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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
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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
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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

23



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+

Q_)o
wn
(enie]]

Q)
I

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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0.4 <

Self Diffusion Coefficient
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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

33



~ 03 T T L T
€025 | @TVA oz | @EMA T s -
< o2t ¢ o { o2} I ¢ L
Sotst g H ; ® {os}Q ! ! P
3 o ® 1 o1 . ® ° ¢
S 0.05 | 4 005 | .
o 0 ' L 1 1 1 L 0 1 L 1 L 1 1

20 30 40 50 60 70 80 20 30 40 50 60 70 80
—_ 03 L) T T T T ¥ 03 L] T T T i
E o5 | O TEA { 025 | @TBA 1
< o2} {4 o2} B
S015 ° ° ® {015} 8 o ®
S 0@ . . @4 oiloe . & ¢
005 ® 4 005 | @ -
O 0 1 1 1 L 1 L o 1 L 1 't 1 1

20 30 40 50 60 70 80 20 30 40 50 60 70 80
E 0'3 ( )_[I_BP ] ] 1 1 1 02 ] 1 1 1 . 1 1

e

% 0.25 F 1 0.16 } ® : ) i .
-~ L . v
A 012 | : v .
So015} e Y
B I ] 008 f ¥ 1
'g - ' ! ! ® ! w 4
50.05 | Joos4} § -
O 0 1 L 1 L 1 L o 1 1 L 1 L 1

20 30 70 80 20 30 80

40 50 60 40 50 60 70
Temperature (°C) Temperature (°C)

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.

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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