Arrhenius expression describes the tempedapgadent conductivity
behavior of aqueousonducting systemsand polymer dynamics do not play a role in ion
transport. Aside from temperature, thgi€influenced by the ion content, weatuptake, and the
waterion interactions in the polymeithe rest of this section will discuss the mechanisms of

agueous conduction in greater detail.

1.4.2 lon Transport Mechanisms in Pure Water

Proton transport in pure water has been stltied and is descrbed as Tfistruc
di ffusion, 0 wher e hy-obmad lg®@ nandbeakdogornf aocZundenaoh Ei gen
HsO,". The energy barrier between the two complexes is minimal, so proton diffusion in water is
considered to be fast, especially comparethéodiffusion of oxygen in watér. There are two
methods by which protons move through water: hoppingtructure diffusior{loosely termed
Grotthus) and vehicle mechanisms, as showfigarel.2. For the hoppin@r structure diffusion
method protons essentially change their associated oxygen nuclei and shitdagh the
hydrogen bonds limg formed and broken by the water molecules. The atoms in the water

molecules themselves are considered to be statiosthgr than their rattling motioas the
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covalent and hydrogen bonds switch in accordance with the motion of the free proton. On the
other hand, water molecules and protons move at the same rate during the vehicle mechanism; the

water molecules act as a Aveticledo by which th

Hopping (Grotthuss) Mechanism

{.}\ — @ Vehicle Mechanism

Figure 1.2. Schematics depicting the hopping (Grotthuss) and vehicle mechanisms
proton transport in pure water. Hydrogen atoms are blue, and oxygentams are red**®°

Hydrated hydroxide ions have been considered to be water molecules missing a proton,
so the transport of these i ons has been regaroc
hole in electronic conduction. Recent studies have shown that hydrgxicetibn complexeare
differentfrom proton hydration complexes, and the transport mechanism of hydroxide ions is not
analogous or fully understo84%? Protons havéocalizedchargesand the bonding of hydronium
is highly directional but hydroxide ionshave a more diffuse chargend thus the hydrogen

bonding events during hopping transport as notastrained This general comparison of the
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molecular features of hopping in each systemeflected through the lower diffusion coefficient

of hydroxide ons, 20.64 10° m’(s-V)™", compared to the diffusion coefficient of protons,
36.23x 10° m(s-V)?, both at 298 K. For a hydroxide ion to move, a hydrogen bond in the first
solvation shell of the hydroxide ion must be broken, and then a weak hydrogembsnfibrm
between the hydrogen atom of the hydroxide ion and a nearby water molecule. Instead of the
tricoordinate complexes formed during proton transport, there is a combination of intermediate
tricoordinate, OHH,0O);, and tetragonal, OKH,0),, compkxes associated with hydroxide
transport. However, the mechanism of hydroxide transport is stitlamopletely clear in water or

in polymer membrane$®?

1.4.3 Water-lon Interactions in Polymers

Although ion transport in pure w&r is important to investigate, it is critical to study
waterion interactions in polymersas the water sorbed into ion conductors does not feature
properties that are analygous to bulk waténe aspect of this effort is comparison of proton
diffusion in hydrated Nafiofi, calculated from conductivity values, to water shffusion
coefficients using pulsed field gradientH nuclear magnetic resonance (RRGIR)
spectroscopy. At low levels of hydration, the proton and water moved at the same rateedndica
by their similar diffusion coefficients and suggesting transport through the vehicle mechanism.
However, at high levels of hydration, the diffusion coefficient of the proton in the membrane was
larger than the water diffusion coefficient, so the pndto Nafiorf had faster transport than the
translational diffusion of water, which is a signature of proton hopping or Grotthus mech&nism.

The fAporeso of §havelbeen rhogeled ta futhdr prbe thée memavior of water
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in an ionic membrane. Towards the tem r of the model Apores, 0 the

increased because the friction between the tethered sulfonate groups and the proton Gtcreased.
Relative to other membranes, ion transport in N&fie more facile. The dielectric

constant in hydrated sPEEKKI|@mwer than that of hydrated NafiBbecause the cation and anion

are bound more tightly in SPEEKK and the water is more bound to the polymer (lowering its

effective permittivity), even for the same volume fraction of water in the polymer. The

observatiorof a lower effective dielectric constant in SPEEKK is linked to its lowerds#lision

coefficient and greater watpolymer interactions> Another method of correlating differences

in ion transport is to compare the activation energyfdE each membrarfé. The E, of Nafion®

was lower than the fof SDAPP, another PEM, probably duethhe smaller domains in SDARPP

thus limiting transport andncreasing theactivation energyf SDAPP® These comparis@n

reinforce the position of NafiGhas a benchmark membrane for ion transport, but the hydration of

the membrane must be monitored. In general, ionic conductivity is thermally activated process,

and it increases with water content because there is moigeematber available for ion transport.

At a critical point, however, there is sufficient water content such that ion dilution occurs. The

conductivity is reduced because of the overall decreased ion concerfft&tion.

1.4.4 lon Transport Metrics

One of the issues hindering the development of PEMs and AEMs #isitrepancyin
the methods by which data is measured and reported. Other than the criteria described in Section
1.2, which are not always reportéu every case of a new iesonductive materiakthere is little

consistency in theaumbers reported for various PEMs and AEMs. Comparison and evaluation of
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these membranes is compromised by this shortcoming, and efforts have been established to
improve this inadequacy.

Since the conductivity and hydration of PEMs and AEMs generallyeaser with ion
content, it is difficult to separate these aspects from one another. To compare conductivity values
of membranes with different IECs, many researchers have used avitBE@lized conductivity,

calculated as shown below:

o v]

u =— 1.8

IEC |EC ( )
wherggisthe IEGnor mal i zed conductivity, 04 is the me

milliequivalents of ion per gram of polym&®°

Although IEGnormalized conductivity provides one method to assess the properties of
different membranes, it does not account for diffeesnin ion mobility. This is especially
important in comparing the conductivity values for PEMs and AEMs, since the mobility of
protons is 362.4 x 10cn?-V™*.s*, which is much greater than the mobility of hydroxide ions,
197.6 x 10 cn?-V1s? bicarbmate ions,46.4 x 10° cn?-V*s!, and chloride ions,
76.3x 10° cnt-V*.s, the ions typically used in AEM8.Mobility-normalized conductivity has

beenused in this regard, as determined by the equation below:

n

g =4 (1.9)
8i

wheries Gt he normalized conduct i vintisthe mabiityadd t he
the conductive ion.
Mobility -normalized conductivity wasalculated to investigate the transport properties of

SDAPP PEMs and an Qpoly(sulfone) AEMs. The AEMs demonstrated lower conductivity
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than the PEMs at similar IEC and wu. Difference in mobility accounted for some of the
conductivity discrepancies betwe¢he PEMs and AEMSs, but it was not the only factor. The
number of mobile ions was believed to be lower for the AEMs than the PEMs due to the greater
dissociation of the protons from the tethered sulfonate groups compared to the hydroxide ions and
the tehered quaternary ammonium groups.

However, this approach is still limited and does not provide information about the actual
transport of the ions or account for ion concentration. To achieve this goal, the diffusion
coefficiert, of PEMs and AEMs have been calculated from the measured conductivity of the
membranes, using the Ner&nhstein equation and the number density of charge carriers
expressed earlier in equation ¥22his value can be used to calculate the diffusion coefficients

of the mobile ions frona formoft h e Ne r n sdquati@hjbelem ei n e

O RT
D=—— 1.10
cz’F? (1.10)
where 0 is the measured conductivity, R is t

computed concentration of ions in the hydrated men#i@s calculated by equation 122is

valance charge, and F s Farada{odBhiconditfafnusi on coefficie
di ffusion coef f i dtineutdésdortuosity imphci in theocanduetere patmays

of the ions However D is used throughout this wprs tortuositywas not measured or

calculated in these systems.



20

The calculated diffusion constants were compared to the dilute solution diffusivigies, D

of the mobile ions, using the dilute solution mobility of each ion as follows:

(1.11)

wher e ¢ isslutianhoa mability, kii$ tke Boltzmann constant, T is temperature, and q
is the ion chargé’

The ratio of DDy was compared for PEMs and AEMs derived from the same polymer
and was found to be similar as a function of
the conductivity values of the PEMs were greater than the AEMs, it could be attributed to the
higher mobility of the protons. The fundamental ion transport in these two materials was

comparable, an intriguing restt.

1.5. Block Copdymers

1.5.1 Block Copolymer Overview

Thus far, the majority of PEMs and AEMs described have been homopolymers or
random copolymers. However, block copolymer PEMs and AEMs are of particular interest.
Complex morphologies are attainable with block copolymehs¢hwcan be tuned based on the
fraction of each component in the block copolyfér.A schematic depicting hypothetical
chains of various polyers and copolymers is shownhigure 1.3, with polymer A represented

by blue beads and polymer B represented by red beads.
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QPP Ry QPP

homopolymer random
copolymer
diblock triblock t I I
copolymer copolymer graft copolymer

Figure 1.3. Schematic depicting polymer chains for a hompolymer, AB random
copolymer, AB diblock copolymer, ABA triblock copolymer, and AB graft

copolymer. Polymer A is represented by blue beads, and polymer B ispresented

by red beads.

The complex morphologies possible with diblock copolymer are controlled by the
fraction of each component , f, the i nstdMracti o
Using FloryHuggins and seltonsistent mean field theories, phase diagrams have been
calculated to predict the morphology of AB diblock copolymers as a function of the parameters

above, seéigurel.4. The interaction parameter, G |, i s cC

parameters for polymers A and B, shown by the equation below:

\V oM 2
G= r(uA UB) (112)
RT

whereVfi s t he r ef e’ adarethevsoldbilityyparameters for polymers A
and B respectively, R is the ideal gas constant, and T is the tempétature.

However, it is important to note that these calculations and diagrams do not take into
account the effect of ions on solubility parameters and the intemguéirameter. Therefore, it is

more challenging to design a specific morphology fordontaining polymers. Microstructures
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observed experimentally by these systems are not predicted byHtlggins parameters, and

ion-ion interactions mattef. The next sections will discuss block copolymer PEMs and AEMs

and will touch on the unigue morpholeg demonstrated by these polymers.
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1.5.2 Block Copolymer PEMs and AEMs

Sulfonatedblock copolymer PEMs have demonstrated higher conductivity than their
random copolymer counterparts, partly attributed to morphology differences between the block
and random copolymefé*4® Poly(styrene)poly(styrene sulfonatePSPSSA graft and random
copolymers were designed by Holdcroft andnamrkers to control the morphology and content of
the PEMs. The graft apolymer (PS3-PSSA) exhibited higher conductivity and more
phaseseparated domains than the random copolymerr{®SSA), as shown iffigure 1.5.°
Sulfonated poly([vinylidenalifluoride-co-hexafluoropropylenebp-styrene) block copolymers
were synthesized in an effort to pume strongly phasseparated membranes since the two
blocks were incompatible. By increasing the ion content, the conductivity and the phase
segregation between blocks increased. The conductivity of these polymers was higher than
analogous random copolynseibelieved to be due to the increased phase segregation of the block
copolymers#44®

Morphological studies on ieoontaining block copolymers have centered on those with
fluorinated or aromatic backbones and sulfonic acid pendant gfoupalsara and caorkers
have observed varied morphologies for poly(styrene sulfdnatethylbutylene), PS8MB. For
the systems studied, FleHuggins and sel€onsistent mean field theories predicted lamellar
morphology, but the ion content present in the polymer led to perforated lamellar, cylindrical, and
gyroid microstructures® Elabd and cavorkers studied poly(styrefeisobutyleneb-styrene)
and found that even without loignge order, local lamellar morphologies were present and led
to enhanced proton conductivity over randomly sulfonated poly(styfénBark and Balara
have also studied the effect of humidity on the order of-P8®8, and found that changes in the

film morphology occurred more quickly than did changes in conductiVity.
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Figure 1.5. Transmission electron micrographs of (a) Pg-PSSA and (b) PS-PSSA.

The greater phase separation of the graft copolymer contributes to the highe
conductivity shown in (c)*®

Block copolymer AEMs are less studied, and it is unclear if they will exhibit the same
morphologyconductivity relationships as PEM3uaternized block copolymers demonstrated
increagd mechanical strength compared to randefnhetionalized copolymers, attributed to
control of swelling by the neionic block? Hwang and Ohya synthesized QA block copolymers
with biphasicmorphology that exhibited increased conductivity compared to random copolymers.
However, the block copolymers had higher IEC values than the random copoR/ifistiyatake
estdlished that QA multiblock copoly(arylene ether) fluore@oataining polymers demonstrated

higher conductivity than analogous random copolyrffesss the details on AEMs begin to
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emerge, it will be interesting to discover if their structpreperty relationships will be

comparable to PEMs.

1.5.3 Control of Block Copolymer Morphology

The conductivity and hydration of block copolymer PEMs and AEMs are linked to the
morphology of the polymers, as described in the previous section. Selecting a particular
morphology or altering the morphology of the membranes should modify the propérthes
membrane, and subsequently, honing in on the ideal morphology would lead improved membrane
performance. Two methods by which block copolymer morphology can be controlled are design
of polymer and choice of solvent.

The design of the polymer is peys the most crucial of the parameters in that it is
necessary to select blocks or grafts that complement one another and also phase segregate.
Membranes must be durable, so a brittle polymer such as poly(styrene) has been combined with
lower-T, polymers,such as poly(methyl butylerfé)and poly(hexyl methacrylaté).The phase
segregation of Nafidh has served as a target for blockpetymer membranes, leading to
fluorinated graft and block copolymers with discrete dom&ifisThe decision to synthesize
graft or block copolymers is important since graft copolymer PEMs have smaller channels than
diblock copolymer PEMs, leading to reduced ion mopiihd lower conductivity in the graft
copolymers? The degree of polymerization is also a concern; as molecular weight increases, the
size of the hydrophilic domain increases, but there is a greater barrier to ordering of the block
copolymer during membrane castifi§® Finally, the ion content in the polymer greatly
contributes to the morphology of the membrane, and rdodéisorder transitions in ien

containing block copolymers has been well documefitéd®
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The solvent used during membrane casting can determine the morphology of the final
PEM or AEM. A block copolymer exhibiting ordered lamellar morphology whest rom a
polar aprotic solvent can also exhibit disordered morphology when cast from a mixture of polar
aprotic and protic solvents, resulting in changes in conducfi/i®p-continuous and continuous
microdomains in the direction of transport are the desired morphology for membranes, and they
are attainable with correct solvent choice and adequate ion cdBlieeck.copolymer membranes
that were disordered as cast from a polar solvent demonstrated ordered conductivity and
improved conductivity when cast from a polar aprotic solVénthoosing to cast an
ion-containing block copolymer from a solvent that kinetically traps a random, -sbpaeated
morphology decreases the effective tortuosity of the membrane and facilitates ion transport. This
is achieved through careful examination of solubility parameteds satbsequent mixing of
solvents as necessdry.

Several researchers have taken the next step and observed the evolution of the membrane
morphology during tl solvent evaporation process. The ordering kinetics of block copolymer
films can be monitored through-situ small angle xay scattering experiments, where transitions
in morphology can be detected as a function of block copolymer concenffdticaddition, the
observed mor phol ogy -sobantindlueed fhase separatiog. Thisspiocess n o n
involves monitoring the struatal evolution of the membrane as solvent evaporates and then
immersing the film into a bath that precipitates the membrane. The resulting film typically
consists of uniform pores with an ordered morphology that is consistent with the solution
morphology @tectedin-situ, as shown irFigure 1.6.%® Through the use of solvent choice and

selective precipitation, obtaining the targeted morphology can be a reality.
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Figure 1.6. (a) Small angle xray scattering curves of poly(styreneb-(4-vinyl
pyridine)) in a mixed dioxane/tetrahydrofuran/N,N-dimethylfomamide solution, and
(b) a scanning electron microscope image of the top surfacé the membrane cast
from the 15 wt % solution

1.5.4 Diblock and Triblock Copolymers

Block copolymers provide advantages over random copolymers in that their chemical
structures are tunable, they demonstrate a witgeraf targetable morphologies, and they exhibit
higher conductivity”® Both diblock and triblock copolymers haveenedeveloped for use as fuel
cell membranes; diblock copolymers have expressed highly ordered microphase separated
morphologies, and triblock copolymers have showed high conductivity at reasonable levels of
hydration®*" Self-consistent field theory has been used to model melts of AB diblock and ABA
triblock copolymer$??° AB diblock copolymers are straightforward systems to research and
typically phase separate into A and B blocks, but multiblock copolymers posdédisional
interactions that enhance material properties. These interactions, bridge and loop configurations,
are present in systems such as ABA triblock copolymers. In this example, bridges are formed
when the B block bridges two interfaces between thxo8k, increasing the mechanical strength
of the polymer. Likewise, B loops form when both ends of the B blocks are in the same interface,

with the A blocks in that same interface, illustrate&igure1.7.%
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Figure 1.7. Configurations of lamellar AB diblock and ABA triblock copolymers. The
diblock chains do not form bridges or loops, but the triblock chains are capable o
demonstrating both configurations.*

Due the lak of interpenetrating networks in diblock copolymers, they experience chain
pull-out under stress and are believed to swell more than triblock copolymers. The bridges and
loops formed by triblock copolymers increase the number of entanglements and tla@icatch
strength, and bridges have been noted as a critical aspect of thermoplastic eldS®nmecsuld
expect that diblock copolymers might demonstrate higher conductivity than triblock copolymers
due to better ordering, increased iaopalymerot i | it
swells excessively, the membrane will lose its mechanical integrity. lon dilution could also occur
with high &, decreasing the conductivity of th

approach for developing viable fuel cell membranes.

1.6. AEMs with Alternative Cations

The AEMs discussed previously have focused on the use of polymers with

benzyltrimethylammonium (BTMA) moieties, but there are other cations currently being used in
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AEMs. New cations are being sought primarily to increasesthbility of AEMs, but the
transport ramifications of these structures, must also be studied in depth. Benzyl quaternary
phosphonium functionalized poly(sulfoneethylene) AEMs have demonstrated comparable
conductivity to BTMA membrane®:*? Low IEC sulfoniumcontaining poly(sulfones) have also
been realized as AEMSs; diphenyi@thyl4-methyoxyphenyl) tertiary sulfonium cations
exhibited more than double the conductivity of ordinary sulforiunttionalized
poly(sulfone)® Although imidazolium cations have also been exploredinkéd I-methyl
imidazolium show decreased conductivity compaceBTMA.*

Crosslinked AEMs have been successful in reducing water uptake and swelling of the
membranes while maintaining reasonable conductivity. The conductivity of -lorked
guaternary phosphonium functionalized was consistentnaitrcrosslinked membranes in both
phosphonium and trimethyl ammonium forfisRing-opening metathesis polymerization
(ROMP) of a phosphoniufunctionalized poly(ethylene) produced a meants with low IEC
and reasonable conductivity. ROMP of a bis(terpyridine)Ru(ll) compleunctionalized
norborene with dicyclopentadiene (DCPD) led to the first reiataining AEMs. The se of the
metal Ru(ll) complexallowed for two counterionso be involved in ion transport, and the
conductivity varied with the monomer to DCPD ratio. Future work in this area will focus on

reducing the wu of these membranes while maintaining competitive conduttivity.
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Chapter 2

Experimental Methods

2.1. Introduction

This chapter will introduce the polymers and membranes used for the research in this
dissertation and will briefly describe the characterization techniques and experimental methods.
Diblock and triblock poly(hexyl methacrylatpbly(syrene}based polymers were synthesized
and functionalized for PEMs and AEMs. Additional materials include poly(vinyl benzyl
chloride)}poly(styrene) block copolymers for AEMs, bis(terypridine) ruthenhased AEMSs,
and superacid PEMs. Characterization rodth of the synthesized and functionalized block
copolymers will be presented, as well as the techniques used to study the structure and properties

of the membranes.

2.2. Synthesis and Functionalization of Poly(hexyl methacrylatePoly(styrene}

Based Block Coptymers

This section will discuss the general experimental procedure for the synthesis and
functionalization of poly(hexyl methacrylatpply(styrenejpbased block copolymers. Several
batches of poly(hexyhethacrylateb-poly(styrenedb-poly(styrene), PHMAb-PSbh-PHMA,
triblock copolymers were synthesized for use as PEMs and AEMs. Using a similar method, a

poly(hexyl methacrylateh-poly(styrene), PHMAb-PS, diblock copolymer was synthesized and
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functionalized for use as PEMs. Membranes derived from thelsengs form the basis of

several indepth studies.

2.2.1 Atom Transfer Radical Polymerization

Diblock and triblock poly(hexyl methacrylatpply(styrenedbased block copolymers
were synthesized via atom radical transfer polymerization (ATRP). ATRP reliegransiion
metal to act as a catalyst and carrier of a halogen atom in a redox process. The transition metal
abstracts a halogen atom, producing the oxidized metal halide and a radical. The radical reacts
with the monomer, producing an intermediate radiddle radical and intermediate radical
combine, and the reduced transition metal is regenerated for a new cfclgeneral ATRP

reaction depicting activation, deactivation and propagation rates are depi€tgdreg?.1.

Kact
PcX + Cu(l)/ 2L~  Pw+ Cu(I)X/2L

kdeact U

K

Figure 2.1. Generalized ATRP reaction showing the rates of activation (k),
deactivation (kseac), @nd propagation (k,). P, and P,ware the propagating species anc
radical.™

For the poly(hexyl methacrylat@ply(styrene) block copolymer systems described in
this work, the poly(styrene) block was grown first and became a macroinitiator for the growth of

the poly(hexyl methacrylate). Each monomer was purified through a coluamtivdted alumina



37

before use. The ligand and catalyst were combined, using a mortar and pestle when applicable,
and added to a rourabttom flask. The initiator and monomer were added to the flask, and the
vessel was purged with argon. Subsequently, ffisezepumpthaw cycles were applied to the
reaction mixture to remove oxygen from the vessel. The reaction was placed in a heated oil bath
to start the reaction. After the appropriate reaction time, the heat to the oil bath was turned off,
and the vessealas allowed to cool overnight while stirring. The reaction contents were diluted
with tetrahyrdofuran (THF) and passed through a filter and an activated alumina column. The
polymer was precipitated into methanol (MeOH), washed, dissolved in THF, angditatedi a

second time into MeOH. The polymer was filtered, washed with MeOH, and dried in a vacuum
oven at 60 °C for two days before characterization. Additional specific reaction conditions will

be discussed in the individual chapters pertaining toltdek lzopolymers.

2.2.2 Functionalization for PEMs

The PS block of the PHM#&RSbased diblock and triblock copolymers was
postfunctionalized via sulfonation for use as PEMs, showfigare2.2. To produce 25 mL of
1M acetyl silfate reagent, 1.3 mL of sulfuric acid and 3 mL of acetic anhydride were combined in
20.7 mL of 1,2dichloroethane, DCE, at 0 °C. The acetyl sulfate reagent was allowed to warm to
room temperature and added to a 10% w/w solution of PHI@Aased block cagymer in
1,2-dichloroethane, which adequately dissolved the polymer, since the solubility paramgters (
of the polymers and solvent are close to each other. From litefdtifge = 19 (J-cm?)*?
Ups= 18.6(J-cm®)™ andlpywma= 17.6 (J-crii)¥2

The degree of functionalization (DF) varied based on the molar equivalents of acetyl

sulfate used with respect to the PS block of the polymer used feabton and on the reaction
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time. The reactions were conducted at 50 °C, under argon. Any addition specific information
about the reaction conditions will be discussed in the individual chapters pertaining to the block

copolymers.

b b A b r b
iz m Jto Sulfonation T‘ m no
g (0] H,S0y, acetic anhydride g 0 o

1,2-dichloroethane, 50°C

o:%:o
OH

Figure 2.2. Sulfonation scheme of the PHMAb-PSb-PHMA triblock copolymer,
depicting functionalization for PEMs.

2.2.3 Functionalization for AEMs

To prodice AEMs, the PS block of the PHM#APSb-PHMA triblock copolymer was
functionalized in two steps, shown Figure 2.3. The first step was chloromethylation with
paraformaldehyde, chlorotrimethylsilane, and a Lewid aattalyst, SnG) in chloroform®> With
respect to PSdifferent DFs were achieved by varying the reaction time. To convert the
chloromethyl groups for quaternary ammonium, the polymer was reacted with three times molar

excess of 45 wt % aqueous trimethylamine at room temperature.
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Chloroform, 50°C room temperature

-
-

*N(Me)s

b b b r. b
n n m n
n m .
o O  Chloromethylation Amination 0 o
d ] (CH,0),, SnCl,, CISiMes, NMe;, DMF, o Q
C

Figure 2.3. Two-step scheme to produce QAunctionalized PHMA-b-PSb-PHMA for
AEMs. A chloromethylation step’ was followed by conversion to QA groups via
trimethylamine.

2.2.4 Membrane Fabrication

Films of functionalized PHMAPS block copolymer were cast from approximately
10%w/w N,N-dimethylformamide (DMF) solutions in poly(tetrafluroroethylene) molds. The
molds were covered with a glasstpldo allow the polymer solution to evaporate at ambient
conditions over a period of twithiree 23 weeks. The films were subsequently diiedacuofor
24 hours at 40 °C for the AEMs and at 50 °C for the PEMs. The dried films were approximately

150-225mm thick, as measured by a Mitutoyo IP65 298 micrometer.

2.3. Additional Materials

In addition to the PHMAPS block copolymers discussed in Sectio® several other
materials for AEMs and PEMs were provided for studifiese included random and block

poly(vinyl benzyl chlorideypoly(styrene), PVBEPS, copolymers for AEMs; bis(terpyridine)
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rutheniumbased AEMSs; and superacid PEMs. The materials were either used as received or

modified as described in the following secis.

2.3.1 Poly(vinyl benzyl chloride)}-Poly(styrene}Based Block Copolymers

Random and block poly(vinyl benzyl chloridedly(styrene), PVBEPS, copolymers
were synthesized and functionalized for use as AEMs by Kyle Bryson and Professor Michael
Hickner at the Bnnsylvania State UniversityPSb-PVBC block copolymers were synthesized
using reversible additiefragmentation chauransfer (RAFT) polymerization, with cumyl
dithiobenzoate (CDTB) as the chain transfer agent. Th&\HBC random copolymers were
synthesized by mixing styrene and vinyl benzyl chloride monomers in controlled feed ratios with
C DT B . -AZ2his@Mgthylpropionitrile), AIBN, was used as the initiator in both systems. The
polymers were dissolved in THF, and trimethylamine was added to convert the benzyl chloride
moieties tdoenzyltrimethyammonium.

The QA PVGPS polymers were too brittle form freestanding films. Instead, films
were dropcast from solutiorento substratesvith the mixed solvent system ofpmopanol and
toluene. For morphology characterization, the films were dropcast onto Rapibstrates, and
pieces of these films we then used for water uptake measurements. To measure conductivity,
the polymers were dropcast onto electrodes fabricated by Brian Chaldbhe &fennsylvania
State University and of th&JS Naval Research Laboratoryith the assistance of Holly
RicksLaskowski of the US Naval Research Laboratodyl dropcast films were allowed to dry

overnight in ambient conditions.
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2.3.2 Bis(terpyridine) Ruthenium-Based AEMs

Bis(terpyridine) rutheniunbased AEMs were synthesized by Yongping Zha, Madhura
Pawar, and Professor &y Tew, of the University of Massachusetts Amhefite membranes
were synthesized using ring opening metathesignmrization, ROMP, and were provided in
chloride form. To exchange or verithe counterion associated with the ruthenium (Il) complex,
membranes were soaked in 1M NaCl, NaHC® KOH overnight. To rid the membranes of any
excess ionsthe membranes were then rinsed and soaked in deionized water for at least three

hours three gmrate times.

2.3.3 Superacid PEMs

Random poly(sulfone) and poly(styrene) copolymers with aryl sulfonate, alkyl sulfonate,
and perfluorosulfonate groups for use as PEMs were synthesized by Ying Chang and Professor
Chulsung Bae of the Rensselaer Polytechnictireti'® The membranes were used as received,
with no modification. In addition to the received membranes, two sets of RPbiRIBb-PHMA
triblock copolymers synthesized as described in Se@i@rl were sent to Chang and Bae for

postfunctionalization of the PS block toquiuce block copolymer superacid PEMs.

2.4. Polymer Characterization

This section will discuss the methods by which the synthesized and functionalized
polymers were characterized. Size exclusion chromatography was used to determine the

molecular weight of eacholymer, along with nuclear magnetic resonance spectroscopy, NMR.
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NMR was also used to ascertain the degree ottiomalization of the polymerskinally,
differential scanning calorimetry was used to measure the glass transition temperatures of one

polyme system.

2.4.1 Size Exclusion Chromatography

To determine the number average molecular weight,add polydispersity index, PDI,
of the PHMAPS block copolymers, size exclusion chromatography, SEC, was performed on the
samples using a Waters gel permeatiorogtatogram, GPC, which included Waters Breeze
software for analysis, a 1515 isocratic HPLC pump, styrogel, and a 2414 RI detector. The
unfunctionalized PS macroinitiator and PHMS block copolymers were dissolved in THF for
this characterization. The instnent was calibrated with a narrow set of PS standards in THF,
which allowed for accurate analysis of the PS macroinitiator. SEC of the PP#MAlock
copolymerdid not provide accurate molecular weights, but the PDI could be reported.,ldfe M
the blockcopolymers was calculated using nuclear magnetic resonance spectroscopy, discussed

in the next section.

2.4.2 Nuclear Magnetic Resonance Spectroscopy

'"H nuclear magnetic resonance, NMR, spectroscopy with a Bruker-4DRXMHz
spectroctrometer was used to detemmihe degree of functionalization of the PHNRS based
block copolymers. The polymers were dried vacuo overnight at room temperature and
subsequently dissolved thchloroform,ds-dimethylsulfoxide, oid,-N,N-dimethylformamide for

NMR characterization.
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This technique was also used to calculate the dfithe PHMAPS based block

copolymers. End group analysis of titNMR spectra of the PS macroinitiator was compared to
the M, determined from SEC, and a scaling factor was calculated to account fanifamity

with the end groups. Once the PHMPS based block copolymer was synthesized, the previous
scaling factor and Mof the PS macroinitiator served as a reference by which to calculate the

number of PHMA repeat units, and thus thgd¥ithe PHMA blocks).

2.4.3 Differential Scanning Calorimetry

Glass transition temperatures, ©f the PHMAb-PSb-PHMA triblock copolymers were
determined using a TA instruments differential scanning calorimeter, DSC, Q200. Membranes
were driedin vacuoat 3650 °C overnight twice and kept in a desiccator to remove water and
solvent and maintain the dry state of the membranes. The dry samples were heated under nitrogen
at rate of 10 °C-min from -80 °C to 210 °C for the sulfonated polymers and fr8M°C to
210 °C for the quaternary ammonium polymerg.vallues were reported as the transition
midpoint during the second or third hiegt cycle Residual effects of trapped water or solvent

were not observed.

2.5. Membrane Characterization

This section willdiscuss the methods by which membrane performance was evaluated,
techniques to measure conductivity and water uptake and determine membrane morphology will

be enumerated.
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2.5.1 Conductivity Measurements

Conductivity was measured using AC impedance spectroseithya Solartron 1260A
Impendance/GaiPhase Analyzer. The conductivity of frending films was obtained using a
two-point, inplane geometry (seligure 2.4) at frequencies between 1 MHz and 100'Hmnd
calculated from equation 1.3. The conductivity of membranes was measured in one of two
environments: controlled relative humidity, RH, and temperature or fully hydrated with
controlled temperature. For RH conductivity experiments, the humidity angetatare were
controlled using an Espec SH1 environmental chamber. The temperature was held at 30 °C,
and the humidity steps typically used were 20%, 35%, 50%, 75%, and 95%. The real value of the
impedance, where the imaginary response was zero, wdsass¢he membrane resistance.
Activation energies for ion conduction of samples immersed in liquid water were determined
using an Arrhenius activation relationship (equation 2.1) from conductivity measurements at
30°C, 40°C, 50°C, 60°C, and 7CC. Thelogarithm of conductivity versus 1/T was linearly

regressed and Arrhenius activation energy was computed from the slope of fiterbgisssion.

o o é E 6
u=u,expe —20 (2.1)
¢ RT=

where 0 is the mgistBewcondudtivitg mrafadter gid the\adtitatjon endrgy,
R is the ideal gas constant, and T is the temperature in Kelvin. Error in conductivity

measurements is believed to be on the ordém@&@-cm®.
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Figure 2.4. Schematic of thecell used for conductivity measurements of frestanding
membranes'! with (1) securing screws, (2) Teflofi blocks, (3), stainless steel electrode:
(4) equilibration windows, and (5) the menbrane.

2.5.2 Water Uptake Measurements

Water uptake measurements were performed using either relative humidity
themogravimetric analysis, RAGA, or immersing the membraria deionized wateto fully
hydrate it. Both methods required the use of equationarid113 for determination of the water
uptake and hydration number from the raw data. Membranes were measured in the appropriate
counterion forms (proton form for PEMs, and chloride and bicarbonate forms for AEMs). Water
uptake in an RH environmentas measured using a TA Instruments Q5000SA water vapor
sorption microbalance at 30 °C with typical RH steps of 20%, 35%, 50%, 75%, and 95%. For
hydrated water measurements, the membranes wene ifoihersed in deionized water to

equilibrate for at least 24 hmibefore use. Before weighing to determine the hydrated mass, each
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membrane was removed from water and lightly blotted with a Kinfiviperemove surface
water. The sample was immersed in deionized water to rehydrate it, and the process was repeated
for atotal of five times. To obtain the dry weight of the membrane, the membrane waindried

vacuoat 80 °C for two days and then weighed again.

2.5.3 Small and Intermediate Angle Xray Scattering

Small angle xray scattering, SAXS, and intermediate anglay xscattering (IAXS)
patterns were obtained on a Rigaku (formerly Molecular Metrology) instrument with a pinhole
camera with Osmic microfocus source and parallel beam optic. The instrumentChathret
with a 1.452 A wavelength and also a multiwire detector. Samples wererdviaduoat ambient
conditions before being placed in the SAXS chamber. Spectra of the dried films were collected
under vacuum at ambient temperature, and typical cigietimes ranged from 260 minutes to
achieve a minimum of 300,000 photon counts. Scattering intensities were normalized for
background scattering and beam transmission. Interdomain spacings were calculated from

equation 2.2 below:

d=2- (2.2)

where d is the interdomain spacing and q is the scattering vector in inverse Angstspasirgy

values are reported in nm.
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2.5.4 Small Angle Neutron Scattering

SANS experiments were performed at the National Institute of Standards and Technology
(NIST) Center for Neutron Research (NCNR) on the NG7 30 m SANS and at Oak Ridge National
Laboratory on thé&pallation Neutron Souran beam line 6, the EQANS diffractometer, or on
the High Flux Isotope Reactor on beam line CG2, the general purpose SAN®di#ter. Local
contacts were Boualem Hammouda (NIST NCNR), Chris Stanley (ORNL), and Lilin He
(ORNL). Lilin He (ORNL) also performed some SANS measurements in collaboration with this
work, but all three staff members helped with SANS data reduction ahgsin

For SANS studies, low w# solutions of the triblock copolymers were made in
d--N,N-dimethylformamide. A few drops af,-methanol andls-tetrahydrofuran were added as
needed to aid solubility. Dropcast films on aluminum and-$teading membranesere put in
the SANS chamber dry or equilibrated igDor under a specific relative humidity for at least 8 h
before undergoing eutron scattering experimentScattering intensities were normalized for
background scattering and beam transmission. Datafivto models using the NCNR software

toolbox addon in Igor Pro. Interdomain spacings were calculated from equation 2.2.

2.5.5 Transmission Electron Microscopy

Transmission electron microscopy, TEM, images of membrane -seations were
acquired on a JEOLEM 1200 EXII microscope equipped with a tungsten emitter operating at
80kV and a CCD camera with TCL software. Cast membrane samples wersattesed by
Missy Hazen of the Huck Institutes of the Life Sciences at the Pennsylvania State University.

Memlranes were crossectioned at120 °C using a LeicaUltracut UC6 ultromicrotome with
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EMFC6 cryo attachment, and the sections were collected on carbon/Fawated grids. All

images were of unstained samples.
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Chapter 3

lon Motion in Anion and Proton-Conducting Triblock Copolymers

3.1. Introduction

lon-containing block copolymers are of interest for fuel cell membranes and other
electrochemical or water transport applications due to their high degree of phase separation that
promotes formation of a connected ionic nanophase and a hydrophobic maighasiicforcing
phase. The size and connectivity of the highly functionalized ionic phase can be controlled to
achieve a range of properties by tuning the block copolymer composition and membrane
processing? The ability to control the ionic domain structure of fuel cetimbranes is a critical
aspect of optimizing their properties and boosting their performance. Sulfonated block
copolymers have served as model systems to assess the effects of molecular structure and
morphological order on proton exchange membrane (PEMprmance, and work in this area
may lead to the discovery of novel membranes with better properties than the currasfttbiate
art poly(perfluorosulfonic acidhased materiafs. Currently, sulfonated block copolymers have
shown higher proton conductivity than theirifonated random copolymer counterp&ftsNow
that anion exchange membrane fuel cells (AEMFCs) are becoming viable alternatives to PEM
fuel cells (PEMFCsJ;'° it is crucial to understand whether block copolymer motifs are able to
significantly improve anion exchange membrane (AEM) properties and fundamental
investigations are needed to reveal the similarities and differences between AEtisiantre

well-studied PEM counterparts.

This chapter is adapted from Disalfiller, M. L.; Johnson, Z. D.; Hickner, M. A.
Macromolecule®013 46, 949 956.
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Typical polymers used in ieoontaining block copolymer morphological studies include
those with fluorinated or aromatic backbones with sulfonic acid pendant groRpbatat and
coworkers discovered a syihase of ionic aggregates within the lamellar phase of a
17.924.3b-8.1-1.9 kg-mol* poly([vinylidene difluorideco-hexafluoropropyleneb-styrene)
block copolymef. The proton conductivity of this block copolymer increased with the ion
exchange capacity (IEC) if the hydration number was less thas040Above this value of
hydration number, however, additional water led to proton dilution, and the conductivity did not
show any significant change with additional hydrafi@abd and cavorkers observed enhanced
transport in 7.5-33.8b-7.5 kg-mol* poly(styreneb-isobutyleneb-styrene) with increased ion
content, particularly in comparison to randorslyffonated poly(styrene). Small angleray
scatteing (SAXS) patterns showed anisotropic, lamellar morphologies and at IEC values greater
than one, this ordering was disrupted. Yet the high sulfonation of this material still led to
enhanced proton conductivity even in membranes lackingramge ordef!

The bulk morphologies of 31.2 kg-rolfluorinated poly(isoprené-styrene) and
fluorinated poly(isoprend-styrene sulfonate) were investigated by Goswami, et al. and found to
vary depending on theolume fraction of the sulfonated block and the casting solvent. Monte
Carlo simulations of the sulfonated block copolymer suggest that electrostatic interactions of the
charged moieties were responsible for the atypical morphol&gi®snilarly, the morphology of
sulfonated poly(styrerb-methylbutylene) has been extensively studied by Balsara and
coworkers for copolymers wit numberaverage molecular weights (M up to
22.3b-21.3kg-mol*. For the molecular weights studied and volume fractions of polystyrene
between 0.45 and 0.5, ndonic (conventional) block copolymers are predicted to show lamellar
morphology accordingtFlory-Huggins and seltonsistent mean field theories. Yet, Balsara and
coworkers observed gyroid, hexagonal, hexagoradisforated lamellar, and lamellar

microstructures for poly(sulfonated styremenethylbutylene), PS8-PMB, that were thermally



51

reversible and depended on IEC and molecular wéigFhey have determined that prediction of

the phase behavior of complex copolymer systems, such ab-PBIB, should also consider the
placement of the sulfonated groups along the chain. Simulations of alternating PSS groups lead
to lamellarlike morphologies, while different sized runs of PSS groups intermixed with styrene
monomer residues in the sulfonated phase lead to perforated lamellar, cylindrical, and gyroid
morphologies? In experimental systems, it is still an open question as to the connectivity of
sulfonated and unsulfonated repeat units in the sulfonated phase. Mtinddited
orderto-disorder transitions for the gyroid phase with a domain spacing of 5.2 nm were observed
for a PSSh-PMB copolymer with M 1.4-1.4 kg-mol*. This domain spacingias the smallest
observed for a block copolymer to date and is likely due to stabilization of the ionic phase
because of its high segregation strertgth’

Sulfonated block copolymers have displayed interesting morphological pespert
compared to conventional, namnic block copolymers. However, there have not been many
comprehensive studies regarding the phase behavior of quaternary ammonium functionalized
block copolymers. Terada, et al. showed that quaternized block copolyossesped improved
mechanical strength compared to randomly functionalized copolymers by controlling the swelling
of the membrane through the nimmic block® Quaternized block copolymergrehesized by
Hwang and Ohya had biphasic morphology that showed increased conductivity compared to
random copolymers, but the block copolymers also had higher values of IEC. The conductivities
of the membranes ranged from 0024 S-crit, measured in @ M solution of KCI, so the salt
likely played a major role in the conductivity of these mateffdfs.Finally, Miyatake
demonstrated that quaternized multiblock copoly(arylene ether) polyroatairing fluorene
(54-90 kg-mol") had higher conductivity than their random copolymer counterfarts.

By comparing the membrane performance of PEMs and AEMs functionalizedtiseom

same polymer backbone, we seek to determine the critical factors that control membrane
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performance in these types of wasdrsorbing, single ion conducting membranes. In particular,
we aim to establish the key differences in conductivity propertiegcees PEM and AEM block
copolymers. lonic conductivity is the product of the ion mobility, the number of charge carriers,
and the charge of the ion. The sulfonated block copolymers were investigated i fthrenH
while the quaternary ammonium containipigck copolymers were probed in the Gt HCO;

form. Compared to Kwith a value of unity in dilute agueous solution, the dilute solution relative
mobility of H" is 4.76, while the mobility of Cis 1.04 and HC@is 0.617** These differences

in the intrinsic mobility of the chargearrying ion must be taken into account to understand the
condetivity in AEMs.

Evaluating the conductivity behavior of PEMs and AEMs with the same block copolymer
structure will provide new insights into developing more conductive AEMs and link themes in the
design of PEMs and AEMs. The goal of this work is to compghe membrane performance of
sulfonated and quaternized poly(hexyl methacrdbipdly(styrene)b-poly(hexyl methacrylate),
PHMA-b-PSb-PHMA triblock copolymers to determine the commonalities between ion
conducting block copolymers with mobile catiamsanions. In particular, factors contributing to

PEM and AEM conductivity and the role of ion mobility are discussed.

3.2. Experimental

3.2.1 Polymer Synthesis and Membrane Preparation

Styrene (Aldrich, 99%) and hexyl methacrylate (HMA, Aldrich, 98%) were passed
through an activated alumina column to remove inhibitors prior to use. Copper(l) bromide

(CuBr , Fluka-bipy98 dy¥) ,( bdy2 6-dbromap-xyeaes(Aldrich, 9 9 %) ,
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97%), toluene (Mallinckrodt Chemicals, ACS), tetrahydrofuran (THF, Mekliodt Chemicals,

ACS), methanol (MeOH, Mallinckrodt Chemicals, ACS), dimethylformamide (DMF,
Mallinckrodt Chemicals, ACS), dichloroethane (EMD Chemicals, OmniSolv), acetic anhydride
(Alfa Aesar, 97+%), sulfuric acid (J.T. Baker, ACS), paraformaldehydé (Aesar, 97%),
chlorotrimethyl silane (Alfa Aesar, 98+%), tin(IV) chloride (SnCl4, Acros, 99%, anhydrous),
trimethylamine (Alfa Aesar, 45 wt % aqueous), and potassium bicarbonate (Alfa Aesar, 99%)
were used as received.

The triblock copolymers were symtsized using atom transfer radical polymerization
(ATRP) with the di%ihramopxylen® ad describédtby Saiteb al>> U, U
Briefly, a difunctbnal poly(styrene) macroinitiator was synthesized in the bulk (72.7 g styrene) in
a Schlenk flask in the presence of 0.19gofp per (I ) br omi de -Wip@uayBr ) , 0.
(bpy), and 0.42 g olJ , -tidromop-xylene at 110 °C for 7 h (targeting 5086nversion). The
reaction mixture underwent five freepampthaw cycles under vacuum and Before being
placed in the oil bath to start the polymerization. After termination of the reaction, approximately
200 mL of THF was added the reaction mixture befthe mixture was passed through an
activated alumina column and precipitated into methanol. The polymer was filtered and washed
with MeOH. The polymer was dissolved in THF before a second precipitation in MeOH. The
polymer was filtered and washed agand dried in a vacuum oven at 60 °C for 2 d. This
procedure resulted in 20 g of difunctional poly(styrene) ATRP macroinitiator with bromine end
groups (see Appendix A for NMR), BtSBr, (approximately 30% conversion). Next, 5 g of the
Br-PSBr was disslved in 70 mL of toluene with 12 mL of hexylmethacrylate (HMA) in a
Schlenk flask. After the addition of 0.05 g of CuiBrd 0.11 g obpy, the flask underwent five
freezepumpthaw cycles under vacuum and Ar. The flask was placed in an oibb&fb T to
start the polymerization of HMA, which proceeded for 24 h. The sameagadion workup was

used after termination of the reaction. This strategy facilitated synthesis of 9 g (40% conversion)
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of a symmetric ABA triblock copolymer with poly(styrena3 the middle block and poly(hexyl

methacrylate) as the end blocks. The poly(hexyl methacrigte)y(styrenejo-poly(hexyl
methacrylate) (PHMA-PSb-PHMA) triblock copolymer had a molecular weight of 16:32-

b-16.5 kg-mol', as determined by siz exclusion chromatography (SEC) and NMR
spectroscopy (see Appendix A). A single 7 g batch of this triblock copolymer was used for
further postmadification with sulfonate or quaternary ammonium groups.

The sulfonated samples were synthesized by poslificetion of the PHMAb-PSb-

PHMA triblock copolymer using acetyl sulfate to selectively functionalize the PS midblock.
Sulfuric acid (1.3 mL) and acetic anhydride (3 mL) were combined in 20.7 mL of
1,2-dichloroethane at 0 °C to produce 25 mL of 1M alcet¥fate reagent. The acetyl sulfate was
warmed to room temperature and added to a 10 wt/wt % solution of PHRBb-PHMA in
1,2-dichloroethane. The degree of sulfonation (DS) depended on the reaction time and the molar
equivalents of acetyl sulfate iflv respect to PS) present in the reaction. For high degrees of
sulfonation, the reagents were added in two batches (see Appendix A for details). All reactions
were conducted at 50 °C under argon. The chemical structure of the functionalized triblock
copdymer is shown irFigure3.1 Refer to the Appendix A folH NMR spectrum of sulfonated
triblock copolymer.

To obtain the quaternary ammonium functibtmed PHMADb-PSb-PHMA, the PS
midblock was selectively chloromethylated with paraformaldyhyde and chlorotrimethylsilane in
the presence of a Lewis acid catalyst, SACDifferent extents of functionalization (with respect
to PS) were obtained by varying the reaction time. Other routes invohssity formation of
chloromethyl methylethétled to no reaction, likely due to complexation of the dased Lewis
acid catalyst with the methacrylate blocks. Additional details of the chloromethylation reactions
will be included in the Results and Discussion section. The chloromethylated polymer was

reacted with three times molar excess of 45 wt % aqueous trimethylaminenvert the



55

chloromethyl groups into quaternary ammonium chloride ions. The chemical structures of the

functionalized triblock copolymers are showrfigure3.1.

@)
O O

Chloromethylation
(CH,0),, SnCl,, CISiMe,,
Chloroform, 50°C

Sulfonation

H,SO,, acetic anydride

1,2-dichloroethane, 50°C Amination

NMeg, DMF,
Mn ~65.000 g.m0|—1 room temperature
PDI =1.39
0]
g O
0=9=0 +N(Me
OH
Sulfonation Route Quaternization Route
(for PEMSs) (for AEMSs)

Figure 3.1. Sulfonation and quaternization routes of the PHMAb-PS-b-PHMA triblock
copolymer.
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Films of the functionalized PHMA-PSb-PHMA triblock copolymers were cast from
approximately 10 wt/wt %  N,Mimethylformamide (DMF) solutions in a
poly(tetrafluroroethylene) mold at ambient temperature with a glasgsr dor a period of 3
weeks and then drigd vacuofor 24 h at 40 °C for the AEMs and at 50 °C for the PEMs. The
resulting film thicknesses were approximately 225 pum.

In addition to being examined in chloride form, the 1.2 IEC AEM sample was ¢edver
to bicarbonate form by soaking in a 0.5 M potassium bicarbonate solution for 48 h. The
membrane was rinsed in deionized water for 24 h to remove excess salt and dried before

characterization.

3.2.2 Characterization

'H NMR spectra of the polymers were obil on a Bruker DRXO00 spectrometer
using d-chloroform, dg-tetrahydrofuran, ords-dimethylsulfoxide (Cambridge Isotope) as a
solvent. SEC was performed using a Waters gel permeation chromatography system (GPC),
which included Waters Breeze software for analysis, a 1515 isocratic HPLC pump, styrogel
columns, and a 2414 RI detector. rigtydrofuran was used as the eluent at 35 °C, and the GPC
was calibrated to a set of narrow polydispersity index (PDI) poly(styrene) standards. Glass
transition temperatures {T were determined using a TA Instruments differential scanning
calorimeter (DS Q200 at a heating rate of 10 °C fhiander nitrogen from80 °C to 210 °C for
the sulfonated polymers and frof80 °C to 150 °C for the quaternary ammonium polymers.
Glass transition temperatures are reported as the transition midpoint during the ceturd

heaing cycle



57

SAXS patterns were collected on a Rigaku (formerly Molecular Metrology) instrument
with a pinhole camera with Osmic microfocus source and parallel beam optic. The instrument
was equipped with a Cu wiraarenddtectgr.oMeasurdmerisdobthej ) an
dried films were obtained under vacuum at ambient temperature. Typical collection times ranged
from 20-40 min or 300,000 photon counts. Scattering intensities for similar thickness films were
normalized for backgund scattering and beam transmission.

For transmission electron microscopy (TEM) imaging, cast membrane samples were
crosssectioned at-120°C using a LeicaUltracut UC6 ultramicrotome with EMFC6 cryo
attachment. The sections were collected on Carbonffeorooated grids. Imaging was
performed on a JEOL JEM 1200 EXII microscope equipped with a tungsten emitter operating at
80 kV. Images were recorded on a CCD camera using TCL software. All images were of
unstained samples.

Conductivity measurements wererfpormed using AC impedance spectroscopy on a
Solartron 1260A Impedance/Gathase Analyzer. The conductivity of freanding films was
measured using a twmint, inplane geometry at frequencies between 1 MHz and 106 lda.

conductivity (1) was calculated from:

o L
u=——— 3.1
R\ 3D

where L is the length between electrodes, R is the resistance of the membrane, and A is the cross
sectional area of the membrane. Error in catigity measurements is believed to be on the order
of ImS-cm'. During the measurements, humidity and temperature were controlled using an

Espec SH41 environmental chamber. The relative humidity varied from 20% tq @5#& the
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temperature was held 30 °C. The real value of the impedance, where the imaginary response is
zero, was used as the membrane resistance.
Water uptake (wu = (MagsaeaMo)/Mg) was measured using a TA Instruments
Q5000SA water vapor sorption microbalance at 30 °C betwéativeehumidities of 20% and
95 %. The hydration number (&), or the numbe

calculated from:

b0 ] 2
o - (%VIHZOCDEC+ .

where my is the sample mass at a given RH,isnthe mass of the dry sampleyMis 18.02 g,
the molecular mass of water, and IEC is the ion exchange capacity with units of milliequivalents
of ions per gram of polymer.

The activation energy for ion conduction,, Bvas calculated from conductivity
measurements with the sample immenseliquid water between 30 and 70 °C (in 10 °C steps).
The logarithm of conductivity versus 1/T was linearly regresaed an Arrhenius activation

energy was computed from the slope of the best fit regression.

3.3. Results and Discussion

Optimization of the kloromethylation procedure for functionalization of the
PHMA-b-PSb-PHMA triblock copolymer proved to be challenging. Chloromethylation of
acrylates has resulted in low IEC polymer (0.12 mmbltbat is not useful as an i@monductive
membrané! Vinylbenzyl chloride and alkyl bromides could not be used in place of the styrene

block because benzyl halogens are an initiator for ATRP and therefore cannot be a component of
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the monomer or polymer. Likewise, chloromethylation of the styreoekbprior to block
copolymer synthesi® would also exclude ATRP as a viable block copolymer synthesis
technique. The PHMA-PSh-PHMA triblock copolymer was chloromethylated via the Wright
method, a common chloromethylation method which generates chloromethylmethyihediner
from dimethoxymethane, thionyl chloride and zinc(ll) chlofid@he resulting polymer had a
degree of functionalizatiofDF) of 34 mol % with respect to the moles of PS, yielding an IEC of
approximately 0.2 meqg-y We attribute the low degree of functionality to coordination of the
ZnCl, catalyst with the carbonyl groups of the poly(hexyl methacrylate), and addingoadtliti
catalyst to compensate for this coordination degraded the polymer.

Instead, the Avram method was used to chloromethylate PHN&b-PHMA, in which
a precursor chloromethylating reagent was formed in chloroform from paraformaldehyde,
chlorotrimethyl silane, and SnGF* To generate the precursor, faramaldehyde and
chlorotrimethylsilane were added to chloroform in a 1:1 molar ratio with 0.2 mol % SnCl4, with
respect to the moles of PS repeat unit. The precursor was stirred overnight under argon at 45 °C
before it was cannulated into a 10 wt % siolutof polymer in chloroform at 50 °C under argon.
The overall molar ratio of polymer to reagents was 1:3:3 (PS:paraformaldehyde:chlorotrimethyl
silane). The reaction proceeded at 50 °C until the desired DF was achieved. It is important to
note that thenaximum DF attained without polymer degradation was approximately 53 mol % of

the styrene residues.
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Conditions of reagent concentration and reaction time were varied in aneffoctease
the DF of the triblock copolymer, but increased reagent concentration and longer reaction times
led to polymer degradationFigure 3.2 depicts the degree of functionalization as a function of
reaction time under different chloromethylation conditions. During the reaction, small aliquots of
the reaction mixture were removed at specific time intervals, precipitated in methanol rinsed and
'H NMR spectra were taken. These studies were used as a basis foschdege
chloromethylation. Increasing the scale of the reaction decreased the degree of

chloromethylation. The most repeatable results were achieved using fresh catalyst and dry

chlordorm.

100 T T T T T T T T T T T T T T

DF (mol %)

0 10 20 30 40 50 60 70 80
Reaction time (h)

Figure 3.2. Reaction rates of chbromethylation using the methoddeveloped by Avram et
al.** The stoichiometric ratios published by Avram et al.** a 1:3:3 ratio of polymer sites to
be functionalized:paraformaldehyde:chlorotrimethylsilane and 0.2 mol% tin (1V) chloride
are represented by &). Other stoichiometric ratios shown are 1:3:3 and 0.6 mol ¢
catalyst @ ), 1:9:9 and 0.6 mol % catalyst ), 1:9:9 and 0.2 mol % atalyst (I ), and
1:60:3 and 0.2 mol % catalyst § ). The maximum degree of functionalization of the
poly(styrene) block attainable before degradation was approximately 53 mol %.
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The sample identification of the quaternized and sulfonated polymers synthesized and
their membrane properties are shownTiable 3.1. Low, mid, and higiEC polymers were
synthesized for both AEMs and PEMS§he water uptake, hydration number, and conductivity of
the sulfonated polymers were higher than those of the quaternized polymers. The counter ions
associated with the ionic tethers in PEMs and AEMs contribute to both the conductivity and the
water uptakeof the membranes. Although water uptake increases with IEC, the sulféhate
pairs associated with the PEMs have a stronger affinity for water than do the
benzyltrimethylammoniurCl™ pairs associated with the AEMSjllustrated by the equivalent
water uptake of A.0-Cl and the less functionalized sulfonated polymei]l.22H. The
1.1meq-g* IEC AEM showel greater water uptake in the HC@rm compared to lower water
uptake in the Clform underscoring the importance of the mobile species in determining the water

uptake of the sample.

Table 3.1. Polymer sanple parameters and properties.

DF IEC T wu? A Vi Ea
Sample &
(%) (meq-g*) (°C) (%) (mS-cm?) (kJ-mol™)
PHbl\él;lA_”I\o;lAP\S 0 0 98 21 nm nm nm
A-1.1-HCO, 28 1.1 nm 39 12 7.1 16
A-1.2-Cl 28 1.2 111 15 7 2.0 26
A-1.7-Cl 42 1.7 113 29 9 4.6 nm
A-2.0Cl 53 2.0 112 29 8 5.0 nm
P-1.2-H 27 1.2 118 29 14 18.3 15
P-1.6H 38 1.6 125 46 17 20.9 15
P-2.3H 61 2.3 175 79 19 50.7 nm

A denotes quaternary ammonium functionalized PHMRSb-PHMA. P denotes sulfonated
PHMA-b-PSb-PHMA. The IEC is the number in treample name, and the last lets@rof the sample
name is the counter ion.

A Value for membrane at 95% RH for water uptake (wu
nm denotes measurements that were not obtained.
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To understand the role of water sorption on the iopieductivity of the quaternized and
sulfonated PHMAb-PSb-PHMA triblock copolymers, the conductivity was analyzed as a
function of hydration numbefigure 3.3. The sulfonated membranes, solid symbols, exhibited

the highest conductivity values due to the higher mobility of protons compared to the anionic

species.
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Figure 33. Conductivity versus hydration number of P1.2H (A), P-16-H (, ),
P-2.3H (p ), A-1.1-HCO3(s ), A-1.2CI (A), A-1.7-CI (* ), and A-2.0-CI (r ).
The comparison between the conductivity of the PEMs and the AEM®ine 3.3 is
biased due to the mobility of the conductive species. To gain insight into the mechanism of
conductivity for waterabsorbing PEMs and AEMs, the ion diffusion coefficients as a function of

hydration were considered.
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The diffusion coefficients of the mobile ions for each sample were calculated from the
measured conductivity values usimagform of theNernstEinstein equation and the number

density of charge carriers given by:

c=0001 — EC°4 3.3
1+0.01X, o

where c is the moles of ion per tof polymer, IEC is the milliequivalents of ion per gram of
polymer,} i st hdensity,@arld %4 & the volumebased water uptake, as opposed to
the massased water uptake (wu) presentedable3.1.* The densitieof the polymers were
calculated using the NIST NCNR SLD calculator and weighted linear combinations of pure
component densities.

The diffusion coefficients of the mobile ions were calculateohfro

sSRT
D=—— 3.4
cz’F? S
where 0 is the measured conductivity, R is t

computed concentration of ions in the hydrated membrane as above, z is valence charge, and F is
Faraday d¥ Figuwer8d shaws that the PEMs displayed higher diffusion coefficients

than the AEMs, which is a reflection of the types of mobile species in each samplAENMse

had similar diffusivities, regardless of IEC, which could be due to a lack of ion clustering as has
been previously observed in quaternary ammoriomtaining random copolymet&* P-2.3-H

had higher diffusivity at low lambda than the other PElkely due to a higher ionic density in

the highly sulfonated PS phase.
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Figure 3.4. The diffusion coefficient as a function of hydration number ofP-1.2-H (A),
P-16-H (, ), P-2.3H (p ), A-1.2CI (A), A-1.7Cl (* ), and A-2.0CI (r ) at (a) all
hydration numbers, and (b) at low levels of kidration.
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For a more thorough comparison of the factors contributing to the conductivity of the
membranes aside from mobile species mobility, the diffusivity ratio between the JHerstsin
calculated diffusivities from conductivity measurements (D) and the dilute solution diffusivity of
the mobile ion ([g) are shown ifFigure3.5. The dilute solution diffusivities (s@eable3.2) were

calculated from the dilute solution mobilities of the mobile ion using:

e kT
D, = 5 (3.5)
q
where € i s t he pithé Bolizemaniconstant,nf askiemperatung,,andk is the ion

charge® The diffusivity ratio, D/R, was similar for AEMs and s as a function of hydration
number. This relationship indicates that the mobilities of protons and chloride ions scale
similarly with the hydration of the ionic group, which is an interesting result and shows that the
hydrophilic phase in each matenalable to achieve similar levels of ion mobility. The maximum
computed diffusivities at high lambda were about an order of magnitude less than the dilute
solution diffusivities. It appears that the diffusion coefficients of both mobile, solvated anions
and cations were suppressed by the same amount in membranes compared to dilute solution. One
of the key goals for optimizing the performance of these materials will be to further decrease the

gap between the dilute solution ion diffusivity and the iorudiffity in the membrane.
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Figure 3.5. The ratio of the diffusion coefficient, D, to the dilute solution diffusivity, B
as a function of hydration number for P1.2H (A), P-1.6H (, ), P-2.3H (p),
A-1.2-Cl (A), A-1.7-CI (* ), and A-2.0-CI (r ).

Table 3.2. Hydrated ion concentration and calculated diffusion coefficients from
conductivity measurements and dilute solutiof

Sample g D" 2 DD
(mol-cm?®) (cm?s?) (cm?s?) °
A-1.2-Cl 1.0 x 10° 5.1 x 10’ 21x10° 2.4 x 107
A-1.7-Cl 1.4 x 10° 9.1 x 10’ 21x10° 4.3 x 10
A-2.0Cl 1.6 x 10° 8.5 x 10’ 2.1x10° 4.1x 107
P-1.2-H 0.9 x 10° 5.3 x 10° 9.5 x 10° 5.6 x 107
P-1.6-H 1.1 x 10° 5.0 x 10° 9.5 x 10° 5.3 x 107
P-2.3H 1.4 x 10° 9.8 x 10° 9.5 x 10° 1.0 x 10"

°A denotes quaternary ammonium functionalized PHMRSb-PHMA. P denotes sulfonatg@HMA-b-
PSb-PHMA. The IEC (sef able3.1) is the number in the sample name. The last letter of the sample name
is the counter iorfValue for membrane at 95% RH.
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The slope of the change in log conductivity as a function of RH was calculated for
various IEC samples to determine how the ion conductivity in AEMs and PEMs respond to
decreases in hydratioRjgure3.6. For both AEMs and PEMSs, the slope of the log conductivity
versus RH curve decreased with an increase in sample IEC. This data demonstrates that as the
amount of functionalization of the hydrophilicdains was increased, the materials became less
sensitive to hydration. At low IEC, the ionic groups were dispersed within the PS block, and
higher hydration numbers are needed to bridge the ionic species. With higher IEC samples, the
ionic groups were oker together in the ionic domains and the conductive pathways were not as

dependent on high concentrations of water.
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Figure 36. Sensi tivity of change-1.21.62.3H dA) and
A-1.21.7-2.0-CI (A).

To understand conductivity differences between the AEMs and PEMs in addition to the

ion mobility and ion clustering arguments above, the microphase morphologies of the block
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copolymerbased membranes must be considerBlode morphology of the sulfonated and

quaternary ammonium functionalized PHMWPSb-PHMA triblock copolymers were

investigated by SAXSigure3.7.
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Figure 3.7. SAXS patterns of (a) PEMs and (b) AEMs. Arrows indicate primary and

secondary scattering peaks.
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The unfunctionalized polymer did not show any ordering, but peaks were present in the
SAXS patterns for the proton and chloride forms of the functionalized triblock copolymer. The
membranes do not have lerange ordens indicated by the absence of higher order peaks in the
SAXS patterns. The AEMs showed a consistent decrease in interdomain spacing with increasing
DF, but the PEM series did not exhibit a trenthere could be significant kinetic trapping in the
case ofAEMs, which would lower the interdomain spacing with increased functionalization due
to the formation of small phasesThe 38% functionalized sample;186-H, showed a primary
scattering peak at a smaller g value than either of the other PEMs. ThénpthakSAXS pattern
were fit with Gaussian functions, and the interdomain spacings, listéthlite 3.3, were
calculated from the pr i mhrThe infewarain spackg didanotu s i n g
seem to dependnothe type of functionalization; the sulfonated and quaternary ammonium
functionalized samples had similarsgacings. However, the sulfonated membranes were more
ordered than the quaternized membranes, evident from the secondary scattering peh&sHor P
and P1.6-H. The greater disorder in-P6-H may also occur in the AEMs, evident from the
magnitude of peaks. The shift to higher g fe2.B-H may be due to ioion interactions or to the
larger volume fraction of sulfonate group@mpared to styrenmonomer residued§ he scattering
peaks of the PEMs were moneell-defined than the scattering peaks of the AEMs, most likely
due to the greatesolubility parametedifferencebetween hydrophilic and hydrophobic blocks in
sulfonate materials compared tolyoers functionalized with quaternary ammonium cations.
Although no effective solubility parameter measurements exist for quaternary ammonium
tethered moietiesthe phase separation in these types of materials has been more difficult to
detect tharin sufonated materials. Therefore, there could be more phase mixing between the
ionic and hydrophilic domains in the AEMs compared to the distinct phase separation usually

noted for sulfonated PEMs
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Table 3.3. Interdomain spacing for the PHMA-b-PSb-PHMA samples as a function of ion
content.

Sample DF IEC Interdomain spacing
(mol%) (meq-g?) (nm)
A-1.2-CI 28 1.2 39
A-1.7-Cl 42 1.7 34
A-2.0Cl 53 2.0 08
P-1.2-H 27 1.2 35
P-1.6H 38 1.6 39
P-2.3H 61 2.3 31

The phase separated morphology of the triblock copolymer membranes is shown in the
unstained transmission electron micrographsFigure 3.8. Both he PEMs and the AEMs
exhibited disordered spherical morphology, with ions located in the darker phase exterior to the
lighter-colored domains. The spherical domains were approximately 20 nm in size, which
corresponds to the secondary scattering peaks showigure 3.7a. The membranes were not
annealed; previous work attempting thermal and solvent annealing of a similar system was not
successful, likgl due to the high molecular weights of these triblock copolymers and the
presence of ions that impedes polymer motion and greatly increasgoftted ionic phase.

The similar morphology of the PEMs and AEMs shown by TEM and SAXS reveal why
the sulfonated and quaternary ammoniumctionalized triblock copolymers have comparable
D/Dg values. As mentioned earlier, the diffusion coefficients of both mobile, solaateds and
cations were suppressed by the same amount in membranes compared to dilute solution, which is

explained by the analogous morphologies-df.&®H and A1.7-Cl.


















































































































































































































































































































































































































