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ABSTRACT

Anion exchange membranes (AEM) have been studietddoe than @ecaddor potential
applications in low temperature fuel cells and other electrochemical devices. They offer the
advantage of faster reaction kinetics under alkaline conditionstdityg to perform without costly
platinum catalystinherently slow diffusion of ydroxide iors compared to protons is a primary
reason for synthesizirgnd studing the ion transport properti@s AEMs. The aim of this thesis
is to understand ion transq in novel AEMs using Pulse Gradient stimulated Spin Echo Nuclear
Magnetic Resonance technique (PGSE NMR), water uptake, ionic conductivity, ASrghdl X-
ray Scattering (SAXS) etéll experiments were performed under humidified conditionsq8%
relaive humidity) and fuel cell operating temperatures oO8€C. In this work,the NMR tube
designwas modifiedfor humidifying the entire NMR tube evenly from our previous design.

We have developed a new protocol for replacing caustic hydroxide with harfinl@sde
or bicarbonate ions fof’F and**C NMR diffusion experiments. After performing these NMR
experiments, we have obtaineddapth understanding of the morphology linked ion transport in
AEMs. We have obtained the highdktoride self-diffusion coefficient of > 1 x 16 cmé/sec(@
55°C) for ETFEg-PVBTMA membrane which is a result of low tortuosity of 1 obtained for the
membrane. This faster fluoride transport combined with low tortuosity of the membrane resulted
in >100mS/cm hydroxide conductiyifor the membrane.

Polycyclooctene(PCOE) based triblock copolymers are also studied fordepth
understanding of molecular weight, IE@echanicabnd transport properties. Effect mielting
temperatve of PCOE has favorable effemt increasing iowonductivity and lowering activation
energy. Mechanical properties ofee types of membranes westeidied showing detrimental

effect of water plasticization which results in unsuitable mechanical properties



Hydroxide conductivity was studied to measthe effectiveness of AEMs for practical
applications. PP@-PVBTMA membrane showed more than 100mS/cm conductivity and PCOE
based membranes showed ~ 70mS/cm conductivity which is a combined effect of Grotthuss
hopping and vehicular mode of ion transpuaiijch lowers the activation energy to <k#¥mol.

Overall thisthesis sheds light on one of the most important aspect of AEMs: ion/solvent transport,
we have studied effect of membrane chemistry, IEC, morphology, polymer molecular areight
self-diffusion, ionic conductivity to have a better understanding for development of a good AEM

for practical applications.
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CHAPTER 1
INTRODUCTION

This PhD thesigepresents research thata part of darge Multidisciplinary University
Research InitiativéMURI) project whichis taskedvith producing revolutionary, robust, durable,
thin anion exchange membranes with significantly high ionic conductivity for practical devices
such aduel cells. Another objective othe projectis to understandhe chemistry, processing,
morphology and bn transport properties with combined efforts from experimental and
computational scientistszor fuel cell applicationtheUnited State®epartment oEnergy (DOE)
has a set target of 100 mS/cm for hydroxide conductivity and 20n thickness with marea
specific resistance of 0.@2hmcn?.2 One of the ways this can be achievety developing new
membranechemistries,and optimizing the performance foron and water transportSystem
expenses can be reducedrbgintaining hydrationand minimizingstartugshut down operations
in the fuel cell A major part of thid?hD thesisvas to understand ion transport of various cationic
and anionic speciga aqueous solutioandin polymer electrolyte membranexludinga better
understanding fothe morphology of the polymer, by using electrochemistry, solid state NMR
SAXS,andmechanical measurements.

Fuel cells are energy conversiodevices thatconvert chemical energy stored in
chemicals/fuels likehydrogen or methanah electrical energyand heat by electrochemical
conversion One of the main tymeof low temperaturduel cell ispolymer electrolytenembrane
fuel cell. These consists gfoton exchangemembrang PEM) and anion exchange membrane
(AEM) fuel cells(AEMFC). PEMs are widely deeloped and deployed in the commercial market
for many applicationgncludingmaterials handling applicationsackuppowerandtransportation

applications with all major automaketsvelopinguel cell cardor large scale roll out in the near



future PEMfuel cells(PEMFC)currentlyrely on perfluorinategulfonic acid(PFSA)polymer
membraneswch asNafion®, and precious metal catalydtased orplatinum for high power
densities and high efficienciéS.The pice ofthe platinum catalyst i& major factor irthe high
cost ofthe fuel cell stack and the costadatinumis volatiledue tomany factors includingolitical
interestsThe PFSAs still require too much humidification for operation at the temperafutes
car radiator, 9410 °C, making the system larger than desirable. Tkeamental impact of
perfluorinated membranes is also very high becauseaiteeresistant to biological degradatfon
A significant work in PEMFCs is concentrated on reducing the platioacing and increasing
power densities while maintaining lotgrm durability’ These issues are makistpwing the
more widespread commezalization ofPEMFCs for cleaer alternative energy sources.

A schematic of low temperature fuel cells is showfigurel.1, which consist of anode,
cathode and a polymer electrolyte. Fuel @HCHOH) is fed to the anodend oxidant (air or O2)
is fed to the cathode side of the fuel cell. In PEMFCs electrode reactions happen at the
corresponding electrodes (as shown below), the produtéohsl are transported from anode to
cathode through the polymer electrolyte and thextebns are drawn from the outer circuit
producing direct current. In case of AEMFCs the electrode reactions change and raan®©H
move from cathode to anode.

Electrode reactions for PEMFCsusing Hz

Anode: H2Y 2H"+2e

Cathode: .0, + 26 +2H'Y O

Ovenrll: Hx+%OQY #D (Ecen=1.23V at 1 bar, 298.15K)
Electrode reactions for AEMFCs using b

Anode: 2H>+40HY 4,@+4e



Cathode: ©@+2H,0+4eY 4 OH

Overal: 2H+ QY 20 (Eei =123V at 1 bar, 298.15K)

@ (b)

3H, or 3H, or 6e’
[CH,OH + H,0] 1,0, [CH,OH] 1,0, + 3H,0

— -~ — -—
[\ )
° =]
o o
= £
© ©
Q &

6H.0 or
[CO.] 3H,0 [C, + 5H,0]
-~ > -«— —
Proton-Exchange Membrane Alkaline Anion-Exchange Membrane
[PEM] [AAEM]

Figurel.1: A schematic of (a) a proton exchange membrane and (b) an alkaline membrane fuel
cell7, copyright (2005)WILEY -VCH Verlag GmbH & Co. KGaA, Weinheim

1.1 Anion Exchange Membranes

Anion exchange membranes (AEMs) have been an area of research for at least a decade
now. AEMs have applications in electrochemieakrgy conversion daes like fuel cells, for
water desalinatigffor redox flow batteried solar water splitting® electrolysis* fuel cells? etc.
Alkaline fuel cells have also been used for commercial applications starting from NASA Gemini
flights.* 1> AEMFCs offerpotential benefitover PEMFCssuch ashe use of nomoble metal
catalysts antheability to use cheapgmore versatilénydrocarbon basedembranes avoidintpe
use of fluorinated materiald PEMFCs face an issue of methartéd and Q crossovebecause of
electrecosmosis and diffusion. In case of AEMFCs transport of hydroxide occurs from cathode to
anode while water moves from anode to cathode and much of the crossover problems are solved
in AEMFCs. Alkaline environment oAEMFCs allowsuseof nonprecious metal atalysts ike

Iron,*> 8Silver,!’ Cobalt*®, graphen® for oxygen reductioneaction (ORR}hus reducing the cost



of the fuel cell system significantlZathode and anodéletics are much moffacilein analkaline
environment and water management issa@sbe solved by tunirthe properties of the polymer,

to allow for waterdiffusion from the anode where it is produced back to the cathode where it is
consumed* However the current AEMFCs suffer fronmany challenges and thus offer
opportunities for improvemert.One of the main challengegth AEMs is theirdegradatiorin
alkaline environment especially at elevated temperatures. This instability is mainly because of
degradatiorof the quaternary ammonium groups by theleophilicOH- ions via (i) a direct
nucleophilic displacement and/or (i) a Hofmann elimination reaction wadrgdrogens are
present, thus forming a tertiary amine and meth&ibhe OH form of the membrane also gets
converted to bicarbondtarbonate form when exposed ttee 400 ppm ofCO; in the aif?,
researchers have said that this reaction is reversiblé@t Bt AEMs are much more susceptible
for degradation at elevated temperatures.

OH + CQOxz HCOs

OH + HCOs-z COs* + H,0O

Bicarbonate/Carbonate anions represent a weaker base slowing base catalyzed reactions
and are less mobile than hydroxide raising the area specific resistance of the cell.

An industrially applicable AEM should have high hggide conductivity, n electronic
conductivity, high chemical stability, dimensional integrity balanced with appropriate water
uptake and good mechanical integriyfeMs are typically synthézed with polymes which are
covalently bondedo different type of cations Random? 23 or block copolymef chemistries
exist from synthetic point of view/arious chemistries exist to tether casdo the backbone

polymeas from radiation grafting> 2° extended side chain additidhying opening metathesis



polymerization (ROMP%8 based on polystyrene and poly(vinylbenzyl chloritfepore filled

types?® electrospun fibr types3? 3t
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Figure1.2: Schematic of typical degradation pathways for quaternary ammonium catiders un
nucleophilic OH attack?

As there are many choices for polymer backbones, similarly many choices exists for
tethered cations with simpl® ttomplicated multi step chemistry. Choices for cations include
quaternary ammonium cations (e.g. benzyl trimethyl ammonium c&fida)3sulfonium types?
ruthenium metal cations,imidazoliums® phosphonium&’ 38 guanidinium system®: 4°In this
thesiswe will focus on different polynrechemistries tethered withenzyl trimethyl ammonium
cations because of simplicity of synthetic tethering chemistry.

Inherenly hydroxide transpor(5.273 x 1 cn?/sec)is almost 50%slower thanproton

transport (9.30 x 1D cn?/sec) in waterand because othis the performance of AEMFCs is



expected to be lowdor membranes of the same thickness as PEMERBgdroxide conductivities

are lower than corresponding proton conductivities at hydrated conditions and reduce drastically
under relavely drier conditions of operatio@ne of the ways to solve this problem is to increase
theion exchangecapacity(IEC) or number of charged groups in the membrane, which leads to
increased water uptakexcessive swellingand thus weakening omembraneby gelation.
Hydration is equally important for creating water filled continuous channels which facilitate
hydroxide transport by Grotthuss hopping, which has been regorbedfaster than just diffusive
transport In water both proton and hydroxide iomse tranported by structural diffusion
(Grotthuss hopping) in addition to the vehicular proéés$Hydroxide is hyper coordinated by
4.5 water moleculé$while protons are hypocoordinated by only 3 water moleculéshydration
enthalpies being-520 kJ/mol for hydroxide and-1150 kJ/mol for protong® Hydroxide
conductivity of >100mS3cm is required to acleive competitive power densities and some of the
membranes have actually succeeded in reaching this target.

Stability of AEMs is a primgy concern when we want the fuel cells to work d@bieast
5000hrs withstartupand shut down operationshe plymer backbone as well #se cations are
susceptible to undergo degradation under alkaline condit@rganic ations are known to
undergo nucleophilic attack in presence of hydroxide leading to degradation with multiple
byproducts like alcohol, tertiary amine. They can also undergo dehydration reactions to liberating
a water molecule and a tertiary amine. Polymer backbones with ether lirdeaglesown to be
unstable in basic conditions, thus they are avoided in membrane synthesis. Mohanty et.al. has
shown that bylteringthe chain length attached to the quaternary ammonium a much more stable
cation can be obtained comparedthe tetramethylammonium catiot’ Yan et al. recently

reported a stable phosphonium based cation, the stability of this cation was regénddulitky



natureof the cation which prohibits hydroxide attack on the positive P &fd®ecent work by
Marino et. alshowedthat the most stable cation for AEMs imBoniaspiro[5.5]undecane (ASU),
in spite of four readily availabla protons in antiperiplanar position farelimination. The half-
life of ASU cation was 110, compared to 4.1B for benzyl trimethyl ammonium cation under
their accelerated degradation studyhis piperidiniumbased cation demonstratesoth
nucleophilic substitution and elimination in alkaline conditions and aatewemperaturd.he
study also suggests that benzylic carbon atoms are comparatively vulnerable to nucleophilic attack,
especially if electrorwithdrawing substituents are attached to the aromatic ring, whrther
increasereactivity. Electrordonatirg substituents decrease the reactivity of the benzylic group,
but stability remains comparativelgw; thus, benzylic groups should be avoided EMs.*®

To synthesize a well suited ion exchange membranes for a particular application it is
necessary not only to know the main transport characteristics of the menthraaks® to predict
the behavior of these membranes in relatmtheir structural propert&*® Along with stability,
transport properties of the AEMs guest asimportant and not much work has been done in this
area.Transport studied for the benchmark PEM N&fiamembrane have been performed in depth
and are well documented in the literattf@he hase separated nanostructure in N&fidwas
water swollen ionic domains which facilitate water atransportTheyhave been proposed to
be either,cylindrical, lamella, ribbon likejnterconnected sphef@s®?or water pools surrounded
by polymer rod$® 5*Water,ion, and solvent diffusivity in membranes is generally determined
using experimental methods like dynamic vapor sorption (DVS), steatly (SS) diffusion or
permeability pulsefield gradient spirecho (PGSE) nuclear magnetic resonance, and time
resolval Fourier transforninfrared spectroscopy (FTIRPVS,>> % steady state diffusion or

permeability”- *®and time resolved FTRR % measurements amn atime scale of minutes, and



result in concentration drivefickian diffusion coefficients. While diffusion measurements from
PGSE NMR are on the timescale of milliseconds, and they give us an ideapabguer
morphology, restritons in the membranesd tells about effect of hydration on tortuosity of the
membraneWe extract seltiffusion coefficients from PGSE NMR experiments, sbffusion
coefficient is a diffusion coefficient of a species when chemical potential equalsrzaddition
to these transport measurements, ionic conductivity, surface properties by AFM also sheds light
on the morphological structure of the polymer membPaSenall angle Xray scattering (SAXS)
studies confirnmtheeffect of water on polymer channel morphol@impwing presence of lamellar,
cylindrical structureg? 6263

J. Hou et. al. have studied ion and water transport in polyelectrolyte fluoropolymer blend
membranes with addition of tetrabutyl ammonium hydroxide and they have found that the
tortuosity of the membrane & strong function of water uptake and follows a decreasing trend
with increasing water uptake. They were able to correlate the restricted diffusion with their SEM
images and proton conductivity measurements, probing the domain structure and tortuosity
expeienced by the diffusing water molecules. They also used NMRT2Imeasurements to
understand intrinsic features on the scale less than 180hmand T are relaxatiotime constants
related to single loss.iTorresponds to signal intensity loss anddrf signal broadening. In other
words gin-spin lattice relaxation is called as While spinlattice relaxation is called as: T
relaxation and valuable insights can be gained about the pesgtvemt, polymeiion interaction
from these time constant®l. Saito et.al. studied alcohol and pmtmansport in perfluorinated
ionomer membranes using NMR and conductivity measurements. They showed that smaller
alcohols diffuse faster because of smaller molecular size, and the faster diffusing alcohols are

influenced more strongly by the channel stuue of the ionic cluster regions and interaction with



sulfonic acid groups. They concluded that higher proton mobility is achieved by lower molecular
weight alcohof®

Greenbaum et.al. have studied Nafi@omposite membranes which are doped with,SiO
TiOo, or Zr(HPQ)2 and were able to identify 2 different water types in the membrane using NMR.
They also fond that doping negatively affects water transport at lower relative humidity when the
dopants are blocking a water chantfelhey also studied proton, water and phosphoric acid
transport in a phosphoric acid doped polybenzimidazole (PBI) tisimgd3!P solid state NMR.
Theirfindings state that phosphate countergonnterion mobility was irferred to be more than
2 orders ofmagnitude lower that of the protons, which supports a Gretfipgson conduction
mechanism By T: and T relaxation measurements they were able to pthaéeshort range
phosphate motion is more restricted irRBI memlvanes and the other involving an exchange
phenomena between molecules of phosphoric acid and a pyrophosphat® dingrood et. al.
have studied the effect of hydration and sidechain terminaipgron water movement, they
showed that activation energy for water transport is about 50kJ/mol at low levels afb dda ( &
3) because of the restriction caused by the polymer side chains, this high activation comes down
to ~20kJ/mol as hydration is increased and water channels swell and a continuous path for water
transport is created.Li et. al. have studied effect of polymer anisotropy on water transport
properties showing thdaster iontransport is obtained in the direction of stretching of the
membrane, which is resulting into alignment of water charfiels.

The undamental understanding of transport in AEMs is still in its infancy, while transport
of PEMs has been systematically studied for many yeddeser the less we expect some
characteristicsimilarities and differences when comparing the AEM and PEM matétidfs

Investigating the hydroxide form of the AEMs does have some difficulties which are not present



with other aniondike halides, carbonate and bicarbonate or PEMs. The formation of carbonate
and bicarbonatean lower conductivity and fuel cell performance drasticatlyangingthe
electrodereactions The transport and polymer properties \aibobe alterecbecause of bulkier
softernature of theaions. This detrimental effect of G& avoidedunder CQ free condition&
3 or mitigatedby applying an external potential or working at higher operating temperature of
80°C when the carbonate/bicarbonate formation reactions are reversible

Transport propeies of AEMshave been studied/lmany differentnethodsHickner et.al.
studied ion transport, morphologgndconductivity of a series of triblock copolymers to directly
relate the effect of anions and protonspaty(hexyl methacrylateh-poly(styrenejb-poly(hexyl
methacrylatebased AEMs and PEMs. They discovered that conductivity of PEMs was higher
than AEMs butthat theselt-diffusion coefficientsof waterwere similar for both AEMs and
PEMs’4 One more study by the Hickner et. al. group talks about understanding proton and
hydroxide transport in @hloromethylated polymer with a polysulfone backbombey have
studied water permeability, water diffusion and hydroxicnductivity to have a better
undestanding of ion transport. Polysulfone based AEWiewedlower conductivity and water
diffusion compared to Nafiéh which is attributed to the loweself-diffusion coefficient of
hydroxide ions andhe weak basicity of quaternary anemium cationg® Vandiver et.al. have
studied water transport in perfluorinated 3M ionomer nramés showing effect of restriction on
water movement in the membrane showing difference in ion and water transport
mechanism$3Kreuer et. al. have stigtl water andanion (OH, HCOs , F, CI, Br, and 1)
transport ina modelpoly(arylene etherAEM. Water uptake was found to be very high in this
membranei(=100) which made it possible for them to measure water and anion diffusion at very

high water fractions. Their results show that ionic transport follows structural diffusion for OH
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Halide conductivity was found to increase with decreasing ionic 3ilzey proved that ion
dissociation and relative humidity also affects the ionic transport andmarhology’*

Alam et.al.took advantage of higtesolution magic angle spinning (HRMAS) combined
with 2D exchange NOESY and pulse field gradient (PFG) NM&haracterize 1M methanol and
water transport in AEMs. They were able to separate effects from free and associated methanol
and water molecules ithe polymer environment proving slower transport of the associated
species® Volkov et.al. have studied water and fluoride iomgort in the anion exchange
membranes and resins using an aqueous solutiddHaHF x HF, understanding effect of
crosslinking on transport propertié’s.

The literature for AEMransport is very limited witlvater and methanol transpsttdies
The literature severely lacks ion transport of halides like fluoride, other anions like bicarbonate
and solents like methanol and water in AEMdolecular weight has a pronounced effect on ion
transport properties, whidtas not been looked at in detfaithe past. Effect of changing humidity
is also not well studied for AEMs, as most of the conductivity nreasents are carried out in
water, which is not a true metric for gauging conductivity. According to widely accepted testing
standards, humidified environments offer much more realistic conductivity and other transport
measurements.

Even though synthesizingf new and stable chemistries and cations is important from
development point of view, t equally important to study and understand ion and water transport
in anion exchange membranes afu@ction of hydration, ion type and solveype. Thus we
propose to study ion/solvent transport in novel AEMs with quaternary ammonium cations
as a function ofanion, polymer chemistry, water hydration, molecular weightto understand

ion-polymer interactions, water swelling, morphologicalchangeswhich will lead to better

11



understanding of AEM ion transport and better conductivity performance.The information

obtained from ion transport properties will shed light on transport mechanisms, tortuosity

and S/V ratio of the polymer pores.The type of ion and morphology hastgect consequences

on conductivityandwater uptake of the membrane, and tbaguel cell performancéd-ollowing

objectives were tested to understand ion transport in alkaline anion exchange membranes:

1.

Identifying highly condative quaternary ammonium tan based on small molecule

ion transport studies using experiments and theoretical simulations

Understand membrane morpholagyd ion transpomtsing fluoride, which is an ideal
replacement for hydroxide iomsoiding caustic effects of hydroxide

Study he effect of changing ions, solvent on the transport properties of each species in
a thin, mechanically robust AEM

Study hydroxide transport in AEMs for understanding ion transport mechanisms
Study mechanical, ion and water transport properties of a PR43Ed triblock
copolymers and understnhe effect of meltingemperature and water activity on

various properties of the membrane

This thesis focuses amderstanding ion and water transport using state of treoluit

stateNMR technique along with ioa conductivity, morphology and mechaaicharacterization

for fuel cell applications. Chapter 2 included the experimental procedure for measuring ionic

conductivity, solid state NMRexperiments mechanical characterization, Small angleax

spectroscopyprocedure, water uptake etc. Chapteisgussesransport of quaternary ammonium

cations and anions in aqueous solution for finding highly stable and highly conductive cation for

AEM applications. Chapterdescribegluoride ion transport in 2 of the dely studied membranes

one from Sandia National Labs and another from University of Sumnelywe report a low
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tortuosity membraneChapter Bnvestigateson transport in a diblock copolymer synthesized from
Polypherylene oxide and poly(vinppenzyl) chloide, where we report very high hydroxide
conductivity under fully humidified conditions. Chaptec@ntrastsluoride, bicarbonate, water

and methanol transport in a polyethylene based block copolymer membrane using solid state NMR
experiments. Chapter &scribes ionic transport, water diffusion and mechanical properties of a
PCOE basettiblock copolymer which undergoes melting transitidrout 58C, we examine how

each of the property changes as a function of water coi@bapter 8 is the concludingagbter

summarizinghework and giving directions for future work.
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CHAPTER 2
EXPERIMENTAL METHODS
This chapter discusses the different experimental tqaba used in this thesis.

2.1lonic conductivity measurements iraqueoussolution

A double walled watejacketed electrochemical cell from BASi was used for the aqueous
conductivity measurements. The electrode system consisted of two gold electrodes and an
Ag/AgCl reference electrode. The distance between the two electrodes was maintained constant at
9.3 mm. An inert Argon gas blanket was maintained above the solution to avoid contact with
atmospheric C® Electrochemical impedance spectroscopy measuremengscarried out using
a Gamry Potentiostat Refereng@0. The measurements were carried out at 25, 45, 65 agd 79
Impedance spectra were recorded from 0.2 Hz to 0.1 MHz. The amplitude was 10mV. TMA
hydroxide, TEA hydroxide, TBA hydroxide, BMA hydroxidea@&TBP hydroxide were purchased
from Sigma Aldrich (USA) and used as recei Vvec

ultrahigh purity (UHP) argon to remove dissolvedCO

-
Figure 2.1: Schematic of thexperimental setup showing the working, counter and reference
electrode and external water jacket
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Cell constant calculations
Conductivity of a solution was calculated by the following equation,

(K (2.1)
R

whereR is the measured solution resistance Enthe cell constant, was calculated based on the

standard conductivity measurements done on [aIrK&! solution’®

2.2 lon exchangecapacity (IEC)

lon exchange capacity was measured by Mohr titrations. Membranes were vacuum dried
and weighed before starting the expmnts. Afterwards membranes were soaked in 1M NacCl
solution for 24 hrs. After this step, membranes were washed thoroughly and soaked in 30ml 1M
NaNG;s for 48 hrs for chloride ions to leach out in the solution. The Nadtlution was titrated
against 0.0092 AgNO3 solution with KCrOs indicator to a permanent red colored end point.
Based on this, total amount of chloride in the solution was calculated and it was divided by the dry

weight of the membrane to get the lon Exchange Capacity (IEC).

2.3 lonic conductivity measurements for AEMs

In plane Conductivity wameasured by electrochemical impedance spectroscopy using a
4 electrode setup. Following equation was used for calculations,

5= | (2.2
Rwit

where | is the length of the membrane, R is the resistance, w is the width of the membrane and t is
the thickness of the membrane. Impedance spectra were obtained over a wide range of frequency,
from 0.5 MHz till 0.2 Hz using a 16 channel VMR®tentiostat from Bio Logic Scientific

InstrumentsMembrane amples were equilibrated in a Test Equity Oven (Model 1007H) at a
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given temperature and humidity. All halides and bicarbonate conductivity was negasuhis

oven. For hydroxide conductivity measurementss itrucial to avoid atmospheric ¢@nd thus
equilibration for hydroxide conductivity samples was done in a modified BekkTech cell. For this
measurement, a BekkTech fuel cell testing stand wadiffred to incorporate the 4 probe
conductivity cell. The wet gas was produced by passingHify N> gas through a heated humidity
bottle from Fuel cell technologieslumidity in the sealed cell was controlled by supplying a
mixture of dry and wet gas wiiavas controlled by 2 mass flow controllet9Q0SCCM MKS,
Andover, MA) and heated gas lines. Humidity was measured by a humidity probe (Vaisala HMT
337, Boulder, CO) fitted inside of the custom built oven. Oven, gas transfer lines, humidity bottle
were dl temperature controlled by external heaters. All temperature and humidity setpoints were
controlled by the LabView software with homebuilt feedback control systémsamples were
soaked in 1M NaOH solution in a G®ee glove box and were washed falalys using DI water
being changed every 24 hrs. The washed membrane were loaded in a modified BekkPéah cell
glove box and the cell was moved to the BekkTech setup for measurements, gai?vs used

with temperature (360°C) and humidity (~95%) for measuring the true hydroxide conductivity.
Upper limit of hydroxide conductivity measurement was fixed to06tb mask the accelerated

degradation of the polymer membrane.

2.4 PulseGradient stimulated Echo Nuclear MagneticResonance (PGSENMR)

The techniqa of PGE&-NMR has been used for studying the diffusion coefficients for long
time now. With the advancement of NMR, stronger resolutions of magnets and newer pulse
sequences, we are able to calcubhagg precision measurements of tedf-diffusion coefficients.

The measurement of translational diffusion of species provides -@astructive, direct and

natural probe of the dynamics of the solutfdfRulse field gradient spin echo is a convenient
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method of measuring the diffusion coeféint of the tetralkyl ammonium cations, fluoricanions,
methanol, water and bicarbonate ions. This type of measurement can be accurately correlated to
the conductivity of that species by Nerkishstein Equation. Here we have used PGSER coll
for carrying out these measurements. Cation transport was studied by synthesizing the quaternary

ammonium cations which haveé3g label on them.
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Figure2.2: Stimulated spin echo sequence with pulse field graslie(t)*

The experiments were carried out using a Bruker AVANCEIII NMR spectrometer and
400MHz ¢H frequency) wide bore Magnex magnid. (400MHz), *3C (100.48 MHz) and®F
(376.02 MHz) diffusion measurements were made using a 5 mm BrukeraxigyRIFF60L Z
di ffusion probe. The 90A pulse |l ength was on
0-500 G/cm, which was incremented in 16 steps. The maximum value of the gradient was chosen
such that the signal decays to 93% of the origiadle. The Bruker TopSpin software package
was used to control the spectrometer and to analyze the data.

d6. o (2.3)
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where S is the signal amplitudes i s t he gyromagnetic ratio, G
|l ength of gradient pulse (1 ms) and @ is the
® is the time between pulses which | ooks a
time scales. Inthe caseofgdl i on based system the diffusion i
will not have any effect on the value of diffusion coefficient. While in case of membrane systems,
the increasing gives decreasing diffusion coefficients, a phenomena that charactesiésed
diffusion.
The experiment is usually performed by changing one of the experimental variables (i.e.,
ad, @ or G). Here we have changed G. Stimul ate
pulses as drawn in tHeégure22The second "~/ 2 rf pulse flips t
the longitudinal direction where it decays with the longitudinal relaxation tinjeAfter the so
calledzs t or a g e ,them@agnetizatioh is rgralleditoh e t ransverse pl ane
rf pulse, where it forms the stimulated spin echo (STE). A magnetization phase label introduced
by the field gradients i n t hepulperissppeservedtduriogn i nt
the zstorageintera| and r ef oc us e pulsaduringthe raadisernBlhi rd ~/ 2 r
Membranes in specific ionic form were rolled in a cylindrical shape and carefully stuffed
in a 5mm NMR tube, water reservoir was maintained at the bottom and top of the measbrane
shown inFigure2.3. The NMR tube was equilibrated at’8and 95% RH in the Test Equity oven
for 12-24 h before sealing by methane torch. For maintaining 80% RH samples were equilibrated
at 30C and 80% RH irthe test equity oven and the water reservoirs at the bottom and top of the
membrane were replaced by saturated solution of)ISiu.
Mi t r a 6 s® veasg initsally ideveloped for closely packed spherical particles, but its

widely applied in the polymer membranes and porous media andBysigce to Volume ratio
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(S/V) of the pore can be calculated by applyingtthe equation of diffusion to time dependent

diffusion experiment&?

v .
O w O p ——= 0OY 24
where Dy is the unrestricted diffusion coefficient, S/V is the surface to volume ratio of the polymer
pore,§ is the diffusion time, and [g( is the diffusion coefficient at a particulr.

D(g) visWY is plotted and slope and intercept values are obtaine@doesponds to

intercept while S/V is calculated from the above equation for getting theipernaformation for

the membranes.
/\ﬁ_ Sealed glass by methane torch

«— Capillary filled with water

M~

<€— Spacer with voids for water vapor

E— Membrane
Spacer with voids for water vapor
Glass capillary as spacer
DI water

Figure2.3: Schematic of a typical NMR tube for diffusion experiments

2.5 Water uptake measurements

Water uptake (o) was measured usiug,®vSa Dy n a
advantage from Surface Measurements Systems Ltd. The number of water molecules per

guaternary ammonium group (|l ambda &) was <cal c
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controlledN2 gas and noting the change in weight of the membrane. Thielityaimas raised and
lowered in a step size of 20% each time. The membrane was allowed to equilibrate for 2h at each
humidity before noting the final weight of the membrane. A small membrane sardar(§)

was kept on a weighing pan and change in weiglg measured gravimetrically under different
humidity conditions. Humidity was cycled twice from 0% to 95% in steps of 20% interval, to get

reliable dataEqg. (2.5) and(2.6) wereused o cal cul at e @&.

) 2.5
WaterUptale(wu) = 1= ~ Thy (2.5)

ry
; ZN(H,0) _ WU*1000 (2.6)
n(NR) ~ 18*IEC

2.6 Mechanical characterization of AEMs

Mechanical testing of samples was performed by extensional rheometer tool. Extensional
testing was performed on a Sentmanat Extensional Rheometer(Zg&)sion Instruments,
Tallmadge, OH) fixture on an ARES G2 rheometer (TA Instruments, New Castle, DE). The SER
tool consists of 2 counter rotagidrums, one of the drums is attached to a motor at the bottom and
other drum is attached to a transducer at the top of the instruiembrane samples (~ 25mm x
3mm) are clamped to the two drums and tension is applied until the membranes break. SER drums
were modified by fitting clamps with silicone rubber to prevent slippage of membranes. Films
were tested at Hencky strain rates thatespond toASTM D882 12, for tensile testing of thin
plastic sheeting, but rates were modified to account for the constant sample loading distance
inherent to the SER fixture. Hencky strain rate is decided based on elongation of the samples,
which was moe than 100% in this case and thus a Hencky strain rate of ®\8assused. A
measurements were performed in a custom built humidity oven at®80°C and 25and95%

Relative humidity conditions, such that we can capture the effect of the transitiparature. The

20



oven has a swinging door with 2 openings at top and bottom to accommodate the SER tool.
Humidity was controlled by supplying a mixture of dry and wet gas which was controlled by 2
mass flow controllersl0,000 SCCM, MKS 1179A, Andover, MANnd heated gas lines. Humidity

was measured by a humidity probe (Vaisala HMT 337, Boulder, CO) fitted inside of the custom
built oven. Oven, gas transfer lines, humidity bottle were all temperature controlled by external
heaters. All temperature and huntydsetpoing were controlled by the LabVIEbftware with

homebuilt feedback control system. Details about the custom built instrument can be folfad here.

2.7 Small Angle X-ray Scattering under temperature and humidity control

Small angle Xray scattering was performed at Advanced Photon Source at Argonne
national laboratory, Argonne, IL. We used the beamlinédDtB which is fitted with a SAXS and
WAXS area detector. The energy ofrXys was fixed at 14 keV. A custom built huntydi
controlled oven was used to control temperature and humidity in the oven. Humidity in the oven
was maintained by mixing dry and wet §&s by 2 mass flow controllers (MKS Mas® RS485
controller). Wet gas was made by passing dsygas through a hurity bottle mairained at a
certain temperatur@-uel cell technologiednc.) and humidity in the oven was measured by a
humidity probe(Vaisala HMT 337, Boulder, CO$AXS spectra were collected at dry; 2875
95% RH and 6TC. Samples were equilibrateat each humidity for sufficient time before

collecting spectra.
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CHAPTER 3
INSIGHTS INTO THE TRANSPORT OF AQUEOUS QATERNARY AMMONIUM
CATIONS: A COMBINEDEXPERIMENTAL AND COMPUTATIONAL STUDY
This chapter is modified from a paper published in
Journal d Physical Chemistry B
Himanshu N. Sarod® Gerrick E. Lindberg} Yuan Yand! Lisa E. Felbergd,Gregory A.

Voth®* and Andrew M. Herring

3.1 Abstract

This study focuses on understanding the relative effects of ammonium substituent groups
(we  primarily ®©nsider tetramethylammonium,  benzyltrimethylammonium, and
tetraethylammonium cations) and anion species (BIBOs, COs%, CI and F) on ion transport
by combining experimental and computational approaches. We characterize transport
experimentally usingonic conductivity and seldliffusion coefficients measured from NMR.
These experimental results are interpreted using simulation methods to describe the transport of
these cations and anions considering the effects of counter ion. It is particularlpmioyetivat
we directly probe cation and anion diffusion with pulsed gradiéintulated echo NMR and
molecular dynamics simulations, corroborating these methods and providing a direct link between
atomic resolution simulations and macroscale experimentpaBing diffusion measurements

and simulations with residence times we were able to understand théantefween short time

! Reprinted with permission of tliurnal of Physical Chemistry B014), 118, 1363-1372
2Primary author and reseashfequal contribution)

3Primary author and researchédual contribution)

4 Co-author, NMR spectroscopist

5 Co-author, undergraduate researcher

8 Author for correspondence, University of Chicago

7 Author for correspondence, Advisor
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and longtime dynamics with ionic conductivity. With experimente wetermine that solutions of
benzyltrimethylammonium hydrade have the highest ionic conductivity (0.26 S/cm at 65°C),
which appears to be due to differences for the ions in long time diffusion and short time water

caging. We also examined the effect of Céh ionic conductivity in ammonium hydroxide
solutions. © readily reacts with OHto form HCGQ, and is found to lower the solution ionic

conductivity by almost 50%.

3.2 Introduction

Quaternary ammonium cations4(R) are important in medicirf€; 2batteries’” alkaline
anion exchange membrariés'#ionic liquids8 polymerizable surfactar#sand phase transfer
catalyst$° The quaternary ammonium cations with short alkyl side chamsighly soluble in
water, but lengthening the alkyl chain or changing the composition can increase the hydrophobicity.
There is a lack of fundamental understanding of various technologically important quaternary
ammonium cations in nedilute aqueous sdlions with anions such as hydroxide or carbonate,
relevant to emerging electrochemical anion exchange membrane (AEM) applications such as fuel
cells and electrolyzef®: % Considerable experimental and theordtefforts have been devoted
to studying the structure, thermodynamics and properties of these cations with halide
counterion$3% Similar studies have been performed with small acids like sulphonic acid,
phosphort acid, trifluoromethanesulfonic acid, which arnenportant for proton exchange
membranes used in fuel celfs?”- %The hydrophilic nature of the cations in the presence of Cl
and Br was studied by Koga anaworker$® showing the proclivity btetramethyl ammonium
(TMA) and tetraethyl ammonium (TEA) toward wat€he literature is conflicting in that there is
evidence for clathratbke hydration shells aroungsN*,1% but other work claims that4® near

ammonium is no different from pure®.10+103
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In addition to the properties of these ammonium ions in water it is also interesting to
consider the effect of these cations on anions in solution. Notably, AEM fuel cells commonly rely
on quaternary ammonium®® 194 105and quaternary phosphonitim!®: 1%’pased electrolyte
membranes to facilitate hydroxide transport from the cathode to the #nadeen evaluating
materials for AEM fuel cells it is common to substitute less caustic anions for hydroxide, e.g.
halides!?® tetrafluoroboraté; or bicarbonate/carbonat®’ Taking into account the weknown
fact that the ion effects of anions are stronger than those by cations in the Hofmeister fahkings,
also motivates changing the anions surrounding the cations. There are additionally tvtantmpo
reasons why anions other than hydroxide are convenient: hydroxide reacts detrimentally with most
ammonium cations leading to degradation of the cHttolt?and hydroxide rapidly reacts with
CO, establishig equilibrium between hydroxide, bicarbonate, and carbonate. For this reason there
is only a limited set of quality data for hydroxide conductivity in AE®IS® Therefore, it is
essential to study ion transpaevith various counter anions to understand the properties of these
systems and to correlate hydroxide transport with transport of more convenient, less reactive
anions.

Previous studies have reported the solvation and transport properties of quaternary
ammaium cations:!® Friedman and coworkers developed a cosphere overlap model, which fits
ammonium ioAon pair interaction to deduce thermodynamic and structural properties of
tetraalkyl ammonium halidé$® 11° These models fit an interaction potential derived from
statistical mechanics approximations to experimental thermodynamic data. While transport
properties cannot be obtained from this model, they do explore therrmoidypeoperties like

excess volume, structure and heat capacity.
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Many studies have either ignored the effects of the counter ion on quaternary ammonium
cation transport properties or studied ammonium halides, which misses the important issue of the
effect & ammonium cations on hydroxide transport. Schmidt, Brown and Williams sttftNed
chemical shifts for various saturated aqueous solutions of amimanth ammoniurbased
compounds and showed that N and NHCI have indistinguishable chemical shifts, b
chemical shift NHOH is distinct}!® They then suggested that TMA with Gt Br is distinct from
TMA hydroxide based on thEN NMR shifts, but they were unable to obtain definitive restdfts.
Babiaczyk and coworkers germed simulations of quaternary ammonium cations to understand
the hydration structure and hydropathicity of these cafidfibese simulations include a single
guaternay ammonium ion, so they considered a low concentration. The interactions between ion
pairs, which are expected to be important at finite concentrations, were beyond the scope of their
study. Schipper and Kassapidou studied the diffusion of TMA in presehe@rious counter
ions!’ They found that the measured diffusive transport behavior of TMA appears similar to
sodium and lithium, but when the counter anion is varied, TMA ddfuss found to change
significantly. While the primary goal of their study was to demonstrate that polymethacrylic acid
can serve as a simplified model for DNA, they also showed that the diffusion of TMA is
significantly affected by the aniomhis adds @ our motivation to study various quaternary
ammonium cations in presence of different anions.

For this study we have primarily studied tetramethyl ammonium (TMA), tetraethyl
ammonium (TEA) and benzyltrimethyl ammonium (BMAFidure 3.1), but we have also
considered tetrapropyl ammonium (TPA), tetrabutyl ammonium (TBA) and tetrabutyl

phosphonium (TBP).
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Figure 3.1: A snapshot of three of the ammonium cations considered and the electr
potential

The discussion here is limited to aqueous environments at concentrations between 0.28 and
1.39 M and temperatures between 28 8 C because of solubility and stability concerns with
guaternary ammonium cations in presence of hydroxide at elevated temperatures. Transport

properties of cations (quaternary ammonium) and anion$ll@®s, CO;> and F were measured
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in this study wih PGSTENMR, conductivity and computational techniques. The diffusion of
fluoride is particularly useful because of it is close in size to hydrd%id&Notably this work
directly links experiments and simutat, validating the simulation methodology, so that we are

able to relate microscopic behavior of the system to macroscopic observables.

3.3 Methods

3.3.1Experimental details
Materials

TMA hydroxide, TEA hydroxide, TBA hydroxide, BMA hydroxide and TBP hydroxide
were purchased from Sigma Aldrich (USA) and used as recéf@dabeled methyl iodide was
purchased from Cambridge Isotopes laboratories (USA). TMA hydroxide and TBA hydroxide
were purchased in solid form, while the remaining ammonium and phosphoniuoxidgdrwere
purchased in aqueous solution. Fluoride salts of TMA, TEA and BMA were purchased from Sigma
Al drich (USA) and used without purification.
purity (UHP) argon to remove dissolved €0
Synthesis bthe 1°C labeled tetraalkyl ammonium cations

The®*C labeled methyl iodide was reacted with a trialkyl amine in tetrahydrofuran (THF)
at room temperature. The reaction scheme for the synthesis of labeled cations is Savemia
3.1. A white precipitate was formed by adding ethanol and washed, following a procedure
described elsewhefé® The resulting salts were dissolved in water and passed through an anion
exchange resin column to conwvénem to the hydroxide form. The resulting solutions were
rotavaporized under vacuum to achieve a final concentration of 0.9Bévtoncentrated solutions
were put in a 5mm NMR tube to perform tH€ PGSTE NMR diffusion experiments. For this

study the mines used were trimethyl, triethyl, tripropyl, benzyl dimethyl, and tributylamine.
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BCH,0H + HI —2C oy 13011 + 1,0

R R
THF/EtOH
BCH;I + R—N R——N*—"3CHj
24 Hrs |
R R |
R [ R i
Ton Exchange
R—N*—"3CHj,4 R—N*"—"3CH,4
R I R OH-

Scheme3.1: The reaction scheme employed for the synthesid®flabeled quaternan
ammonium cations

The effect of CQon conductivity was studied for each cation by passing UHRI@Gugh
0.92 M solutions until saturated. After the resulting solutions equilibratécawitthey were used
for the conductivity and carbonate/bicarbonate measurements. The carbonate/bicarbonate
composition was determined by performing titrations with dilute HCI. The solutions were left in
contact with air and the bicarbonate/carbonate eafnation was measured after various intervals
of time. After 48 h the results showed that there was little change in the carbonate/bicarbonate
concentration (less than 5%). Thus we concluded that the carbonate/bicarbonate ratio is stable over
the time ofour experiments.
Cell constant calculations

Conductivity of a solution was calculated by the following equation

(K (3.1)
R
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whereR is the measured cell resistance &dhe cell constant, was calculated based on
the standard conductivity measurements done on 1 molal KCI sofgition.
Conductivity experimental setup

A double walled watejacketed electrochemical cell from BASi was used for the
conductivity measurements. The electrode system consisted of two gold electrodes and an
Ag/AgCl reference electrode. The distance betwbernwo electrodes was maintained constant at
9.3 mm. An inert argon gas blanket was maintained above the solution to avoid contact with
atmospheric C@ Electrochemical impedance spectroscopy measurements were carried out using
a Gamry Potentiostat Refeim=600. The measurements were carried out at 25, 45, 65 a@d 79
Impedance spectra were recorded from 0.2 Hz to 0.1 MHz. The amplitude was 10mV.
Self diffusion coefficient measurements

Selt-diffusion coefficients of the cation$3C) and anionsfF) were determined with a
pulsed field gradient stimulated echo (PGSTE) NMR technique. The diffusion comstavds

determined by fitting the measured data to the Stej3kainer equatior°

. . ~ (3.2)
—exit gorarlp. I50°
e ¢ 3+
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whereSi s t he signal amplituGes dhesgthdi ggt omag

|l ength of gradient pulse (1 ms) and @ is the
The experiments were carried out using a Bruker AVANCEIII NMR spectrometer and

400MHz ¢H frequency) wide bore Magnex magn€C (100.48 MHz) and®F (376.02 MHz)

diffusion measurements were made using a 5 mm Bruker samgeDIFF60L Zdiffusion probe.

The 90A pulse length was on the ms@@ING/cof 5 €5

which was incremented in 16 steps. The maximum value of the gradient was chosen such that the
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signal decays to 93% of the original value. The Bruker TopSpin software package was used to

control the spectrometer and to analyze the data.
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Figure3.2: A plot of the experimental points and the line obtained byfjtthose points to thi

StejscalTanner equation. This yields a sdlffusion constant of 0.58 x f0cn?/sec for BMA
chloride at 25°C

When the time between pul ses, m®, i's compartr
system, the measured diffusion coefficient i s
environments, like membranes or porous media, or in systems with long detcamréimes, like
gl asses) . Since @ is much | onger than any of
solutions, the diffusion coefficient iIs not e:

di fferent val ues eard fogqnd $inilar valu€sAor they deasargdi ddfusion
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coefficient Figure3.3) . Thus, for all of the measurements

be 20 ms.

3.3.2Simulation Details
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Figure3_.3 : Thediffusion coefficientof TPAas a f unct i on withahydrdkifleu si on
counterion

The ammonium cations and chloride were simulated with molecular dynamics (MD) using
the generalized amber force field (GARE) GAFF has been used previously for the simulation
of ammonium ion$® Partial charges for the ammonium were determined using the restrained
electrostatic potential method as implemented in the Antechamber paékdg&water was
modeled using the SPB# potentiaft?* All fluoride results shown in this paper employ the model
developed by Jensen and Jorgeri$ebut we also tested the fluoride model developed for use
with SPC/E water by dmg and Cheathalt? and found statistically similar results. The starting
MD configurations were prepared by evenly placing 100 ammonium cations in a box and hydrating
such that the nun@p of water molecules added is equal to the number of water molecules required

to obtain the desired concentration plus one water molecule for each anion. Next, the water
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molecule closest to a particular ammonium nitrogen atom was replaced with an anion.

Configurations were then energy minimized for 10,000 steps, to removeeimeghy
interactions between molecules. The minimized structure was annealed at 226.85°C (500 K) for
500 ps in the constant NVT ensemble (constant number of atoms, volume andhterapelhe
temperature was then ramped down to 25°C in 1 ns, saving configurations at 50, 45, 35 and 25°C.
The equilibrium density for each temperature was then obtained by simulating in the constant NPT
ensemble (constant number of atoms, pressureeamgetrature) for 10 ns. The last 5 ns of these
simulations were used to determine the average density. The volume was set to achieve the
equilibrium density and ran for 2 ns in the constant NVT ensemble and then starting configurations
were obtained from thlast 1 ns. Each of these configurations was then simulated for 5 ns in the
constant NVE ensemble (constant number of atoms, volume and energy) for the calculation of
properties. Simulations were performed using the Amber11 simulation p&ckesjienplemented
for both CPUs and graphics processing units (GPUS).

We use residence times todemstand the effect of each ion on short time dynamics. The
residence time is defined in this work as the time that a pair of atoms reside within the first
solvation shell, where the first solvation shell is determined from the calculated radial destributi
function. We consider catieanion, catiorwater, anioAwater and watewater pairs, where the
cation position is taken as the nitrogen atom and the water position is the oxygen atom. In order to
account for spurious effects resulting from an atom tearpp moving outside the cutoff, but not
fully entering the bulk, we employ the allowance time approach used by Impey, Madden and
McDonald?® A 2 ps allowance time is used to neglect these rattling effects for the calculation of

caion-anion, catiorwater and aniomvater residence times. Radial distribution functions, mean
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Figure3.4 : Experimental onductivity of TMA (a),BMA (b), TEA (c), TBA (d) andTBP (e) in
hydroxide form as a function of temperature and concentration (0.28a¢Ky, 0.92 M fed)

and 1.39 M BBlue)). The conductivity without C@(circles) and with CQ(triangles) is shown
for TMA (black), BMA (red),TEA (blue) andTBA (orange) in (f)

squared displacements and radii of gyration were calculated using Antechamber analy$fs tools.
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3.4 Results
3.4.1Conductivity of quaternary ammonium hydroxides

Figure 3.4 (a)(e) show the temperature and concentration dependence of the
experimentally measured conductivity of TMA, BMA, TEA, TBA and TBP with a hydroxide
counterion. The measurements gearried out at 25, 45, 65 and®@9

The highest conductivity is observed with BMA which is 0.26 S/cm at 65°C. The alkyl
ammonium solutions show a drop in conductivity from TMA to TBA. The one phosphononium
based cation tested results in the lowesdactivities. In general an Arrhenius dependence on

temperature is observed and a clear trend is seen in activation efiably3(1). As the alkyl
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substituent chains are extended, the activation energy increases. BMA, despdehalargest
conductivity, has activation energy between TMA and TEA, and TBP has significantly larger
activation energy than the other cations considered. Conductivity curves are not identical for every
cation because of differences in cation size,sva® solvation. The classical Kohlrausch law
describing the independent migration of ions at infinite dilution cannot be reliably applied here
because of the concentration. In these-ditute systems at approximately molar concentrations,
there is signitant interaction between anions and cations and these interactions effect ion motion
through the solution. As the size of the cation increases the water molecules in the first solvation
shell of the cations become more transient, due to weaker eleatrog&tctions. To test if long

lived clathratdike water structures are caging the cations we plotted cation diffusion verse inverse
radius of gyration for four cation&igure 3.6) and found a linear relationship. Therefore dee

not see evidence of lodtyed clathratdlike water structures surrounding the cations. The caging

is not a uniform effect for the cations considered. The differences arise from the very different
electrostatic surfaces, which can be seen on the inghigure 3.1. Both TMA and TEA are
essentially spherical, but TEA is larger. BMA however has a relatively nonpolar benzyl group

extruding from the electrostatic isosurface, making BMA like an amphiphile.

Table3.1: Experimental activation energy for ionic conductivity for each cation withadB.92
M.

Cation Activation energy (kJ/mol)
TMA 3.40t1.24

TEA 5.70£1.26

TBA 8.13t0.77

TBP 10.26t4.56

BMA 5.01+1.50
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Figure3.1 shows snapshots of the solvation structure and electrostatic field of TMA, BMA
and TEA. All three of the cations have an essentially spherical electrostatic field, but the TEA is
significantly larger than BMA and TMA. Theebzyl ring on BMA is shown to stick outside the
isoelectric surface, while all atoms in TMA and TEA are within the isoelectric surface. The
representative snapshot of BMA hydration shows that water molecules prefer the methyl groups
and not the benzyl grpuwhile hydrating waters are found all around TMA and TEA.
3.4.2Effect of CO2 on conductivity

CO, readily reacts with hydroxide to form bicarbonate and in aqueous solution will reach
equilibrium with carbonate. To quantify the effect of £@nh conductivity wemeasured the
conductivity of 0.92 M TMA, BMA, TEA and TBA hydroxide solutions before and after sparging
with CO, (Figure3.4 (f)). There is a significant decrease in the observed conductivity withI€CO
is interesting to noténait the decrease is cation and anion dependent. The ratio of conductivity with
CO, to without CQ is 2.1+0.2, 2.7+0.6, 2.9+0.2 and 3.9+0.8 for TMA, BMA, TEA and TBA,
respectively (averaged over the four temperatures considered). The different effegbof&a0h
cation results in the highest observed conductivity with @@urring in the TMA solution, while
the highest conductivity without GQvas observed in the BMA solution. This conductivity is a
combined effect of catieanion interaction and migrat in the solution. Bicarbonate and
carbonate ion conductivity is almost one fourth that of hydroxide, which is one of the causes of
this decreased conductivity.

The cause of the drop in conductivity at 79°C for BMA and TBA hydroxide solutions is
unknown.Initially we thought this maybe due to ion degradation processes, but comparisons of
1D proton NMR measurements before and after the conductivity experiment do not show any signs

of degradation.
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3.4.3Self-diffusion coefficients

The seltdiffusion of various species was determined via PGSNIFIR and MD
simulations. Since we are interested in understanding ionic conductivity in these systems we
consider the seffiffusion coefficients of both cations and anions. Additionally we are interested
in species that pmit direct comparison of experiment and theory, so we selédtthbeled

ammonium cations and fluorid€f) anions.
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Figure3.5: ExperimentaDi f f usi on coef ficients of TN\

5, TPA (green 0), andformBahand anloridenfgre(b)d) i n hydr c
Figure3.5 shows the experimental PGSNBMR diffusion coefficient of the ammonium

cations with hydroxide ahchloride anions. SeMiffusion coefficients were found to strongly

correlate with the size of the cation. For the ammonium cations with alkane substituents (all but

BMA), cation diffusion is found to scale with the mass of the cation. Despite beingh&MA

is found to diffuse faster than the TEA, which is attributed to the differences in charge distribution

and the resulting solvation of BMA and TEAigure 3.1). Changing the counterion from
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hydroxide to chloride weakly ihfences cation diffusivity. Generally the sdlffusion
coefficients are slightly higher for the chloride counterion than hydroxide, which is likely due to

the different solvation of chloride when compared to hydroxide.
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Figure3.6: Variation of the sétdiffusion coefficient Table3.3) with inverse ofradius of gyration

for each cation (j showing that reducing Rncreases selfiffusion coefficient.The line is
intended onlya guide the eye.

Table3.2: Comparison of the activation energies of cation diffusion estimated from the simulated
and experimental results with-@bunter anions

Simulation (kJ/mol) Experiment (kJ/mol)
TMA 14.9+0.3 17.3+1.0
BMA 15.7+0.2 176 +1.0
TEA 14.0+ 3.0 18.0+1.0
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Table 3.3: The table compares the sdiffusion coefficients for each cation at 25°C with ClI
counter anions

Cation Radius D (10°cm?/sec) D (10°cm?/sec)
of Gyration (A) Infinite dilution 0.92 M

TMA 1.90 1.19€ 0.945

TEA 2.57 0.86& 0.647

BMA 2.82 0.92P 0.588

TBA 3.8 0.519 0.325

aFromBabiaczyk and cowerker, "From CRC HandbodR®

The experimental values acquired in this study at 0.92 M are compared with the self
diffusion coefficients at infinite dition as reported in the literatur€gble 3.2). It is notable that
the slight differences due to the presence of different anions and the large differences due to
changing the concentratiomgble3.3) suggest that ions at 0.92 M do not migrate independently.
This indicates that the NerrBinstein relationship between conductivities and diffusion
coefficients will not be valid. To test this we calculated the conductivity using the Ngnssein
equation® from the known cation diffusion coefficient and a hydroxide diffusibA®3of 5.30 x
10° cn/sec. For the 0.92 M solution of TMA hydroxide we used the NéEmsitein equation to
calculate a conductivity of 0.21 S/cm. Thus the NeHisstein equation cannot be applied in
solutions with a high concentration is high (whereimminteractions déct each other). We also
used DebydHuckelOnsager theofy* and found that the estimated conductivity is 0.12 S/cm,
which is very close to the measured value and much closer than the-Bieststn equation.

Exact information about these calculations ba found in the supplemental dakagure3.7 and

Figure 3.8 compare the diffusion coefficients obtained from PGSR experiments
and MD simulationsFigure3.7 shows the diffusion coefficients of TMA, BMA and TEA with a
chloride counter anion. Both methods indicate that TMA diffuses fastest, followed by BMA and

TEA.
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Figure3.8 compares fluoride diffusion in solution with each cation. Fluoride diffusion is
found, independent of method, to be fastest in the TMA solution and to be similar in the BMA and
TEA solutions.Figure3.9 shows a comparms of BMA seltdiffusion coefficients with chloride,
fluoride and hydroxide.

We also attempted to measure the diffusiot?@flabeled carbonate and bicarbonate using
PGSTENMR. When the carbon atoms in carbonate or bicarbonate are present individually the
show the expected chemical shifts, but when they coexist in a solution they appear as a single
NMR peak. Thus we were unable to discern the individualdsiilfsion coefficients of carbonate
and bicarbonate.

We approximated the activation energy forfukfon of each cation by fitting cation
diffusion to the Arrhenius equatioigble3.2). The activation energy has minimal dependence on
the cation. The simulated and experimental activation energies are in the same rangé&rget the
error makeshe trends difficult to compare.

The diffusion coefficients from experiment and simulation are generally in good agreement.
For the cation diffusion coefficients, the TMA experimental results agree very well with the
simulations. For bét experiment and simulation, BMA and TEA are similar and within the error
of each other at many temperatures, but experiment does indicate that BMA is faster, while
simulation indicates TEA is faster. If this difference is real, and not just an artiftdoet efror in
the data, it can be attributed to using a generalized force field for the cations, instead of one
specially designed for these solutions and the slightly different m&sg tdbeled TEA, which

has one ethyl group replaced with a methyl grou
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For the anion diffusion coefficients, the simulation results are found to be 10% to 25%
smaller than experimeniko test if this discrepancy results from the Jensen and Jorgensen fluoride
model being poorly suited for simulation with these cations we also tested a model parameterized
by Joung and Cheatham for use in biomolecular simulatf8i$ie Joung and Cheatham model
behaved similarly (not shown) to the Jensen and Jorgensen model. Since the discrepancy occurs
in multiple models, we expect that a new fluoride model would need to be develegpditaiy
for this type of system. However, the general level of agreement between experiment and theory
validates the GAFF force field and permits the screening of cations without the burden of first

parameterizing a force field.
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constants are 10% to 25% smaller than experiment
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3.4.4Residence time

As discussed previously, the NeriShstein equation does happly to these systems
because of interactions between the ions. We therefore used residence time as a way to understand
ion-ion and ionwater interactions. The average residence times calculated from MD simulations
are shown irFigure3.10. In Figure3.10 (a) the aniorwater residence time is seen to very weakly
depend on the cation present. This indicates that the cation has only a weak effect on the solvation
of the anionFigure 3.10 (b) shows the residence time for the cat@omon pair. TMA has the
longestlived ion pair, while BMA and TEA are very simildfigure 3.10 (c) shows the cation
water residence time. BMA results in the shortiestd waker-cation pair, followed by TMA and
TEA, showing that water molecules remain around TEA about one ps longer than BMA. This is
also reflected in the watavater residence times shown kigure 3.10 (d), where watewater

residencdimes are longest in the TEA solution. This provides some rationale for the discrepancy
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between the observed conductivities and diffusivities. Since the pairing of these ions with the water

molecules around them is different, we expect them to be traadgbrough solution differently.
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Figure3.10: The calculated residence times of various important pairs in the solutions with TMA
(black), BMA (red) and TEA (blue)

3.4.5Structure and solvation of ammonium @ations

The mean radius of gyration was calculated from the simulations to be 1.90, 2.57 and 2.82
A for TMA, TEA and BMA, respectively. These values were determined at 25°C, but the radius
of gyration is constant across the temperatures considered hesge Vhlues are in good
agreement with 1.93 and 2.53 A for TMA and TEA as determined by Babiaczyk and co®rkers.

Additionally a number of radial distribution functions and integrated coordination numbers
were calculatedFigure 3.11 (a) shows the oxygen in water to nitrogen in ammonium radial
distribution functims and coordination numbers. TMA has a tall first peak, with small peaks

farther out. The BMA radial distribution function is similar, with slightly reduced magnitude in

44



the first peak. It appears that the benzyl group in BMA serves to exclude watepfpomaching

in that region,
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Figure 3.11: Effect of cation on the atomic solvation structure is shown by comparing radial
distribution functions (g(r)) and integrated coordination numbers (NC). In pandis (&) the
effect of TMA (black), BMA (red) and TEA (blue) are compared for nitrogen and oxygen atoms
(a), fluoride and nitrogen atoms (b) and fluoride and fluoride ions (c). In panel (d), the g(r) and
NC are shown for fluoride setfoordination in the psence of TMA at 25°C (blue), 35°C (green),
45°C (orange) and 50°C (red) demonstrating the weak temperature dependence
but generally does not affect solvation around the methyl groups. TEA solvation is distinctly
different than TMA and BMA thoughFigure 3.11 (b) shows the fluorida@itrogen radial
distribution functions and coordination numbers. As for nitregater, TMA is found to have the
largest magnitude first peak and BMA is found to have similar but reduced struemues

3.11(c) and (d) show fluoriddluoride radial distribution functions and coordination numbers.

Figure3.11 (c) shows that the cations have minimal effect on the solvation of fluoride, which is in
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line with Figure 3.10(a). Figure 3.11 (d) shows each temperature considered for BMA.
Temperature has the expected effect, but it is minimal over this small temperature range.

There are other exaples in the literature where aqueous solution studies have been used
to help understand materials for fuel cells. Pivovar et. al, have studied quaternary ammonium
cations in presence of hydroxide experimentétl{?® and by DFT calculation:! Schuster et. al.
have studied similar anionic systems with long chain to mimic their nature in proton exchange
menbrane fuel cell$¥” The direct connection of experiment and molecular theory validates the
results and provides moldau insight into the macroscopic observations. For example, there is a
wide range of cations proposed for use in anion exchange fuel cells, but often initial
characterization occurs in membranes where the backbone membrane material, morphology and
membrangreparation methodology, counter ions and temperature can all have unknown effects.
The methodology in this paper cannot replace testing in more realistic environments, but it does
permit a first pass scheme to understand the relative effects of diféatgons on local water
structure and anion transport. We have shown how short and long time dynamics appear to support
the use of BMA over the other cations tested. The fluoride ion diffusion measurement approach
can be further extended to study membnaroephology and ion transport in AEMs without the

caustic effects of hydroxide anions.

3.5Conclusions

In this work, we have investigated the transport and solvation of quaternary ammonium
cations and various counter anions in aqueous solutions experimamallyy simulation. The
ionic conductivity was measured with and without C@/e demonstrated that G@epresses
conductivity by more than 50%, but the specific trends are not transferable between different

cations. We showed that Nerfisihstein and DebyelickelOnasager equations poorly relate the
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conductivity in these solutions to experimental -sififusion coefficients, which suggests that
diffusion coefficients measurements are insufficient to understand the observed conductivity. The
NernstEinstein ad DebyeHuckelOnasager theories of conductivity were developed for dilute
systems, thus they fail when applied to these highly concentrated solutions. To solve this problem
we paired diffusion measurements with residence times to understand the irietplegn short

time and long time dynamics with ionic conductivity. Of the cations studied, solutions with BMA
are the most conductive. We were able to use the simulatedhi@n residence times to show that
BMA and water molecules form the shortkged contact pair. This helps to explain the increased
conductivity of the BMA cation compared to the other cations studied here, suggesting that BMA

is better suited for AEMs compared to TMA or TEA.
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CHAPTER 4
UNDERSTANDING ANION EXCHANGE MEMBRANE ION TRANSPORT USING
FLUORIDE SELFDIFFUSION
This chapter will discuss the feasibility of fluoride ions as a possible probe for

understanding ion transportamion exchange membranes.

4.1 Introduction

AEM fuel cellsare still in their early stageof testing and are open fonviestigation.
Unfortunately AEMs suffer from many challenging issues like degradation of cations, conversion
to bicarbonate form when expast® CQ, long term stability issues, inherently slower transport
of OH ions. A possible workaround for increasing ion transport is by increasing concentration of
charged moieties, but that increases water sorption in the membrane leading to loss mtaiecha
integrity of the film.Crosslinking has shown to be a good way to address the excess swelling
issuel® Research efforts usually focus on creating new chemistries and newer cations for
facilitating faster ion transport but less attention is given to understanding the effect of polymer
morphology structure on its ion transporting propertigfius itis important to investigate how
polymer morphology, synthesis techniques, casting methods affect the polymer morphology and
ion transport in the solid membrane.

Commonly usedon conducting polymers arusually perfluorinated® 3 or aromatic
backbone polymerS: % One class of AEMs that has been found to have consistent and
desirable properties are synthesized grafting of cationic factional groups on to preformed
polymer sheets, taking advantagenwdterial properties of commercially available polymer films.
Radiation grafted AEMs based on poly(ethyleogetrafluoroethylene) [ETFE] films were the

first membraes formed by thisynthetic method to demonstrate promising conductivities while
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maintaining good mechanical characteristt®Hibbs has shown dbée poly(phenylene) based
anion exchange membranes with quaternary ammonium c&tfobey have separated the
quaternary ammonium group with a six carlspacerchain? for added flexibility ad stability.
The membrane had a conductivity of 17.4 mS/cm at room temperature in its chloride form, while
the ETFE grafted membrane had a room temperature conductivity ah8Icm in its carbonate
form. These conductivity values are very good for raemperature conditions and thus we
decided to study these membranes further. Also previously published SAXS results on both of
these membranes had failed to show any characteristic morphological féattivesich led to
classifying of these membranes in the amorphous membrane category, thus we decided to study
these membranes ftluoride iontransport and morphological properties using state of the art solid
state NMR technique.

To understand ion transportimp y mer el ectr ol yte membranes
substitute the caustic hydroxide ions with halides. Inwlugk we have exchanged the membrane
with fluoride ions, which have similar size to that of the hydroxide ion*¥aducleus is NMR
active inits native form. In this work we have reported sbffusion of fluoride ions occurring in
the membrane which gives us the idea about morphology and ion transport. We have exchanged
the existing halide (Cbr Br) form of the membrane t6 form to takeadvantage of the NMR
active!®F nuclei. Fand OHions have almost same ionic size thus making it an ideal replacement.
Also the mechanism of fluoride ion transport is vehicular compared to reactive transport of

hydroxide, thus making it ideal for perfomg MD simulations.

4.2 Experimental

The ETFEg-PVBTMA[CI] membrane was synthesized as described previously by

Varcoe el. al. at University of SurréyThe membrane had a thickness of ~ 80 micron and IEC of
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1.8 meg/gm. The TMAC6PP[Brmembrane was synthesized by Michael R. Hibbs at Sandia
National Labortoryl* This membrane had an IEC of 2.42meg/gm. The membranes were
exchanged to fluoride form by immersing in a solution of 2.5M Benzyl trimethyl ammonium
fluoride for 10 days ira pressure bomb which was main&dnat 500 psi using nitroge8elf
diffusion coefficients of anion$%) were determined with a pulsed fejradient stimulated echo
(PGE) NMR techmgue. The diffusion coefficients wedetermined by fitting th measwed data

to the Stejskalanner equatior°

é. 6 h Y o ~ (41)
> 8- expe 0°G20*3p- I8
C - é ¢ 3+
where gis the signalmp | i t ude, 2 is the gyromagnetic rat.

l ength of gradient pulse (1 ms) and @ is the

®_~ e
r

TMACG6PP, IEC- 2.42 meg/gm ETFEQ-PVBTMA, IEC - 1.8 meg/gm
Figure4.1 : Chemical structure and IEC for each of the AEM studied in this work
The experiments were carried out using a Bruker AVANCE 1l NMR spectrometer and
400MHz {H frequency) wide bore Magnex magn¥E (376.02MHz) diffusion measurements
were made using 5 mm Bruker singlaxis DIFF60L Zdiffusion probe. The 90° pulse length was
on t he or de ngeoffradent strength wakl@0 G/am, which was incremented in
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16 steps. The maximum value of the gradient was chosen such that the signatdeqdgtely.
The Bruker TopSpin software package was used to control the spectrometer and to analyze the
data.Figure2.3 shows the schematic of the NMR tube showing the actual arrangement. The tube

was maintained at saturated hdity conditions by a water reservoir at the bottom of it.

In plane Conductivity wameasured by electrochemical impedance spectroscopy using a

4 electrode setup. Following equation was used for calculations,
| (4.2

Wherel is the length of the membrarfjs the resistancey is the width of the membrane anhid

the thickness of the membrane. Impedaneetsp were obtained over a wide range of frequency,
from 0.5 MHz till 0.2 Hz using a 16 channel VMP3 potentiostat from Bio Logic Scientific
Instruments. Samples were equilibrated in a Test Equity Oven (Model 1007H) at a given
temperature and humidity.

Wateupa k e (&) was mMDganscwaperdsorptieni(DVE) apparatus, DVS
advantage from Surface Measurements Systems Tiié number of water molecules per
guaternary ammonium group (lambda) was <cal cul ated gravimetric
cortrolled nitrogen gas and noting the change in weight of the membrane. A small membrane
sample (310 mg) was kept on a weighing pan and change in weight was measured gravimetrically
under different humidity conditions. Humidity was cycled twice from 0%58b $n steps of 20%

interval. Eq.(4.3)and(44) wer e used to calcul ate a&.

- 4.3
WaterUptale(wu) = virr ™ Thry (*3)

ry
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, _N(H,0) _WU*1000 (4.4)
n(NR) 18*IEC

4 .3 Results and Discussion

The inplane hydroxide conductivity in ETF§&PVBTMA film was seen to be unusually
high (112 mS/cm @ 6C), for a film with a modest IEC afa. 2 meq ¢.*® Because the protons
in OH will exchage with water (reactive transport) it is not easy to study the diffusion of hydroxide
in agueous systems, and so we chose to investigate flouride diffusion as it is isirsifa to
hydroxide, as wexpect to learradditional insights into ion transpdudr this AEM. The selt
diffusion of fluoride ions in theETFE-g-PVBTMA membrane Figure 4.2, b) showedthat the
diffusion is not #ected byvaryingdiffusion times(q). This suggests that the movement of anions

is not confinedand ions have higher degree of freedom for diffusion.
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Figure4.2: Self Diffusion of Fluoride ions through the membrane at 100% RH as aduraft
di f fusi oa&  TMACERE (b EPJEE®VBTMA

If the mean squared displacement offhiens is shorti.e., short diffusion time, compared
to the space available for diffusioions do noencounter the wall effects. As the diffussion time

increasesthe restrictions of the solid wall of @hchannel becomes more effectifio ionic
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diffusion. At longer diffusion times the diffusion coefficient reaches a constant (2d)evhich

is no longer time dependeonsidefO j O w h e rraflecisthedegree obtructuredortuousty

of diffusion patexhibited by a sprecific diffusion pathways which is evaluated by the ratig of D
overDrh.For o >thedi@fudiomss not time limitedndwe can assum®g-= 2 o sls. The
calculated tortuosityalue close td indicatesstraightionic channels. The hypothesis of straight
ionic channels is compatible with the fabrication method of this AEM-bgasn normal to the
polymer sheetdemonstrating possible advantage of functionalizing membranesavitebeam

grafting method in the through plane direction.
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Figure 4.3 Mean squared displacements for fluoride ions as a function of diffusion(&jne
Polyphenylene based AEM (b) ETFE based AEM

Since the gadient is only applied in z direction, displacement of fluoride ions can be
calculated using <z= 2Dt’® It is evident from that as we increase the diffusion time, the total
displacement goes on increasing fairly linearly showing a low restriction in the channels of the
membrane Kigure 4.3). Higher slope of the lines for tiagure4.3 (b) membrane is a result of

higher diffusion coefficient. Certain ionic liquids have shown similar unrestricted behavior in
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extruded Nafiofi 117 (N117)}*3 Ex for fluoride self-diffusion atp=1 00 ms was cal cul a
the temperature from 3G to 55C. Theobtainedactivation energyalue of 17.36 kinol? is

comparable to the activation egg of in-plane conductivity of membraneshti form andwater

diffusion in Nafion®E N117.% Surface to Volume ratio (S/V) of the cylindrical pore can be
calculated by applying the Mitra equation of diffusion to time dependent diffusion experfihents.

It was found that the S/ V r atliwih temperaiure.sThisl ar ge |
variability was accounted for the deviation from Mitra equation which is valid only for small
diffusiontimes wh en t he i mdentke cuhataré drtoreuosity@fuhe membrane channel

As stated earlier the network of cavities and the tortuous path of the channel are responsible for

the exact value ofedf-diffusion of fluoride ions.

Table4.1: Summary of some key findings for the two membranes

SIV Water uptake Tortuosity Activation energy
(1 nrh) @ 60C Lambda (kJ/mol)
Polyphenylend TMAC6PP) | 0.0620.067 4.8 1.2 18.0
ETFE Based AEM 0.0120.042 3.2 ~1 17.4

3flyoride form,’chloride form#*°, “from diffusion data

Theself-diffusion of fluoride ionsfor TMACE6PP membrand={gure4.2 a) showed that the
diffusion is affected byvaryingdiffusion timegg). Compared to ETHg-PVBTMA membrane
the diffusion is 38% slower at 30 and shows presence of tortuous path, thus infering that the
movement of anions is confined in the channéle calculated tortuosityalue of1.2 indicates
presence of tortuous ator ion transportk, for fluoride self-diffusionwas calculated using the
temperature from 3@ to 55C. Theobtainedactivation energyalue of 18 kJholis comparable
to the activation engy of in-plane conductivity of membranes @H form andwaterdiffusion

in Nafion®E N117.1% It was found that the S/V ratio ranges frod062 to 0.067 it with
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temperature. As stated earlier the network of cavities and theusrfpath of the channel are
responsible for the exact value effsdiffusion of fluoride ions.

Activation energy for fluoride diffusions in some of the previously studied
styren/divinylbenzene based anion exchange membranes and resins ranges38oki aoit
while in contact with NHF x HF solutior!.” We report activtion energies of 18 kJ rhah our
work under humidified conditions. Favourable morphology like low tortuosity and hydrated
conditions present in the membrane might be favoring this lower activation energy. Lower polarity
of water molecules compared to highly polar HF might be anothaeometor this reduced
activation energy.

Percentage water uptake is around 20% respectively for TMAC6PP membrane which
corresponds to a lambda of 4.8. This water uptake valogves than liquidphase water uptake
measurementsl26%) for similar IEC membmael* ETFE-g-PVBTMA has amodeate water
uptake of 6.2% at 3C and 10.4% at @C, corresponding to lambda equal to 1.9 and 3.2
respectivelyand usually the gas phase water uptalas found to be lower than the liquid phase
water uptake which is reported to be 4€8hower water uptake is known to maintain dimensional
stability for the membrane. Increasing IEC leads to increasing ion concentration and charge on the
polymer which leads to excess water uptake leading to dilutiocharge and reduction in
conductivity which is masked here by this lower water uptake.

Overall analysing the S/V ratio for the 2 polymers shows that relative pore size is bigger
for the ETFEgQ-PVBTMA which is resulting in higher self diffusion and low tiawsity. We
suspect that the flexible six carbon chain in the TMACG6PP is facilitating ion transport without
compomising on the water swelling in the membra@enductivity of both the membranes is

shown in
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Figure4.4 as a function of temperature at 95% relative humidity (RH), conductivity ranges
from 849 mS/cm from 3TC to 90C with an activation energy of 18#0.5 kJ/mol (5690°C)
for TMACG6PP. These values are lower than previously reported value of 17.snmaSfoom
temperature, which were performed in watérOur experience says that usually conductivity
values in water are higher compared to humidified environment. For HHEBTMA
membrane conductivity varies in the range of6E3mS/cm with an activation energy of 137
1.4 kJ/mol (5890°C). Obtained activation energies are lower than some of the AEM litefature.
33, 109 Even thoughlEC of this grafted membrane is lower the conductivity is higher than
TMACG6PP because of the ordered morphology of the films which have resulted in relatively low
tortuous paths for ion transport. Activation energy difference between NMR and conductivity

measurement can be explained by different activation processes of the 2 methods.
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Figure4.4: lonic Conductivity of TMAC6PP and ETF§&PVBTMA membranes in fluoride form
@ 95%RH activation energies for (580°C)
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4.4 Conclusion

In this work we have successfully pioneered and demonstrated use of fluoride ions as a
possible replacement for hydroxide ions for understanding ion transport and morphology. The ion
transport properties of a polyphenylene based AEM aitiT&i based AEM were studied in this
work, fluoride diffusion was found to be slower in polyphenylene based AEM by 38% compared
to ETFE based membrane, proving that membrane morphology plays an equally important role as
IEC for iontransportThe ebeam gafting synthesis technique resultstire formation of straight,
low tortuosity paths in the ETFgEPVBTMA AEM, shown by the constant saliffusion
coefficient values oF ions in the AEM, measured over a range of diffusion tifias.tortuosity
was calalated to be ~1 for the ETFEPVBTMA AEM. Small angle Xray scatteringhas not
shown any such structural features in the nanometer scale for§&PMBTMA membrane. Low
swelling properties of the membrane are advantageous from fuel cell applicationfpoew.

Lower tortuosity of around 1 has facilitated faster ion transport in EFPEBTMA membrane.
Mitradbs equation analysis for the diffusion d
0.067 and 0.01:R.042 T m for polyphenylene based AEM anBTFEg-PVBTMA AEM

respectively. Relatively wider and less tortuous channels of EFFEBTMA membrane have

ensued faster ion diffusion and ion conductivity proving that morphology is very important along

with stable cations.
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CHAPTER 5
ION TRANSPORT INA CHEMICALLY STABLE ANION EXCHANGE MEMBRANE,
POLY (2,6:DIMETHYL -1,4PHENYLENE OXIDE)b-
POLY(VINYLBENZYL TRIMETHYLAMMONIUM)
This chaptediscusses transport properties in a novel AEM and reports exceptionally high

hydroxide conductivity.

5.1 Introduction

AEMs act as the anieconducting electrolyte in alkaline fuel cells. An ideal AEM should
have high ionic conductivity for sufficient powentput and minimal resistance lo$satisfactory
chemical stability to operate under an alkaline environif&aind good thermal and mechanical
properties tendurefuel cell operating conditiorst the desirable operating temperature of %30
with low inlet RH12 *®Intensive efforts have been made to study AEMs with aromatic backbones
such as polysulfon¥/14° poly(2,6-dimethyt1,4-phenylene oxide) (PPGY**® and poly(ether
ether ketoné¥*. These aromatic backbones were chosen due to their high treerdedemical
stability, good mechanical properties, anatstanding film forming abilitiesPPO is a versatile
aromaticpolymer, which can advantageously be used as a precursor in the preparatiof®éf graft
and random copolymers as studied by previous researchers for Affibhgipns!®® 152156 15T he
high glass transition temperature, high mechanical and hydrolytic stability are some of the
promising properties of PPO for fuel cel® Among these aromatic backbones, PPO was found
to be favorable in the fabrication of AEMs due to its higher alkaline stability stemming from the
absence of strong electravithdrawing groups.

Most of the previously reported chemistries concentrate on functionalizing PPO by

bromination or chlorination; howeven, this study we have kept PPO as a hydrophobic block and
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quaternized theoly(vinyl benzyl chloride) PVBC) block for hydroxide ion conductiof?® A
series  of diblock copolymers of poly(2;8imethyt1,4-phenyleneoxide)}b-
poly(vinylbenzyltrimethylammonium) (PRO-PVBTMA) were designed and synthesizédr
AEM applicationst*® A PVBC block was attached at thend of the PPO block followed by
quaternization of the PVBC block, avoiding bromination of the PROk We have observed
inconsistency in alkaline conductivity in olaboratory experiments foAEMs when the native
bromide formof the membrane®n exchanged to OHorms thus avoiding bromination was a
intelligent step in the synthesis of the abawentioned AEMArges et. alhave recently observed
that the membrane becomes chemically and mechanically unstable in the presence of
unguaternizedromide in membrandsecause fits electron withdrawing effe¢f® A series of

thin, robust, crosinked PPGb-PVBTMA,; with 12 different compositions, were synthesized and
melt pressed® The two AEMs with highest IEC were selected for further study in detail based
on their high ionic conductivity and stabilitylemonstrated by survivingnder an alkaline
environment for at least two weeks (one week in Qribr to experimers). Figure5.1 shows the
general structure of the polymer and its physical appearance after melt proc&ssingn
transport mechanisms in these two AEMs have been studied asiogonductivity, water uptake

and waterndfluoride diffusionexperiments

5.2 Experimental

The diblock copolymer powder, vacuum dried for 12h, was prekdsed between heated
platens lined withTeflon sheet at 240°C for atotal of 40 min; the first 20 min without applying
pressurdo allow for the fredlow of the material and theamother20 min withan applied load of

15,00017,000psig. The membrane was then soaked in 25wit%tethyl amine TMA) solution
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for 24 h for thequaternization reactioto be completedMembranes were exchanged to other

anionic formsfor further studies.

Colorado School of M
1500 Ilinois Street
) Golden, CO 8040
K4
e v

(1) (2) B8
Figure 5.1: PPOb-PVBTMAICI] (1) schematic of the polymer structure (2) melt pressed

membrane (photo taken by Yating Yang), Membrane A and Membrane B werdsiithi IEC
of 3.2 and 2.9mmol/gm

The membrane was soaked in 1 M NaRG@® 24 h, rinsed with DI watervacuum dried
at room temperature for 12 h to exchanget€ HCG;. The OH in the membrane reacts with
ambient CQ when exposed to air and ion exobga to OH requires the use o CO; free
environment? %°The membrane was soaked in 1M KOH solution for 24 h, rinsed wgtina
degassed DI water untieutralpH, andthenambient dried ira CO; free glovebox undera N2
environment. The membrane was loaded and shielded four probeconductivity cell, and
transferred tahe experimental setup ia N2 environment forthe conductivity measurements.
Conversion tahe fluoride form of the membrane was achieu®sdsoaking the membrane in ~
3.5M benzyltrimethyl ammonium fluoride solution for 3 days at room temperature and 500 psig

pressure in a pressurized reactor (Parr Instrumieigis pressure compact reactor).
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5.3 Calculation of fluoride conductivity based on Nernst Einstein equation

TheNernst Einsteirequation $,

r - ta0 1a0 (51)
VEV .
where F is Faradayods constant ,D:&dD aethelcationg a s

and anion diffusion coefficients; and z are the cation and anion chaedt andt are the
number of cations and anions per unit formula. It can be modified for the case of AEMs where
only anions are diffusing thrgi,

O £ 40 (5.2
¥ VRV
For this case with fluoridself-diffusionin AEMs, p; & p;and T=323.15 K.
Using Danio= 4.04 x 10 m?s (fluoride seHdiffusion coefficient at 50C for Membrane B

¥ woeuvnmn 81 mT & 88 € a
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5.4 Results and Discussion

A higher concentration of hydrophilic group provides a better ionic conductivity for the
membrangbut, the excessive dimensidrewelling reduces the mechanical strengthe PPCGb-
PVBC diblock cepolymer powder was used as a base materighéamembrane preparation. Melt
pressing of the powder diblock copolymer enhanced thermad-linagng that reduced théEC
but increasedne mechanical stability of the membrane. The temperature of 240°Chassn
based on the meltingmperatures observed from D&@iding degradation at the same titfe

Varcoeet al. have mentioned that an intrinsic conductivity value of 50 mS/cm or more is required
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for many electrochemicalapplicatons!®! For the PP@-PVBTMA membrane in Clor air
exposed OHform, the ionic conductivityaslower than 50 mS/cm at temperature lower than
50°C at 95%RH. However, for the QHhe ionic conductivity was ~ 100 mS/cm fdembrane

A and~63 mS/cm forMembrane B even at 30°C and 95%RHg(re 5.2). Several research
publications lAve reported high OHtonductivity in AEMs mostly idiquid wateft®%1%4 but have
failed to reportit in relatively drier condition®r even in saturated galSigure 5.4 shows the
conductvity as a function of changing humidity and it can be seen that even atrdafive
humidity we are able to get > 30mS/amionicconductivity. The air exposed membrane shows a
drastic drop in conductivity which is a result of conversiom@O; or CQs* and thus follows
HCOs conductivity closelyThe higher ionic conductivity for the Ottas due to smaller size and
higher mobility of OHcompared td~, CI, HCO; or CQs* as well as the ability of OHio follow
Grotthuss hopping mechanisive studied Fconductivity and found that it is much lower than
the OH conductivity, this is because #ansport is only governed by vehicular mechanism of ion
transport whileOH- has an additional mechanism of lon Transpalied as Grotthuss hopping or
structuraldiffusion. The presence of Grotthuss hopping mechanism ofi©&lsoconfirmed by
the lower activation energy (-1 kJ/mol for OH conductivity compared to the Fof 20-25
kJ/mol for BO selt-diffusion (Table5.1). One more @ason for the high conductivity is attributed
to the higher IEC and cro$isked membrane nrphologywhich is able to retain water in the
membrane giving compldiewater filled channels for transpoRigure5.2 also shows the f@c
conductivity of other forms of the membrane, namely chloride, bicarbcaradéuoride. These
seem to be governed by the ionic size of each of the @nible conductivity is plotted on an
Arrhenius plot and a small curvature can be seen for the ctivithutrend which is an effect of

increasing water content of the membranes with increasing tempetugehollow squares in
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the Figure5.2 show the air exposed Oldonductivity for membrane A. And it follows a curved
trend o the log plot following bicarbonate conductivity closely. This measured conductivity is a
result of combined conductivity of carbonate and bicarbonate which is formed in the membrane as
a result of air exposure. We calculated fluoride conductivity usiadNernst Einstein equation
(black closed circles) and the sdiffusion coefficients shown ifigure5.5 (c). We see that the
calculated fluoride conductivity is over predicted by almost 26% &E50he Nernst Einstein
equationassumes 100% dissociation of the cation anion pair, but this is not true considering the
weak basic nature of the quaternary ammonium catMasno et. al. report full dissociation at

high water activity'! but in our case the water uptake is limited by the 95% relative humidity and

t hus we donot achi eve full di ssoci ati on.
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Figure 5.2: Conductivty of Membrane A(left) and membrane B(right) under 95% relative
humidity,OH" (Y), the OHair exposed4), HCOs (6),CI'( ),F(0),F( 6 ) cal cul at-ed fr o
Einstein

Figure5.3 shows the hydroxide conductivity over ast 8000 minutes which is almost

5% days. The membrane was in hydroxide form for 5 days before starting of the experiment for
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conversion to and complete washing of the excess hydroxide ions, thus we can say that membrane
was stable for almost 12 days wittegligible loss in conductivity. This is a result of the
crosslinking in the membrane which is shielding the quaternary ammonium cations from
hydroxide attack and lack of bromide ions in the polytA@ur internal lab experience says that
membranes in bromide form tend to degrade at a much faster rate compared to chloride form. This

is one more reason for the extended stability of this membra
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Figure5.3: OH conductivity (membrane A) at 8C and 95%RH ainder UHP N environment
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Table5.1: Activation energy (Ea) of anions and water in the membrane

Species Membrane A Membrane B

H-0O 249+ 120 202+1.4

OH- 9.6 £3.2¢ 13.583.1¢

F - 148+0.9 20504
Cl 179+ 1.2 182+ 0.9

HCO3 16.3+13 192+ 08¢

¢ from conductivity,”" from seltdiffusion NMR experiment

Figure5.5 shows the wateand fluoride ion transport as a function of temperature and
diffusion time. (a) and (b) show the water diffusion for membrane A and B. We have used a 2
component fit model for the Gaussian decay data to obtain 2 diffusion coefficients one for free
water ad another for bound water.

We represent the polymer bound water in the albogere5.5. It can be seen that water
diffusion is much higher for membrane A which has shown higher hydroxide conductivity. The
water diffusion coeftient increases rapidly for membrane A with temperature compared to
membrane B, and thus the activation energy for water diffusion is higher for membrane A (24.9
v/s 20.2 kJ/mol). Membrane A has a water diffusion coefficient which approaches alnffost 1/3
that of free water (2.3 x I0cn¥/sec at 2%C) at 53C which results in a much higher ionic
conductivity. Tortuosity of Membrane A and B was 1.8 and 1.3 respectively as calculated from
Mi trads equation anal ysis, bedasauesultofmorePR/BG i nki |
content, compared to membrane B.

In order to verify the Grotthuss hopping mechanism in,@té F self-diffusion coefficient
was measured. TheyBf the F ions ~15 kJ/mol from seliffusion and ~21 kJ/mol from F
conductiviy measurements indicated that themas transported by vehicular mechanism. The
comparable Efor F and HO from PGSENMR (Table5.1) indicates the presence of vehicular

transport mechanism for both® and F. The F conductivty and seHdiffusion are a strong
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function of dissociation of From the cationic group inthe membraidi t r ads equati on

was applied to membrane B to calculate tortuosity of 1.2 for the membrdfie B.
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Figure5.5 : Water sekldiffusion coefficients for (a) Membrane(B) Membrane B and (c) F
seltdiffusion for membrane B; respectively membrane measured usingNRAESunder
saturated environment as a function of temper
equation
Figure5.7 shows wateuptake for the 2 membranes, we can see that the water uptake is

not much different for the 2 membranes, reaching a lambda of 9 and 12 for membrane A and

membrane B respectively. Higher amount of PVBC for membrane A has resulted in higher degree
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of crossinking which is helping in lowering the water uptake compared to membrane B. Compared
to poly(ethyleneiminéf and polyisoprerté based crosslinked membranes water uptake- 2180

lower and thus it helps in maintaining mechanical integrity of the film as well. Only four water
molecules are required to hydrataydroxide ion completelyand the membranes hold more than

four molecules until 60%RH, this is resulting in > 10mS/cm conductivity even for drier humidity

conditiors.
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For major part bthe SAXS spectraFigure 5.8) is featureless without any long range
ordering. The spectra has a shoulder around 04054nd 2 features develop with addition of
water around 0.35 and 0.86', these correspond to smaller donsaimthe range of 1.8 to 1.1 nm,
which can be because of the water filled channels present in the men@iuster. network model
developed for Nafioh showsl nm size structures for ion transpéttand this can be a possible

reason for the development of such features after addition of wakernretnbrane.

5.5 Conclusions

In conclusion,we have characterizetivo Poly(2,6dimethyl1,4-phenylene oxidep-
poly(vinylbenzyltrimethylammoniumbased AEMs which are stable in alkaline environment for
at least 12 days. Relatively high hydroxide conductivity @00 mS/cm @ 6@ was obtained for
both the AEMs. Hydroxide activation energy was around4®&J/mol which is comparable to
Nafior® proton counterpart activation enerd$. %7 Halide and carbonate/bicarbonate
conductivity was found to follow a curved trend on Arrhenius plot which is a resuti@asing
water content of the membrane with increasing temperafide.conductivity of air exposed
membrane A closely follows bicarbonate conductivity showing théhalhydroxide is converted
to bicarbonate formlhermal crosslinking has increased the mechanical stability of the membrane
while reducing the water uptaké/ater uptake for the membrane was found to be low with only
12 water molecules per cation at satad humidity conditionThe highwater diffusion coefficient,
low activation energy combined with crelgsked polymer matrixand small ionic channel size
indicates the presence of Grotthuss @Hpping mechanism in membrane at higher humidity
conditions SAXS shows minute @nges with increasing humidianddevelopment of nanometer

scaleion transporting channels without much swellingydroxide ion solvation requires only 4
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water molecules and that is one of the reason we were able t®2@etnS/cm hglroxide

conductivity forrelative humidity as low as 40%.
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CHAPTER 6
UNDERSTANDING ION AND SOLVENT TRANSPORTN POLYETHYLENE BASED
ANION EXCHANGE MEMBRANE FOR ELECTROCHH®ICAL APPLICATIONS
This chapter will discuss about water, methanol, fluoride, bicarbonate transport in a thin

and robust polyethylene basa8M using NMR.

6.1 Introduction

Most of the AEM materials have to perform under Higlv humidity, dkaline conditions
and relatively high (6@0°C) temperatureTo withstand these harsh conditiomsembranes are
now synthesized with block copolymer morphology which can arrange in spherical, cylindrical or
lamellar structures on microscopic scile'®® Polyethylene has beemncommaodity polymer for
decadesbecause of its chemical inert nature, beneficial mechanical and film forming properties.
Polyethylene based anion exchange materials have been studied whpesipolyethylene acts
as porous substrate for conductive polyrfier€® reducing water uptake of the membrane
significantly. Radiation grafting vinyl benzyl groups to polyethylene backbone showed decent
stability and ionic conductivity at low grafting densities and showed low water and methanol
uptake!’°Crosslinked polyethylene membranes have been reported with very high (> 100mS/cm)
conductivity and high thermal stability along with low water swelling where crosslinks might have
helped to reduce swelling in the membréafieVarious synthetic routes have been used to achieve
cation functionalization and good meuctical propertiedor polyethylene based AEMg? 173
Researchers have used polyethylene along with quaternary ammonium €atibfis
phosphonium catiod& in the pasfor synthesizing novel AEM materialbut understanding of
the ion transport properties like seliffusion and effect of various ions has not been studied in

detail in these polyethylene type of membranes.
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Fluoride ions havalmost similar size to that of hydroxide ions and thus they can serve as
an ideal replacement for hydroxide ions. Using fluoride ions, we are able to mask the detrimental
caustic effects of hydroxide on the AEM and study the membrane for its ion trapsyetties.
Methanol is a key fuel for direct methanol fuel cells (DMFCs) with very high energy density (6.1
kWh kg?) but suffers from fuel crossover in PEMs, this can be reduced by switching to an AEM.
Also it has been known that AEMFCs running on Matilas fuel or air as oxidizer, tend to form
bicarbonates and carbonates by reacting @thin the membrane which reduce its performance.
HCOs has a strongegative effect on fuel cell performan'@él’® hydraton radius of HC@ is
bigger than OH(ca. 4 vs. 3 AY”which is found to reduce the conductivity and reduce the DMFC
performance. Considering the case of;€@hich has 2 charges on it, despite @sjer size, there
will be less effect on AAEM conductivit(f.

Many researchers have used polyethylene for synthesizing mechanically stable and solvent
process able AEMs in past, but nobody has studied polyethylene in a block copolymer for
synthesizing membranes. In this work we are going to discuss about trgospatties of a
polyethylene based diblock copolymer for which the synthetic procedure has been reported
previously!’® Here wehave studiedthe transport of various ions namely fluoridepmide,
bicarbonate and solvents like Methanol and wéateough thispolyethylene based membrane

using Pulse gradiesstimulated spin echo NMR and electrochemical impedapeetroscopy.

6.2 Experimental Procedure:

The polyethylend- Poly (vinyl Benzyl) Bromide polymer was synthesized as described
previously!’® A 10% wt/wt solution of the polymer was made in xylenes by heating to 90°C. The
solution was drop cast on 80°C hot glass plate and vacuum drietiCab8ernight to remove the

xylenes. The films were peeled off from the glptste and soaked in 25% ag. trimethyl amine
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solution for 48 h for quaternization to the cationic form. Membranes were characterized in different

halide and bicarbonate/carbonate forms for ion transport properties.

PVBTMA homopolymer, dissolves in water

PE-b-PVBTMA block copolymer, with
confined swelling

Figure 6.1 : Schematic of PB-PVBTMA[Br] showing clustered water, reducing membrane
swelling drastically

6.2.1lon ExchangeProcedure

Usually all the membranes were exchanged to corresponding ionic form by soaking in
Sodium or Potagsm salt of thaform for 24 h Membranes were thoroughly washed before using.
Membranes were soaked in 2.5M Benzyl trimethyl ammonium fluoride solution for 3 days under
a pressure of 500 psigr exchanging to fluoride formA special technique had to lieed to
convertthe membrané °C labelled bicarbonate forrfrom our early experimentsiitasfound
that3C labelled bicarbonate readily exchanges with @@m air and we get a mixture 6iC and
12C bicarbonates>C labelled sodium bicarbonate was purchased frami€idge Isotopes Labs.

To overcome this issue, 1M N&I€Os solutionwas prepared in glove box using UNRPdegassed
DI water. Membrane was soaked and rinsed in the glove box antDthen NMR tube was

prepared in the glove box to avoid aA@0O, from atmogheric air.
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6.2.2lon Exchange Capacity Measurement

lon Exchange Capacity (IEC) is the number of cations (here quaternary ammonium
cations) in the membrane per gram of the polymer. IEC measurement was performed using Mohr
Titration. The membrane was vacuurred and its dry weight was measured. The dried membrane
was soaked in 1M KBfor at least 48 Io make sure all ions are bromide. Then the membrane was
soaked in 1M NaN®©for 48 h in 30 ml solution. 3 aliquots of this solution were titrated with
AgNOs with KoCrQOs as an indicator. End point of this titration is indicated by presence of red

colored particles in the solutiofhe titrated IEC of the membramas found to be 1.08 meg/gm.
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Figure6.2: (a) Picture of drop cast RBE-PVBTMA[Br-] membrane showing transparent, thin-(20
35em) fil m, ( b-b-PVBTMApaymer with 7084fPE 8nH 30% PVBC

6.2.3lonic Conductivity M easurements
In plane lonic Conductivity wameasured by electrochemidatpedance spectroscopy
using a 4 electrode setup. Following equation was used for calculations,

| (6.1)
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where | is the length of the membrane, R is the resistante ohémbraneay is the width of the
membrane and t is the thickness of the membrane. Impedance spectra were obtained over a wide
range of frequency, from 0.5 MHz till 0.2 Hz using a 16 channel Vidé&®@ntiostat from Bio

Logic Scientific Instruments. Samplegre equilibrated in a Test Equity Oven (Model 1007H) at

a given temperature and humidiBalides and bicarbonate conductivity was measured in this oven.

6.2.4PGSE NMR Measurements:

Self-diffusion coefficients of anions, solvent and water were determinédatiised field
gradient stimulated echo (PGSTE) NMR technique. The diffusion coefficients were determined
by fitting the measured data to the StejsRanner equatioi°

(6.2)
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where3i s the signal amplitude, odiiesntt het rgegrr ptma,g

lengthof gradient pulse (1 ms) and @ i s the ti me
The experimentsvere carried out using a Bruker AVANCE Ill NMR spectrometer and

400MHz (H frequency) wide bore Magnex magn®E (376.02 MHz) diffusion measurements

were made using a 5 mm Bruker singhds DIFF60L Zdiffusion probe while*C diffusion

measurements wecarried out with a 10mm NMR tube and a 10W@coil (~100MHz)without

proton decouplingThe 90A pulse length was on the order

was 01000 G/cm, which was incremented in 16 steps. The maximum value of the gradient was

chosen such that the signal decays completely. The Bruker TopSpin software packasgdvtas

control the spectrometer and to analyze the érgare2.3 shows the schematic of the NMR tube

showing the actual arrangement. The tube was maintained at saturated conditions of humidity by

the water at the bottom of it.
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Membranes were soaked in water and excess surface water was wipedKoffivipes
before rolling and inserting in a NMR tube. For 2M Methanol diffusion study, membranes were
soaked in 2MC labelled Methanol®fCH3;OH) and excess was wiped off and thewass rolled
in a NMR tube. 2M methanol was kept at the bottom of the NMR tube to maintain saturated

conditions in the NMR tube.

6.3 Results and Discussion
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Figure6.3 : Conductivity of PEb-PVBTMA membrane in carbonate, fluoride, carbonate and
bromide form

Figure 6.3 shows the irplane conductivity of PIBB-PVBTMA AEM under humidified
conditions (95%RH) from 3C-90°C. The native bromide form of the membrane shows
conductivity in the range of 80mS/cm in the range of 8D°C, which is typical for bromide

form. Fluoride, carbonate and bicarbonate forms of the membrane show more or less similar
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conductivity (634 mS/cm) in the range of 3D°C. It was found that fluoridebicarbonate and
carbonate ions follow Arrhenius behavior with increasing temperature with activation energy
~20kJ/mol while bromide has a slightly higher activation energy of 25.0 kJ/mol which can be
attributed to the bulkier ionic size of the ion. At°B0the conductivity of fluoride ions is about
150% more than bromide but this difference goes on decreasing with increasing temperature and
is about 12% higher at 90. It can be seen frofigure6.3 that the conductivity of alhte ions is
not linear on the Arrhenius plot at lower temperatures, possibly suggesting different ion transport
mechanisms at lower temperatures or lower water uptake at lower temperatures. Addition of
polyethylene block to the membrane has made it medifnstable even at elevated temperatures
of 90°C compared to PVBTMA homopolymer which formed gel when kept in contact with water.
Fluoride conductivity was found to be highest in the membrane compared to other halides because
of its small ionic size, préous researchers have also reported similar behavior for conductivity in
membrane$?

We also attempted to measure hydroxide conductivity of this polymer by converting it to
its hydroxide form in a C&free glove box, but we were not able to get reasorabiductivity
under humidified conditions, suggesting rapidy@elation of the cationic moieties. From our
experience on previous membranes and this membrane we have found that membcaraewh
synthesized with bromination chemistendto be less stable in hydroxideveronments and lead
to degradatiomn presege of hydroxide ions. This is because of presence ofrefeatthdrawing
nature of bromia whichcauses polymer degradation which bagn observed internally in our

lab and also published previously by Arggsal>®
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Table6.1: Activation energies for PB-PVBTMA

lon Activation Energy (kJ/mol)
Fluoride 20.9+ 0.3 20.8

Bromide 25.0+ 1.9

Carbonate 19.4+ 0.9

Bicarbonate 20.4+ 1.6 23.8

Water 12.6+ 1.1"
Methanol 24.8

“rom conductivity,"from diffusion NMR

Water uptake for the membrane was measured in bromide and bicarbonatsifagrine
DVS apparatus, it was found that the lambda (no. of water molecules per quaternary cation) for
the membrane was 7.9 @3 for bromide form, which increased to.4& 0.5in its bicarbonate
form which indicates that changing the ion influencesewaptake properties and bicarbonate
form absorbs more water compared to its halide counterpart. This increased water uptake
combined with possibility of reactive bicarbonate transport is responsible for slightly increased
conductivity in bicarbonate forrof the membrane. Compared to commercial proton exchange
membranes lik&afion® 11717° (I = 14 @ 30C) our reported value of lambda is lower which is
advantageous from membrane swelling point of view. Usually the membrane strength and
dimensional stability is important from fuel cell point of view drid advantageous to have lower
water uptake, which can resiutt higher dimensional stability and higher mechanical strength.
Promising mechanical properties of this polymer material have been studied in detail prédtously.
NMR diffusion experimentgeflects the global material average over local transport
properties of the polymer membraifetigure6.4 (a) shows the water satiffusion in the PEb-
PVBTMA[Br] membrane, the value of seliffusion (D) is 0.19 x 18 cn?/sec @ 50 ms and 30
which is in agreemenwith earlier results for AEM materials and it is much lower than- self
diffusion coefficient of free wateP: "® Hibbs et. al. also suggest that even if there is free water

present in the membrane it interacts witllymer chains and its mobility reduces in the pores of
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the polymer membrané8.D monotonically decreases with increasing diffastone, a typical
phenomenon that characterizes the restricted diffusion process inside polymer membranes due to
the presence of local barriers (structural boundaries) sampled by diffusing mofé@iféssion
of 2M methanol is 0.2 x 1Dcné/sec @ 100 ms and 30, which is lower than some dtiie
previously reported work in aminated tetramethyl polyphenylene based AHRésearchers in
the past have exploité# NMR coil to monitor diffusion of water and methanol as both of these
species have different NMR shifts, our attempts to take advantage of this method were
unsuccessful because methanol and water environments were not resolvable and thus we had to
move to*3C coil which limited out ability to monitor only the movement of methanol. Hibbs et.
al.’® and Jayakody et. &t found that water diffusion is faster than methanol when present in a
mixture. Here we compared water and methanol diffusion studied separately as slkogunan
6.4 (@) and (b) and we can see comparalsleli-diffusion codficients. Activation energies of
fluoride, bicarbonate, water and methanol-sifiusion can be seen ifable6.1, water diffusion
follows a very low activation energy process (12.6 kJ/mol), while fluoride activation energy is a
bit higher at ~ 20kJ/mol which can be attributed to its extended hydration shell which hinders ion
transport during diffusion and conductivity measureméntslethanol self-diffusion has a
activation energy of 24.8 kJ/mol which is agreement with earlier work witNafion®'? and
sulfonated polyarylenthioethersulfone (SPTES) polymer membrdhé-24 kJ/mol)which can
indicate similar ion/solvent transport or similar morphological features for this polyethylene
membrane.

To our knowlede this is the first ever reported bicarbonate diffusion in an AEM. We
observe that bicarbonate diffusion is not affected by changing diffusion time showing that we have

already achieved the finakstricted self-diffusion coefficient value. Average saliffusion
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coefficient for bicarbonate was 0.11 x16n¥/sec at 30C which is significantly lower than
fluoride and methanol. We attribute this lower skffusion of bicarbonate speciesite bulkier
nature Activation energy for bicarbonate conductdétnd seHdiffusion was 20.4 and 23.8 kJ/mol
respectively. DisabiMiller et. al. have calculated bicarbonate diffusion in a ruthenium cation
based AEM system using NersSinstein equation and our seliffusion coefficients are in
agreement with their wk.183

Water diffusion was wused to understand
equation was applied to the sdiffusion data to obtain the V/S ratio of the pores present in the
membrane. If the water diffusion scale length is compatalilee domain size, a relatively large
fraction of water will move slowly as it collides with the channel boundaries. Large S/V ratio
signifies small domains and its reciprocaFR//S, denotes the structural length scale below which
water molecules camove relatively freely* The average \ae of the pores is around 2.3n,
Thus we think that this value is a conglomeration of different ionic channels clustering together.
Tortuosity is defined as a ratio offand Db, T 'O O , where B is the unrestricted self
diffusion value obtaied f r om Mi t r adis theefigal eedtrictedrnvalua ofdvatdd
diffusion atg= 100ms, when diffusants experience all local structural heterogeneities. The average
calculated tortuosity was around 1.6, which means that the water molecules daemsonne
channel wall boundary while diffusing.

The diffusion of Fluoride, methanol and water reach a steady value of arour@l 1918
10° cn¥/sec after encountering all the local structural heterogeneities, while bicarbonate reaches
a steady state wa of 0.11 x 18 cn¥/sec at larger delta values. Bulkier nature of the bicarbonate
ions leads to this lower diffusion coefficients. Fluoride being the smallest of the ions, diffuse faster

initially whentheyde s n 6t encounter any boundari es.
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Figure6.5 shows the decrease of Relaxation (Spin Lattice Relaxation) as a function of
increasing temperature Telaxation is a type of energy loss occurring in the system, where the
nuclei lose the energy to surroundimggclei, atoms and molecules through collisions, rotations, or
electromagnetic interactiorE; relaxation times probe molecular motions on a time scale Bb~1/

(2.7 ns), whereRo is the %F Larmer frequency (376.02MH%).This loss of energy has to be
stimulated by nearby molecular motions of nearby attfhs.

We would like to state that as temperature increased thallie went on decreasing
making it difficult to measure the sadiffusion coefficients of fluoride ions. Earlier researchers
have observed this kind of phenomena for waterdifilision®’ T relaxationpassed through a
minima as a function of tumbling of atoms/ nuclei. As temperature increases the tumbling motion
of atoms increases and thuswas found to decrease aur case and because of the temperature
limitations on the*F coil we were not abl@tobserve this minima.

We characterized the membrane morphology and swelling by using small angle X ray
scattering (SAXS) as shown kigure6.6. The main feature of the spectra is a peak which can be
seen at arouh0.016A 1. Another shoulder can be seen around 0.05avAich we think is the
third order peak for a lamellar morphology of the polymer material where"frard®r peak is
overshadowedWe see that the membrane doe$aAXS under
pattern is not undergoing any change which is because of the low water uptake profile of the
membrane. From the first peak in SAXS we can calculate thpading for the lamellar
morphology of the membrane to be around 39 nm. Lamellar morpholdgg afembrane can be
proved by taking the ratio of thé'and 2° peak which is approximately 1:3he peak at 0.4 is

from the backgroun&aptor® tape whichshouldbe neglected by the reader.
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6.4 Conclusions

In this work we have studied a block copolymer of polyethylene and poy benzyl
trimethyl ammonium bromide. We drop cast thin-@Di m) membranes which were thermally
and mechanicallf® stable as reported earlier. We studied ion transport in this membrane using
Pulse Gradient Stimulated Spin Echo NMR and proved presence of fast moving fluoride ions.
Tortuosity of the membrane was falito be 1.6, showing tortuous path for fluoride transpae.
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also report diffusion of 2M methanol in this membrane which was slower than previously reported
diffusion in Nafior® membranes. This low setfiffusion of methanol makes the membrane useful

for direct methanol fuel cells as well as barrier layers in protective breathable clothing applications
where water transport is required and organics transport needs to be masked. This is a pioneering
work where we were successfully able to measure bicatddiffusion in AEMs using NMR and

13C labelling. Bicarbonate in this work is the slowest moving species (amongst the 4 species

studied by NMR) in the membrane and thus causes decrease in conductivity in general.
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CHAPTER 7
UNDERSTANDING ION TRANSPORT AND MECHANICA. PROPERTY RELATIONIN
POLY(CYCLOOCTENE)BASED TRIBLOCK COPOLYMERS
This chapter talks about ion transport in a PCOE based triblockyoogowhich shows a

melting transition ab5°C.

7.1 Introduction

Phase segregation can be an effective way for increasing the conductivity of an AEM,
phase separation/segregation can effectively alter the ion transport/mobility of ions moving
through the chamel. Phase separation combined with effective water management in the
membrane is required for effective ion transport, water is known to hydrate the ions and lead to its
effective transport. Researchers have increased ion exchange capacity of the mengletanere
cations in the membrane but it leads to excessive swelling of the membrane and leads to dilution
of charge transferring moieties and reduces conductfitilembrane tortuosity affects the
transport properties by defining the actual path length over which ions are transported. It is also
important for mechanical propertiestoE membrandecause tortuosity governs the architecture
of the structural phasé&®

Hibbs et. al. recently showed that having a polyphenylene backbone significantly improves
mechanical @bility and conductivity (~50mS/cm @ 30D).1°* Many technologically relevant
backbones have been studied in faste.g. polyethylené’! 1"2unsaturated polypropylerié,
polystyrene* 187 alongwith polyethylene type consisting of ring eming metathesis
polymerizationROMP)?8 172 173, 18&adjation grafted poly tetra fluoro ethyléhe’®, electrospun
type3° Thefunctional group is also equally important in controlling conductivity, alkaline stability,

solubility of the polymer membrarié.Innovative cations e.g. ruthinitf imidazoliunt8®1%,
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quaternary phosphoniui® 192 guanidium®® 1%*have been incorporated in past for improving
these properties compalreo the traditional quaternary ammonium cations. Most of the work done
so far has been concentrated on synthesizing novel poRiieér$®and studying their stability in
alkaline media, but very few studiesvieaconcentrated on studying ion transport through the
polymer membrane¥: > 76 79 1%available literature has always been focused on measuring
hydroxide conductivity in waté? 8while very few studies report pure hydroxide conductivity in
humidified conditiong® " A significant drawback of the new AEMs is slower transport of
hydroxide ions through the solid membramelwe havetried to address this issue in this work.
Recentlynovel symmetric triblock copolymers were reported, where the MW distributions
are narrow in the outeplocks while broad (B = 1.5~2.0) in the midblodR& These block
copolymers displayed interesting morphological behaviSr§hus n this work we have studied
ion transport properties of a triblock copolymer synthesized by ROMP polymerizAtiother
interesting aspectof the copolymer design wathe melting/crystallzation transitionof the
hydrophobic domainPolycyclooctene (PCOHE} typically semicrystallinewith the Tn being
~55°C. The block structure has been able to retain some of the propeittiespafly(cyclooctene)
like melting temperaturef ~55°C.1*®We have taken advantage of this melting block to selectively
make the membrane flexible and to induce faster ion transport as will be shown in the results and
discussion section. Water sorption and water transport was sfodigtese 2 membranes. &h
melting block seems to affect the mechanical and ion transport properties of the membrane which
was studied by measuring mechanical properties of the membrane. Block morphology was studied
usingSAXSto study effect of changing humidity. Comparativelgthhydroxide conductivity and
lower activation was seen for these membranes, which is facilitated by the reactive hydroxide

movement combined with partially melted PCOE block.
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Table7.1: Membrane propertiesicluding molecular weight and IEC

Membrane | Molecular Weight(IM) IEC (meg/gm)
Al 55.7k 2.02
Bl 43.3k 1.31

7.2 Experimental

/N+\(‘I’

Figure7.1: Structure of the triblock copolymer with PCOE middle block which unaergueelting
~55°C

ChainTransferRing-Opening Metathesis Polymerzati@T-ROMP)was applied in the
synthess of the midblocks and controlled radical copolymerizations were used to chain extend
with various vinyl monomerdn this technique, the chain trsfier agent is the key compound.
However, for AEM applicationdunctionalitiesthat are easily hydrolyzed, like ester and amide,
should be avoided for obvious reasons. Therefmme&therlinked chain transfer agehtas been

designecand used

\_LS / \_/O_/_\_O\_Qj SJ_/
= ~

5

Figure7.2: Ether linked chain transfer agent (ROMP)

With the chain transfer agenthe CT-ROMP product of C& was telechelic

polycyclooctenédPCOE) (B ~ 1.8)which could serve as the hydrophobic matrix. AftettRAFT
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chain extension with chloromethylstyrewasconductedThe triblock copolymers were isolated
by repeated precipitation and extraction. dgradhg the midblocksia olefin cross metathesis
using Grubbs catalyst and large excess dfiekene, theuterblocks were demonstrated to be
narrow disperse(® < 1.2) After polymerization, the copolymewgere cast asolutions using 5
10%wt/wt solution in chloroformwith deceleratedevaporabn to form uniform membranes.
Quaternizationwas carried outby immersing the membranes ian aqueous solution of
trimethylaminefor 5 days Finally, the membrarsaverethoroughly washed anahnealedn de-
ionized watemt 80°C for 24 hand quenched to°C, before the investigation of the morpholegy
conductivitywatertransport relationship.
7.2.1lon Exchange Capacity Measurements

lon exchange capacity was measured by Mohr titrations. Membranes were vacuum dried
and weighed before starting the experiments. Afterwards membranes were soaked in 1M NaCl
solution for 24 hrs. A#r this step, membranes were washed thoroughly and soaked in 30ml 1M
NaNQ; for 48 hrs for chloride ions to leach out in the solution. The Nad&ution was titrated
against 0.0052M AgNO3 solution witho&rO4 indicator to a permanent red colored end point.
Based on this, total amount of chloride in the solution was calculated and it was divided by the dry

weight of the membrane to get the lon Exchange Capacity (IEC).

7.2.2Conductivity
In plane Conductivity wameasured by electrochemical impedance spectroscsipy a
4 electrode setup consisting of platinum electrodes and custom built T efédls. Following

equation was used for calculations,

” 8 8 (7.1)
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wherel is the length of thenembraneR s the resistancey is the width of the membrane ahid

the thickness of the membrane. Impedance spectra were obtained over a wide range of frequency,
from 0.5 MHz till 0.2 Hz using a 16 channel VMP3 potentiostat from Bio Logic Scientific
Instruments. Samples were equilibrated in a Test Equity Humidity Oven (Model 1007H) at a given
temperature and humidity. All halides and bicarbonate conductivity was measured in this oven.
For hydroxide conductivity measurements, its crucial to avoid atmeogp CQ and thus
equilibration for hydroxide conductivity samples was done in a modified Beckktech cell as
described earlier. The samples were soaked in 1M NaOH solution in a Co2 free glove box and
were washed for 4 days using DI water being changed @4enrs. The washed membrane were
loaded in a modified BekkTeck cEllin glove box and was moved to the BekkTech setup for
measurements. UHPNjas was used with temperature @BC) and humidity(~95%) for
measuring the true hydroxide conductivity. Upper limit of hydroxide conductivity measurement

was fixed to 60C to mask the accelerated degradation of the polymer membrane.

7.2.3Water Self Diffusion Measurements

Water self-diffusion coefficients wee measured in both the membranes under saturated
and 80% relative humidity conditions at°8) Membranes in native chloride form were rolled in
a cylindrical shape and carefully stuffed in a 5mm NMR tube, water reservoir was maintained at
the bottom and dhe top of the membrane as showirigure2.3. The NMR tube was equilibrated
at 30C and 95% RH in the Test Equity oven for22 h before sealing by methane torch. For
maintaining 80% RH samples were equilibrated at 30C andRBA% the test equity oven and
the water reservoirs at the bottom and top of the membrane were replaced by saturated solution of

(NH4)2SQs.
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Selt-diffusion coefficients of watewere determined with a pulsed field gradient stimulated
echo (PGSTE) NMR tecloue. The diffusion coefficients werdetermined by fitting the

measured data to the StejskBanner equatigh?®

s . ~ (7.2)
—exit gorarlp. I50°
e ¢ 3+

Q_)o
wn
[-QOO

Q)
I

wheregi s t he signal amplitude, 2 is the gyromag
l ength of gradient pulse (1 ms) and @ is the
The experiments were carried out using a Bruker AVANCE Il NMR spectrometer and
400MHz fH frequery) wide bore Magnex magnetd (400.16MHz) diffusion measurements
were made using a 5 mm Bruker singlds DIFF60L Zdiffusion probe. The 90° pulse length was
on the order of 5 ¢s. THhe0o0®/anwhiehwadincrgmeatddiine nt s
16 steps. The maximum value of the gradient was chosen such that the signal decays completely.
The Bruker TopSpin software package was used to control the spectrometer and to analyze the
data.
7.2.4Water Sorption Measurements
Waterupa k e (&) wa $g abgnanscwaperdsorptieni(DVS) apparatus, DVS
advantage from Surface Measurements Systems Tiié number of water molecules per
guaternary ammonium group (Il ambda &) was cal c
controlled Nitrogen gas and notitige change in weight of the membrane. The humidity was raised
and lowered in a step size of 20% each time. The membrane was allowed to equilibrate for 2h at
each humidity before noting the final weight of the membrane. A small membrane sample (3 mg)
was lept on a weighing pan and change in weight was measured gravimetrically under different
humidity conditions. Humidity was cycled twice from 0% to 95% in steps of 20% interval, to get

reliable data. ER.5) and(26)wer e used to calcul ate eo.
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7.2.5Mechanical Characterization

Mechanical testing of samples was performed by extentional rheometer tool. Entensioanl
testing was performed on a Sentmanat Extensional Rheometer(Zgp&)sion Instruments,
Tallmadge, OHfYixture on an ARES G2 rheometer (TA Instruments, New Castle, DE). The SER
tool consists of 2 counterrotating drums, one of the drums is attached to a motor at the bottom and
other drum is attached to a transducer at the top of the instrument. Membratesgan25mm x
3mm) are clamped to the two drums and tension is applied until the membranes break. SER drums
were modified by fitting clamps with silicone rubber to prevent slippage of memB¥afridss
were tested at Henclstrain rates that correspondA&TM D882 12, for tensile testing of thin
plastic sheeting, but rates were modified to account for the constant sample loading distance
inherent to the SER fixture. Hencky strain rate is decided based on elongation ahphessa
which was more than 100% in this case and thus a Hencky strain rate of: ®@3 sised. A
measurements were performed in a custom built humidity oven at®80°C and 25and95%

Relative humidity conditions, such that we can capture the efféoe transition temperature. The

oven has a swinging door with 2 openings at top and bottom to accommodate the SER tool.
Humidity was controlled by supplying a mixture of dry and wet gas which was controlled by 2
mass flow controllersl0,000 SCCM, MKS.179A, Andover, MA) and heated gas lines. Humidity
was measured by a humidity probe (Vaisala HMT 337, Boulder, CO) fitted inside of the custom
built oven. Oven, gas transfer lines, humidity bottle were all temperature controlled by external
heaters. All teperature and humidity setpoints were controlled by the LabView software with

homebuilt feedback control system. Details about the custom built instrument can be folfad here.
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7.2.6Small angle Xray Scattering

Small angle Xray sattering was performed at Advanc@&ioton Source at Argonne
national laboratory, Argonne, IL. We used the beamlinédDtB which is fitted with a SAXS and
WAXS area detector. The energy ofrXys was fixed at 14 keV. A custom built humidity
controlled overwas used to control temperature and humidity in the oven. Humidity in the oven
was maintained by mixing dry and wet §as by 2 mass flow controllers (MKS Mask® RS485
controller). Wet gas was made by passing dry N2 gas through a humidity bottleimeairstta
certain temperaturéuel cell technologiesnc.) and humidity in the oven was measured by a
humidity probe(Vaisala HMT 337, Boulder, COPAXS spectra were collected at dry;26:75
95% RH and 6TC. Samples were equilibrated at each humidity sufficient time before

collecting spectra.

7.3 Results and Discussion

Membrane conductivity is highly dependent on the water uptake of the membrane. Higher
water uptake usually leads to higher conductivity upto a certain IEC after which water dilution
effects come into play? Water uptake of the membranes is related to the charged quaternary
ammonium groups in the membrane which facilitate ion transport with vehicular, gsotthu
hopping mechanisnf€: 1%Wwater is known to bridgéne ionic clusters and create a water channel
for ion transport in the membrane and thus increasing ionic cowitigof the overall membrane.
lon conduction was measured in the two membranes to correlate conductivity with IEC and water
uptake Figure7.3 andFigure7.4 show the ionic conductivity of hydroxide, fluoride and chloride
ion as a function of relative humidity. Increasing humidity from 80% to 95% increases the
conductivity almost 4 fold, proving the importance of hydration of the membrane. Water uptake

study carried out at 8C shows that from 80% RH to 95% RH water uptake increases from ~22%
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to 33% for A1 and 14% to 20% for B1. Thisl1% increase in water up&ks responsible for
almost 4 fold increase in conductivity. Increasing humidity leads to increasing the water content
in the membrane which leads to formation of complete water channels for ion trahspgvith
solvating the cation anion pairs, whiah turn increases conductivityFigure 7.3 shows the

conductivity of the two membranes in chloride, fluoride and hydroxide form.

Conductivity 95%RH

1000/T [K']
2.7 2.8 2.9 3 3.1 L 3.3 3.4
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A B1 Hydroxide 95% RH
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m B1 Fluoride Form 95%RH
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Figure 7.3: Conductivity of A1 and B1 membrane asunction of temperature (30°C) and
anionat 95%RHAl-red,BtBl ue, 2z hydroxide, y fluoride, 0 c
significantly starting 60°C, the melting point for the PCOE middle block in the triblock copolymer,
lines are drawn asgguide for the eye
Al membrane has highest hydroxide conductjivitPmS/cm @6%C, while B1 has

hydroxide conductivity of 40mS/cm. Conductivity was inversely proportional to ionic size and

went on increasing with decreasing ionic size, this type of behaegis been seen previously in
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many types of membrané® Figure7.4 shows an inflection poiriietween 50and60°C (~55C)

for all theanions and both the membranes.

Conductivity 80%RH
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Figure7.4: Chloride Conductivity of A1q) and B10) membrane at 80% RH, line is a guide for
the eye, showing transition temperature arourfdC55

This is happening as the middle PCOE block is melting and because of which the polymer
chains are becoming more and more mobile. These more fl@dahmer chains are facilitating
the ion transport dropping activation energy by™0%0. PCOE based homopolymers are known
to show this melting transition around-80°C in DSC experiment® which has continued to
show in our conductivity resulfgoving the block copolymer nature becaitss known that this

mel ti ng t r an sindaseodrandancediion dftPCOEarioldcufés.
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Figure 7.5: DVS water uptake for At¢d) and Bl(blue) at 8C, [b i lambda],[x - % water
uptake], % water uptake is quite different for the 2 membranes but water per cation is almost
similar.

Water uptake for A1 and B1 can be seen irFilgere7.5, water uptakés a strong function
of IEC and higher IEQisuallyfavors higher water uptake. Lambda values for A1 and B1 are 9.3
and 8.8 respectivelyercentagavater uptake for the membranes is around 33 and 21% which is
much lower than some of the previously repomeder uptake measuremermts other AEMs
where its almost 132%or similar IEC membrane$® Usually liquid water uptake is higher than
gas phase water uptake reported in this work. This water eigadssential in plasticizing the

polymer and changing its mechanical, ion conduction properties as it increases the loosely bound

water content in the membrane.
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To understand conductivity and water uptake differences between the two AEMSs, the
microphasemorphologies of the triblock copolymers were studied. The morphology of the two
AEMs was studied using isitu SAXS/WAXS experiments under humidity and temperature
controlled oven at 60°C. Membranes were exchanged to bromide form to increase contrast in
SAXS spectra. As seen Figure7.6 both the membranes show a lamellar morphology as can be
predicted from the peak ratios which are 1:2:4 and 1:2:6 and thus showing a long range ¥fdering.
Because of higher IEC of Al, it absorbs more water which leads to swelling of the lamellar water
channels which become pramently visible in the SAXS pattern. This type of change is not
prominently visible in B1 because of its low IEC and thus low water uptake. We calculated d
spacing for each peak using the lpe@axima and d=@/ g. The first order peak shows a lamellar
d-spacing of ~39nm. This-spacing it comparable to polystyrene based block copolymers studied
in the past* As water is added to the membrane, phase sepabatimmes much more prominent.
Hickner and Pivovar have stated in one of their eati&ork that phase separated membranes
result in loosely bound water which facilitates in ion transtf8iThus we think that this phase
separation is resulting in the higher conductivity for such a modest IEC memlbrankisters of
polymer electrolytes are formed by the nanoscale ionic aggregation resulting from randomly
distributed charged and unchad domaing®® lon clusters pose as a barrier for ion transport
througha membrane which can be removed if no ion clusters were present to hinder ion transport.
They can be characterized by SAXS to determine the average distance between clusters to be
around 1.8 to 6.0nr#P?2%* The SAXS pattern shown here is devoid of any ion clustering peak

which is one of the reason for such a high value for conductivity.
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Figure7.6: Small Angle/ Wide Angle X ray scattering pattern of the two mengzras a function
of humidity, 095% RH @ 60C, Color varies from Red (dry) to Dark Blue (95% RH) (a) Al
membrane (b) B1 membrane

Table7.2: Activation energy for A1, B1 membrane

Anion 95% RH 80% RH
Al B1 Al B1
Hydroxide | 19.3¢5.7) 15.2¢1.9) - -
Fluoride 24.2@3.3),12.9£0.4)  31.3¢2.6), 15.4£0.8) | - -
Chloride 40.2¢:4.0),14.961.2)  41.7¢5.0), 13.6£1.1) | 42.5¢7.5), 19.5¢2.9) 39.7(4.6), 23.3£1.7)

First value upto 50C, second valug60-90°C, eror bars in parenthesis
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Two distinct water transport parameters exist in any ion transporting membrane, water diffusion
coefficient and electrosmotic drag coefficient, having a direct impact on fuel cell perform&fice.
Out of thesetwo parameters, wateself-diffusion was studied here to understand correlation
between water transport, membrane morphology and humidity. It can be sessifttidfusion
of water in the B1 membrane at 95%RHhigher than that in A1 membrane by almost 1.5 times.
This difference irself-diffusioneven continues at 80% RH but the difference seems to diminishing
trends inFigure7.7 do not exactly match the trendsRigure7.3 for hydroxide conductivityThis
shows thataverage wateself-diffusion coefficient is not sufficient to explain differences in
properties for the 2 membranes and other factors like molecular weight of the polymers need to be
considered. A has almost 12k higher molecular weight than B1 as showahte7.1, which is
resulting in its rigid structure and which is now allowing water to move faster in the membrane,
while lower molecular weight of B1 means that polyrakains are not tightly bound and which

translated into higher water diffusion. Wasalf-diffusion reported for NafioR117 membrane
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ranges from 10 - 10° cn?/sec as reported by Zawodzinski et.al and Ochi et.al. as a function of
water content/® 2®The values reported in this work are well within this range. Thus we can say
that as far as water transport is concerned, it is comparable to the proton exchange membranes.
Waterself-diffusionis one to two ordesf magnitude slower than free water (2.3 2 t@¢/sec)?%®

which is because of the presence of confined water channels.

Effect of changing diffusion time was studied on skeédiffusion coefficient as shown in
Figure7.7. Normally, theself-diffusion coefficient of fluid confined in porous media is gradually
decreased with increasing diffusion tiftéWe did not see much effect of changing diffusion time
onselt-diffusion. This can be explained by water channel being wide enough that water molecules
are not encountering boundaries or veerd already reached the final equilibriselfdiffusion
coefficient (D) for water.The water molecules are moving on the scale-dbiIm inside the
pores of the membrane during the experimentationfiiet r a6s equati on anal ys
to infer S/V ratio, this ratio varies between 6.57241 m? for 4 different tempratures. These
values are very high compared to presumed nanometer size wide channels, we suspect that this is
a result of clustering of different water channels which is resultifggigerpore sizes. Average
water filled channel length for Nafi@nwasrecently calculated by XRD to be around 106>
207 and we expect similar ionic channel lengths in AEMs as well, thus we propose that water
transport is also dependent on how well the ionic channels are interconnected. For B1 membrane
it seems likethe water channels are well interconnected and 2 nm (39 v/s 41nm) wider than Al
(SAXS) and hus increasing water diffusion.

Bulk diffusion coefficient values are much lower than free water diffusion(2.3% 10
cmé/sec)* and some of the previously reported perfluoro quaternary ammonium cation 8EMs.

Recently Madsen et.al. showed that polymer anisotropy plays an important role selfthe
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diffusion of water saying thain planediffusion is higher than through plarffusion in the
membran&®® Here our work was focused @mplanewater transport only and thus this inference

cannot be applied for our work.

7.3.1Mechanical Characterization

Extensional testing of membranes was performed under 25%=4dRH to understand
the plasticizing effect of water on the membranes. The experiments were performed at 30°C and
60°C to understand the effect of the PCOE melting block as shdviguire7.8. Youngds modu
at25% RH is in the range of 1#D0 MPa at 30°C. The middle polymer block undergoes melting
between5866 0 AC and youngos -9hMBauBngineeringetoess evas songistentl 4
more for the Al film varying from :20MPa compared to 185MPa for B1 825%RH, this is
because of the plasticizing effect of water which makes it weak at higher water uptakes. Previously
reported PCOE based block copolymers have stress in the ranggviited > Compaed to 4
8MPa in from the current work, engineering stress is lower than some of the previously reported
polystyrene based AEMS$ and tetraalkyl ammoniumfunctionalzed norbornene with
dicyclopenadienebased AEM£2 Comparing the effect obmperature on Al and B1, we see that
engineering stress and Youngos modiltaue&fC r ed u c e
because the middle PCOE polymer block and its polymer chains becomes much mobile but still
holding the polymer together becaused s c¢c he mi c al | y copaymel eetivorkand a t r i
outer PVBTMA blocks do not undergo phase change. Increasing temperature changes the
el ongation in a positive way, el ongation incr

to change much bgddition of water to the membrane
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Figure 7.8: Mechanical properties of A1 and B1 at°’@0and 60C as a function of humidity
(25%RH and 95%RH)
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Figure 7.10: (Continued) Mechanical properties ofahtl B1 at 30C and 60C as a function of
humidity (25%RH and 95%RH)

Stress at break increased with increasing molecular weight and decreased with increasing
temperature and humidity (20MPa to 4MPa). These tensile strength values are lower th&h Nafion
which ranges from (283MPa) 2%°

Youngbés modulus is a measure of the el ast
increasing molecular weight, which means films are becoming stiffer keuhar weight of the
polymer is increased. Adding water to the system makes the films much more elastic and the
Youngbés modul us decr ea sWesfourldyhatdigheronolecelar weight ma g r
usually resulted in stiffer membrane, but high molacuwveight also means high IEC which
resulted in relatively high water uptake (@ 95%RH) which made the A1 membrane much more
elastic and |l ose its Youngds Modul i. Il n gen
conditions (25%RH) (16390MPa) and 3TC, compared to higher temperature and saturated

humidity (1 MPa).
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Extensional tests showed a surprising effect on membrane properties as a function of
temperature and humidity, usually increasing temperature and humidity made the films weak. The
films were relatively stiffer at lower temperature and humidity and this went on degreasing with
increasing temperature and humidity.

In summary, the membrane mechanical properties seem to hold well at lower RH but
decrease drastical | ytemperaturetmales theynembaanesnduch miore c r e ¢
flexible, and thus increasing elongation, but mechanically weaker. Plasticizing effect of water on
the membrane seems to affect the membraaehanicalproperties to a greatextent that the

meltingtemperature afhe middle PCOE block.

7.4 Conclusions

In this work we studiedwo triblock copolymersAEMs based on PCOE and PVBTMA
Thetwo triblock copolymers were different in terms of their molecular weight which resulted in
two different IECs. Increasing IEC resultadincreasing water uptake and conductivity of the Al
polymer compared to B1. Membrane hydration has a pronounced effect on transport properties
like water diffusion and ion conductivity, ionic conductivity increased alnfost fold by
increasing humidityrom 80% RH to 95% RH, similarly water diffusion increasesbleastwo
to threetimes with increasing humidity. Water diffusion is higher for B1 because of its lower
molecular weight which makes the membrane less dense and thus increasing watett.transpo
Conductivity seems to be mainly governed by number of charge carriers and was found to be
higher for A1 which has more number of charge carriers. PCOE block meltitg)(86es help
in increasing the conductivity and ion transport for the membraneakynmthe polymer chains
much more mobile and facilitating ion conduction. Activation energy afte€ $8duces bt

least50%, and was found to be less thankddmol for most cases above°85 Hydroxide
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conductivity for the A1 membrane is relatively himeasuring 70mS/cm at 8D under saturated
conditions.

SAXS studies show that the polymer is well phase separated and membrane undergoes
swelling when hydratedMembrane has lamellar morphology withsplacing of 39%41nm.
Mechanical properties of thédrs were highly dependent on moidar weight, temperature and
water content. Increasing molecular weight made the polymer much stiffer under drier conditions.
In general membranes were stiffer at drier and low temperature conditions, water uptake of around
20-35% under saturated conditions reduced membrane stiffness and tensile strength drastically.
Membranes hold together even after undergoing melting of the middle block arcihd&H
stiffness (51 to 76% decrease) and tensile strength (7 to 10% decdeasases to some extent.
These mechanical property changes between dry and wet conditions are not acceptable for fuel
cel | applications as t he (¥YM) arsverylewusderfiwonkaple h and
range for YM: 75450MPa, for tensile stngth > 25MPa¥°typical fuel cell operating condition.
Optimizing the chemistry to increase molecular weight, by changing the block ratios, is suggested
to be able to get a highly conductive and mechanically stiffer and stronger stable anion exchange

menbrane.
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CHAPTER 8
CONCLUSIONS AND FUTWRE DIRECTIONS

There exists an worldwide interest in the use of anion exchange eneeshin halide as
well as hydroxide form for use in electrochemical energy conversion devices like fuel cells, redox
flow batteries, water desalination, water splitting devicest?dthe work in the area is focused on
development of newer chemistries for making membranes which will be viable under alkaline
conditions and at elevated temperatures. Simply increasing IEC of the membranes is not the
ultimate solution for getting the required conductivity. Careful understanding of ionic transport
and morphology is important for optimizing the membrane for electrochemical applications. The
goals of this work were to come up with a study to understandport of various ions in AEMs
to understand how membrane morphology plays an important role in creating a suitable membrane
for practical applications.

In chapter 3 we have investigated the transport and solvation of quaternary ammonium
cations and varigs counter anions in aqueous solutions experimentally and by simulation. The
ionic conductivity was measured with and with@®,. We demonstrated thafO, depresses
conductivity by more than 50%, but the specific trends are not transferable betweandiffer
cationsWe showed that Nernsinstein equation poorly relate the conductivity in these solutions
to experimental seliffusion coefficients, which suggests that diffusion coefficients
measurements are insufficient to understand the observed cortgiu@ine NernstEinstein and
DebyeHiickelOnasager theories of conductivityere developed for diluteystems, thus they
incorrectly estimate ionic conductivity when applied to these concentrated solutiewvéa this
problem we paired diffusion measuanents with residence times to understand the interplay

between short time ankbng time dynamics with ionic conductivity. Of the cations studied,
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solutions with Benzyl trimethyl ammonium cations are the most conductive. We were able to use
the simulatedan-water residence times to show that Benzyl trimethyl ammonium cations and
water molecules form the shortdisted contact pair. This helps to explain the increased
conductivity of the Benzyl trimethyl ammonium cation compared to the other cations stacked
suggesting that Benzyl trimethyl ammonium cation is better suited for AEMs compared to
Tetramethylammoniumor Tetraethyl ammonium cation.

In chapter 4 we have successfully pioneered and demonstrated use of fluoride ions as a
possible replacementifdiydroxide ions for understanding ion transport and morphology. The ion
transport properties of a polyphenylene based AEM and an ETFE based AEM were studied in this
work, fluoride diffusion was found to be slower in polyphenylene based AEM by 38% compared
to ETFE based membrane, proving that membrane morphology plays an equally important role as
IEC for iontransportThe ebeam graftingynthesis technique resultstire formation of straight,
low tortuosity paths in the ETFgPVBTMA AEM, shown by the aestant seldiffusion
coefficient values oF ions in the AEM, measured over a range of diffusion tirhas.tortuosity
was calculated to be ~1 for the EFGEPVBTMA AEM. Small angle Xray scatterindhas not
shown any such structural features in the natenscale for ETFg-PVBTMA membrane. Low
swelling properties of the membrane are advantageous from fuel cell application point of view.
Lower tortuosity of around 1 has facilitated faster ion transport in EFPEBTMA membrane.

Mi t rads e (g uathe diffasioradata dayesSiVgatio of the pore in the range of 0.062
0.067 and 0.01P.042 Tm for polyphenylene based AEM and ETFEEPVBTMA AEM
respectively. Relatively wider and less tortuous channels of EfFFEBTMA membrane have
ensued faster ionifflusion and ion conductivity proving that morphology is very important along

with stable cations.



In chapter 5 we have characterized two Poly(lnethyt1,4-phenylene oxidelp-
poly(vinylbenzyltrimethylammonium) based AEMs which are stable in alkahne@ment for
at least 12 days. Relatively high hydroxide conductivity of > 100 mS/cm°@ \68s obtained for
both the AEMs. Hydroxide activation energy was around4®&J/mol which is comparable to
Nafior® proton counterpart activation enerd$. '’ Halide and carbonate/bicarbonate
conductivity was found to follow a curved trend on Arrhenius plot which is a result of increasing
water content of the membrane with increasing temperature.cQidluctivity of air &posed
membrane A closely follows bicarbonate conductivity showing that all the hydroxide is converted
to bicarbonate form. Thermal crosslinking has increased the mechanical stability of the membrane
while reducing the water uptake. Water uptake for thenbrane was found to be low with only
12 water molecules per cation at saturated humidity condition. The high water diffusion coefficient,
low activation energy combined with crelgsked polymer matrix, and small ionic channel size
indicates the presencé Grotthuss OHhopping mechanism in membrane at higher humidity
conditions. SAXS shows minute changes with increasing humidity and development of nanometer
scale ion transporting channels without much swelling. Hydroxide ion solvation requires only 4
water molecules and that is one of the reason we were able to get >20 mS/cm hydroxide
conductivity for relative humidity as low as 40%.

In chapter 6 we have studied a block copolymer of polyethylene and poly vinyl benzyl
trimethyl ammonium bromide. We dragast thin (26401 m) membranes which were thermally
and mechanicallf® stable as reported earlier. We studied ion transport in this membrane using
Pulse Gradient Stimulated Spin Echo NMR and proved presence of fast moving fluoride ions.
Tortuosity of the membrane was falito be 1.6, showing tortuous path for fluoride transport. We

also report diffusion of 2M methanol in this membrane which was slower than previously reported
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diffusion in Nafior® membranes. This low setfiffusion of methanol makes the membrane useful
for direct methanol fuel cells as well as barrier layers in protective breathable clothing applications
where water transport is required and organics transport needs to be masked. This is a pioneering
work where we were successfully able to measure bicatddifeusion in AEMs using NMR and
13C labelling. Bicarbonate in this work is the slowest moving species (amongst the 4 species
studied by NMR) in the membrane and thus causes decrease in conductivity in general.

In chapter 7 we studied two triblock copwiers AEMs based on PCOE and PVBTMA.
The two triblock copolymers were different in terms of their molecular weight which resulted in
two different IECs. Increasing IEC resulted in increasing water uptake and conductivity of the Al
polymer compared to B1. &mbrane hydration has a pronounced effect on transport properties
like water diffusion and ion conductivity, ionic conductivity increased almost four fold by
increasing humidity from 80% RH to 95% RH, similarly water diffusion increases by at least two
to three times with increasing humidity. Water diffusion is higher for B1 because of its lower
molecular weight which makes the membrane less dense and thus increasing water transport.
Conductivity seems to be mainly governed by number of charge carriessaantbund to be
higher for A1 which has more number of charge carriers. PCOE block meltitg)(86es help
in increasing the conductivity and ion transport for the membrane by making the polymer chains
much more mobile and facilitating ion conduction. ikation energy after 5% reduces by at
least 50%, and was found to be less than 20 kJ/mol for most cases abGveHg8roxide
conductivity for the A1 membrane is relatively high measuringh®cm at 60C under saturated
conditions.

SAXS studies show thdhe polymer is well phase separated and membrane undergoes

swelling when hydrated. Membrane has lamellar morphology wifipaging of 3%41nm.



Mechanical properties of the films were highly dependent on molecular weight, temperature and
water content. loreasing molecular weight made the polymer much stiffer under drier conditions.

In general membranes were stiffer at drier and low temperature conditions, water uptake of around
20-35% under saturated conditions reduced membrane stiffness and tensgé sirestically.
Membranes hold together even after undergoing melting of the middle block arcihd&Hb

stiffness (51 to 76% decrease) and tensile strength (7 to 10% decrease) decreases to some extent.
These mechanical property changes between dry ah@danditions are not acceptable for fuel
cell applications as the tensile strength and
for YM-75 -450MPa, for tensile strength > 25MB&)typical fuel cell operating condition.
Optimizing the chemistrio increase molecular weight, by changing the block ratios, is suggested

to be able to get a highly conductive and mechanically stiffer and stronger stable anion exchange
membrane.

Fluoride diffusion was studied in 4 different types of membranes, namdaRe-BT
PVBTMA, PPQGb-PVBTMA-Membrane B, Polyphenylene based TMACG6PP andbPE
PVBTMA. Among these 4 membranes EFGEPVBTMA membrane had the highest fluoride
diffusion with tortuosity of 1, which translated into > 100 mS/cm hydroxide conductivity even at
a low IEC of 1.8even at a low hydration level of 3.Zhe low fluoride diffusion coefficient of
PPOb-PVBTMA was ovecast by the high IEC of 28®hich resulted in > 100mS/cm hydroxide
conductivity for this membrane. T MA@ 6GaBt& me mb
fluoride conductivity and thus we can say that its hydroxide transport will also be slower compared
to other membranes. R=PVBTMA membrane did not survive the hydroxide exchange process

itself for measuring hydroxide conductivity.
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Figure 8.1: Comparison of water and fluoride self diffusion coefficients as a funtion of water
uptake for each of the membrane studied
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Water self diffusion was studied in 5 differentégpof membranes as showrFgure8.1,
among the 5 membranes PIB®VBTMAI B had the highest water diffusion coefficialong
with highest water uptake of 12 water molecules per cation. Water diffusion was found to increase
with increasing water uptake \wiexception of the PCOE triblock A1 membrane.

Measured hydroxide conductivity was > 100mS/cm for RF®/BTMA and ETFEg-
PVBTMA membranes and ~70 mS/cm for PCOE based triblock membranes, which is a result of
Grotthuss hopping of hydroxide ions combinedhwother modes of transport like vehicular
transport.

Thus | conclude that we were able to study ion/solvent transport in novel AEMs with
guaternary ammonium cations as a function of anions, polymer chemistry, water hydration and
molecular weight. We sucssfully identified benzyl trimethyl ammonium cation as the fastest
moving species for ion transport using aqueous solution stdy. were successful in
understanding ion transport antbrphologyof the ETFEg-PVBTMA membrane using fluoride
ion transport. V& also studied and understood the effect of different ions and solvents on transport
properties for the PlB-PVBTMA membrane. We successfully showed presence of Grotthuss
hopping mechanism for the PREPVBTMA membrane. We also correlated mechanarad
transport propertiesf the PCOE based membranes with water uptake anmeltsxgtemperature
proving that water plasticizatiohas agreater effect on mechanical properties compaced

polymer block meltingwhile conductivity has a pronounced effectte$ melting tenperature.

8.1 Recommendations for future work

For much of the AEM field, it can be referred to be in its infafeyth rapid growth m
last decadefecause olvhich many avenues are still open for investigation. Measurement of fuel

cell relevan properties under simulated fuel cell conditions or in situ measurements is required
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from commercialization standpoiritlethanol and hydrogen fuel permeability studies have been
carried our extensively for Nafi@® based PEM fuel cell©ne of the advantag of AEMs it the
lowered fuel crossover. Quantifying this with actual permeability numbers will be advantageous.
This thesis only talks about studies conducted on quaternary ammonium cations for
understanding transport properties. Many technologiagaligvant new and much more stable
cationslike ASU*® are now available and their effect these transport properties has hetn
studied.It would be inteesting to see cation specific improvements in the transport properties.
ETFEg-PVBTMA and PPGh-PVBTMA membranes showed promising hydroxide
conductivities during our experiments, these membranes are very good candidates for undergoing
long term stabilityésts which need to be undertakEunel cell testingpf ETFEg-PVBTMA has
been dondor obtaining cell performancéut itis not yet done for PRO-PVBTMA and doing
that will be beneficial for getting reduel cell relexant properties and for suggestingther
modification in membrane synthesis and fabrication
Polyethylene baseblock copolymer studied here was mechanically robust and thin as
reported earliet®® But the membrane was not stable under alkaline conditions as shown by our
experiments. Oumternal lab experience and one of the recent study reports that presence of
electron withdrawing bromine compromises the chemical stability of the mem5Pdinee can
synthesize this block copolymer by avoiding the bromination chemistry and use chlorination
chemistry, it will be possible to achieve the desired alkaline stability for the polymer.
PCOE based triblock copolymers showed promgi$iydroxide conductivity of ~70mS/cm
at 60C, but the membranes were not mechanically statderhydrated conditions. The highest
molecular weight of the polymer was around 55k. Increasing the molecular weigtisingthe

PCOE content while keepinbe ion exchange capacity same is a possible solution for achieving
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enhancednechanical properties for this membrane. Incorporation of crosslinking in the membrane
will also increase the mechanical stability of the polymer membrRodésner reinforcement ih
a neutral polymey like PEEK, PETis one more option to increase the mechanical stability.

Tortuosity of the membrane is highly dependent on membrane hydration and lower
hydration leads to higher tortuosity?? which is one of the reason for thewered fuel cell
performance, thus investigatibghaior of AEMs at lower humiditys importantAlso if we can
confine water in the channels at lower hydrations, we can still have higher diffusion coefficients
which will not lower the conductivitand fuel cell performance

In a working fuel cell electroosmotic drag is experienced by ions and fuel molecules. This
area is not explorefibr the AEM field. Electrophoretic NMR is a technique for measurement of
fuel cel relevant electroosmotic propertiesder applied potentiaind it has been studied in détai
for Nafior®211and for lithium battery applicatiort$? This study needs to be carried out for AEMs
to have a better understanding of the electro osmotic drag experienced by the ions and water. The
ion, solvent diffusivities obtainechithese simulated fuel cell conditions wié much more
relevant from practical standpoint.

Polymer ionomers play a vital role in fuel cell device technold@nsport properties
change depending on the thickness of the membrane. Nanometer scah® Wlafi® behave in a
much different way than the bulk of the membrane, this is particularly important when catalyst
particles are engulfed in ionom&ecause of the oxidation/reduction reactions happening on the
catalyst surface, the ionomeatalyst inteaction changed. onomer s dondt retain
way as bulk polymer membraaed thus ion and water transport studiethinionomerlayersare

equally important from fuel cell point of view.
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fluoride ions in a polyethylene diblock copolymer membrane with same hydrophilic block
(PVBTMA) and found satisfactory agreement with simulations within a factoridf&€mass ratio
of PE to PVBTMA was 2 to 3, and the ion exchange capacity (1&43) determined to be 1.7
meq/g.
Tara P Pandey, Ashley M Maddimanshu N Sarode Bethanne D Peters, Sandra Lavina, Keti
Vezzu, Yuan Yang, Matthew W Liberatore, VitoDi Noto, and Andrew M. Herring, Interplay

between water uptake, ion interactions, and cotidty in an ebeam grafted poly(ethylers-
tetrafluoroethylene) anion exchange memby&inys. Chem. Chem. Phys2015 17, 4367

This publication talks about ion transport in a ETgr-BVBTMA based AEM. SAXS
results had not showed any long range ordgin this membrane and thus the author performed
and analyzed the fluoride diffusion using solid state NMR technicheauthor was able to prove
presence of low tortuosity (~1) for the membrane which is leading to faster ion transport and
excellent hydoxide conductivity for the membrane. This work has been documented in Chapter 4

of this thesis.



APPENDIX A

SUPPLIMENTARY INFORMATION FOR CHAPTER 3

A.1 Supplementary Data:
NernstEinstein(NE) egquation and Deby&luckelOnsageXDHO) equation calculations

NE equation:

L. = I:—2(v+sz+ +v Z°D. )
RT

where F is Faradayodés constant, .&dDaethelcationgas cC ¢
and anion diffuson coefficients, zand z are the cation and anion charge andnd v are the

number of cations and anions per unit formula. For this case with tetramethylammonium (TMA)
hydroxide, v=v.=1; z2=z°=1; and T=298K.

Using Dinior= 5.30 x 1@ m?/s (infinite dilution}*° and DRuator= 0.8 x 1 m?/s (this study).

_ 96500
" 8.314x298
L ,=0.023m*.S.mol*

x(5.3+0.8)x10 °m?.S.mol*

Conductivity for 0.92 M TMA hydroxide solution =
0.023m*.S.mol"x920molm ® =21.1Sm* =0.21S.cm*

For 0.92 M TMA hydroxide solution NE theory calculated a value.t Scm.
Thus we would like to say that NE theory overestimates the conductivity of solution because of its

oversimplified nature.
A.2 DHO equation:

Ln=Lo- (B.I.LO+BZ)\/% 213

where
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s m= Conductivity in (m™.S.mot?)

s o = Conductivity of solution at infinite dilution (fr5.mot%)

B: and B = Constants Independent of concentratioA $imoi?)
In aqueous solution for allelectrolyte (1 cationl anion)

Bi= 0.229 m.S.mot' 213

B,= 6.027 x 1 m2.S.mot! 213

Z%O = molarity, where ¢=0.92 Mg 1 M

So= $+ s=232.6 x 1& m?.S.mot! (according to Kohlrausch law of independent migration of
ions)
s *= Conductivity of TMA at infinite dilutiod*®= 44.9 x 16 m?.S.mot*
s "= Conductivity of OHat infinite dilutiont*®= 198 x 16* m?.S.mot*
Cs= 0. DSt m
Thus for 0.92 M conc, Conductivity = 0.01Z.8.mot* x 920 (mol.nr)
=11.96 S.nt=0.12 S.crit

Experimental value =0.13S.cm?

Thus we say that the DHO theory predicts lower value of conductivity than the experimentally

found conductivity.



APPENDIX B

COPYRIGHTPERMISSIONS FOR PUBISHED PAPERS

# = Copyright e Lewnl *onl.f c
@3 cenc:  RightsLink iome | m G,

< ACS Publications Titte: Insights into the Transport of

Aost Truste st Cited. Most Read. i

Maost Trusted. Most Cited. Most Read Aqu_eous Quaterr)ary Ammonium R ————
Cations: A Combined user, you can login to
Experimental and Computational [RightsLink using your
Study icopyright.com credentials.

) X Already a RightsLink user or
Author: Himanshu N. Sarode, Gerrick E.  |yant to learn more?

Lindberg, Yuan Yang, et al
Publication: The Journal of Physical Chemistry

B
Publisher: American Chemical Society
Date: Feb 1, 2014

Copyright © 2014, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:

= Permission is granted for your request in both print and electronic formats, and
translations.

= [f figures and/or tables were requested, they may be adapted or used in part.

= Please print this page for your records and send a copy of it to your publisher/graduate
school.

= Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.

= One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.

BACK CLOSE WINDOW

Copyright © 2015 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Terms and Conditions.
Comments? We would like to hear from you. E-mail us at customercare@copyright.com

13C



Himanshu Nitin Sarode <hsarode@mymail.mines.edu>

Thesis- permission to reproduce
1 message

Gerrick Eugene Lindberg <Gerrick.Lindberg@nau.edu> Mon, Jun 15, 2015 at 12:31 PM
To: "hsarode@mymail.mines.edu" <hsarode@mymail.mines.edu>

| hearby permit Himanshu Sarode to reproduce the work entitled " Insights into the Transport of Aqueous
Quaternary Ammonium Cations: A Combined Experimental and Computational Study" published in the Journal
of Physical Chemistry B (2014), 118, 1363-1372, DOI: 10.1021/jp4085662 as a tattoo or part of his thesis.

Gerrick E. Lindberg, PhD

Assistant Professor

Department of Chemistry and Biochemistry

Northern Arizona University

PO Box 5698

Flagstaff, AZ 86011-5698

Office: 928-523-3897

Fax: 928-523-8111

Web: https://sites.google.com/site/lindbergcompchemistrygroup/

131



Himanshu Nitin Sarode <hsarode@mymail.mines.edu>

Permission to Reproduce
1 message

Gregory A. Voth <gavoth@uchicago.edu> Wed, Jun 17, 2015 at 11:28 AM
To: Himanshu Sarode <hsarode@mymail.mines.edu>

| hearby permit Himanshu Sarode to reproduce the work entitled " Insights into the Transport of Aqueous
Quatemary Ammonium Cations: A Combined Experimental and Computational Study" published in the Journal of
Physical Chemistry B (2014), 118, 1363-1372, DOI: 10.1021/jp4085662 as part of his thesis.

Sincerely,
Gregory A. Voth

Gregory A. Voth, Ph.D.

Haig P. Papazian Distinguished Service Professor

Department of Chemistry, James Franck Institute, Institute for Biophysical Dynamics,
and Computation Institute

Department of Chemistry

The University of Chicago

5735 S. Ellis Avenue

Chicago, lllinois 60637

Phone: 773-702-9092

Fax: 773-795-9106

Administrative Assistant: 773-702-9096
Email: gavoth@uchicago.edu

Group Web Site: vothgroup.uchicago.edu

Himanshu Nitin Sarode <hsarode@mymail.mines.edu>

Thesis- permission to reproduce
1 message

Lisa Felberg <Ifelberg@berkeley.edu> Mon, Jun 15, 2015 at 10:00 AM
To: hsarode@mymail.mines.edu

Himanshu,
Congrats!
| hearby permit Himanshu Sarode to reproduce the work entitled " Insights into the Transport of Aqueous

Quaternary Ammonium Cations: A Combined Experimental and Computational Study" published in the Journal of
Physical Chemistry B (2014), 118, 1363-1372, DOI: 10.1021/jp4085662 as part of his thesis.

Regards,
Lisa Felberg

132



Himanshu Nitin Sarode <hsarode@mymail.mines.edu>

Thesis- permission to reproduce
1 message

Yuan Yang <yuanyang@mines.edu> Mon, Jun 15, 2015 at 11:03 AM
To: Himanshu Sarode <hsarode@mymail.mines.edu>

| hearby permit Himanshu Sarode to reproduce the work entitled " Insights into the Transport of Aqueous
Quaternary Ammonium Cations: A Combined Experimental and Computational Study" published in the Journal of
Physical Chemistry B (2014), 118, 1363-1372, DOI: 10.1021/jp4085662 as part of his thesis.

Sincerely,

Yuan Yang

Research Assistant Professor

NMR Facility Manager

Department of Chemistry and Geochemistry
121 Coolbaugh Hall

Colorado School of Mines

Golden, CO 80401

303-384-2109

13¢



Permission to reprodudégure2.4

¢ » Copyright . . :
@ camn  RightsLink A C.

Center

ACSPublications Titte: A Small-Angle X-ray Scattering
v Most Trusted. Most Cited, Most Read. Study of the Deve|opment of e viTe  CopTIat
Morphology in Films Formed from usz,., you can ﬁ,ygm'gto 3
the 3M Perfluorinated Sulfonic RightsLink using your

Acid Ionomer opyright.com credentials.
Iready a RightsLink user or
ant to learn more?

Author: Yuan Liu, James L. Horan,
Gregory J. Schlichting, et al

Publication: Macromolecules
Publisher: American Chemical Society

Date: Sep 1, 2012
Copyright © 2012, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:

= Permission is granted for your request in both print and electronic formats, and
translations.

» [f figures and/or tables were requested, they may be adapted or used in part.

= Please print this page for your records and send a copy of it to your publisher/graduate
school.

» Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.

= One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.

If credit is given to another source for the material you requested, permission must be obtained
from that source.

Copyright © 2015 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Terms and Conditions.
Comments? We would like to hear from you. E-mail us at customercare@copyright.com

134



Copyright permission foFigurel.1

# = Copyright . .
W ceune RightsLink B G

Center

Title: Prospects for Alkaline Anion- Logged in as:
Exchange Membranes in Low Himanshu Sarode

Temperature Fuel Cells n

Author: ). R. Varcoe,R. C. T. Slade
Publication: Fuel Cells

Publisher: John Wiley and Sons
Date: Oct 27, 2004

Copyright © 2005 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim

: Fuf:l Cel If.

Order Completed

Thank you for your order.

This Agreement between Himanshu N Sarode ("You") and John Wiley and Sons ("John Wiley and Sons")
consists of your license details and the terms and conditions provided by John Wiley and Sons and
Copyright Clearance Center.

Your confirmation email will contain your order number for future reference.

Get the printable license.

License Number 3663141081659
License date Jul 06, 2015
Licensed Content John Wiley and Sons
Publisher

Licensed Content Fuel Cells
Publication

Licensed Content Title  Prospects for Alkaline Anion-Exchange Membranes in Low Temperature Fuel Cells
Licensed Content Author J. R. Varcoe,R. C. T. Slade

Licensed Content Date Oct 27, 2004

Licensed Content Pages 14

Type of use Dissertation/Thesis
Requestor type University/Academic
Format Print and electronic
Portion Figure/table
Number of 1

figures/tables

Original Wiley Figure 1

figure/table number(s)
Will you be translating? No

Title of your thesis / UNDERSTANDING ION AND SOLVENT TRANSPORT IN ANION EXCHANGE MEMBRANES UNDER
dissertation HUMIDIFIED CONDITIONS

Expected completion Aug 2015

date

Expected size (number 150

of pages)

Requestor Location Himanshu N Sarode
1011 4th St Apt 3
GOLDEN, CO 80401
United States
Attn: Himanshu N Sarode

Billing Type Invoice

Billing address Himanshu N Sarode

1011 4th St Apt 3

13¢



GOLDEN, CO 80401
United States
Attn: Himanshu N Sarode

Total 0.00 USD

Copyright © 2015 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Terms and Conditions.
Comments? We would like to hear from you. E-mail us at customercare@copyright.com

Permission to reprodudéigure4.2 andFigure4.3 from Chapter 4

Advancing the Royal Society of Chemistry
Chemical Sciences Thomas Graham House
Science Park

Milton Road

Cambridge

CB4 OWF

Tel: +44 (0)1223 420 066
Fax: +44 (0)1223 423 623
Email: contracts-copyright@rsc.org

WWW.rsc.org

Acknowledgements to be used by RSC authors

Authors of RSC books and journal articles can reproduce material (for example a figure) from
the RSC publication in a non-RSC publication, including theses, without formally requesting
permission providing that the correct acknowledgement is given to the RSC publication. This
permission extends to reproduction of large portions of text or the whole article or book
chapter when being reproduced in a thesis.

The acknowledgement to be used depends on the RSC publication in which the material was
published and the form of the acknowledgements is as follows:

« For material being reproduced from an article in New Journal of Chemistry the
acknowledgement should be in the form:

o [Original citation] - Reproduced by permission of The Royal Society of
Chemistry (RSC) on behalf of the Centre National de la Recherche Scientifique
(CNRS) and the RSC

« For material being reproduced from an article Photochemical & Photobiological
Sciences the acknowledgement should be in the form:

o [Original citation] - Reproduced by permission of The Royal Society of
Chemistry (RSC) on behalf of the European Society for Photobiology, the
European Photochemistry Association, and RSC

« For material being reproduced from an article in Physical Chemistry Chemical
Physics the acknowledgement should be in the form:
o [Original citation] - Reproduced by permission of the PCCP Owner Societies

« For material reproduced from books and any other journal the acknowledgement
should be in the form:
o [Original citation] - Reproduced by permission of The Royal Society of

Chemistry
The acknowledgement should also include a hyperlink to the article on the RSC website.

The form of the acknowledgement is also specified in the RSC agreement/licence signed by
the corresponding author.

Except in cases of republication in a thesis, this express permission does not cover the
reproduction of large portions of text from the RSC publication or reproduction of the whole
article or book chapter.

A publisher of a non-RSC publication can use this document as proof that permission is
granted to use the material in the non-RSC publication.

VAT Registration Number: GB 342 1764 71 Registered Charity Number: 207890

13¢



Himanshu Sarode <hsarode@mymail.mines.edu>

Permission to reproduce part of the work as my thesis

Ashley Maes <amaes@mymail.mines.edu= Tue, Aug 25, 2015 at 10:21 AM
To: Himanshu Sarode <hsarode@mymail.mines.edu=

Hi Himanshu,
Here you go:

I hearby permit Himanshu Sarode to reproduce Fig. 4 and 5 from " Interplay between water uptake, ion
interactions, and conductivity in an e-beam grafted poly(ethylene-co-tetrafluoroethylene) anion exchange
membrane" published in Phys. Chem. Chem. Phys, 2015, 17, 4367 as part of his thesis.

Ashley Maes

Graduate Research Assistant
Colorado School of Mines

Himanshu Sarode <hsarode@mymail.mines.edu>

Permission to reproduce
1 message

Bethanne Peters <bethannepeters14@gmail.com> Wed, Aug 19, 2015 at 9:55 AM
To: "hsarode@mymail.mines.edu" <hsarode@mymail.mines.edu>

| hearby permit Himanshu Sarode to reproduce Fig. 4 and 5 from " Interplay
between water uptake, ion interactions, and conductivity in an e-beam

grafted poly(ethylene-co-tetrafluoroethylene) anion exchange membrane™
published in Phys. Chem. Chem. Phys, *2015*, 17, 4367 as part of his thesis.

Regards
Bethanne Peters

Himanshu Sarode <hsarode@mymail.mines.edu>

permission to reproduce some of the work

j.varcoe@surrey.ac.uk <j.varcoe@surrey.ac.uk> Tue, Aug 18, 2015 at 9:55 AM
To: hsarode@mymail.mines.edu

Me and Simon have no problem with you using figures from the paper in your thesis

Good luck with your PhD

John



Himanshu Sarode <hsarode@mymail.mines.edu>

Permission to reproduce part of the work as my thesis

sandra.lavina@unipd.it <sandra.lavina@unipd.it> Wed, Aug 19, 2015 at 12:42 PM
To: hsarode@mymail.mines.edu
Cc: keti.vezzu@gmail.com

| hearby permit Himanshu Sarode to reproduce Fig. 4 and 5 from " Interplay
between water uptake, ion interactions, and conductivity in an e-beam

grafted poly(ethylene-co-tetrafluoroethylene) anion exchange membrane"
published in Phys. Chem. Chem. Phys, *2015*%, 17, 4367 as part of his thesis.

Tara P Pandey, Ashley M Maes, *Himanshu N Sarode*, Bethanne D Peters,
Sandra Lavina, Keti Vezzu, Yuan Yang, Matthew W Liberatore, VitoDi Noto,
and Andrew M. Herring, Interplay between water uptake, ion interactions,
and conductivity in an e-beam grafted poly(ethylene-co-tetrafluoroethylene)
anion exchange membrane, *Phys. Chem. Chem. Phys.,* *2015*, 17, 4367

Best Regards,
Sandra Lavina

Himanshu Sarode <hsarode@mymail.mines.edu>

Permission to reproduce part of the work as my thesis

seifert <seifert@anl.gov> Tue, Aug 25, 2015 at 3:29 PM
To: Himanshu Sarode <hsarode@mymail.mines.edu>

Hi Himanshu,
Do you need mine as well?

I, Soenke Seifert, hearby permit Himanshu Sarode to reproduce Fig. 4 and 5 from " Interplay between water
uptake, ion interactions, and conductivity in an e-beam grafted poly(ethylene-co-tetrafluoroethylene) anion
exchange membrane" published in Phys. Chem. Chem. Phys, 2015, 17, 4367 as part of his thesis.

Regards,
Soenke Seifert, Ph.D.

13¢






