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ABSTRACT 

Anion exchange membranes (AEM) have been studied for more than a decade for potential 

applications in low temperature fuel cells and other electrochemical devices. They offer the 

advantage of faster reaction kinetics under alkaline conditions and ability to perform without costly 

platinum catalyst. Inherently slow diffusion of hydroxide ions compared to protons is a primary 

reason for synthesizing and studying the ion transport properties in AEMs. The aim of this thesis 

is to understand ion transport in novel AEMs using Pulse Gradient stimulated Spin Echo Nuclear 

Magnetic Resonance technique (PGSE NMR), water uptake, ionic conductivity, Small Angle X-

ray Scattering (SAXS) etc. All experiments were performed under humidified conditions (80-95% 

relative humidity) and fuel cell operating temperatures of 30-90°C. In this work, the NMR tube 

design was modified for humidifying the entire NMR tube evenly from our previous design. 

We have developed a new protocol for replacing caustic hydroxide with harmless fluoride 

or bicarbonate ions for 19F and 13C NMR diffusion experiments. After performing these NMR 

experiments, we have obtained in-depth understanding of the morphology linked ion transport in 

AEMs. We have obtained the highest fluoride self-diffusion coefficient of > 1 x 10-5 cm2/sec (@ 

55°C) for ETFE-g-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 conductivity for the membrane.  

 Polycyclooctene (PCOE) based triblock copolymers are also studied for in-depth 

understanding of molecular weight, IEC, mechanical and transport properties. Effect of melting 

temperature of PCOE has favorable effect on increasing ion conductivity and lowering activation 

energy. Mechanical properties of these types of membranes were studied showing detrimental 

effect of water plasticization which results in unsuitable mechanical properties.  



 iv 

Hydroxide conductivity was studied to measure the effectiveness of AEMs for practical 

applications. PPO-b-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 transport, which lowers the activation energy to < 14 kJ/mol. 

Overall this thesis 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 weight on 

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 thesis represents research that is a part of a large Multidisciplinary University 

Research Initiative (MURI) project which is tasked with producing revolutionary, robust, durable, 

thin anion exchange membranes with significantly high ionic conductivity for practical devices 

such as fuel cells. Another objective of the project is to understand the chemistry, processing, 

morphology, and ion transport properties with combined efforts from experimental and 

computational scientists.1 For fuel cell applications the United States Department of Energy (DOE) 

has a set target of > 100 mS/cm for hydroxide conductivity and 20 ȉm thickness with an area 

specific resistance of 0.02 Ohm.cm2.2 One of the ways this can be achieved is by developing new 

membrane chemistries, and optimizing the performance for ion and water transport. System 

expenses can be reduced by maintaining hydration, and minimizing startup/shut down operations 

in the fuel cell. A major part of this PhD thesis was to understand ion transport of various cationic 

and anionic species in aqueous solution and in polymer electrolyte membranes including a better 

understanding of the morphology of the polymer, by using electrochemistry, solid state NMR, 

SAXS, and mechanical measurements. 

 Fuel cells are energy conversion devices that convert chemical energy stored in 

chemicals/fuels like hydrogen or methanol in electrical energy and heat by electrochemical 

conversion. One of the main types of low temperature fuel cell is polymer electrolyte membrane 

fuel cell. These consists of proton exchange membrane (PEM) and anion exchange membrane 

(AEM) fuel cells (AEMFC). PEMs are widely developed and deployed in the commercial market 

for many applications including materials handling applications, backup power and transportation 

applications with all major automakers developing fuel cell cars for large scale roll out in the near 
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future. PEM fuel cells (PEMFC) currently rely on perfluorinated sulfonic acid (PFSA) polymer 

membranes such as Nafion®, and precious metal catalysts based on platinum for high power 

densities and high efficiencies.3-5 The price of the platinum catalyst is a major factor in the high, 

cost of the fuel cell stack and the cost of platinum is volatile due to many factors including political 

interests. The PFSAs still require too much humidification for operation at the temperatures of the 

car radiator, 90-110 °C, making the system larger than desirable.  The environmental impact of 

perfluorinated membranes is also very high because they are resistant to biological degradation.6 

A significant work in PEMFCs is concentrated on reducing the platinum loading and increasing 

power densities while maintaining long-term durability.3 These issues are making slowing the 

more widespread commercialization of PEMFCs for cleaner alternative energy sources. 

 A schematic of low temperature fuel cells is shown in Figure 1.1, which consist of anode, 

cathode and a polymer electrolyte. Fuel (H2 or CH3OH) is fed to the anode, and 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 produced H+ ions are transported from anode to 

cathode through the polymer electrolyte and the electrons are drawn from the outer circuit 

producing direct current. In case of AEMFCs the electrode reactions change and now OH- ions 

move from cathode to anode. 

Electrode reactions for PEMFCs using H2 

Anode:      H2 Ÿ 2H+ + 2e- 

Cathode:   ½O2 + 2e- +2H+ Ÿ H2O 

Overall:     H2 + ½O2 Ÿ H2O   (Ecell = 1.23V at 1 bar, 298.15K) 

Electrode reactions for AEMFCs using H2 

Anode:     2H2 + 4OH- Ÿ 4H2O +4e- 
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Cathode:    O2 + 2H2O + 4e- Ÿ 4OH- 

Overall:     2H2 + O2 Ÿ 2H2O (Ecell = 1.23V at 1 bar, 298.15K) 

 

Figure 1.1 : 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 electrochemical energy conversion devices like fuel cells, for 

water desalination,8 for redox flow batteries,9 solar water splitting,10 electrolysis,11 fuel cells12 etc. 

Alkaline fuel cells have also been used for commercial applications starting from NASA Gemini 

flights.4, 13 AEMFCs offer potential benefits over PEMFCs such as the use of non-noble metal 

catalysts and the ability to use cheaper, more versatile hydrocarbon based membranes avoiding the 

use of fluorinated materials.14 PEMFCs face an issue of methanol, H2 and O2 crossover because of 

electro-osmosis 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 of AEMFCs allows use of non-precious metal catalysts like 

Iron,15, 16 Silver,17 Cobalt18, graphene19 for oxygen reduction reaction (ORR) thus reducing the cost 
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of the fuel cell system significantly. Cathode and anode kinetics are much more facile in an alkaline 

environment and water management issues can be solved by tuning the properties of the polymer, 

to allow for water diffusion from the anode where it is produced back to the cathode where it is 

consumed.14 However, the current AEMFCs suffer from many challenges and thus offer 

opportunities for improvement.12 One of the main challenges with AEMs is their degradation in 

alkaline environment especially at elevated temperatures. This instability is mainly because of 

degradation of the quaternary ammonium groups by the nucleophilic OH- ions via (i) a direct 

nucleophilic displacement and/or (ii) a Hofmann elimination reaction where ȁ-hydrogens are 

present, thus forming a tertiary amine and methanol.20 The OH- form of the membrane also gets 

converted to bicarbonate/carbonate form when exposed to the 400 ppm of CO2 in the air21, 

researchers have said that this reaction is reversible at 80°C. But AEMs are much more susceptible 

for degradation at elevated temperatures.12  

OH- + CO2 ᵶ HCO3
- 

OH- + HCO3- ᵶ CO3
2- + H2O 

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 hydroxide conductivity, no electronic 

conductivity, high chemical stability, dimensional integrity balanced with appropriate water 

uptake and good mechanical integrity. AEMs are typically synthesized with polymers which are 

covalently bonded to different types of cations. Random22, 23 or block copolymer24 chemistries 

exist from synthetic point of view. Various chemistries exist to tether cations to the backbone 

polymers from radiation grafting,25, 26 extended side chain addition,27 ring opening metathesis 
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polymerization (ROMP),28 based on polystyrene and poly(vinylbenzyl chloride),24 pore filled 

types,29 electrospun fiber types.30, 31  

 

Figure 1.2: Schematic of typical degradation pathways for quaternary ammonium cations under 

nucleophilic OH- attack12 

 

 

As there are many choices for polymer backbones, similarly many choices exists for 

tethered cations with simple to complicated multi step chemistry. Choices for cations include 

quaternary ammonium cations (e.g. benzyl trimethyl ammonium cation),24, 32, 33 sulfonium types,34 

ruthenium metal cations,35 imidazoliums,36 phosphoniums,37, 38 guanidinium systems.39, 40 In this 

thesis we will focus on different polymer chemistries tethered with benzyl trimethyl ammonium 

cations because of simplicity of synthetic tethering chemistry. 

Inherently hydroxide transport (5.273 x 10-5 cm2/sec) is almost 50% slower than proton 

transport (9.30 x 10-5 cm2/sec) in water and because of this the performance of AEMFCs is 
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expected to be lower for membranes of the same thickness as PEMFCs.41 Hydroxide conductivities 

are lower than corresponding proton conductivities at hydrated conditions and reduce drastically 

under relatively drier conditions of operation. One of the ways to solve this problem is to increase 

the ion exchange capacity (IEC) or number of charged groups in the membrane, which leads to 

increased water uptake, excessive swelling and thus weakening of membrane by gelation. 

Hydration is equally important for creating water filled continuous channels which facilitate 

hydroxide transport by Grotthuss hopping, which has been reported to be faster than just diffusive 

transport. In water both proton and hydroxide ions are transported by structural diffusion 

(Grotthuss hopping) in addition to the vehicular process.42, 43 Hydroxide is hyper coordinated by 

4.5 water molecules44 while protons are hypocoordinated by only 3 water molecules with hydration 

enthalpies being -520 kJ/mol for hydroxide and -1150 kJ/mol for protons.45  Hydroxide 

conductivity of > 100mS/cm is required to achieve competitive power densities and some of the 

membranes have actually succeeded in reaching this target.46   

 Stability of AEMs is a primary concern when we want the fuel cells to work for at least 

5000hrs with startup and shut down operations. The polymer backbone as well as the cations are 

susceptible to undergo degradation under alkaline conditions. Organic cations 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 linkages are known to be 

unstable in basic conditions, thus they are avoided in membrane synthesis. Mohanty et.al. has 

shown that by altering the chain length attached to the quaternary ammonium a much more stable 

cation can be obtained compared to the tetramethyl ammonium cation.47 Yan et. al. recently 

reported a stable phosphonium based cation, the stability of this cation was regarded to the bulky 
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nature of the cation which prohibits hydroxide attack on the positive P atom.37 Recent work by 

Marino et. al. showed that the most stable cation for AEMs is 6-azonia-spiro[5.5]undecane (ASU), 

in spite of four readily available ȁ protons in antiperiplanar position for ȁ-elimination. The half-

life of ASU cation was 110 h, compared to 4.18 h for benzyl trimethyl ammonium cation under 

their accelerated degradation study. This piperidinium-based cation demonstrates both 

nucleophilic substitution and elimination in alkaline conditions and at elevated temperature. The 

study also suggests that benzylic carbon atoms are comparatively vulnerable to nucleophilic attack, 

especially if electron-withdrawing substituents are attached to the aromatic ring, which further 

increase reactivity. Electron-donating substituents decrease the reactivity of the benzylic group, 

but stability remains comparatively low; thus, benzylic groups should be avoided in AEMs.48 

 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 membranes but also to predict 

the behavior of these membranes in relation to their structural properties.49 Along with stability, 

transport properties of the AEMs are just as important and not much work has been done in this 

area. Transport studied for the benchmark PEM Nafion®  membrane have been performed in depth 

and are well documented in the literature.50 The phase separated nanostructure in Nafion®  has 

water swollen ionic domains which facilitate water and ion transport. They have been proposed to 

be either, cylindrical, lamella, ribbon like, interconnected spheres51, 52 or water pools surrounded 

by polymer rods.53, 54 Water, ion, and solvent diffusivity in membranes is generally determined 

using experimental methods like dynamic vapor sorption (DVS), steady-state (SS) diffusion or 

permeability, pulse-field gradient spin-echo (PGSE) nuclear magnetic resonance, and time 

resolved Fourier transform infrared spectroscopy (FTIR). DVS,55, 56 steady state diffusion or 

permeability57, 58 and time resolved FTIR59, 60 measurements are on a time scale of minutes, and 
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result in concentration driven fickian diffusion coefficients. While diffusion measurements from 

PGSE NMR are on the timescale of milliseconds, and they give us an idea about polymer 

morphology, restrictions in the membranes and tells about effect of hydration on tortuosity of the 

membrane. We extract self-diffusion coefficients from PGSE NMR experiments, self-diffusion 

coefficient is a diffusion coefficient of a species when chemical potential equals zero. In addition 

to these transport measurements, ionic conductivity, surface properties by AFM also sheds light 

on the morphological structure of the polymer membrane.61 Small angle X-ray scattering (SAXS) 

studies confirm the effect of water on polymer channel morphology showing presence of lamellar, 

cylindrical structures.24, 62, 63  

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 is a 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 

experienced by the diffusing water molecules. They also used NMR T1, T2 measurements to 

understand intrinsic features on the scale less than 100nm.64 T1 and T2 are relaxation time constants 

related to single loss. T1 corresponds to signal intensity loss and T2 for signal broadening. In other 

words spin-spin lattice relaxation is called as T2 while spin-lattice relaxation is called as T1 

relaxation and valuable insights can be gained about the polymer-solvent, polymer-ion interaction 

from these time constants. M. Saito et.al. studied alcohol and proton transport 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 structure of the ionic cluster regions and interaction with 
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sulfonic acid groups. They concluded that higher proton mobility is achieved by lower molecular 

weight alcohol.65  

Greenbaum et.al. have studied Nafion® composite membranes which are doped with SiO2, 

TiO2, or Zr(HPO4)2 and were able to identify 2 different water types in the membrane using NMR. 

They also found that doping negatively affects water transport at lower relative humidity when the 

dopants are blocking a water channel.66 They also studied proton, water and phosphoric acid 

transport in a phosphoric acid doped polybenzimidazole (PBI) using 1H and 31P solid state NMR. 

Their findings state that phosphate counter ion counter-ion mobility was inferred to be more than 

2 orders of magnitude lower that of the protons, which supports a Grotthus-type ion conduction 

mechanism. By T1 and T2 relaxation measurements they were able to prove that short range 

phosphate motion is more restricted in m-PBI membranes and the other involving an exchange 

phenomena between molecules of phosphoric acid and a pyrophosphate dimer.67 Lingwood et. al. 

have studied the effect of hydration and sidechain terminal groups on water movement, they 

showed that activation energy for water transport is about 50kJ/mol at low levels of lambda (ɚ Ò 

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.68 Li et. al. have studied effect of polymer anisotropy on water transport 

properties showing that faster ion transport is obtained in the direction of stretching of the 

membrane, which is resulting into alignment of water channels.69 

 The fundamental understanding of transport in AEMs is still in its infancy, while transport 

of PEMs has been systematically studied for many years. Never the less we expect some 

characteristic similarities and differences when comparing the AEM and PEM materials.70, 71 

Investigating the hydroxide form of the AEMs does have some difficulties which are not present 
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with other anions like halides, carbonate and bicarbonate or PEMs. The formation of carbonate 

and bicarbonate can lower conductivity and fuel cell performance drastically, changing the 

electrode reactions. The transport and polymer properties will also be altered because of bulkier 

softer nature of the cations. This detrimental effect of CO2 is avoided under CO2 free conditions72, 

73 or mitigated by applying an external potential or working at higher operating temperature of 

80°C when the carbonate/bicarbonate formation reactions are reversible. 

 Transport properties of AEMs have been studied by many different methods. Hickner et.al. 

studied ion transport, morphology, and conductivity of a series of triblock copolymers to directly 

relate the effect of anions and protons on poly(hexyl methacrylate)-b-poly(styrene)-b-poly(hexyl 

methacrylate) based AEMs and PEMs. They discovered that conductivity of PEMs was higher 

than AEMs but that the self-diffusion coefficients of water were similar for both AEMs and 

PEMs.74 One more study by the Hickner et. al. group talks about understanding proton and 

hydroxide transport in a chloromethylated polymer with a polysulfone backbone. They have 

studied water permeability, water diffusion and hydroxide conductivity to have a better 

understanding of ion transport. Polysulfone based AEMs showed lower conductivity and water 

diffusion compared to Nafion®  which is attributed to the lower self-diffusion coefficient of 

hydroxide ions and the weak basicity of quaternary ammonium cations.75 Vandiver et.al. have 

studied water transport in perfluorinated 3M ionomer membranes showing effect of restriction on 

water movement in the membrane showing difference in ion and water transport 

mechanisms.33Kreuer et. al. have studied water and anion (OH-, HCO3
- , F-, Cl-, Br-, and I-) 

transport in a model poly(arylene ether) AEM. Water uptake was found to be very high in this 

membrane (Ȉ=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 size. They proved that ion 

dissociation and relative humidity also affects the ionic transport and nano-morphology.71  

Alam et.al. took advantage of high resolution magic angle spinning (HRMAS) combined 

with 2D exchange NOESY and pulse field gradient (PFG) NMR to characterize 1M methanol and 

water transport in AEMs. They were able to separate effects from free and associated methanol 

and water molecules in the polymer environment proving slower transport of the associated 

species.76 Volkov et.al. have studied water and fluoride ion transport in the anion exchange 

membranes and resins using an aqueous solution of NH4HF × HF, understanding effect of 

crosslinking on transport properties.77  

 The literature for AEM transport is very limited with water and methanol transport studies. 

The literature severely lacks ion transport of halides like fluoride, other anions like bicarbonate 

and solvents like methanol and water in AEMs. Molecular weight has a pronounced effect on ion 

transport properties, which has not been looked at in detail in the past. Effect of changing humidity 

is also not well studied for AEMs, as most of the conductivity measurements 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 synthesizing of new and stable chemistries and cations is important from 

development point of view, itôs equally important to study and understand ion and water transport 

in anion exchange membranes as a function of hydration, ion type and solvent type. Thus we 

propose to study ion/solvent transport in novel AEMs with quaternary ammonium cations 

as a function of anion, polymer chemistry, water hydration, molecular weight to understand 

ion-polymer interactions, water swelling, morphological changes which 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 have direct consequences 

on conductivity and water uptake of the membrane, and thus on fuel cell performance. Following 

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

1. Identifying highly conductive quaternary ammonium cation based on small molecule 

ion transport studies using experiments and theoretical simulations 

2. Understand membrane morphology and ion transport using fluoride, which is an ideal 

replacement for hydroxide ions avoiding caustic effects of hydroxide 

3. Study the effect of changing ions, solvent on the transport properties of each species in 

a thin, mechanically robust AEM 

4. Study hydroxide transport in AEMs for understanding ion transport mechanisms  

5. Study mechanical, ion and water transport properties of a PCOE based triblock 

copolymers and understand the effect of melting temperature and water activity on 

various properties of the membrane 

This thesis focuses on understanding ion and water transport using state of the art solid 

state NMR technique along with ionic conductivity, morphology and mechanical characterization 

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

conductivity, solid state NMR experiments, mechanical characterization, Small angle X-ray 

spectroscopy procedure, water uptake etc. Chapter 3 discusses transport of quaternary ammonium 

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

AEM applications. Chapter 4 describes fluoride ion transport in 2 of the widely studied membranes 

one from Sandia National Labs and another from University of Surrey and we report a low 
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tortuosity membrane. Chapter 5 investigates ion transport in a diblock copolymer synthesized from 

Polyphenylene oxide and poly(vinylbenzyl) chloride, where we report very high hydroxide 

conductivity under fully humidified conditions. Chapter 6 contrasts fluoride, bicarbonate, water 

and methanol transport in a polyethylene based block copolymer membrane using solid state NMR 

experiments. Chapter 7 describes ionic transport, water diffusion and mechanical properties of a 

PCOE based triblock copolymer which undergoes melting transition about 55°C, we examine how 

each of the property changes as a function of water content. Chapter 8 is the concluding chapter, 

summarizing the work and giving directions for future work. 
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CHAPTER 2                                                                                                                 

EXPERIMENTAL METHODS 

This chapter discusses the different experimental techniques used in this thesis. 

2.1 Ionic conductivity measurements in aqueous solution 

A double walled water-jacketed 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 CO2. Electrochemical impedance spectroscopy measurements were carried out using 

a Gamry Potentiostat Reference-600. The measurements were carried out at 25, 45, 65 and 79°C. 

Impedance spectra were recorded from 0.2 Hz to 0.1 MHz. The amplitude was 10mV. TMA 

hydroxide, TEA hydroxide, TBA hydroxide, BMA hydroxide and TBP hydroxide were purchased 

from Sigma Aldrich (USA) and used as received. 18 Mɋ water was used after degassing with 

ultrahigh purity (UHP) argon to remove dissolved CO2.    

Figure 2.1: Schematic of the experimental 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, 

                                   
 

                                                                 ( 2.1) 

 

                

where R is the measured solution resistance and K, the cell constant, was calculated based on the 

standard conductivity measurements done on 1 molal KCl solution.78 

2.2 Ion exchange capacity (IEC) 

Ion 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. After this step, membranes were washed thoroughly and soaked in 30ml 1M 

NaNO3 for 48 hrs for chloride ions to leach out in the solution. The NaNO3 solution was titrated 

against 0.0052M AgNO3 solution with K2CrO4 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 Ion Exchange Capacity (IEC). 

2.3 Ionic conductivity measurements for AEMs 

In plane Conductivity was measured by electrochemical impedance spectroscopy using a 

4 electrode setup. Following equation was used for calculations, 

twR

l
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=s  

                                                                ( 2.2) 

where l 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 VMP3 potentiostat from Bio Logic Scientific 

Instruments. Membrane samples were equilibrated in a Test Equity Oven (Model 1007H) at a 

R
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given temperature and humidity. All halides and bicarbonate conductivity was measured in this 

oven. For hydroxide conductivity measurements, it is crucial to avoid atmospheric CO2 and thus 

equilibration for hydroxide conductivity samples was done in a modified BekkTech cell. For this 

measurement, a BekkTech fuel cell testing stand was modified to incorporate the 4 probe 

conductivity cell. The wet gas was produced by passing dry UHP N2 gas through a heated humidity 

bottle from Fuel cell technologies. Humidity in the sealed cell was controlled by supplying a 

mixture of dry and wet gas which was controlled by 2 mass flow controllers (1000SCCM, 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 all temperature controlled by external heaters. All temperature and humidity setpoints were 

controlled by the LabView software with homebuilt feedback control system. 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 every 24 hrs. The washed membrane were loaded in a modified BekkTech cell79 in 

glove box and the cell was moved to the BekkTech setup for measurements. UHP N2 gas was used 

with temperature (30-60°C) and humidity (~95%) for measuring the true hydroxide conductivity. 

Upper limit of hydroxide conductivity measurement was fixed to 60°C to mask the accelerated 

degradation of the polymer membrane. 

2.4 Pulse Gradient stimulated Echo Nuclear Magnetic Resonance (PGSE-NMR) 

The technique of PGSE-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 calculate high precision measurements of the self-diffusion coefficients. 

The measurement of translational diffusion of species provides a non-destructive, direct and 

natural probe of the dynamics of the solution.80 Pulse field gradient spin echo is a convenient 
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method of measuring the diffusion coefficient of the tetra-alkyl ammonium cations, fluoride anions, 

methanol, water and bicarbonate ions. This type of measurement can be accurately correlated to 

the conductivity of that species by Nernst-Einstein Equation. Here we have used PGSE-NMR coil 

for carrying out these measurements. Cation transport was studied by synthesizing the quaternary 

ammonium cations which have a 13C label on them.  

 

Figure 2.2: Stimulated spin echo sequence with pulse field gradients G(t) 81 

 

The experiments were carried out using a Bruker AVANCEIII NMR spectrometer and 

400MHz (1H frequency) wide bore Magnex magnet. 1H (400MHz), 13C (100.48 MHz) and 19F 

(376.02 MHz) diffusion measurements were made using a 5 mm Bruker single-axis DIFF60L Z-

diffusion probe. The 90Á pulse length was on the order of 5 ɛs. The range of gradient strength was 

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 original value. The Bruker TopSpin software package 

was used to control the spectrometer and to analyze the data.  

 

                                                                (2.3) 

 
ù
ú

ø
é
ê

è
ö
÷

õ
æ
ç

å
-D-=ö

ö
÷

õ
æ
æ
ç

å
DG

S

S

3
exp 222

0

d
dg



 18 

where S0 is the signal amplitude, ɔ is the gyromagnetic ratio, G is the gradient strength, ŭ is the 

length of gradient pulse (1 ms) and ȹ is the time between pulses.  

ȹ is the time between pulses which looks at the species diffusion as a function of various 

time scales. In the case of solution based system the diffusion is unrestricted and thus changing ȹ 

will not have any effect on the value of diffusion coefficient. While in case of membrane systems, 

the increasing ǧ gives decreasing diffusion coefficients, a phenomena that characterizes restricted 

diffusion.  

The experiment is usually performed by changing one of the experimental variables (i.e., 

ŭ, ȹ or G). Here we have changed G. Stimulated spin echo is generated by three successive ˊ/2 rf 

pulses as drawn in the Figure 2.2 The second ˊ/2 rf pulse flips the transverse magnetization into 

the longitudinal direction where it decays with the longitudinal relaxation time (T1) After the so 

called z-storage interval ȹ, the magnetization is recalled into the transverse plane by the third ˊ/2 

rf pulse, where it forms the stimulated spin echo (STE). A magnetization phase label introduced 

by the field gradients in the preparation interval prior the second ˊ/2 rf pulse is preserved during 

the z-storage interval and refocused after the third ˊ/2 rf pulse during the read interval.81 

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 membrane as 

shown in Figure 2.3. The NMR tube was equilibrated at 30°C and 95% RH in the Test Equity oven 

for 12-24 h before sealing by methane torch. For maintaining 80% RH samples were equilibrated 

at 30°C and 80% RH in the test equity oven and the water reservoirs at the bottom and top of the 

membrane were replaced by saturated solution of (NH4)2SO4.  

Mitraôs equation82 was initially developed for closely packed spherical particles, but its 

widely applied in the polymer membranes and porous media analysis. Surface to Volume ratio 
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(S/V) of the pore can be calculated by applying the this equation of diffusion to time dependent 

diffusion experiments.82   
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                                                                (2.4) 

where D0 is the unrestricted diffusion coefficient, S/V is the surface to volume ratio of the polymer 

pore, ǧ is the diffusion time, and D(ǧ) is the diffusion coefficient at a particular ǧ. 

D(ǧ) v/s ЍЎ is plotted and slope and intercept values are obtained. D0 corresponds to 

intercept while S/V is calculated from the above equation for getting the pore size information for 

the membranes. 

 

 

Figure 2.3: Schematic of a typical NMR tube for diffusion experiments 

 

2.5 Water uptake measurements 

Water uptake (ɚ) was measured using a Dynamic Vapor Sorption (DVS) apparatus, DVS 

advantage from Surface Measurements Systems Ltd. The number of water molecules per 

quaternary ammonium group (lambda ɚ) was calculated gravimetrically by passing a humidity 
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controlled N2 gas and noting the 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 (3-10 mg) 

was kept 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. Eq. (2.5) and (2.6) were used to calculate ɚ. 
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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(SER) (Xpansion Instruments, 

Tallmadge, OH) fixture on an ARES G2 rheometer (TA Instruments, New Castle, DE). The SER 

tool consists of 2 counter rotating 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. Membrane 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 that correspond to ASTM D882ï12, 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 more than 100% in this case and thus a Hencky strain rate of 0.33 s-1 was used. All 

measurements were performed in a custom built humidity oven at 30 and 60°C and 25 and 95% 

Relative humidity conditions, such that we can capture the effect of the transition temperature. 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 controllers (10,000 SCCM, MKS 1179A, 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 temperature and humidity setpoints were controlled by the LabVIEW software with 

homebuilt feedback control system. Details about the custom built instrument can be found here.83 

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

Small angle X-ray scattering was performed at Advanced Photon Source at Argonne 

national laboratory, Argonne, IL. We used the beamline 12-ID-B which is fitted with a SAXS and 

WAXS area detector. The energy of X-rays was fixed at 14 keV. A custom built humidity 

controlled oven was used to control temperature and humidity in the oven. Humidity in the oven 

was maintained by mixing dry and wet N2 gas by 2 mass flow controllers (MKS Mass-Flo RS-485 

controller). Wet gas was made by passing dry N2 gas through a humidity bottle maintained at a 

certain temperature (Fuel cell technologies, Inc.) and humidity in the oven was measured by a 

humidity probe. (Vaisala HMT 337, Boulder, CO)  SAXS spectra were collected at dry, 25-50-75-

95% RH and 60°C. Samples were equilibrated at each humidity for sufficient time before 

collecting spectra. 
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Figure 2.4: Schematic of the SAXS setup showing temperature and humidity control84 Reprinted 

with permission, Copyright (2012) American Chemical Society. 
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CHAPTER 3                                                                                                                         

INSIGHTS INTO THE TRANSPORT OF AQUEOUS QUATERNARY AMMONIUM 

CATIONS: A COMBINED EXPERIMENTAL AND COMPUTATIONAL STUDY 

This chapter is modified from a paper published in 

Journal of Physical Chemistry B1 

Himanshu N. Sarode,2,ÿ Gerrick E. Lindberg,3,ÿ Yuan Yang,4 Lisa E. Felberg,5 Gregory A. 

Voth6,* and Andrew M. Herring7 

3.1 Abstract 

 This study focuses on understanding the relative effects of ammonium substituent groups 

(we primarily consider tetramethylammonium, benzyltrimethylammonium, and 

tetraethylammonium cations) and anion species (OH-, HCO3
-, CO3

2-, Cl- and F-) on ion transport 

by combining experimental and computational approaches. We characterize transport 

experimentally using ionic conductivity and self-diffusion 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 particularly noteworthy that 

we directly probe cation and anion diffusion with pulsed gradient stimulated echo NMR and 

molecular dynamics simulations, corroborating these methods and providing a direct link between 

atomic resolution simulations and macroscale experiments. By pairing diffusion measurements 

and simulations with residence times we were able to understand the interplay between short time 

                                                 

1 Reprinted with permission of the Journal of Physical Chemistry B, (2014), 118, 1363-1372 
2 Primary author and researcher (ÿequal contribution) 
3 Primary author and researcher (ÿequal contribution) 
4 Co-author, NMR spectroscopist 
5 Co-author, undergraduate researcher 
6 Author for correspondence, University of Chicago 
7 Author for correspondence, Advisor   
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and long time dynamics with ionic conductivity. With experiment, we determine that solutions of 

benzyltrimethylammonium hydroxide 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 CO2 on ionic conductivity in ammonium hydroxide 

solutions. CO2 readily reacts with OH- to form HCO
-

3 and is found to lower the solution ionic 

conductivity by almost 50%. 

3.2 Introduction  

 Quaternary ammonium cations (R4N
+) are important in medicine,85, 86 batteries,87 alkaline 

anion exchange membranes,13, 14 ionic liquids,88 polymerizable surfactants89 and phase transfer 

catalysts.90 The quaternary ammonium cations with short alkyl side chains are highly 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 non-dilute aqueous solutions with anions such as hydroxide or carbonate, 

relevant to emerging electrochemical anion exchange membrane (AEM) applications such as fuel 

cells and electrolyzers.91, 92 Considerable experimental and theoretical efforts have been devoted 

to studying the structure, thermodynamics and properties of these cations with halide 

counterions.93-96 Similar studies have been performed with small acids like sulphonic acid, 

phosphonic acid, trifluoromethanesulfonic acid, which are important for proton exchange 

membranes used in fuel cells.70, 97, 98 The hydrophilic nature of the cations in the presence of Cl- 

and Br- was studied by Koga and coworkers99 showing the proclivity of tetramethyl ammonium 

(TMA) and tetraethyl ammonium (TEA) toward water. The literature is conflicting in that there is 

evidence for clathrate-like hydration shells around R4N
+,100 but other work claims that H2O near 

ammonium is no different from pure H2O.101-103 
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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 ammonium7, 13, 104, 105 and quaternary phosphonium37, 106, 107 based electrolyte 

membranes to facilitate hydroxide transport from the cathode to the anode.14 When evaluating 

materials for AEM fuel cells it is common to substitute less caustic anions for hydroxide, e.g. 

halides,108 tetrafluoroborate,24 or bicarbonate/carbonate.109 Taking into account the well-known 

fact that the ion effects of anions are stronger than those by cations in the Hofmeister rankings,110 

also motivates changing the anions surrounding the cations. There are additionally two important 

reasons why anions other than hydroxide are convenient: hydroxide reacts detrimentally with most 

ammonium cations leading to degradation of the cation111, 112 and hydroxide rapidly reacts with 

CO2 establishing equilibrium between hydroxide, bicarbonate, and carbonate. For this reason there 

is only a limited set of quality data for hydroxide conductivity in AEMs.79, 109 Therefore, it is 

essential to study ion transport with 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 

ammonium cations.113 Friedman and coworkers developed a cosphere overlap model, which fits 

ammonium ion-ion pair interaction to deduce thermodynamic and structural properties of 

tetraalkyl ammonium halides.114, 115 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 thermodynamic properties 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 of ammonium cations on hydroxide transport. Schmidt, Brown and Williams studied 14N 

chemical shifts for various saturated aqueous solutions of ammonia- and ammonium-based 

compounds and showed that NH4Br and NH4Cl have indistinguishable chemical shifts, but the 

chemical shift NH4OH is distinct.116 They then suggested that TMA with Cl- or Br- is distinct from 

TMA hydroxide based on the 14N NMR shifts, but they were unable to obtain definitive results.116 

Babiaczyk and coworkers performed simulations of quaternary ammonium cations to understand 

the hydration structure and hydropathicity of these cations.86 These simulations include a single 

quaternary 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 presence of various counter 

ions.117 They found that the measured diffusive transport behavior of TMA appears similar to 

sodium and lithium, but when the counter anion is varied, TMA diffusion is 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 anion. This adds to 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 (BMA) (Figure 3.1), but we have also 

considered tetrapropyl ammonium (TPA), tetrabutyl ammonium (TBA) and tetrabutyl 

phosphonium (TBP).  
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The discussion here is limited to aqueous environments at concentrations between 0.28 and 

1.39 M and temperatures between 25 and 80°C because of solubility and stability concerns with 

quaternary ammonium cations in presence of hydroxide at elevated temperatures. Transport 

properties of cations (quaternary ammonium) and anions like HCO3
-, CO3

2- and F- were measured 

Figure 3.1: A snapshot of three of the ammonium cations considered and the electrostatic 

potential 
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in this study with PGSTE-NMR, conductivity and computational techniques. The diffusion of 

fluoride is particularly useful because of it is close in size to hydroxide.77, 118 Notably this work 

directly links experiments and simulation, validating the simulation methodology, so that we are 

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

3.3 Methods 

3.3.1 Experimental details 

Materials 

TMA hydroxide, TEA hydroxide, TBA hydroxide, BMA hydroxide and TBP hydroxide 

were purchased from Sigma Aldrich (USA) and used as received. 13C labeled methyl iodide was 

purchased from Cambridge Isotopes laboratories (USA). TMA hydroxide and TBA hydroxide 

were purchased in solid form, while the remaining ammonium and phosphonium hydroxides were 

purchased in aqueous solution. Fluoride salts of TMA, TEA and BMA were purchased from Sigma 

Aldrich (USA) and used without purification. 18 Mɋ water was used after degassing with ultrahigh 

purity (UHP) argon to remove dissolved CO2. 

Synthesis of the 13C labeled tetraalkyl ammonium cations 

The 13C 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 shown in Scheme 

3.1. A white precipitate was formed by adding ethanol and washed, following a procedure 

described elsewhere.119 The resulting salts were dissolved in water and passed through an anion 

exchange resin column to convert them to the hydroxide form. The resulting solutions were 

rotavaporized under vacuum to achieve a final concentration of 0.92 M. The concentrated solutions 

were put in a 5mm NMR tube to perform the 13C PGSTE NMR diffusion experiments. For this 

study the amines used were trimethyl, triethyl, tripropyl, benzyl dimethyl, and tributylamine. 
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The effect of CO2 on conductivity was studied for each cation by passing UHP CO2 through 

0.92 M solutions until saturated. After the resulting solutions equilibrated with air, they were used 

for the conductivity and carbonate/bicarbonate measurements. The carbonate/bicarbonate 

composition was determined by performing titrations with dilute HCl. The solutions were left in 

contact with air and the bicarbonate/carbonate concentration 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 of our experiments. 

Cell constant calculations 

Conductivity of a solution was calculated by the following equation 

                                   
 

                                                                 ( 3.1) 

 R

K
=k

Scheme 3.1: The reaction scheme employed for the synthesis of 13C labeled quaternary 

ammonium cations 
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    where R is the measured cell resistance and K, the cell constant, was calculated based on 

the standard conductivity measurements done on 1 molal KCl solution.78 

Conductivity experimental setup 

A double walled water-jacketed 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 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 CO2. Electrochemical impedance spectroscopy measurements were carried out using 

a Gamry Potentiostat Reference-600. The measurements were carried out at 25, 45, 65 and 79°C. 

Impedance spectra were recorded from 0.2 Hz to 0.1 MHz. The amplitude was 10mV. 

Self- diffusion coefficient measurements 

Self-diffusion coefficients of the cations (13C) and anions (19F) were determined with a 

pulsed field gradient stimulated echo (PGSTE) NMR technique. The diffusion constant, D, was 

determined by fitting the measured data to the Stejskal -Tanner equation120 

 

                                                                 ( 3.2) 

 

where S0 is the signal amplitude, ɔ is the gyromagnetic ratio, G is the gradient strength, ŭ is the 

length of gradient pulse (1 ms) and ȹ is the diffusion time or time between pulses.  

The experiments were carried out using a Bruker AVANCEIII NMR spectrometer and 

400MHz (1H frequency) wide bore Magnex magnet. 13C (100.48 MHz) and 19F (376.02 MHz) 

diffusion measurements were made using a 5 mm Bruker single-axis DIFF60L Z-diffusion probe. 

The 90Á pulse length was on the order of 5 ɛs. The range of gradient strength was 0-500 G/cm, 

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.  

  

When the time between pulses, ȹ, is comparable or shorter than some processes in the 

system, the measured diffusion coefficient is known to depend on ȹ (for example in restricted 

environments, like membranes or porous media, or in systems with long decorrelation times, like 

glasses). Since ȹ is much longer than any of the relaxation processes typically present in aqueous 

solutions, the diffusion coefficient is not expected to depend on ȹ. To confirm this we tested three 

different values of ȹ for TPA hydroxide and found similar values for the measured diffusion 

Figure 3.2: A plot of the experimental points and the line obtained by fitting those points to the 

Stejscal-Tanner equation. This yields a self-diffusion constant of 0.58 x 10-5 cm2/sec for BMA 

chloride at 25°C 
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coefficient (Figure 3.3). Thus, for all of the measurements described in this work, ȹ was chosen to 

be 20 ms.  

3.3.2 Simulation Details 

 

Figure 3.3 : The diffusion coefficient of TPA as a function of diffusion time, æ, with a hydroxide 

counterion 

 

 The ammonium cations and chloride were simulated with molecular dynamics (MD) using 

the generalized amber force field (GAFF).121 GAFF has been used previously for the simulation 

of ammonium ions.86 Partial charges for the ammonium were determined using the restrained 

electrostatic potential method as implemented in the Antechamber package.122, 123 Water was 

modeled using the SPC/Fw potential.124 All fluoride results shown in this paper employ the model 

developed by Jensen and Jorgensen,125 but we also tested the fluoride model developed for use 

with SPC/E water by Joung and Cheatham126 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 number 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 remove high-energy 

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 and temperature). The 

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, pressure and temperature) 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 the last 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 package127 as implemented 

for both CPUs and graphics processing units (GPUs). 

  We use residence times to understand 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 distribution 

function. We consider cation-anion, cation-water, anion-water and water-water 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 temporarily moving outside the cutoff, but not 

fully entering the bulk, we employ the allowance time approach used by Impey, Madden and 

McDonald.128 A 2 ps allowance time is used to neglect these rattling effects for the calculation of 

cation-anion, cation-water and anion-water residence times. Radial distribution functions, mean 
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squared displacements and radii of gyration were calculated using Antechamber analysis tools.122, 

123 

3.4 Results  

3.4.1 Conductivity 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 were carried out at 25, 45, 65 and 79°C.  

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 lowest conductivities. In general an Arrhenius dependence on 

temperature is observed and a clear trend is seen in activation energy (Table 3.1). As the alkyl 

Figure 3.4 : Experimental conductivity of TMA (a), BMA (b), TEA (c), TBA (d) and TBP (e) in 

hydroxide form as a function of temperature and concentration (0.28 M (black), 0.92 M (red) 

and 1.39 M (blue)). The conductivity without CO2 (circles) and with CO2 (triangles) is shown 

for TMA (black), BMA (red), TEA (blue) and TBA (orange) in (f) 
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substituent chains are extended, the activation energy increases. BMA, despite having the largest 

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, mass and 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 non-dilute systems at approximately molar concentrations, 

there is significant 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 electrostatic interactions. To test if long-

lived clathrate-like water structures are caging the cations we plotted cation diffusion verse inverse 

radius of gyration for four cations (Figure 3.6) and found a linear relationship. Therefore we do 

not see evidence of long-lived clathrate-like 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 right in Figure 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. 

 

Table 3.1: Experimental activation energy for ionic conductivity for each cation with OH- at 0.92 

M. 

Cation Activation energy (kJ/mol) 

TMA 3.40±1.24 

TEA 5.70±1.26 

TBA 8.13±0.77 

TBP 10.26±4.56 

BMA 5.01±1.50 
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Figure 3.1 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. The benzyl 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 group, while hydrating waters are found all around TMA and TEA. 

3.4.2 Effect of CO2 on conductivity 

CO2 readily reacts with hydroxide to form bicarbonate and in aqueous solution will reach 

equilibrium with carbonate. To quantify the effect of CO2 on conductivity we measured the 

conductivity of 0.92 M TMA, BMA, TEA and TBA hydroxide solutions before and after sparging 

with CO2 (Figure 3.4 (f)). There is a significant decrease in the observed conductivity with CO2. It 

is interesting to note that the decrease is cation and anion dependent. The ratio of conductivity with 

CO2 to without CO2 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 effect of CO2 on each 

cation results in the highest observed conductivity with CO2 occurring in the TMA solution, while 

the highest conductivity without CO2 was observed in the BMA solution. This conductivity is a 

combined effect of cation-anion interaction and migration 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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3.4.3 Self-diffusion coefficients 

 The self-diffusion of various species was determined via PGSTE-NMR and MD 

simulations. Since we are interested in understanding ionic conductivity in these systems we 

consider the self-diffusion coefficients of both cations and anions. Additionally we are interested 

in species that permit direct comparison of experiment and theory, so we selected 13C labeled 

ammonium cations and fluoride (19F) anions.  

 

Figure 3.5 shows the experimental PGSTE-NMR diffusion coefficient of the ammonium 

cations with hydroxide and chloride anions. Self-diffusion 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 being heavier, BMA 

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

and the resulting solvation of BMA and TEA (Figure 3.1). Changing the counterion from 

Figure 3.5: Experimental Diffusion coefficients of TMA (black ǒ), TEA (blue ǒ), BMA (red 

Ƽ), TPA (green ǒ), and TBA (orange ǒ) in hydroxide form (a) and chloride form (b) 

 




























































































































































































