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Zhiyang Zhang

ABSTRACT

Ion transport of electrolytes determines the performance of many electroactive devices,

from fuel cells to batteries to soft mechanical actuators. This dissertation aims to address some

fundamental issues regarding ion transport of ion dense electrolytes using electrophoretic NMR

and NMR diffusometry.

I first describe the design and fabrication of the first instrumentation capable of reliable

ENMR on highly ion-dense electrolytes such as ionic liquids and electrolytes for zinc-air

batteries. I design a new electrophoretic NMR sample cell using parallel capillaries to investigate

the electrophoretic mobilities of pure ionic liquids. It shows the first study of a highly ion-dense

electrolyte with electrophoretic NMR. Then I employ NMR diffusometry and electrophoretic

NMR to investigate ion association in pure ionic liquids.

Then I use electrophoretic NMR technique to investigate the electrophoretic mobilities of

electrolytes for zinc-air batteries. For zinc dicyanamide (dca) salt added to dca-based ionic

liquids, I investigate the effects of this Zn2+ salt on chemical shift of dca and on ion motion. The

combination of mobility measurements and diffusion measurements provides new insights into

ion aggregation.

Along with my co-worker Dr. Jianbo Hou, I also explore ion transport of ionic liquids

inside the ionic polymer Nafion as a function of hydration level. When ionic liquids diffuse

inside ionic polymers, isolated anions diffuse faster (≥ 4X) than cations at high hydration

whereas ion associations result in substantially faster cation diffusion (≤ 3X) at low hydration

inside membranes, revealing prevalent anionic aggregates.
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Finally, along with several of my lab co-workers, I have compared diffusion activation

energy measurements in a hydrated perfluorosulfonate ionomer and aqueous solutions of triflic

acid, and this study provides insight into water transport dynamics on sub-nm lengthscales.

Furthermore, we explore the physical meaning of activation energy, characterizing local

intermolecular interactions that occur on the pre-diffusional (~ 1 ps) timescale.
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Chapter 1

Transport Properties of Ion Dense Electrolytes

1.1 Motivation, Strategy and Research Goals

There is an increasing demand for energy storage devices that are effective, affordable

and environmentally responsible.1 As evidenced by extensive research, the advancements in

engineering design and materials science enable new battery technologies for everyday

applications (e.g., cell phones and automobiles).2-4 Factors such as electrodes, electrolytes and

their interfaces will strongly impact the performance of batteries. The electrolyte is an important

part of batteries, separating the cathode and anode. The key role of the electrolyte is to provide a

conductive medium that facilitates the motion of cations and anions to move towards cathode

and anode, respectively. However, there are several obstacles to developing safe and efficient

electrolytes, and these include high volatility, low thermal stability and low conductivity.3 Ionic

liquids (ILs), which consist of entirely ions, are promising candidates for electrolytes for both

batteries and other electroactive devices.5 ILs show great promise for use in such systems due to

their negligible vapor pressure, high ionic conductivity, high thermal and chemical stability, and

large electrochemical windows. Transport properties of ILs are key characteristics of ILs for

electrolyte applications. In particular, the ionic conductivity of ILs, which is regulated by the

electrophoretic mobilities of both cations and anions, directly impacts the performance of IL-

based electrochemical devices.6,7

In the past two decades, there have been numerous studies on the transport properties of a

wide variety of ionic liquids, showing a clear correlation between transport and molecular

structure differences.8-10 Dielectric impedance spectroscopy can be used to investigate the ionic
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conductivity of ILs, based on the measurement of complex resistivities.11 Thus, the conductivity

(Λimp) from impedance spectroscopy gives the total conductivity due to all charged species

present, but this method cannot distinguish the individual contributions from separate negatively

and positively charged species. Pulsed-field-gradient (PFG) NMR diffusometry, however, can

measure the translational diffusion coefficients for different molecular species based on spectral

selectivity.12 While PFG-NMR measures diffusion of cations and anions separately, the

experimentally determined diffusion coefficient is dependent on the ensemble of charged and

uncharged species (e.g., isolated ions or momentary dipoles) in the equilibrium state.  Thus PFG

NMR diffusometry, while powerful, cannot directly identify the contribution of only the charged

species that are important for ionic conduction. Using the Einstein relation, one can predict the

electrophoretic mobility using the measured diffusion coefficient, and this equation is based on

the assumption that all the diffusing species including charged and uncharged species contribute

to the predicted mobility. This assumption is clearly violated for ILs and other ion-dense

electrolyte systems.

Strikingly, the key transport properties of ILs under an electric field have previously not

been directly measurable.  Thus, we have proposed the use of electrophoretic NMR (ENMR)

technique,13,14 based on NMR diffusometry under an electric field, to directly investigate the

electrophoretic mobilities of the charged cation and anion species. ENMR is a challenging

technique. First, there is no commercially available instrumentation. Second, the implementation

of ENMR measurements needs careful control over several experimental aspects including the

construction of suitable ENMR sample cells, noise pickup by the radiofrequency (rf) NMR coil,

and nonelectrophoretic background flows.15,16 So far, there are about six research groups

working on ENMR technology in the world. The previous applications of ENMR have focused
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on aqueous solutions with high mobility and low conductivity, based on the available

experimental setup.17-20 ENMR measurements on ILs with high ion density is more challenging,

due to serious background flows caused by Joule heating. Saito et al used ENMR to attempt to

measure four different imidazolium based ILs, and found that the measured electrophoretic

mobilities from ENMR are more than one order of magnitude greater than the predicted

electrophoretic mobilities from the diffusion coefficients.21 However, they did not include any

raw NMR data or control experiments, and their measured results are undoubtedly due to

nonelectrophoretic artifacts caused by thermal convection. Hayamizu et al also measured the

motion of ILs using a time-delayed variant of ENMR, where they did not observe the

electrophoretic mobilities but instead observed “enhanced” diffusion coefficients, with an

unknown origin but possibly caused by forced thermal convection.22

In this work, I describe design and fabrication of the first instrumentation capable of

reliable ENMR on highly ion-dense electrolytes such as ILs and electrolytes for zinc-air batteries.

I describe construction of a new ENMR sample cell using parallel capillaries for these

challenging investigations. The presented ENMR measurements help us understand fundamental

ion conduction mechanisms in ion-dense electrolytes. Finally, the combination of ENMR

measurements and NMR diffusometry measurements enable quantitative assessment of ion

associations inside ILs.

The rest of this dissertation is organized as follows. Chapter 1 quickly reviews the objects

of our research focus: ILs and the applications of ILs in electroactive devices. I briefly introduce

the physicochemical properties of ILs as electrolytes, with particular emphasis on ion transport

and ion association. Chapter 2 focuses on the NMR techniques used in these studies. I then

introduce relevant theoretical and experimental aspects of NMR spectroscopy, NMR
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diffusometry and ENMR. In chapter 3, I present a new ENMR sample cell design using parallel

capillaries to investigate the electrophoretic mobilities of ILs. I discuss in detail the relevant

parameters and design principles of ENMR measurements, to aid in optimizing ENMR

experimental setups for samples with different conductivity and mobility. I also summarize the

sources of and remedies for different artifacts including thermal convection, electro-osmositic

flow and flow caused by bubbles. Lastly, I present the successful investigation of the

electrophoretic mobilities of ILs. In chapter 4, I use ENMR to investigate the electrophoretic

mobilities in systems formed from zinc dicyanamide (dca) salt added to dca-based ionic liquids,

which are candidates for use as electrolytes in zinc-air batteries. The combination of mobility

measurements and diffusion measurements reveals ion aggregation, such as the formation of a

Zn(dca)3
-. These investigations bring forward the application of ENMR to ion-dense electrolytes.

In chapter 5, we deeply explore ion transport and intermolecular interactions of ionic liquids

(ILs) inside ionomers. Our ion diffusion studies clearly elucidate ion associations inside

ionomers that correlate with the macroscopic mechanical actuator tests. These discoveries

provide insightful guidance toward materials design and innovation. In chapter 6, we compare

diffusion activation energy measurements in a hydrated perfluorosulfonate ionomer and aqueous

solutions of triflic acid, and this study provides insight into water transport dynamics on sub-nm

lengthscales. We further explore the physical meaning of the diffusive activation energy,

characterizing local intermolecular interactions that occur on the pre-diffusional (~ 1 ps)

timescale. Finally, chapter 7 gives a summary and prospects for future work.

1.2 General Properties of Ionic Liquids

Ionic Liquids (ILs) are room temperature molten salts that consist entirely of bulky

unsymmetrical organic ions, such as imidazolium, pyrrolidinium, and quaternary ammonium
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groups, along withtypically smaller anions.8-10,23 These cations are also modified by

incorporating functionalities onto various atoms of the ring.10 Anions of ILs include both

inorganic (tetrafluoroborate, halide or hexafluorophosphate) and organic (triflate, trifluoroacetate,

acetate, or methide).8 Figure 1.1 shows chemical structures of some ionic liquids used in this

dissertation.

Figure 1.1. Chemical structures of some imidazolium based ILs

(a) 1-ethyl-3-methyl-imidazolium trifluoromethanesulfonate; (b) 1-butyl-3-methyl-imidazolium

trifluoromethanesulfonate; (c) 1-ethyl-3-methyl-imidazolium tetrafluoroborate; (d) 1-butyl-3-

methyl-imidazolium tetrafluoroborate.

Chemical and physical properties of ILs are tunable by tailoring the size, shape, and functionality

of the component cations and anions. Their bulky ion sizes and lack of structural symmetry

reduce their molecular packing efficiency, and thus enable the relatively low melting

temperatures (<100oC). The ionic nature of ILs impart completely distinct properties as

compared to ordinary molecular liquids, such as negligible vapor pressure, high ionic

conductivity, high thermal and chemical stability, and unusual and tunable solubility.24 With

C2mim TfO

BF4C4mimC2mim BF4

TfOC4mim(a) (b)

(c) (d)



6

these attractive properties, ILs have potential applications in various fields, such as green

solvents for catalysis and organic synthesis, electrolytes for electronic and transport devices, and

a variety of separations processes.5,25,26

The most important properties of ILs for electrolyte applications are negligible vapor

pressure and high ion conductivity. The effective electrostatic forces between negatively and

positively charged species in ILs contribute to the realization of negligible vapor pressure. Thus,

these IL-based devices can maintain higher and safer performance after many operation cycles.

Since the ILs are entirely composed of mobile ions, they naturally have high ion conductivity.

Motion of both cations and anions contribute to the ion conductivity, which is directly coupled to

the performance of these IL-based devices. In addition, ILs have excellent thermal and

electrochemical stability, which is also desirable for maintaining the performance of IL-based

devices. ILs are usually very stable at temperatures of 200 to 300 oC,5 which is much higher than

the operating temperature of IL-based devices for ordinary use. Furthermore, organic electrolytes

used in current commercial Li-ion batteries are quite volatile and can evaporate or combust,

causing fire or other safety problems. ILs also have a wide electrochemical window (2.0-6.0V),5

which is the difference of the potential of cation reduction and that of anion oxidation. ILs based

on imidazolium cations have enhanced stability (3.0-6.0V),5 because of the relatively negative

potential for the cathodic reduction. Among these physicochemical properties of ILs as

electrolyte, here we mainly focus on the transport properties of ILs that directly affect the

performance of these IL-based electroactive devices.

1.3 Ion Transport in Ionic Liquids

Ionic transport properties, regulating the motion of both cations and anions, are the most

important characteristics of ILs as electrolytes. Numerous research papers report the transport
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properties (self-diffusion coefficients of the cations and anions, ionic conductivity and viscosity)

of a large variety of ILs over a broad temperature range, correlating the ionic structure and the

transport properties.8-11,21,27-29 The Watanabe group has made significant contributions to the

dependence of physicochemical properties of ILs on molecular structure.8-10 For example: they

discussed the variation of cationic backbone structures on transport properties of ILs, and

concluded that imidazolium cations based on ILs have faster diffusion.10 Thus, improving the ion

conductivities of ILs is viable through targeted synthesis. The temperature dependencies of self-

diffusion coefficient, viscosity, ionic conductivity, and molar conductivity generally fit well to

the Arrhenius equation, from which the activation energies (Ea) of different transport processes

are derived. The Arrhenius equation for the diffusion is shown as

= exp − (1.1)
where D is the self-diffusion coefficient as a function of temperature T, D0 is the pre-exponential

term, representing the diffusion at infinite T or the “barrierless” diffusion, and R is the gas

constant. Recently, we have explored the meaning of Ea associated withliquid diffusion using the

fluctuation-dissipation theorem, and we conclude that Ea associated withliquid diffusion probes

local energetic interactions that occur on the pre-diffusion (< 1 nm) length scale.30 For ILs, Ea

from diffusion should be dominated by the electrostatic interactions between ions.

Self-diffusion is the most fundamental form of transport in a liquid, and is characterized

as thermal-fluctuation-driven “Brownian motion” of the particles. Many key processes such as

chemical reactions and mass transfer strongly depend on molecular self-diffusion. Thus, self-

diffusion is a key parameter for evaluating the performance of ILs. From the Stokes-Einstein

equation, the diffusion coefficient D correlates to the dynamic and structural parameters

temperature, viscosity, and hydrodynamic radius via
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= (1.2)
where k is the Boltzmann constant, T is absolute temperature, c is a constant factor depending on

the shape, stick or slip boundary conditions and relative size of the diffusing particle to its

surrounding fluid, η is fluid viscosity, and rH is the diffusing particle’s hydrodynamic radius. As

the viscosity of ILs is much higher than that of water, the diffusion coefficient D of ILs is in the

range 10-11 and 10-13 m2/s, which is much smaller than that of water solution (~10-9 m2/s).5

Cations and anions of ILs contain different NMR-sensitive nuclei such as 1H, 19F, and

7Li, and so PFG NMR diffusometry is widely used to measure the diffusion coefficients of

cations and anions of ILs separately, based on spectral selectivity.8-10,29 Since the exchange rate

for the chemical equilibrium between the charged and uncharged species in ILsis faster than the

time scale of PFG NMR measurements (~ 10 ms), NMR diffusion measurements cannot

distinguish the transport properties of the charged species from neutral species in the equilibrium

state. In most cases, the cations diffuse faster than the counteranions, even though the

hydrodynamic size of cations is larger than that of anions. We propose that there exist different

ionic aggregates in ILs and in most cases anions-rich aggregates may have larger average size. If

the size of a cation was relatively larger than that of an anion, the cation should diffuse slower

than the anion. For example: imidazolium cations with bulky side chains diffuse slower than the

much smaller anion BF4 in ILs.9 Using PFG NMR diffusion coefficients of cations (Dcation) and

anions (Danion), we can calculate the molar conductivity (ΛdiffNMR) based on the Nernst-Einstein

equation:24

Λ = ( + ) = ( + ) (1.3)
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where NA is the Avogadro’s number, e is the electric charge on each ion, F is the Faraday

constant, k is the Boltzmann constant, and R is the gas constant. This relation isbased on the

assumption that all of the diffusing species detected by NMR diffusometry contribute to the

molar conductivity (ΛdiffNMR). Under this assumption, the molar conductivity (ΛdiffNMR) is higher

than the experimental molar conductivity value measured by the electrochemical impedance

(Λimp). The molar conductivity ratio (Λimp/ ΛdiffNMR) will illustrate the ionic nature of ILs, which

we will discuss later in this chapter.

The electrical conductivity is the most important and characteristic property of

electrolytes. Ionic conductivity of ILs is generally described by the following equation:5= + (1.4)
where Ccation and Canion are the concentration (ion density) of cations and anions separately

(mole/L), Zcation and Zcation represent the valence of cations and anions separately (Z is unit one

for singly charged ions), and µcation and µanion are electrophoretic mobility of cations and anions

(m2s-1V-1). Since ILs are composed of mobile cations and anions, both the mobility of cations

(µcation) and mobility of anions (µanion) contribute to the ionic conductivity of ILs. Thus the

cationic and anionic associations within ILs have significant effects on the conductivity. For 1-

ethyl-3-methyl-imidazolium cation-based ILs, their conductivities are of order 10 mS/cm.5

However, pyrrolidinium, piperidinium and pyridinium cation based ILs, exhibit lower

conductivities ranging between 0.1 and 5 mS/cm.5 Generally, the molecular conductivity of ILs

is in the range of 0.1 - 18 mS/cm, which is much lower than conventional aqueous electrolyte

solutions, but one order of magnitude higher than known nonaqueous solutions.11 Dielectric

impedance spectroscopy is an important method to investigate the ionic conductivity (Λ imp) of

ILs that results from driven motion of all charged species. However, the value of Λimp cannot be
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used to directly identity the individual contributions from separate negatively and positively

charged species. Here, we use ENMR, a unique technique, to directly investigate the

electrophoretic mobility of cations (µcation) and mobility of anions (µanion) of ILs separately.

1.4 Ion Association/Dissociation in Ionic Liquids

With the ionic nature of ILs, inter-ionic interactions between cations and anions lead to

ionic association, thus forming complicated ion clusters.7,31,32 The electrostatic interaction

between cations and anions is the main force for ion cohesion in ILs. However, specific

intermolecular interactions, such as excluded volume interactions (shape anisotropy due to Pauli

repulsion), asymmetric electrostatic charge distribution, conformational flexibility. inductive

forces and dispersive forces, can drive specific ion aggregations.33,34 Thus, there can exist

different forms of aggregates (pairs, triple ions, etc...) in ILs. Figure 1.2 depicts a simple picture

of association/dissociation in ILs and the influence of an external electric field, in which only

four types of ionic species are considered: single, dipole, triple and quadrupole ions.

Figure 1.2. Ion associations of ILs and the influence of an external electric field.

An applied electric field drives only charged (odd-numbered) species. PFG NMR probes the

diffusive motions of both charged and uncharged species. ENMR and impedance spectroscopy

detect only the E-field-driven motion of charged species.
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The molar conductivity ratio (Λimp/ΛdiffNMR) of ILs is an important index of ion

association, providing quantitative information on the formation of ionic aggregates,24 and is

related to the so-called “iconicity” of ILs. As mentioned before, ΛdiffNMR represents the motion

of diffusing species including those that are charged and uncharged at equilibrium, and Λimp

gives the motion of only the charged species (aggregates) in an electric field. In general, the

Λimp/ΛdiffNMR value of ILs is less than unity, demonstrating that only a fraction of the diffusing

species contribute to ionic motion in an electric field. A smaller Λimp/ΛdiffNMR value means a

lower fraction of charged species. Tokuda et al. investigated the effects of anionic and cationic

structures on Λimp/ΛdiffNMR, and illustrated the correlation between the Λimp/ΛdiffNMR value and

polarity scales (anionic donor ability hydrogen bond donor acidity, and

dipolarity/polarizability).24 Here, we attempt to quantify the ion association further in ILs using

the combination of PFG NMR and ENMR. Using ENMR, we can measure ΛENMR, which we

calculate from the electrophoretic mobility of cations (µobs_cation) and anions (µobs_anion) asΛ = ( _ + _ ) (1.5)
ΛENMR represents the conductivity due to electrophoretic motion of the only charged aggregate

species, and it can also identify the individual contributions of cations and anions to the total

conduction. Thus, ΛENMR/ΛdiffNMR, which is similar to Λimp/ΛdiffNMR, can yield information about

ion associations in ILs and help us build quantitative models to assess relative aggregate

populations.

1.5 Applications of Ionic Liquids in Electroactive Devices

ILs as electrolytes have expanding applications in electroactive devices, such as batteries

and ionic polymer transducers (IPTs). Here, we mainly discuss the applications of ILs in IPTs

and zinc-air batteries.
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IPTs are devices for transformation of electrical energy to mechanical energy, with

potential applications in artificial muscles, motion control devices, embedded sensors, and

energy harvesting.25,35 The great advantage of IPTs is that they exhibit large mechanical

deformation in response to small electric field stimulus, compared to the traditional piezoelectric

ceramic based transducers. Figure 1.3 illustrates the structure of IPTs, including three layers: an

ion-exchange membrane with diluent, a high surface area electrode, and a conductive surface

layer.

Figure 1.3. Schematic of a typical ionic polymer transducer (IPT)

Three components of a typical IPT: an ion-exchange membrane (Nafion) with a mobile ionic

diluent (an IL), a high surface area electrode (the mixture of Nafion and metal oxide), and a

conductive surface and wire contact layer (gold metal). This figure is reproduced from a paper

from our collaborators on IL-based devices.36

The perfluorosulfonate ionomer (PFSI) Nafion remains the benchmark material for ion-

exchange membranes, which play a critical role in mechanical actuation by offering a

mechanically robust medium for ion transport.36 Traditional IPTs use water or organic solvents

as diluents to generate actuation, as the counterions associated with the polymer backbone are
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solvated and can move quickly. However, traditional actuators suffer from the drawback of long

time stability due to solvent evaporation. Using the nonvolatility of ILs, IL-based IPTs offer

tremendous advantages over traditional neutral-solvent-based actuators.

Zinc-air batteries have become a research interest for energy storage due to their high

energy densities and low cost, thereby holding promise to meet increasing demand for high-

performance, inexpensive batteries.37 Zinc–air batteries are powered by oxidizing zinc

with oxygen from the air. Here are the subsequent electrochemical reactions:

Anode:       Zn + 2OH-→ H2O + ZnO + 2e-

Cathode:       ½ O2 + H2O + 2e- → 2OH-

Overall:        2Zn + O2→ 2 ZnO

Figure 1.4 schematically illustrates how a zinc–air battery works during the discharge process.

Figure 1.4. Configuration of a zinc–air battery (photo source:

http://www.zinc.org/info/zinc_based_energy_systems) At the cathode, oxygen from the air reacts
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to gain electrons and forms hydroxyl ions that migrate toward the anode. At the anode, zinc loses

electrons and reacts with hydroxyl ions, forming zinc oxide.

At the cathode, oxygen from the air gains electrons and forms hydroxyl ions that migrate

toward the anode. At the anode, zinc reacts with hydroxyl ions, forming zinc oxide and

generating electrons to travel through the external circuit to the cathode and produce electrical

power. In all, the zinc paste at the anode is consumed and replaced with the new zinc oxide.

The development of secondary (rechargeable) batteries based on the zinc-air system

presents some challenges, such as the evaporation of aqueous electrolytes from the cell and

dendritic zinc metal deposition during charging. The inherent non-volatility, conductivity and

ability to electrodeposit metals have recently made ILs into appealing candidates for novel

electrolytes in zinc-based batteries. The studies and methods in this thesis give new insights into

development of zinc-based and other novel battery systems.
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Chapter 2

NMR for Measuring Random and Coherent Molecular Motions

2.1 Principles of Spin ½ NMR

NMR spectroscopy has broad applications in analyzing intricate molecular interactions,

probing dynamics and unraveling structural heterogeneities.1,2 The key principal is that nuclear

spins redistribute themselves according to the Boltzmann law into two energy levels in the

presence of a magnetic field. In the absence of a magnetic field, the nuclear spin energy levels

are degenerate and the degeneracy is broken in presence of a magnetic field. For illustration,

Figure 2.1 depicts the distribution of different states for an ensemble of spin ½ nuclei in the

absence (a) or presence (b) of a magnetic field.

Figure 2.1. Population distribution of spin states for spin ½ nuclei with positive gyromagnetic

ratio (a) The magnetic field B0 = 0 (b) The magnetic field B0≠ 0. In zero field, all spins are

degenerate and thus there is no population difference. In case (b), a splitting in energy levels

results in a population difference between the two spin states. This population difference gives

rise to the bulk magnetic moment of a macroscopic sample of spin-bearing molecules, which we

use as the signal in NMR spectroscopy, diffusometry, and imaging experiments.
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Based on Quantum mechanics, there are two possible states for spin ½ nuclei with regard

to the azimuthal (z) component of the magnetization, mz = ½ and mz = –½, which correspond to

the spin-up and spin-down states. When B0 = 0 and the spin magnetization is zero, there is no

energy difference between these two spin states. When nuclear ensembles are exposed to B0 ≠ 0,

the energy level associated with each spin state will shift up or down by ½γħB0. Here γ is the

gyromagnetic ratio of the nucleus, and ħ is the Planck constant. We note that this shift in energy

levels produces spin populations in different states according to the Boltzmann law.

Consequently, this population difference results in the net spin polarization that can

fundamentally determine NMR signal intensity. We usually adopt the Larmor frequency ω0 = -

γB0 to represent the energy difference ΔE = -γħB0. To excite magnetic resonance, we use a

radiofrequency magnetic field for generating coherences transverse to B0, and we detect one of

the coherences (+1 or single quantum coherence) using the NMR receiver coil and record the

decay of this coherence as the free-induction decay (FID). The oscillating signal has the form I =

I0 ∑ ( ) × (− / , ) in the time domain, where the index i denotes nuclei with

different Larmor frequencies i, the complex exponential is the conventional sum of oscillating

cosine and sine waves of nucleus i, and T2,i is the spin-spin relaxation time of nucleus i. The

decaying exponential with time constant T2 represents the loss of NMR signal in the FID due to

loss of phase coherence of different components of the sample magnetic moment (for each

distinct nuclear signal) that have slightly different resonance frequencies. Through the Fourier

transform (FT), one obtains the frequency domain spectrum as shown in Figure 2.2.
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Figure 2.2. Fourier transform of a time-domain signal into a frequency-domain spectrum.

The time-domain signal decays with time constant T2, and the linewidth of the corresponding

frequency-domain spectrum is inversely related to T2. Different lines in the frequency-domain

spectrum represent nuclei in different chemical environments.

The use of the FT does not yield any extra information but it can give significant flexibility in

data interpretation. The NMR frequency spectrum contains a wealth of information with respect

to chemical composition, molecular structure, symmetry, couplings and dynamics. Below, I

describe how one can modulate the sizes of the NMR spectral peaks by using controlled

applications of different radiofrequency pulses as well as controlled variations of applied

magnetic field (gradients). Thus, information about molecular displacements for various

molecules can be encoded into the NMR peak amplitudes corresponding to the different

molecules in a sample.

2.2 Pulsed-Field-Gradient NMR: Experiment and Theory

Pulsed-field-gradient (PFG) NMR is a powerful tool for measuring molecular

displacement.3-5 It provides an accurate, tunable and sensitive probe of molecular self-diffusion.

Moreover, the PFG NMR method allows a wide range of assessment of molecular motions

through its chemical selectivity and long coherence times. The key idea of this technique is using

FT

t (s) ω (Hz)
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magnetic field gradients (spatially varying magnetic fields) to label nuclear spins with particular

signal (precession) phase angles that depend on their positions in space. This technique is

conceptually closely related to magnetic resonance imaging (MRI),6 although it was invented

almost a decade before MRI.7 Coupled with the detected NMR signal, the positions of molecular

ensembles labelled by magnetic field gradients can determine the self-diffusion coefficient D for

any number of mobile species in a material. Figure 2.3 illustrates how the molecular self-

diffusion is measured using a typical pulsed-gradient stimulated echo (PGSTE) NMR pulse

sequence.
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Figure 2.3. Illustration of molecular diffusion during the PGSTE pulse sequence. Along the

vertical NMR tube, different color spots represent molecules at different positions. The

corresponding colored arrows define spin magnetization in the transverse plane. (a): In the

absence of diffusion, all spins have the same phase of precession, giving a maximum echo signal.

(b): In the presence of diffusion, all spins have different phases based on their location along the

gradient direction, their diffusion coefficient, and the pulse sequence parameters, producing
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signal attenuation. (c): 19F NMR spectra of 1-ethyl-3-methyl-imidazolium tetrafluoroborate

([C2mim][BF4]) in case (a) no significant motion during the sequence (top) and case (b)

significant motion (bottom).

In the pulse timing schemes of Figure 2.3 parts (a) and (b), the first 90° pulse excites spin

energy level transitions and introduces a phase coherent magnetic moment into the transverse

plane. Before the first gradient pulse, all the spins with gyromagnetic ratio (γ) precess with the

same angular frequency ω = -γB0 under the main magnetic field B0. When the first gradient pulse

is applied, all the spins experience a position-dependent magnetic field B = B0 + rg, where g is

the strength of gradient and r is the position of the spin along the gradient direction. Thus, all the

spins precess with position-dependent angular frequency ω = -γ(B0 + rg). Therefore, the gradient

pulse with duration (δ) produces a spatially distributed phase angle Φ = -γδ(B0 + rg). The phase

angle Φ varies continuously and linearly in space and forms a helix profile along the gradient

direction. Such a process is called phase encoding since it establishes a relationship between spin

phase angle and molecular position. If there is no motion during the time period , which is the

duration between the pair of gradient pulse as shown in Figure 2.3 (a), the spin magnetization

with respect to the y axis is perfectly inverted after the second and third 90° pulses. All the spins

are completely refocused after the second gradient, which gives a maximum echo signal. The

function of the gradient pair is to encode and decode the phase memory of the spin magnetization

ensemble. If there are random molecular motions during the diffusion time Δ, as shown in Figure

2.3 (b), all the spins show a distribution of phases after the second and third 90° pulses. After the

second gradient, all the spins are not refocused, leading to the loss of magnetization phase
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coherence,i.e., NMR signal attenuation. Thus, the relationship between molecular displacement

and signal attenuation follows the Stejskal-Tanner equation:7

= − (Δ − 3) (2.1)
where I0 is the NMR signal intensity at zero gradient and I is the attenuated signal. Figure 2.4

illustrates the NMR signal attenuation as a function of the gradient strength g from which the

diffusion coefficient D is derived.

Figure 2.4. The diffusion attenuation curve by varying the gradient strength g from 2 G/cm to

142 G/cm, from which the diffusion coefficient is derived. The red points are experimental data,

from which we get the black fitted curve using equation 2.1. The vertical axis represents the

intensity of signal relative to I0, the intensity obtained when one applies the PGSTE sequence

with zero gradient strength  The horizontal axis represents the magnetic field gradient strength.

2.3 Electrophoretic NMR: Experiment and Theory

As discussed above, PFG NMR is an important technique for investigating the self-

diffusion of electrolytes.8-14 Electrophoretic NMR (ENMR), a variant of PFG NMR, is a unique

technique that measures the driven electrophoretic mobilities of charged cations and anions

separately. In contrast to all conventional methods of measuring ionic transport properties in
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electrolytes, this method can distinguish the effects of different moving species on the overall

conductivity or electrochemical performance of a material. Expansion of ENMR for the study of

ion-dense electrolytes, as I describe in this thesis, shows promise for revolutionizing the study of

electrolytes used in batteries, fuel cells, and other high-energy-density electrochemical devices.

Figure 2.5 illustrates how the electrophoretic flow of a given ionic species is measured

using the ENMR PGSTE sequence. Compared to the case of no motion (Figure 2.5 (a)), all the

spins have the net phase change in the presence of the electrophoretic flow (Figure 2.5 (b)).

Larger flow results in larger net phase shift of the NMR peak of the mobile species of interest.

The electrophoretic mobility in ENMR is directly derived from the measurable spectral phase

shift and amounts to a 1D flow image signal. In ENMR, the measured phase shift Φ resulting

from electrophoretic motion of charged species is given by8Φ = ∆ (2.2)
Where μis the electrophoretic mobility and E is the strength of an applied electric field. In real

world, all the spins not only experience the random translational motion, but also the coherent

electrophoretic motion. Thus, the signal amplitude I resulting from diffusion and electrophoretic

motion of charged species is given by8

= exp − Δ − 3 cos( ∆) (2.3)
Where the exponential term represents the signal attenuation due to the diffusion process, and the

cosine term represents the phase shift (Φ = gEμδ) dependence caused by the coherent

electrophoretic motion. Again, I0 is the signal amplitude with no gradient applied. The

electrophoretic mobility μ can be derived by measuring Φ as a function of one of the parameters

g, E, δ, or . In other words, the information that we use in the ENMR experiment to measure

mobility μ is actually the phase of the NMR spectral peak.  Using the phase is quite different
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from the information chemists extract from NMR spectra, but phase (spatially encoded) is

actually the same information used in MRI to derive the image of a patient or other structure. In

practical ENMR experiments, varying the applied electric field E only yields the phase shift Φ

while there is no additional signal decay; and μ is derived from the observable Φ that is linearly

proportional to E.
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Figure 2.5. Illustration of electric-field-driven molecular mobility during the ENMR PGSTE

sequence. Along the vertical NMR tube, different color spots represent molecules at different

positions. The corresponding colored arrows define spin magnetization in the transverse plane.

(a): In the absence of motion, all spins have the same phase of precession, giving a maximum

echo signal. (b): In the presence of electrophoretic motion, all spins acquire an additional net

phase shift. (c): 19F NMR spectra of [C2mim][BF4]) in case (a) (top) and case (b) (bottom).

I describe the experimental and deeper conceptual details of the ENMR method in

Chapter 3 and Appendices A, B, and C of this thesis.
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Chapter 3

Observation of Separate Cation and Anion Mobilities in Pure Ionic Liquids

3.1 Introduction

Ionic liquids (ILs) are composed entirely of bulky and asymmetric cations and often

smaller anions that ineffectively pack, thus preventing crystallization into a solid. Due to the

strong interactions between ions and the high ionic density in these fluids, ILs possess an unusual

set of properties such as high ionic conductivity, negligible vapor pressure, and thermal

stability.1,2 These physicochemical properties may be widely tuned by varying the individual

component ion chemical structures, thus making ILs attractive for use in a range of applications,

including next-generation electrolytes in batteries and polymer-based mechanical actuators.3,4

Due to the high electrochemical stability, air stability, and high mobile ion content of most ILs,

use in electrochemical devices promises excellent performance and versatile applications. We

seek to understand the fundamental ion transport behaviors of ILs, in order to specifically design

high performance IL-based electrochemical devices.

How can we deconvolute the factors determining conductivity in IL-based electrolytes

and devices?  Dielectric impedance spectroscopy represents an important tool to investigate the

frequency-dependent ionic conductivity of ILs,5-7 however it can only provide the net

conductivity (Λimp) resulting from the actions of all charged species, and thus cannot identify the

individual contributions from separate cations, anions, and associated clusters (both neutral and

ionic). As a complementary technique, pulsed-field-gradient (PFG) NMR diffusometry can

measure the diffusion coefficients for distinct mobile species based on spectral selectivity.3,8

NMR diffusion measurements yield a dynamically weighted average over both charged species

(e.g., single ions and anion-cation-anion triple ions) and neutral species (e.g., a cation-anion
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dipole). Using the measured diffusion coefficients and the Nernst-Einstein equation, one can

calculate conductivity (ΛdiffNMR) based on the assumption that all diffusing species contribute to

driven ion motion, or equivalently, that all ions are completely dissociated. Clearly, ion

associations cause a discrepancy between the observed conductivities (Λimp ≠ ΛdiffNMR). Here we

explore electrophoretic NMR (ENMR) as a unique technique that can directly measure the

electrophoretic mobilities of only the charged cationic and anionic mobile species.9-11

Furthermore, we derive conductivity (ΛENMR) from ENMR that arises directly from the

individual contributions of negatively and positively charged species to ionic conduction.

ENMR can directly and uniquely provide electrophoretic mobilities of multiple mobile

ionic species in chemical and biological systems.  However, ENMR is not widely applied due to

the lack of commercial instrumentation.12,13 Also, one often encounters experimental difficulties

such as electro-osmosis, thermal convection, and electrical noise pickup from the electrophoresis

leads to the radiofrequency (rf) NMR coil.14-16 Thus, many researchers have focused on

experimental and methodological aspects of ENMR, helping to expand the applications of

ENMR.14,17-19 Holz and co-workers first measured the mobilities of (C2H5)4N+ ions in aqueous

solution to demonstrate the feasibility of ENMR experiments.20,21 Later, Johnson and co-workers

conducted the first high resolution ENMR measurements using U-tube sample cells,13 and also

developed two-dimensional ENMR spectroscopy.22 To better address experimental difficulties,

researchers have designed different sample cells and NMR pulse sequences. Recently, He et al.

designed a capillary array U-tube sample cell and measured ionic mobilities of protein mixtures

in biological buffer solution with relatively high conductivity.14 Hallberg et al. demonstrated a

simple and convenient cylindrical sample cell based on a conventional 5 mm NMR tube.16
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Applications of ENMR have so far focused on aqueous solutions with relatively high mobility

and low conductivity due to various experimental limitations.23,24

We seek to fundamentally understand conduction mechanisms in ion-dense electrolytes

such as ILs, and bring a wealth of information to the study of next generation electrolytic

devices.4,25,26 Therefore, we have addressed significant challenges in ENMR to make the first

reliable measurements of separate cation and anion mobilities in pure ionic liquids, including

direct measurements of transference numbers. In ILs, which exhibit high conductivity and low

mobility, ENMR background artifacts increase due to thermal convection and the encoded

signals (NMR phase shifts) decrease due to lower electric fields possible with existing ENMR

designs. Here we detail a new ENMR experimental strategy and sample cell design involving

parallel capillaries to investigate the electrophoretic mobilities of pure ILs. Compared to

previous ENMR studies, we have accessed materials that exhibit a factor of 3 lower in mobility

and a factor of 10 higher in conductivity.  This represents the first study of a highly ion-dense

electrolyte with ENMR. Finally, we compare observed cation and anion mobilities with values

computed using other measured quantities such as impedance spectroscopy and PFG NMR

diffusion coefficients. We discuss implications of this advanced technique for revealing new ion

conduction mechanisms and discovering new materials.

3.2 Methodology

3.2.1 Principles of Electrophoretic NMR

Electrophoretic NMR is essentially a 1D NMR imaging experiment that measures flow,27

and is based on pulsed-field-gradient (PFG) diffusion NMR with an applied electric field E gated

on during the diffusion encoding time .  ENMR thus allows detection of the electrophoretic

mobility  of separate mobile charged species without extensive sample manipulations such as
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thin film drift cells.28 Figure 3.1 shows a pulsed-gradient spin echo (PGSE) electrophoretic NMR

sequence using a pair of linear magnetic field gradient pulses with duration δ and strength g used

to encode the displacements of molecular ensembles.

The detected NMR signal as a function of the NMR experimental parameters gives

access to the electrophoretic mobility μ. In the absence of an electric field, the random

translational motion of mobile species in the direction of the magnetic field gradient results in

random phase shifts and thus loss of net magnetization phase coherence, which appears as NMR

signal attenuation. With application of an electric field coincident with the gradient, the coherent

electrophoretic motion along the gradient direction results in no signal attenuation since the same

phase shift Φ is encoded into all spins, and this net phase shift yields the electrophoretic mobility.

In ENMR, the signal amplitude I resulting from diffusion and electrophoretic motion of charged

species is given by9

= exp − Δ − 3 cos( ∆) (3.1)
where I0 is the NMR signal amplitude at zero gradient and γ is the gyromagnetic ratio of the

detected nuclei. The exponential term represents the signal attenuation due to the diffusion

process, and the cosine term represents the phase shift (Φ = gEμδ) dependence caused by the

coherent electrophoretic motion.
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Figure 3.1. Schematic of the pulsed gradient spin echo (PGSE) electrophoretic NMR sequence

This ENMR pulse sequence is used to detect the electrophoretic mobility during the gated

electric field, which is also the time duration between a pair of magnetic field gradient gradients.

The electrophoretic mobility μ for a molecular species can be derived by measuring the

signal intensity I of a spectral peak associated with that species as a function of one of the

parameters g, E, δ, or . Changing one of the parameters g, δ, or  results in both phase shift and

signal attenuation, which makes it difficult to derive μ. In practical ENMR experiments, varying

the applied electric field E yields only a phase shift Φ while there is no signal decay, and μ is

derived from the observable Φ that is linearly proportional to E.

In ENMR experiments, Φ is the physical property that we can directly observe in ENMR

experiments and the signal-to-noise ratio (SNR) of the peak of interest determines the quality of

the observable Φ. From the cosine term in eq. 3.1, we expect to obtain larger Φ by maximizing

the parameters g, E, δ, and , as γ is the intrinsic property of the detected nuclei. However, as
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shown in the exponential term of eq. 3.1, increasing the values of g, δ, or  will result in larger

signal attention due to the diffusion process, and thus lower SNR.  The tradeoff between Φ and

SNR thus requires further considerations in choosing the experimental parameters g, δ, and .

For samples with lower spin density and larger diffusion coefficient D, it is desirable to use

smaller values of g, δ, or  to get measurable Φ while maintaining reasonable SNR. Larger E is

also desirable to maximize Φ, without directly affecting SNR. However, non-electrophoretic

background flow caused by larger E presents challenges, which we discuss later.

3.2.2 Sample Cell Design

The sample cell is a crucial component in the measurement of true electrophoretic

mobilities of ionic species in an electrolyte. The sample cell can greatly couple experimental

artifacts arising from the electric current and the electrodes into ENMR signals. When designing

an ENMR sample cell, it is thus important to minimize nonelectrophoretic motional artifacts

such as electro-osmosis and thermal convection, and to reduce electrical noise pickup by the

radiofrequency (rf) NMR coil.12,16 A range of sample cells have been developed in the last thirty

years.9,14,16 Considering the electrode position, U-tube cell and cylindrical cell are two major cell

geometries. For the U-tube cells, both electrodes in the upper part of the cell are removed from

the rf-coil region and gas (bubbles) produced at the electrodes is vented to the atmosphere.9

Therefore, U-tube cells effectively reduce the nonelectrophoretic motion caused by bubble flow

when the electrodes are outgassing. However, ionic species move in opposite directions at both

sides of U-tube cells, resulting in the loss of information with respect to the sign of the mobilities,

and electrophoretic mobility derives only from the magnitude of the cosine modulation (eq. 3.1)

with electric field. He et al. designed a capillary array U-tube sample cell to investigate the

protein mixtures in biological buffer solution with higher conductivity.14 With the breaking of
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bulk convective flow pathways provided by capillaries, the capillary array arrangement can

effectively reduce the background flows caused by thermal convection. Compared to U-tube

sample cells, cylindrical cells have higher filling factor and can identify the directions of

electrophoretic motion. Furthermore, cylindrical sample cells also use the phase difference

detection scheme of eq. 1, which is more sensitive for measurement of small electrophoretic

mobilities.16 However, cylindrical cells will suffer from some other experimental difficulties

such as the bulk flow. For samples outgassing in the process of electrolysis, bubbles produced at

the lower electrode move upward and induce nonelectrophoretic bulk flow. Hallberg et al

proposed a new cylindrical sample cell that was convenient to use. The cell’s two electrodes

were both connected to external electric field through the open top of the probe.16

Here we present a new cylindrical sample cell using an array of parallel capillaries,

shown in Figure 3.2. This technique can effectively investigate the electrophoretic mobilities of

pure ionic liquids (ILs), which have relatively slow ion diffusion and yet high conductivity. The

sample cell is based on 5 mm conventional NMR tube containing a pair of circular electrodes

made of palladium metal wire and separated by 42 mm along the NMR tube. To restrict the

liquid sample to only flow through the bundle of cylindrical capillaries, the sample cell is

composed of several layers. The center part is the metal wires that connect the electrodes and

coaxial cables to the external current source. The second layer is PEEK tubing insulating the

metal wire, ensuring that the direction of electric current is only along the rf coil axis and the

gradient direction. The third layer is a bundle of glass capillaries (i.d. = 170 μm; o.d. = 380 μm;

length = 42 mm; Polymicro Technologies), where the liquid sample transports through. The last

layer is a short piece of rigid glass tube (i.d. = 2.4 mm; o.d. = 3.0 mm; length = 38 mm) that is

used to group a bundle of capillaries together. For the small gaps between these four layers, we
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use a chemically stable liquid glue (3M super glue) to fill it. To best fill the gap between the rigid

glass tube and 5 mm NMR tube, we use a piece of PVC heat shrink tubing as the last layer.

The resultant cylindrical sample cell with capillaries has several merits. It can reduce

noise pickup caused by the interaction between metal electrodes and rf coil, since the E field axis

is tightly coaxial with the rf coil and thus perpendicular to the rf radiation direction. The cell can

also improve the mobility sensitivity by detecting only the motion of liquid inside the capillaries.

The upper electrode and the lower electrode are far away from the rf coil detection region (17

mm) when the center of capillary bundle matches that of the rf coil. Although there are several

layers in this sample cell, the proposed cell design can achieve reasonably symmetric spectral

lines with resolution in the range 10 - 100 Hz FWHM. First, there is no bubble formation during

the electrolysis of pure ILs. This attractive property allows the cylindrical sample cell to identify

the direction of electrophoretic motion. Second, the cylindrical sample cell with phase detection

mode is sensitive to the measurements of ILs with small electrophoretic mobility. Third, the

capillary array arrangement can dramatically reduce the thermal convection caused by breaking

up joule heating paths. In short, this sample cell is critical for reliable investigation of

electrophoretic mobilities of ILs or other ionic systems with low mobility and high conductivity.
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Figure 3.2. Cylindrical sample cell with capillaries based on a conventional 5 mm NMR tube.

Palladium metal wires are used as electrodes. Between a pair of electrodes, separated by 42 mm,

there are a bundle of parallel capillaries, a short piece of rigid glass tube and a piece of heat

shrink tubing. The liquid sample is transported only through the capillaries.

3.2.3 ENMR Pulse Sequence

To reduce the bulk convection caused by joule heating, we perform ENMR

measurements on ILs using the convection-compensated ENMR pulse sequence invented by He

et al. The diagram of this method is shown in Figure 3.3.15 The pulse sequence is the

combination of two spin-echo ENMR sequences (Figure 3.1), with different electric field

polarity in two sections. The overall electrophoretic phase shift in this pulse sequence is gEμδ,
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which is the sum of the phase shift in the individual spin-echo ENMR pulse sequence. Using a

gradient moment nulling technique, the convection-compensated ENMR pulse sequence can

selectively detect bulk flow caused by electrophoretic motion. It is because that electrophoretic

flow changes with the electric field polarity, and thermal convection is independent of the

electric field polarity. If the convective flow in the first Δ/2 period is the same as that in the

second Δ/2 period, then the two convective flows will cancel each other. However, the thermal

convective flow in the second electric field is always larger. Since there is a delay effect between

the joule heating and thermal convective motion, the effect of joule heating in the first Δ/2 period

will be delayed to occur in the second Δ/2 period. By increasing the value of τ, the time interval

between two separate electric fields, the convective flow in the second electric field experiences

less cumulative joule heating effect from the first electric field.

Figure 3.3: Spin-echo convection compensated ENMR pulse sequence with different electric

field polarity. Ionic migrating direction changes with the electric field polarity, while thermal

convection is independent of the electric field polarity. Using a gradient moment nulling

technique, convection compensated ENMR pulse sequence can dramatically reduce the thermal
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convection. The phase cycle is Φ1 = +x, –x, –x, +x, +y, –y, –y, +y; Φ2 = +y, –y, –y, +y, +x, –x,

–x, +x; Acquisition phase (ACQ) = +x, –x, –x, +x, +y, –y, –y, +y.

3.2.4 Understanding and Reducing Artifacts in ENMR Experiments

Reducing non-electrophoretic background flow is a major challenge for ENMR

experiments on ion-dense electrolytes. Here we illustrate the sources of and provide solutions for

the dominant artifacts for pure ILs:  thermal convection, electro-osmosis, and flow caused by

bubbles.

Thermal convection caused by joule heating is a serious problem for ENMR experiments.

The thermal energy imparted to the sample is given by

= ∆= σ∆= Δ 1 (3.2)
where I is the applied current, Δ is the electric field duration, R is the resistance of the sample (R

= l/Aσ, with length of cell l and cross section of cell A) and σ is the sample conductivity.  Joule

heating will induce temperature gradients, which directly produce thermal convection. With the

same amount of joule heating, samples with lower heating capacity experience a larger

temperature gradient. Also, under the same temperature gradient, more viscous samples

experience less thermal convection.

As the conductivity σ is an intrinsic property of the sample, possible remedies for

reducing joule heating are to decrease the factors I, /A, or l. Since l is the distance between the

upper electrode and the lower electrode, maintaining an appropriate inter-electrode distance l is

needed for adequate spectral linewidth (shimming) and for reducing the noise coupling between

rf coil and electrodes. Thus, l is fixed in our experimental setup. When decreasing I or /A, we
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must consider the necessity of a measurable phase Φ and adequate spectral peak SNR.  Starting

with the argument of the cosine in eq. 1, Φ can also be written as

Φ = ∆ σ = ∆ 1 (3.3)
where E is related to I by E = I/Aσ, as is convenient to consider with our constant-current system.

We also expect to obtain a measurable Φ by increasing the values of parameters g, I, δ, or

/A. As mentioned before, we choose appropriate g and δ for adequate SNR, i.e., to minimize

signal attenuation due to diffusion, and the achieved SNR is independent of the electrophoretic

cell parameters I, A, and l. With larger I and /A, the phase shift Φ becomes measurable but joule

heating also increases, necessitating a balance between joule heating and the measurable Φ. As

shown in eqs. 2 and 3, joule heating is proportional to I2, while Φ is proportional to I and so we

are motivated to reduce I. In our system, we are limited to a relatively low maximum current of

40 mA, which does not allow for large electric fields in the sample dimensions we employ for

highly conductive ILs. Thus, we use currents in the range I = 10 ‒ 40 mA, and we adjust /A to

balance joule heating and the measurable Φ to access samples with higher σ and smaller μ. To

minimize joule heating, we further recognize that bulk convection paths can be broken by

employing cells with an array of parallel axial capillaries, which also decreases A and in turn

allows for higher E and short .  We desire short  for mitigation of convection, to minimize

electrode bubble formation (especially when water is present), and to avoid electro-osmosis, the

latter two effects we describe below.

For samples with lower σ and larger μ, smaller /A is desirable to obtain both the

measurable Φ and SNR, and to reduce joule heating. Since samples with lower σ and larger μ are

aqueous solutions and often are dilute, shorter  helps limit bubble formation at the electrodes

and maximizes SNR. Thus, with lower σ and larger μ, we prefer to use sample cells with larger A.
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Therefore, the choice of /A is critical in ENMR measurements. In short, we use three strategies

to reduce the thermal convection to a negligible degree. First, using sample cells with capillaries

can help to interrupt the thermal convection loop by capillary wall. Second, we use convection-

compensated ENMR pulse sequence to suppress thermal convection, which is independent of

electric field polarity. Third, we use a longer delay (30 s) time between individual scans to

minimize the accompanying thermal gradients.

Electro-osmosis is common in electrophoretic experiments, introducing non-

electrophoretic flow artifacts into ENMR results.29 For sample cells with a glass wall that is

negatively charged, an electric double-layer (a layer of cationic counterions) is built up near the

glass wall. In addition, the diffusive layer including the neutral species and counterions flows

along the wall under the electric field, which generates a balancing counterflow in the center

referred as electro-osmotic flow. Under an electric field, electrophoretic motion develops much

faster (τep < ns) than electro-osmotic flow (τos  0.1 s).29 Thus, electro-osmosis will be suppressed

if the electric field is switched on and off faster than τos.  We thus employ short (< 40 ms) E-field

durations  in our pulse sequence of Fig. 3.3.

In ENMR measurements of aqueous systems, bubbles evolve at the electrodes in the

cylindrical sample cell.  The bubbles at the bottom electrode especially will cause bulk liquid

flow. Bubble formation is the result of the electrolysis of mobile species (most importantly,

water), and it depends on the duration of the electric field, the applied current and the electrode

metal. A shorter electric field with a smaller electric current will dramatically reduce the bubble

formation. We also use palladium metal electrodes, which have the catalytic effect of re-

synthesis of water from hydrogen and oxygen when switching the electric field polarity.16 By

carefully controlling these factors, we visually observe no bubbles at the electrodes.
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3.2.5 ENMR Instrumentation

Here we describe the specific electrical components and their integration into the NMR

spectrometer and electrophoretic cell.  We use a Kepco High Voltage Bipolar Power Supply with

current mode (Model BOP 1000M, Kepco Inc.) as an external power supply for ENMR

experiments. The power supply provides bipolar electrophoretic pulses with its voltage (±1000 V)

and current (±40 mA). To obtain the gatable electric pulses that are synchronized with rf pulses

and gradient pulses, we design a simple home-built circuit to interface the current-mode power

supply and NMR spectrometer. The schematic diagram of our home-built circuit is shown in

Figure 3.4 (a). The most important part of the circuit is a 1.2 A Dual High-Speed non-inverting

MOSFET Driver (Microchip, Model TC1427VPA). The MOSFET driver has two input channels

connected with two TTL lines from the NMR spectrometer and two output channels connected

with current input terminals of the current-mode power supply. Using this MOSFET driver with

low delay time (75 ns) and fast switching time (25 ns), we are able to create any short bipolar

electric pulse with high frequency. Figure 3.4 (b) illustrates how the MOSFET Driver works and

obtains the electric pulse in spin-echo convection compensated ENMR pulse sequence (Figure

3.3). Connecting across the output A and output B leads gives the difference of input A and input

B. In the homebuilt circuit, there are also one 100 μF aluminum electrolytic capacitor (Panasonic,

Model EEU-FC1E101S), one 1 μF dipped radial ceramic capacitor (TDK, Model

FK26X7R1E105K) and one resistor (10 Ω), which is to help stabilize the circuit over a wide

frequency range. By properly controlling the homebuilt circuit, the shape of the electric pulse of

the power supply is equal to the output pulse of the MOSFET Driver. With regard to the timing

constraints of the electric pulses, we monitor the electric field using a digital phosphor

oscilloscope (Model DPO4000, Tektronix). The output current of the power supply (0 ~ 40 mA)
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is directly proportional to the control voltage (VDD) from the homebuilt circuit in the range of 0

V to +10 V. For example, the output current is 10 mA when VDD is 2.5 V, which we verified

using a digital multimeter (Model Fluke). We also use the oscilloscope to record the output

voltage across the sample in real time.

Figure 3.4. Home-built circuit and input and output signals for programming the current-mode

power supply. (a) Schematic picture of the home-built circuit includes: one 1.2 A Dual High-

Speed non-inverting MOSFET Driver, one 100 μF aluminum electrolytic capacitor, one 1 μF

dipped radial ceramic capacitor and one 10 Ω resistor. (b) Schematic picture of input and output

signals for the MOSFET Driver: input A and B are two TTL signals from the NMR spectrometer

IPSO unit, and output A minus B is the difference of input A and input B, which can be used in

the spin-echo convection-compensated ENMR pulse sequence.
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Figure 3.5. Block diagram of electrophoretic NMR system.

The block diagram in Figure 3.5 illustrates the electrophoretic NMR experimental setup

with a Bruker Avance III WB 400 MHz (9.4 T) NMR spectrometer that is equipped with Micro5

triple-axis-gradient microimaging probe and 5 mm single resonance (1H) rf coil. The intelligent

pulse sequence organizer (IPSO) of the Bruker NMR spectrometer provides internal trigger

pulses for the pulsed-field-gradient system as well as external trigger pulses for the

electrophoresis programming circuit. Then, the programmable bipolar voltage signals from the
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programming circuit control the current-mode Kepco bipolar power supply to output the gated

electric field and drive ion motion inside the sample cell.

3.3 Experimental

1-ethyl-3-methyl imidazolium tetrafluoroborate ([C2mim][BF4]) and 1-ethyl-3-methyl

imidazolium trifluoromethanesulfonate ([C2mim][TfO]) are used at room temperature (25 oC) for

the experiments. They were purchased from Solvent Innovation GMBH (Cologne, Germany)

with purity >99%. We then further dry them in vacuum at 70°C for 48 hours to remove residual

water prior to ENMR measurements. The 1D NMR spectra were conducted over time to verify

that water absorption was insignificant. The highly dilute IL water solutions were prepared using

a water mixture of D2O (D2O, 99.9%, Cambridge Isotope Labs) and H2O with mole ratio (nD2O:

nH2O = 49:1). The mole ratio of water to IL (nwater : nIL) is 267:1, and the cations and anions are

fully separated (hydrated) by water molecules in this case.

We measured transport properties of ILs and dilute IL water solutions using the Bruker

400 MHz NMR and probe mentioned above. Each of the x, y, z gradients has a maximum value

of 300 G/cm at 60 A current. The 90° rf pulse time for 1H and 19F are 4.6 μs and 10 μs,

respectively. We applied the pulsed-gradient stimulated-echo (PGSTE) sequence for all diffusion

measurements. The PGSTE sequence used gradient pulse durations  (2 – 4 ms), diffusion times

 (50 – 200 ms), and 16 gradient steps with appropriate maximum gradient strength to yield 90%

NMR signal attenuation. All measurements showed clean single component fitting to determine

diffusion coefficients. For all electrophoretic mobility measurements, we used the spin-echo

convection-compensated ENMR pulse sequence described in section 2.3. We also optimized the

experimental parameters Δ, , g, τ and I to obtain measurable and reliable phase shifts, without

introducing non-electrophoretic artifacts. A diffusion time  = 12 – 48 ms, time interval τ = 12 –
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60 ms, gradient pulse duration  = 2 – 4 ms and gradient strength g = 200 – 240 G/cm were used,

depending on the properties of the samples, especially the conductivity and mobility. The applied

electric current I was stepped from – 40 to 40 mA. A long decay time ( 30 s) between

individual scans is used to dissipate and equilibrate joule heating between subsequent scans. The

number of scans varied from 8 to 16 to produce sufficient SNR for each data point. We used our

newly designed cylindrical sample cell with capillaries for pure ILs, and we used 5 mm

cylindrical ENMR sample cell designed by Halberg for dilute aqueous IL solutions.16 We note

that in many implementations of ENMR, a low pass filter close to the sample cell (e.g., inside the

NMR probe) is used in the electrode circuit to limit rf noise coupled to the NMR coil.16 In the

present case, we did not find that substantial noise was coupled into the NMR coil for 1H (400

MHz) and 19F (376 MHz) experiments, although our ongoing 13C (100 MHz) ENMR attempts

have shown that a filter is needed for that frequency on our spectrometer.  We direct the reader to

the above references16,30 to implement filtering to compensate for any observed rf background

noise.

3.4 Results and Discussion

3.4.1 ENMR Measurement of Dilute IL-water Solutions

To test the accuracy of our ENMR measurement, we first measure the electrophoretic

mobilities of highly dilute IL water solutions. Aqueous solutions with lower σ and larger μ are

easier to measure using ENMR than ion-dense electrolytes. Non-electrophoretic background

flow due to thermal convection becomes less serious in this case. However, bubble formation

caused by electrolysis of water is a major problem. Here we use short electric field durations

(15 ms) and smaller applied current ( 20 mA) to avoid developing bubbles on the surface of

electrodes and to eliminate electro-osmotic flow. Figure 3.6 shows the phase modulation of
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[C2mim]+ and [BF4]- with electric field. The signs of the phase shifts for [C2mim]+ and [BF4]- are

opposite, because cations and anions move in the opposite direction in the cylindrical sample cell

and the NMR protocol measures the direction of motion along the gradient. We also obtain the

same magnitude of phase shift under the same strength electric field but with different polarity.

There is a clear linear relationship between the measured phase shift and the applied voltage. The

linear relation and changes of sign signify that the observable phase shift is caused by

electrophoretic motion rather than non-electrophoretic background flow. Note that the

background flows caused by bubbles and thermal convection are independent of electric field

polarity.

Figure 3.6. Voltage-dependent phase shift of cation (1H NMR) and anion (19F NMR) of dilute

[C2mim][BF4] D2O solution (the mole ratio of water to IL is 267:1) at 25 °C Error bars for

applied voltage (±2 V) and error bars for measured phase shift (±1°) are approximately the

symbol size. The sample electrodes are separated by 42 mm, allowing calculation of the applied

electric field from these voltages. Dotted lines are fits to the data, from which we extract the

electrophoretic mobilities of cations and anions.
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Using eq. 3.3, we derive the electrophoretic mobility from one observable phase shift at

every applied electric field. Here, the accuracy of the measured electrophoretic mobility is

improved by fitting a linear equation. We expand the vertical scale of the spectrum and use a

zero-order phase correction to obtain the phase shift with an error of ±1°, and use an oscilloscope

to monitor the applied voltage to ±1 V. When calculating the error of electrophoretic mobility,

we ignore the error from the applied voltage because the relative error for applied voltage (±2%)

is much smaller than that for phase shift (≤ ±7%). The error bar for our measured electrophoretic

mobility is ±7% at a confidence level of 95%, and the error bar for our measured diffusion

coefficient is ±3%.

Since ions are fully dissociated in dilute [C2mim][BF4] D2O solution,8 our measured

electrophoretic mobilities match the predicted electrophoretic mobility pred calculated from the

measured diffusion coefficient based on the Einstein relation

= (3.4)
where, Z is the number of unit charges per ion, F is the Faraday constant, R is the universal gas

constant, and T is absolute temperature.  The Einstein relation is based on the single ion

conductor, or the assumption of complete ion dissociation (for liquids, this equates to dilute

solution). Table 3.1 reports the measured diffusion coefficient (Dmeas), the measured

electrophoretic mobility by ENMR (μmeas), and the predicted electrophoretic mobility (μpred) of

the cation and anion for dilute [C2mim][BF4] water solution. There are only single charged ions

in the dilute [C2mim][BF4] D2O solution. Thus, the value of Dmeas represents the diffusion

behavior of single charged ions and the value of μmeas probes the electrophoretic motion of single

charged ions. For the value of μpred, it is derived from Dmeas and can also represent the transport
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behavior of single charged ions driven by the electric field. Therefore, the μmeas value must be

consistent with the μpred value in the dilute water solution, and our experimental results shown in

Table 3.1 agree to well within errors. We conclude that our ENMR measurement is accurate and

reliable.

Table 3.1. Diffusion coefficients and ionic mobilities of [C2mim][BF4] D2O solution (the ratio of

[C2mim][BF4] and D2O is 267:1) at  25 °C obtained using diffusion NMR and ENMR

Dmeas (×10-9m2s-1) μmeas (×10-8m2s-1V-1) μpred (×10-8m2s-1V-1)

[C2mim]+

[BF4]-

1.02 (±0.03)

1.42 (±0.04)

3.80 (±0.3)

5.40 (±0.4)

3.97 (±0.12)

5.53 (±0.17)

3.4.2 ENMR Measurement of Pure Ionic Liquids

Using our new capillary sample cell and convection-compensated ENMR pulse sequence,

we also accurately measure electrophoretic mobilities of pure ILs using ENMR. The 1H ENMR

spectra of the [C2mim]+ cation with its chemical structure is shown in Figure 3.7a. The spectral

linewidth in our ENMR experiments is 30 Hz after shimming, strongly depending on the

configuration of the electrophoretic cell. Due to this spectral resolution, 19F ENMR spectra of

[BF4]- anion (Figure 3.7b) only show a single peak that is the overlap of two peaks for [BF4]-

with two boron isotopes (10B and 11B). Figure 3.8 shows the phase shift as a function of applied

electric field for [C2mim]+ cation (1H NMR) and [BF4]- anion (19F NMR).  [C2mim]+ and [BF4]-

NMR signals are modulated such that the phase shift is proportional to applied electric field, the

sign of the phase shift for a given ion changes with the polarity of the electric field, and the signs
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of the phase shifts for the cations and anions are opposite. Without these three observations, we

cannot have confidence that we are measuring true electrophoretic motion. We summarize our

key findings as follows. First, the observable phase shifts are not large, because it is more

difficult to obtain large phase shifts for ENMR measurements of pure ILs with low mobility and

high conductivity than dilute aqueous solutions. Second, the signs of the phase shifts for

[C2mim]+ and [BF4]- are different, because cations and anions move in opposite directions in our

sample cell (with respect to the gradient). Third, under the same electric field strength but with

different polarity, the size of the obtained phase shift is the same, while the sign of the phase

shift for a given ion reverses. Thus the observable phase shift must be caused by electrophoretic

motion rather than thermal convection or bubble motion. Both thermal convection and bubble

motion are independent of the polarity of electric field and electrophoretic motion changes with

the polarity of electric field. Electro-osmotic flow is also eliminated by using short electric field

durations ( 20 ms) and thus it does not have sufficient time to develop. Furthermore, if we

extract diffusion coefficients of the two ionic species from our ENMR data (not shown), we

observe the same D values as those observed in PFG experiments in the absence of the electric

field (and thus the absence of convection and electro-osmotic flows). With the small E field duty

cycle ( 0.06 %), the electrochemical breakdown of ILs shows only a slight color change after

running 16 hours of continuous ENMR measurements. Finally, we cannot observe any spectral

changes (a broad baseline hump) until after one week of continuous ENMR measurements on

one sample. Therefore, the observable phase shifts (Figure 3.7) are completely determined by the

electrophoretic flow of ions, and the electrophoretic mobilities of [C2mim][BF4] ions derived

from these phase shifts are accurate.
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Figure 3.7. (a): 1H ENMR spectra of pure [C2mim][BF4] resulting from the convection-

compensated ENMR pulse sequence as a function of applied electric field (b): 19F ENMR spectra

of [C2mim][BF4].

We obtain the measured electrophoretic mobilities of pure [C2mim][BF4] by fitting a

linear equation. The error bar for our measured electrophoretic mobility of pure ILs is ±7% at a

confidence level of 95%, and the error bar for our measured diffusion coefficient is ±3%.

Figure 3.8. Voltage-dependent phase shift of cation (1H NMR) and anion (19F NMR) of pure

[C2mim][BF4]. The sample electrodes are separated by 42 mm, allowing calculation of the

applied electric field from these voltages. Error bars are smaller than the symbol size.  Dotted

lines are fits to the data, from which we extract the electrophoretic mobilities of cations and

anions to an error of ±7%.
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Using eq. 3.4, we calculate the predicted electrophoretic mobility (μpred) of the cation and

anion for pure [C2mim][BF4]. Table 2 summarizes the transport properties of pure [C2mim][BF4]

including the measured diffusion coefficient (Dmeas), the measured electrophoretic mobility (μmeas)

and the predicted electrophoretic mobility (μpred) of the cation and anion for pure [C2mim][BF4].

Due to fast exchange ( ns to 100 ps) between charged species (single ions, triples, etc.)

and uncharged species (dipoles, quadrupoles, etc.), we cannot distinguish these species as

separate peaks on the NMR diffusion time scale (100 ms). Our measured diffusion coefficient

represents the behavior of the ensemble of charged and uncharged species. The value of μpred is

derived based on the assumption that all the diffusing species including charged and uncharged

species contribute to the ion mobility, and the value of μmeas is based on the electrophoretic

motion of only the (driven) charged species. It is shown in Table 3.2 that μmeas for the [C2mim]+

and [BF4]- are about one half of the μpred values indicating that half of the μpred value has

contributions from uncharged species. Cations and anions in ILs form different ionic aggregates

arising from electrostatic interactions, shape anisotropy and other specific molecular interactions.

We also obtained ENMR mobilities on the IL [C2mim][TfO], and show those results in Table 3.2.

Both ions in this IL show somewhat slower transport (both diffusive and E-field driven) than

[C2mim][BF4], which is expected due to the viscosity difference, and we observe a similar trend

in the differences between μmeas and μpred for both ILs.
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Table 3.2. Diffusion Coefficients and Ionic Mobilities of [C2mim][BF4] and [C2mim][TfO] at

25 ° C obtained using Diffusion NMR and ENMR

Dmeas (×10-11m2s-1) μmeas (×10-10m2s-1V-1) μpred (×10-10m2s-1V-1)

[C2mim]+ in [C2mim][BF4] 5.45 (±0.16) 8.90 (±0.60) 21.20 (±0.64)

[BF4]- in [C2mim][BF4] 4.34 (±0.13) 11.7 (±0.80) 16.90 (±0.51)

[C2mim]+ in [C2mim][TfO] 4.40 (±0.13) 6.58 (±0.46) 16.90 (±0.51)

[TfO]- in [C2mim][TfO] 2.80 (±0.08) 7.78 (±0.54) 10.90(±0.33)

Finally, we use these mobilities to extract the net molar conductivity and compare this with bulk

conductivity (impedance) measurements.  For this, we use the equationΛ = + (3.5)
where ΛENMR represents the molar conductivity derived from ENMR mobilities, assuming there

is electrophoretic motion of only charged species.  This quantity can help assess the individual

contribution of cations and anions to the total conduction. The ratio ΛENMR/ΛdiffNMR, which is

similar to Λimp/ΛdiffNMR,2 can aid in understanding ion associations in ILs and helps us build

quantitative models to assess relative aggregate populations. Table 3.3 presents the measured

values of ΛENMR and ΛdiffNMR for both ILs. We notice that the conductivity value from ENMR

ΛENMR matches, to within errors, the bulk conductivity Λimp measured using impedance

spectroscopy. We thus draw the key conclusion that all ions contribute equally to conduction, a

surprising result based on recent ideas concerning ionic aggregation affecting bulk

conductivity.2,8,31 Further studies will explore a range of ILs, improve measurement precision,

and assess implications for understanding IL behavior in electrolyte applications.
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Table 3.3. Conductivity of [C2mim][BF4] and [C2mim][TfO] at  25 ° C using diffusion

NMR (measured), ENMR (measured) and bulk impedance(reference)

ΛdiffNMR

(S·cm2·mol-1)

ΛENMR

(S·cm2·mol-1)

Λimp(S·cm2·mol-1)

[C2mim]+ in [C2mim][BF4]

[BF4]- in [C2mim][BF4]

[C2mim][BF4]

2.05(±0.06)

1.63(±0.05)

3.68(±0.11)

1.12(±0.08)

0.85(±0.06)

1.97(±0.14) 2.16(±0.11)35

[C2mim]+ in [C2mim][TfO]

[TfO]- in [C2mim][TfO]

1.65(±0.05)

1.05(±0.03)

0.63(±0.03)

0.75(±0.05)

[C2mim][TfO] 2.70(±0.08) 1.38(±0.08) 1.61(±0.08)36

3.5 Conclusion

We have described the advancement of the method of electrophoretic NMR to study the

challenging case of cation and anion mobilities in pure ionic liquids. For two benchmark ILs, we

measure the individual cation and anion electrophoretic mobilities with high precision (±7%),

allowing assessment of ion transference numbers and the effects of ion associations. Our ongoing

studies include understanding ion conduction in novel electrolytes under development for Zn-air

secondary batteries,4 as well as developing fundamental models for ion transport and

associations in ionic liquids and related materials. We expect the concepts and measurements

presented here to have wide implications for the study of highly ion-dense electrolytes, such as
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those used in modern Li-ion batteries (gel, gel-polymer, and block copolymer) electrolytes, fuel

cells, ionic liquid-polymer mechanical transducers, and water purification membranes.
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Chapter 4

Ion Transport Properties of an Ionic Liquid-Based Zn-air Battery Electrolyte

4.1 Introduction

Considering the increasing demand for high capacity energy storage devices, zinc-air

batteries have been an increasing topic of research due to the low reactivity, relatively low cost,

and existing recycling infrastructure.1-5 However, there are many obstacles to overcome before a

commercially available secondary (rechargeable) battery is available, including evaporation of

the electrolyte, non-uniform deposition during recharge, poor cycle life and poor efficiency.4

Compared to ordinary electrolytes, ionic liquids (ILs) show promise as novel of electrolytes for

zinc-air batteries due to negligible vapor pressure, high ionic conductivity, and high chemical

stability.6,7

Recently, several research groups have focused on the study of IL-based electrolytes for

zinc-air batteries, especially ILs containing the dicyanamide anion (dca).8-11 First, Deng et al.

investigated the electrochemistry of the Zn0/Zn2+ couple in both imidazolium and pyrrolidinium

dicyanamide ILs.9 Then, Simons et al. investigated the electrochemistry of the mixture of Zn2+

salt and imidazolium dicyanamide, and found that imidazolium dicyanamide with added Zn2+

salt yielded far greater efficiencies and current densities than imidazolium dicyanamide.10

However, there is no direct evidence that explains the important role of the Zn(dca)2 in

dicyanamide-based ILs. In order to further understand the effect of Zn(dca)2 on  dicyanamide IL-

based zinc-air batteries, we use pulsed-field-gradient (PFG) NMR and electrophoretic NMR to

investigate transport properties of the various ionic species in these materials, and also provide

insights into ion association.
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4.2 Experimental

4.2.1 Sample Preparation

1-ethyl-3-methylimidazolium dicyanamide (99.9 %, Iolitech, [C2mim][dca]) and Zn(dca)2

were obtained from Prof. Maria Forsyth’s group and the synthetic procedures have been

reported elsewhere.10,12 The chemical structure of [C2mim][dca] is shown in Figure 4.1.

Figure 4.1. Chemical structure of [C2mim][dca]

Compared to other ILs, [C2mim][dca] has solvating properties for a range of metal ions because

dca anion is a powerful Lewis base (electron) donor. Here, we prepare samples using

[C2mim][dca] and dry Zn(dca)2 in several specific ratios. We conducted 1D NMR spectra over

time to monitor the water content in each sample. When handling these samples in the open air,

the water content depends on the relative humidity (RH) of the surrounding air and the handling

time. Table 4.1 displays the composition of the [C2mim][dca]/Zn(dca)2 samples under study.
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Table 4.1: Composition of ionic liquid samples under study

Sample #
mol% Zn

(Zn2+)

wt% water
IL: Zn2+ ratio

[dca]: Zn2+

ratio

1 0 1

2 10 1 10 12

3 20 1 5 7

4 30 3 3.3 5.3

5 40 1 2.5 4.5

4.2.2 Diffusion Measurement by Pulsed-Field-Gradient NMR

We measured transport properties of the [C2mim][dca]/Zn(dca)2 samples at 25C using a

Bruker Avance III WB 400 MHz (9.4 T) NMR, equipped with a Micro5 triple-axis-gradient

microimaging probe. For 1H and 13C measurement, we used a 5 mm single resonance (1H) rf coil

and an 8 mm double resonance (1H/13C) rf coil, respectively. We applied the robust and simple

pulsed-gradient stimulated-echo (PGSTE) sequence for all diffusion measurements. The PGSTE

sequence used gradient pulse durations  (2 – 4 ms), diffusion times  (50 – 200 ms), and 16

gradient steps with maximum gradient strength adjusted to produce 90% NMR signal

attenuation. We fit the NMR signal attenuation curves with the Stejskal-Tanner Equation:13
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= exp − − 3 (4.1)
where I is the spin-echo signal intensity, I0 is the signal intensity at zero gradient,  is the

gyromagnetic ratio of the probe nucleus (rad s-1 T-1), g is the field gradient strength (G.cm-1), D

is the diffusion coefficient (m2.s-1) derived by fitting equation 4.1. Due to low natural abundance

(1.1%) of 13C, more scans (number of scans = 128) are necessary to produce sufficient signal-to-

noise ratio (SNR). However, we note that since we are studying an IL combined with the pure Zn

salt, and all dca anions have equal chemical shift, the 13C spin density is quite high at natural

abundance compared to conventional solution-state NMR. All PGSTE measurements resulted in

clean single component fittings to determine diffusion coefficients.

4.2.3 Electrophoretic Mobility Measurement by Electrophoretic NMR

We applied the unique electrophoretic NMR technique to measure the electrophoretic

mobility of cations for the [C2mim][dca]/Zn(dca)2 samples. We used the spin-echo convection-

compensated ENMR pulse sequence and the cylindrical sample cell with capillaries, as discussed

in detail in Chapter 3, to investigate these samples. The sample cell was inserted into a Bruker

Avance III WB 400 MHz (9.4 T) NMR equipped with a 5 mm single resonance (1H) rf coil. A

Kepco High Voltage Bipolar Power Supply was used for an external power supply for ENMR

experiments.  All details of our ENMR instrumentation are discussed in Chapter 3. The measured

electrophoretic mobility μ is derived from the observed the phase shift Φ given by14

Φ = ∆ (4.2)
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where E is the strength of the applied electric field that depends on the conductivity σ of  the

samples. As we stepped the applied electric current I from – 40 to 40 mA, E varied linearly with

I as determined by Ohm’s Law (E=I/Aσ) using this current-mode power source. Diffusion time 

(12 – 48 ms), gradient pulse duration  (2 – 4 ms) and gradient strength g (200-240 G/cm) were

adjusted to optimize phase shift, but kept constant for each sample’s ENMR experiment . A long

decay time ( 30 s) between individual scans is used to dissipate Joule heating between

subsequent scans. We varied the number of scans from 8 to 16 depending on the sample to

produce sufficient SNR for each data point.

Limited by high rf noise coupled into the NMR coil via the ENMR electrodes for 13C

(100 MHz) NMR measurements, we have not so far measured the electrophoretic mobility of

anion for the [C2mim][dca]/Zn(dca)2 samples. We are exploring low pass filtering to limit rf

noise crossover, as well as 13C labeling of the dca anions to allow mobility measurments on dca.

Based on the current experimental setup, we also have so far not measured the electrophoretic

mobility of cations for sample 5 (the highest Zn salt content), due to its low electrophoretic

mobility.

4.3 Results and Discussion

4.3.1 Effects of Zinc Salts on Chemical Shift

In order to understand the interactions between Zn(dca)2 and [C2mim][dca], we study the

chemical shift of [C2mim][dca] as a function of Zn(dca)2 concentration. Figure 4.2 shows

chemical structure of [C2mim][dca] with corresponding 13C spectrum. Individual peaks are

attributed to their corresponding carbon atom.
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Figure 4.2. Chemical structure of [C2mim][dca] with corresponding 13C spectrum. We assign

13C peaks using numbers, as shown. Peak 7 is assigned to [dca]- anions, and other peaks are

assigned to [C2mim]+ cation carbons.

Figure 4.3 plots the deviation of [C2mim][dca] 13C Chemical shifts as a function of Zn(dca)2

concentration, with the carbon in the CH3 group as the internal reference. Since there should be

no interaction between alkyl groups of [C2mim]+ cations and Zn2+ ions, we use these carbon

atoms, whose peaks do not show any shift with Zn2+ concentration, as the internal reference.

With increasing concentration of Zn(dca)2, we observe peak 7, attributed to the [dca] anions,

shift significantly compared to the other peaks, attributed to the [C2mim]+ cations. This indicates

that there is a direct interaction between the [dca] anions and the Zn2+cations. As the [dca] anion

is a good ligand, the nitrogen atom in the [dca] anion coordinates to the Zn2+ cations. Thus, the

carbon atoms of the [dca] anion become more shielded as the nitrogen atom bonded to it draws

more electron density toward it.15 We also observe that 13C peaks attributed to the carbon atoms

on the ring of [C2mim]+ cations show small but measurable shifts, caused by the slight charge

transfer between Zn2+ ions and the imidazole ring. In addition, we note that there is fast exchange
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between [dca] anions that are coordinated to Zn2+ and those that are not coordinated, because we

only observe one [dca] peak in the 13C NMR spectra.

Figure 4.3. 13C chemical shift deviation of [C2mim][dca] as a function of  Zn2+ concentration,

referenced to the carbon in the CH3 group of [C2mim]+ cations. The dca anion shows strong

upfield shift change with Zn salt loading, while the ring carbons of [C2mim]+ show small but

measurable upfield shifts. The alkyl carbons show no shifts with Zn salt loading (not shown).

4.3.2 Effects of Zinc Salts on Ion Diffusion

Figure 4.4 presents the diffusion of [C2mim][dca] as a function of Zn2+ concentration. At lower

concentrations of Zn2+, the smaller [dca] anion diffuses faster than the bulkier [C2mim] cation.

As the concentration of Zn2+ increases, diffusion of the [dca] anion decreases at a greater rate

than the [C2mim] cation. As described by the Stokes-Einstein relation,16 the diffusion coefficient

D is inversely proportional to the size of a diffusing particle. Thus, we can relate the diffusion

coefficient D to ion aggregation that directly impacts the size of the diffusing particle. Since

cations and anions exist in the same thermodynamic phase, Dcation/Danion equals the reciprocal of

their hydrodynamic radius ratio (ranion/rcation). Figure 4.5 lists the diffusion ratio of cations and

anions (Dcation/Danion) for different samples. In pure [C2mim][dca], Dcation/Danion is equal to 0.70.
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However, at high Zn2+ concentration, Dcation/Danion is most equal to 1.74. This effect is likely due

to the large Zn(dca)3
- anionic aggregates formed by the coordination of [dca] with the Zn2+

cation.

Figure 4.4. Diffusion of [C2mim] cation and [dca] anion as a function of Zn2+ concentration. A

larger fraction of anions are associated with Zn(dca)3
- and these aggregates are increasingly

present at higher Zn loading, resulting in slower diffusion of [dca].

Figure 4.5. Diffusion ratio of cations and anions for the different Zn-loaded samples.
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4.3.3 Effects of Zinc Salts on Electrophoretic Mobility

Using ENMR, we investigate the electrophoretic mobilities of cations of the

[C2mim][dca]/Zn(dca)2 samples as a function of Zn2+ concentration. Figure 4.6 shows the phase

shift as a function of applied electric field for [C2mim]+ cation (1H NMR) for sample 1 (pure

[C2mim][dca]) and sample 3 ([C2mim][dca]/20wt% Zn(dca)2).
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Figure 4.6. Voltage-dependent phase shift of the [C2mim]+ cation (1H NMR) of

[C2mim][dca]/Zn(dca)2 samples at 25 °C (a): pure [C2mim][dca]; (b): [C2mim][dca]/20wt%

Zn(dca)2. The sample electrodes are separated by 42 mm, allowing calculation of the applied

electric field from these voltages. Error bars for applied voltage (±2 V) and error bars for

measured phase shift (±1°) are approximately the symbol size. Red lines are fits to the data, from

which we extract the electrophoretic mobilities.

We observe that the phase shift is proportional to applied electric field and the sign of the phase

shift changes with the polarity of the electric field. Thus, we conclude that the observable phase

shift is caused by electrophoretic motion rather than thermal convection or bubble motion,

because thermal convection and bubble motion are independent of the polarity of the electric

field. These experiments show the same robustness of measurement as described in detail in

Section 3.4.2 above. The applied voltage across sample 1 (Figure 4.6 (a)) is lower than that of

sample 3 (Figure 4.6 (b)) when the applied current is the same, because sample 3 has lower

conductivity. We obtain the measured electrophoretic mobilities by fitting eq. 4.2, and the error

bar for our measured electrophoretic mobility of pure ILs is ±7% at a confidence level of 95%.

We also calculate the predicted electrophoretic mobility (μpred) of the cations of

[C2mim][dca]/Zn(dca)2 samples, as in Chapter 3, using the Einstein relation:

= (4.3)
where, Z is the number of unit (valence) charges per ion, F is the Faraday constant, R is the

universal gas constant, and T is absolute temperature. The Einstein relation is based on the

assumption that ions are fully dissociated and all are contributing equally to the ionic
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conductivity. We compare the measured electrophoretic mobility of cations (μmeas_cation) with the

predicted electrophoretic mobility of cations (μpred_cation) for [C2mim][dca]/Zn(dca)2 samples, as

shown in Figure 4.7. We find that the values of μmeas_cation are less than half of the values of

μpred_cation, except for sample 3 ([C2mim][dca]/20wt% Zn(dca)2), which has ahigher water content

that facilitates ion dissociation. The differences between μmeas_cation and μpred_cation demonstrate

significant ion associations in this system, and notably stronger than those observed in the pure

IL cases in Chapter 3.

Figure 4.7. Measured electrophoretic mobility of cations (μmeas_cation) and predicted

electrophoretic mobility of cations (μpred_cation) in [C2mim][dca]/Zn(dca)2 samples.

Table 4.2 summarizes the transport properties of [C2mim][dca]/Zn(dca)2 samples including the

measured diffusion coefficient of cations (Dmeas_cation), the measured diffusion coefficient of

anions (Dmeas_anion), the measured electrophoretic mobility of cations (μmeas_cation) and the

predicted electrophoretic mobility of cations (μpred_cation).
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Table 4.2. Diffusion coefficients and ionic mobilities of [C2mim][dca]/Zn(dca)2 samples at  25

°C obtained using diffusion NMR and ENMR

Sample # Dmeas_cation

(×10-11m2s-1)

Dmeas_anion

(×10-11m2s-1)

μmeas_cation

(×10-10m2s-1V-1)

μpred_cation

(×10-10m2s-1V-1)

1

2

11.6(±0.3)

7.40(±0.2)

16.5(±0.5)

8.89(±0.3)

16.4(±1.3)

12.0(±1.0)

45.3(±1.4)

29.8(±0.9)

3 6.13(±0.2) 6.27(±0.2) 11.6(±0.9) 20.7(±0.6)

4 3.73(±0.1) 2.63(±0.1) 5.20(±0.4) 14.9(±0.4)

5 2.49(±0.07) 1.43(±0.04)

Using these transport properties, we are working toward explaining the effects of Zn2+

concentration on ion associations in [C2mim][dca]. From the measured diffusion of cations and

anions, we know the average diffusion behaviors of all the ionic species (single, dipole, triple,

etc.) that contain cations and/or anions as a function of Zn2+. From the measured electrophoretic

mobilities of cations, we probe the ion transport of all the charged species that contain cations as

a function of Zn2+. We are working toward a quantitative aggregation model based on these

concepts, but we need more data and/or molecular dynamics simulations as further inputs.

Obtaining the electrophoretic mobility of [dca], for example, would complete a set of

measurements, and we are working toward this measurement. As a first step, Figure 4.8 depicts a

simple model of ion association inside [C2mim][dca] modulated by Zn[dca]2 salts. Before adding
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Zn[dca]2, we only consider four different ionic species (single, dipole, triple and quadrupole

ions). Ion associations change with added Zn[dca]2, and a new aggregate Zn[dca]3
- is formed. As

the number of Zn(dca)3
- aggregates is expected to increase with the increasing Zn2+

concentration, the number of single [dca] ions decreases, causing the observed Ddca to drop

relative to DC2mim.

Figure 4.8. Ion associations of IL cation and anions and Zn-dca aggregates. Without Zn(dca)2,

there are four different ionic species (single, dipole, triple and quadrupole ions) considered. With

added Zn(dca)2, formation of a new aggregate Zn(dca)3
- is indicated by these investigations.

4.4 Conclusions

We have investigated transport properties of [C2mim][dca]/Zn(dca)2 electrolytes as a function of

Zn2+ concentration. Using diffusion NMR, we observe that the ratio of cation to anion diffusion

coefficients reverses with increasing Zn2+ concentration. The measured electrophoretic mobility

of cations using ENMR is less than half of the predicted electrophoretic mobility of cations,

indicating significant ion associations in this system. The combination of these two methods

gives quantitative insight into ion aggregates in [C2mim][dca]/Zn(dca)2 electrolytes. Further
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developments of these ideas and applications of these methods will provide a broader and deeper

picture of how transport relates to ion association in zinc-air battery electrolytes.
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Chapter 5

Cation/Anion Associations in Ionic Liquids Modulated by Hydration

and Ionic Medium

Reprinted with permission from Jianbo Hou, Zhiyang Zhang and Louis A. Madsen, Journal of

Physical Chemistry B, 2011, 115, 4576-4582. © 2011, American Chemical Society.

Abstract

In order to understand the unique solvation and conduction properties of ionic liquids (ILs), we

explore their inter-ionic associations modulated by hydration level and ionic medium. Pulsed-

field-gradient NMR allows sensitive measurement of separate cation and anion diffusion

coefficients, which combine to reflect ionic aggregation. With increasing hydration of ILs, the

anomalous ratio of cation to anion diffusion coefficients reverses, then plateaus to values

consistent with expected hydrodynamic radii ratios (rcation/ranion = 1.4 for [C2mim][BF4]). When

ILs diffuse inside an ionic polymer, ion associations are modulated by ionic interactions between

mobile cations and anions, and drag from fixed -SO3
- lining the polymer’s hydrophilic channels.

Surprisingly, cations diffuse substantially faster (≤ 3X) at low hydration inside membranes,

revealing prevalent anionic aggregates. At high hydration, isolated anions diffuse faster (≤ 4X)

than cations. Probing ionic interactions provides pivotal insight into these subtle fluids, with

quantitative implications for electrolyte applications such as batteries and “artificial muscle”

mechanical actuators.

5.1 Introduction

Ionic liquids (ILs) are salts consisting of bulky cations and/or anions possessing much

lower charge density than simple ionic species (e.g., Cl-, Na+, SO4
2-), thus enabling their fluidity
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at or near room temperature. The delicate combination of non-covalent interactions among these

ions imbue ILs with a curious and useful set of behaviors, highly tunable by cation and anion

choice. ILs find expanding applications in catalysis and bioscience, and as electrolytes in

batteries and polymer-based mechanical actuators due to their high ionic conductivity, thermal

and electrochemical stability, and low volatility.1,2 When combined with ionic polymers, ILs

become potential candidates for the design of ion-based batteries and ionic transducers since they

provide mobile charged species while maintaining the performance of these devices after many

operation cycles due to their negligible vapor pressure.3,4 In particular, transport behaviors of

both cations and anions in ILs strongly impact the performance of these materials and devices.5,6

Exploring the interplay among ionic species in ILs will improve our fundamental understanding

of ion transport7-11, thus enabling targeted design of new ILs as well as novel applications.

A viable strategy for probing interactions between cations and anions is pulsed-field-

gradient (PFG) NMR diffusometry.12,13 Ion pairing or aggregation in ILs14,15 will reduce ion self-

diffusion since the diffusion coefficient D is inversely proportional to the size of a diffusing

particle as described by the Stokes-Einstein relation:

= (5.1)
where k is the Boltzmann constant, T is absolute temperature, c is a constant factor depending on

the shape and relative size of the diffusing particle to its surrounding fluid,16  is fluid viscosity,

and rH is the diffusing particle’s hydrodynamic radius. Empirical observations16,17 and theoretical

studies17 on the inverse proportionality between the diffusion coefficient and viscosity agree with

the prediction of the Stokes-Einstein equation, even for molecular-scale diffusants where the

factor c is less than the 6 obtained for a hard sphere diffusing particle that is large compared
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with the surrounding fluid molecules (no-slip boundary condition). Thus, we propose that for a

given equilibrium ionic fluid, c is fixed for all diffusing ionic species, and we may use equation 1

to assess relative hydrodynamic radii of ionic aggregates. Great effort has been devoted to

understand ion associations in ILs,18-22 which strongly impact ion transport. Ion conductivity

measurements on ILs deviate by 20%-70% from the values calculated using the Nernst-Einstein

equation and diffusion coefficients,22,23 suggesting a moderate degree of ion associations.

However, using the Nernst-Einstein equation to estimate ion associations strongly rests on the

assumption of a single ion conduction mechanism, which is inappropriate for ILs considering the

strong inter-ionic interactions. Further studies are necessary for understanding ion aggregation,

and quantifying aggregate populations and dynamics. 

We aim to understand specific intermolecular interactions among charged species as

reflected by their transport properties via pulsed-field-gradient (PFG) NMR diffusometry. Here

we have explored the use of an ionomer (Nafion ©) as a medium to study ion associations in ILs.

This ionomer consists of hydrophilic and hydrophobic polymer moieties that microphase

separate into a nanoscale network of interconnected hydrophilic channels to facilitate transport of

mobile species, such as water molecules and ions.24,25 Our strategy allows for investigation of

effects of acidity (Nafion is a polyacid in the H+ form), specific molecular interactions between

different ions, and the effect of a matrix-fixed ion (-SO3
- on the polymer) on the motion of IL

ions. In our previous study, we examined the effects of IL uptake, temperature and water content

on the IL-water-ionomer system, where dramatic acceleration of ion transport was observed with

increased hydration.26

Here we report striking transport phenomena for four types of ILs based on systematic

studies, either as “free liquids” (neat liquids or solutions with water), or absorbed into ionomer
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membranes. We scan through a much wider range of water content as compared to our previous

study26 and measure diffusion of mobile species. To accurately study ion hydration, we carefully

adjust and maintain water content in all cases using a sealed Teflon cell.27 Using spectroscopic

resolution, we separately measure D for water, cations, and anions via PFG NMR.26 For free

liquids, cations diffuse faster than anions by 30-50% at low water content (water, mole ratio of

water to ILs), while this reverses at high water content. Inside ionomer membranes this effect is

greatly enhanced, exhibiting up to 4X faster (slower) cation diffusion at low (high) water

contents. Furthermore, at high water, the cation/anion D ratio in the free liquid state agrees with

expected hydrodynamic radii (rH, equation 5.1), in contrast to free dry ILs, where in all cases

studied to date ion aggregation inflates this ratio.9,26 These results provide new insights into ion

associations in ILs, both as free liquids and inside ionomers.

5.2 Experimental Methods

5.2.1 Sample Preparation and Liquid Uptake Determination

Transport behaviors of ions and water in the following four ILs were studied: 1-ethyl-3-

methyl imidazolium trifluoromethanesulfonate ([C2mim][TfO]), 1-butyl-3-methyl imidazolium

trifluoromethanesulfonate ([C4mim][TfO]), 1-ethyl-3-methyl imidazolium tetrafluoroborate

([C2mim][BF4]) and 1-butyl-3-methyl imidazolium tetrafluoroborate ([C4mim][BF4]). All these

ILs were purchased from Solvent Innovation GMBH (Cologne, Germany) with purity >99%.

Due to their hygroscopic nature, these pure ILs were further dried in vacuum at 70oC for 48h to

remove residual water prior to diffusion measurements, and diffusion coefficients and NMR

spectra were checked for stability over time to verify that water absorption was insignificant.

Extruded Nafion 117 (N117) membranes with equivalent weight of 1100 (grams of dry

membrane per mole of sulfonate groups), were purchased from E.I Dupont in the acid form with
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the thickness of 175 m. Membranes were cut into pieces of 5 mm x 5 mm in size, stacked

together to a total mass of ~60 mg and dried in a vacuum oven for 12h at room temperature to

determine the dry membrane mass (massdry). The samples were then soaked with IL-D2O

mixtures (D2O, 99.9%, Cambridge Isotope Labs) at different temperatures to achieve different

uptakes. The wet membranes were blotted to remove any free surface liquid (ILs and water) and

transferred to a sealed Teflon cell to equilibrate for later diffusion measurement as reported

earlier.27 All diffusion measurements were performed at 25oC after sample equilibration.  To

vary water content, we allowed the samples to dry in open air while the content of IL in the

membranes (massIL) remained constant due to its negligible vapor pressure. Masses of wet

membranes (masswet) including water and IL were determined gravimetrically after the NMR

experiments. IL uptake and water mole ratio (water) were calculated respectively using equations

5.2 and 5.3:

= − × 100% (5.2)
= −− × (5.3)

5.2.2 Diffusion Measurement by Pulsed-Field-Gradient NMR

We apply the robust and simple pulsed-gradient stimulated echo (PGSTE) sequence for

all diffusion measurements. We measured 1H and 19F diffusion for ILs using a Bruker Avance III

WB 400 MHz (9.4 T) NMR equipped with a Micro5 triple-axis-gradient microimaging probe

and 8 mm double resonance (1H/2H) RF coil. The triple axis gradients each having a maximum

value of 300 G/cm allowed for measurement of diffusion along three orthogonal directions
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relative to membranes, denoted as X, Y (in plane) and Z (through plane).27 Verification of

orientations of the membrane stacks in the magnetic field is via using a Y-Z image slice collected

with a RARE pulse sequence (Rapid Acquisition with Relaxation Enhancement).28 The PGSTE

sequence used a π/2 pulse time of 32 μs, gradient pulse durations  ranging from 2 – 5 ms, and

diffusion times  ranging from 30 – 600 ms, depending on the uptake of IL and water in the

membranes and suited to the corresponding relaxation times. 16 gradient steps with appropriate

selection of maximum gradient strength resulted in 50% - 90% of NMR signal attenuation. Due

to differences in signal intensity, the number of scans varied from 4 to 512 to produce sufficient

signal-to-noise ratio for each data point. All parameters for the gradient have been calibrated and

optimized as reported earlier.27,29

We have performed diffusion measurements on both free ILs and ILs inside Nafion

membranes at room temperature (25oC). For free IL experiments (aqueous solutions), a water

mixture (nD2O: nH2O = 9:1) forms a homogeneous phase with ILs as they are mixed. 1H NMR

allowed the determination of the mole ratio of water to IL. For ILs inside membranes, depending

on the type of ILs and content of liquid (ILs and water) in Nafion membranes, the longitudinal

relaxation time (T1) varied in the range of 580 ms – 1.3s for cations, and 300 ms – 2s for anions.

The spin-spin relaxation time (T2) fell in the range of 5 - 40 ms for cations and 10 - 900 ms for

anions. Measurement of cation and anion diffusion vs. diffusion time  allowed probing of any

possible heterogeneous structures that may exist over the 0.5 – 3.3 m range. Due to limiting

factors within the experiment (gradient strength, relaxation time),  could vary over a relatively

wide range at higher liquid uptake but  was limited (>250 ms) at low uptake to produce

sufficient signal attenuation. All measurements resulted in clean single component fittings to

determine diffusion coefficients. Consistent with our previous studies,29,30 diffusion in Nafion
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117 membranes was slightly anisotropic (slightly faster diffusion along extruded direction) and

we uniformly measured diffusion along the extrusion direction in this study.

5.3 Results and Discussion

5.3.1 Hydration Effects on Ion Transport in Free ILs

For free ILs, we examine a broad range of water content in order to understand how

variation in hydration level (water content) affects ion diffusion and thus the intermolecular

associations of cations and anions. “Free” is defined as IL or IL+water solution in the liquid

state, not inside the ionomers. Figure 5.1 shows the plot of cation, anion, and water (D2O)

diffusion in free [C2mim][BF4] vs. water content water, which is defined as the mole ratio of

water to IL (nwater : nIL).
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Figure 5.1. Water and ion diffusion of “free” [C2mim][BF4] vs. water content

Water and ion diffusion of “free” [C2mim][BF4] vs. water content (waterat 25oC. Dcation is faster

than Danion at low water but becomes slower than Danion at high water. Both Dcation and Danion

increase with water content, with anion diffusion increasing slightly faster.  Error bars are within

the size of each data point.

Here, one mole of IL includes one mole of cations and one mole of anions. In general,

both cation and anion diffusion increase with water content, however, anion diffusion increases

faster than cation diffusion to result in faster moving anions at high water content. To quantify

the difference between cation and anion diffusion, Figure 5.2 shows Dcation/Danion vs. water

content waterfor free [C2mim][BF4] and [C2mim][TfO].
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Figure 5.2. Diffusion ratio vs. water content for different ILs

Dcation/Danion vs. water content water in free [C2mim][BF4] and [C2mim][TfO] ILs. Cations diffuse

faster than anions by 30-50 % in the absence of water whereas the trend reverses at high water,

where the diffusion ratios match those expected from the Stokes-Einstein equation.  Errors in D

ratios are +/-5 %.

We use equation 5.1 to quantify the difference between cation and anion diffusion in free

ILs. Molecular dynamics simulations31,32 suggest the formation of structured ionic domains in

pure ILs due to ion associations (specific molecular packing) the presence of which obscures the

picture of isolated ions with uniformly well defined sizes. Thus, at the moment, we cannot

directly quantify individual ion size using diffusion coefficients and equation 5.1. Nevertheless,

equation 5.1 should provide relative information on transport of different diffusing particles with

effective radii rH, if ions are aggregated.

The average hydrodynamic radii of cation and anion are estimated from the volume of

ions mentioned above (rH ~ V1/3).6 Since these two ions exist in the same thermodynamic phase,

Dcation/Danion equals the reciprocal of their hydrodynamic radius ratio, or rHanion/rHcation. Under low

water, cation diffusion is faster than that of the anion by 30-50%, regardless of its relatively much

larger size. However, at high water, where ions are fully hydrated and inter-ion interactions are

screened, the pattern is reversed and one experimentally obtains  ][][ 42
/

BFmimC
DD = 0.70 and

 ][][
/

2 TfOmimC
DD = 0.93, which agree with the results of density-based ion radius calculations

(0.74 for [C2mim][BF4] and 0.92 for [C2mim][TfO]).6 The agreement of diffusion ratio with rH

ratio, as predicted by the Stokes-Einstein equation, supports the picture of totally isolated ions

under dilute conditions, shedding light on the puzzle of the anomalous cation/anion diffusion
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ratio in dry ILs, which is at odds with expected (isolated) ionic radii. In addition, the ratio of

water to cation diffusion at low and high water content further supports these arguments, where

][ 2
/

mimCwater DD approximates to 8.0 and 2.3 respectively under low (water0.035) and high

(water125) water content. If one estimates the volume occupied by a water molecule from

water density (
AN

M
v  ) and uses equation 5.1 to calculate the diffusion ratio, one would expect

to have Dwater/DEMI+ equal to 1.8, which is similar to the experimental value of 2.3 at high water

content, and implies that the ion’s hydration sphere slightly enlarges its effective radius. Again,

consistent with cation/anion diffusion at low water content, the unexpected high value of

][ 2
/

mimCwater DD (= 8) implies specific interactions exist among ions within ILs, which will be

further discussed in the next section. Differences in aggregates involving cations and anions must

arise from specific molecular interactions (e.g., excluded volume, shape anisotropy, charge

distribution, polarizability, hydrogen bonding), among groups of cations and anions in neat ILs.

5.3.2 Hydration Effects on Ion Transport Inside an Ionomer

In order to obtain a fundamental understanding of hydration effects on ion transport in

ionomers membranes and to compare ion behaviors with the case of free ILs, we soaked various

D2O-IL mixtures into Nafion© membranes to achieve certain uptakes using our procedures

reported earlier.26 In our previous study, we noticed that the 1H2O proton NMR peak shifts as a

function of water content, and sometimes overlaps with other IL cation peaks. Using D2O rather

than H2O to prepare the liquid mixture allows accurate measurement of water diffusion

(eliminating multicomponent fitting due to overlap of proton peaks) and simplifies proton spectra

as well. Figure 5.3 lists chemical structures of the [C2mim]+and [C4mim]+ cations used in this

study, along with the relevant proton spectra for free state ILs (dry) and IL-D2O mixtures soaked
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into Nafion membranes (spectra for [BF4]– counterions shown, spectra with [TfO]– anions

similar but not shown).  For IL-D2O mixtures in Nafion, spectral resolution varies from case to

case, depending on the uptake of IL and water in the system. We observe minimal 1H2O peaks in

these spectra due to the high purity of D2O.  In 2H spectra (not shown), we observe only a

doublet of 2H2O peaks (≤ 50 Hz splitting) due to the partially averaged quadrupolar interactions

of water O-D bonds in the weakly aligned hydrophilic channels.29 For 19F spectra, one peak

appears for [TfO]– and two peaks for [BF4]– (not observable for ILs inside ionomers due to broad

line) due to the two boron isotopes present (10B and 11B).

Figure 5.3. Chemical structures of cations and proton spectra at different conditions

Chemical structures of [C2mim]+ and [C4mim]+ cations with corresponding 1H spectra for free

state dry ILs, and for IL-D2O mixtures soaked into Nafion (N117) membranes. We assign proton

peaks using numbers, as shown. For ILs inside membranes, peak 3 includes a small residual

1H2O signal due to slightly impure D2O.
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Figure 5.4 shows ion diffusion vs. diffusion time of [C4mim][BF4] inside the ionomer

membrane over a range of water. The root-mean-square displacement based on measured

diffusion coefficient )2(2

1
2  Dr is plotted vs.  , resulting in linear regression for both

cation and anion diffusion. Diffusion is independent of diffusion time , characterizing an

absence of restricted diffusion effects in these membranes. At relatively high water, where ion

diffusion is fast and the T2 relaxation time is long, diffusion is measured over a relatively wide

range of (30 ms – 600 ms). Note that this diffusion measurement lengthscale ranges from 0.5 –

3.3 m (low and high water content, large and small ), in agreement with our previous study of

ion diffusion in Nafion 212.26

Figure 5.4. Non-restricted ion diffusion inside ionomer membranes
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Root-mean-square displacement (<r2>1/2) of cation and anion vs. Δ1/2 for [C4mim][BF4] IL inside

the ionomers membrane at low and high water. These linear regressions indicate non-restricted

diffusion behavior in the experimental diffusion length range 0.5 – 3.3 m. Each individual line

slope equals (2D)1/2.

In addition, one also notes that the corresponding slopes associated with cation and anion

in Figure 5.4 deviate significantly from each other at high water content, reflecting the fact that

the slope ratio is equal to the square root of the diffusion ratio. Interestingly, cation and anion

diffusion behaviors substantially differ inside the ~ 2 nm hydrophilic channels of Nafion

membranes, as revealed in Figure 5.5. We note several attributes of these observations as

follows. Danion is more sensitive to the presence of water than Dcation, especially at low IL uptake.

As IL uptake increases, water still preferentially accelerates Danion, but less strongly. More

generally, for BF4-based ILs ([C2mim][BF4], [C4mim][BF4]) we observe striking enhancement in

anion diffusion as compared to cations (up to a factor of 4.3) at high water content. However,

TfO-based ILs ([C2mim][TfO], [C4mim][TfO]) exhibit a smaller effect.
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Figure 5.5. Ion diffusion inside membranes vs. water content with different IL uptakes

Cation and anion diffusion inside Nafion membrane vs. water content water with different

uptakes of [C2mim][BF4] and [C2mim][TfO]. Higher IL uptake results in substantially faster ion

(cation and anion) transport under the samewater value. Water accelerates the transport of both

cation and anion whereas the anion is more highly accelerated than the cation for [C2mim][BF4].

We attribute such observations to the following factors: 1) interactions of polymer-fixed

sulfonate groups and cations, 2) difference in basicity and ion pairing between [TfO]– and [BF4]–

.33 Sulfonate groups on the side chains can attract positively charged species to reduce the

average transport of cations inside the hydrophilic channels of Nafion. [BF4]– will be more inert

than the more Lewis-basic [TfO]– anion33 and thus will travel more freely. On the cation side,

[C2mim]+ or [C4mim]+ will tend to equally pair with free [TfO]– and fixed -SO3
– groups on the

polymer chain due to the similarity in chemical structures between these two anions. Thus, in

TfO-based ILs, cations and anions are more likely to move in pairs (than BF4-based ILs) and

show less enhanced anion diffusion. One may suppose that fast diffusing [F]- may be generated,

which might skew our diffusion measurements in the BF4-based systems. We emphasize that

there is no evidence of hydrolysis for [BF4] – inside ionomers at high water content since we

obtained a single 19F spectral peak (no other observed 19F anion signals) and a single diffusion

coefficient over the full range of membrane hydration. It is also worth mentioning that even at

high water content, interactions (columbic, ion packing) between cation and anion are only

partially screened by water molecules for ILs inside ionomers, as compared to the case of free

ILs. This effect is illustrated by the diffusion ratio of water to anion as shown in Figure 5.6.

Here the Stokes-Einstein equation can aid in understanding ionic interactions in our water-IL-

ionomer systems. As mentioned earlier, our measured apparent diffusion coefficients exhibit no
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dependence on diffusion lengthscale, which suggests the diffusion results on both water and ions

should equally reflect global (averaged over ~ 1 m) information on structures as sampled by

diffusants. Based on this consideration, the global viscosity should affect both ions and water

molecules in the same way. Thus, one can rule out the factor in the Stokes-Einstein equation

and compare the diffusion ratio (Dwater/Danion or Dwater/Dcation) inside ionomers with the values for

free ILs to understand the degree of ion association. For example at water9, the diffusion ratio

of water to anion Dwater/Danion ≈ 12, in contrast to the corresponding values for free water-IL

mixture (Dwater/Danion ≈ 2) mentioned earlier.
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Figure 5.6. (Dwater /Danion) vs. water content for free IL and IL inside Nafion membrane

Diffusion ratio of water to anion (Dwater /Danion) as a function of water content water for free

[C2mim][BF4] and for ILs inside Nafion membrane. Even at high hydration (water ~ 9), water

diffusion in Nafion is > 10X faster than anion diffusion, as compared with free IL, where water

is only 2X faster.  The difference between Dwater and Danion drastically increases as

waterdecreases, indicating the interactions among ions and ion-charged polymer at low water are

more dynamically constrained than at high water while water moves relatively freely at low

hydration.

Moreover, as shown in Figure 5.6, in comparison with free ILs, Dwater/Danion inside the

ionomer increases drastically as the hydration level decreases, indicating progressively enhanced

ionic interactions that highly impact the translational motion of ions. As a result, these strong

ionic interactions among ions and ion-lined polymer nanochannels critically determine the

transport properties of IL-based materials and devices at both high and low water content.

We further examine ion transport inside ionomer membranes at low water contents. As a

result, in order to further assess specific ionic associations as a function of hydration and IL

uptake, Figure 5.7 summarizes systematic results regarding cation and anion diffusion vs. water

content for different types and uptakes of ILs. Surprisingly, Dcation becomes substantially faster

than Danion at low water content for C2mim-based ILs, where Dcation/Danion approaches 2.5 for

[C2mim][TfO] and 3.0 for [C2mim][BF4]. This clearly contradicts the conventional expectation

that cations will diffuse slower in an anionic matrix due to drag from the polymer-fixed sulfonate

groups. Again, considering that both cations and anions exhibit non-restricted diffusion behavior

in the same phase, differences in viscosity experienced by cations and anions can be ruled out,

and specific ionic interactions should account for these phenomena. In addition, as compared to
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the diffusion ratios for free ILs, these results strongly demonstrate the formation of ionic

aggregates with specific features,34 based on which we postulate the prevalence of anion-rich

ionic aggregates inside the ionomer at low water content.  The use of ion aggregation to explain

the behavior of concentrated ionic solutions has a long history, both in solutions35 and inside

polymer.36 For ion-dense fluids such as these ILs at low hydration, many-body effects will likely

be prevalent and thus difficult to conceptualize. With this in mind, we begin by attempting to

understand the problem in terms of ionic aggregates.

Figure 5.7. Impact of water on Dcation/Danion inside membranes vs. IL types and uptakes

Anion diffusion dramatically accelerates at higher hydration levels for BF4-based ILs, and

Danion/Dcation reaches 3 and 4 for [C2mim][BF4] and [C4mim][BF4], respectively. At low

hydration, cation diffusion becomes substantially faster than anion diffusion for [C2mim][TfO]

and [C2mim][BF4], where Dcation/Danion reach 2.5 and 3.1 respectively.
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We explain our rationale for aggregation as follows. Considering the NMR experimental

time scale (~100 ms) during which ionic clusters form and disassociate due to fast dynamic

processes (~ ns to 100 ps), our NMR measurements on ion transport (cation or anion) represent

average diffusion behaviors of all the ionic species (single, dipole, triple, etc.) involved, which

can be interpreted by the following equations:= (5.4)
= (5.5)

where D+
Average and D–

Average are average cation and anion diffusion coefficients measured by

NMR experiments. Di
+ and Di

– correspond to the diffusion of individual ionic species that

contain cations and/or anions, e.g., single ions, dipoles, triple ions, etc. Similarly, xi
+ and xi

–

represent the mole fraction of each type of ionic cluster that contains cations and/or anions. We

are working toward a quantitative aggregation model using these concepts, but we require more

data and most likely molecular dynamics simulations as further inputs. To illustrate these

concepts, Figure 5.8 depicts a simple model in which only four types of ionic species are

considered: single, dipole, triple and quadrupole ions. According to this model, anionic triple

ions dominate at low hydration and lead to more isolated (single) cations, resulting in enhanced

cation diffusion. Dipoles and quadrupoles do not produce imbalanced average D ratios since

cations and anions are symmetrically distributed, and cationic triple ions will be less likely to

exist as they contribute negatively to the observed D+
Average. In other words, we conclude that

anionic aggregates with reduced diffusion are prevalent at low hydration, while the presence of

more isolated cations results in faster cation diffusion on average.
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Figure 5.8. Ion associations of ILs inside Nafion membrane

Ion associations of ILs inside the ~ 2 nm hydrophilic channels of Nafion membrane. (a) Low

water content. (b) High water content. At low water content (a), negatively charged triple ions

are prevalent due to strong electrostatic attractions among charged species, leaving more isolated

cations and resulting in enhanced cation diffusion on average. At high water content (b), water

dramatically reduces electrostatic interactions among cations and anions and leads to ion

disassociation. Anions (especially [BF4]–) are released from local electrostatic networks and

move relatively freely, while sulfonate groups fixed to polymer side chains attract cations and

thus slow their average translational motion.
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While we have not revealed the fundamental molecular mechanisms driving formation of

these anionic aggregates, recent bending tests on [C2mim][TfO] based ionic polymer actuators

support our aggregation model.  With applied DC voltage, the actuator bends toward the anode at

short times, followed by reversed bending back toward the cathode at longer times and with

greatly enhanced bending curvature.37,38 This is consistent with 1) cations transporting quickly to

accumulate at and swell the cathode, and 2) anionic aggregates transporting slowly to accumulate

at the anode, and then resulting in increased swelling due to their larger size. Regarding specific

intermolecular interactions, we emphasize that we do not observe significantly higher

Dcation/Danion for [C4mim]+ based ILs ([C4mim][TfO] or [C4mim][BF4]) at low water content

water. This further signifies that anionic aggregation caused by specific molecular packing

strongly depends on the structural features of the cation. When comparing [C2mim]+ with

[C4mim]+, factors such as shape anisotropy (e.g., planar or rodlike structures), charge distribution

and conformational flexibility (short alkyl chain of the [C2mim]+ vs. [C4mim]+ chain) should

strongly impact and determine molecular packing among cations and anions. Finally, in

correlation with practical mechanical actuator studies, these trends, in terms of ion transport,

qualitatively correlate with empirical observations that [C2mim][TfO] and [C2mim][BF4] appear

to form the best performing IL-based polymer actuators.6,39 If anions and cations conduct equally

well in an ionomer membrane, electrolyte efficiency is greatly diminished, since anion

conduction can cancel out cation conduction. This work provides further insight into the

mechanism of ion conduction inside an ionomer membrane and may facilitate design of new

types of ion containing polymers.
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5.4 Conclusions

We have investigated cation and anion diffusion of four related ILs

([C2mim][TfO],[C2mim][BF4], [C4mim][TfO] and [C4mim][BF4]) both outside and inside Nafion

membranes, and as a function of water content. With increasing hydration of free ILs, the ratio of

cation to anion diffusion coefficients reverses, then plateaus to values consistent with expected

hydrodynamic radii ratios for cations and anions (rcation/ranion = 1.4 for [C2mim][BF4] and 1.1 for

[C2mim][TfO]). When ILs are absorbed into an ionomer membrane, a drastically different ionic

environment, associations are modulated by relative anion basicity (protonation) and drag from

the fixed -SO3
- anions lining the polymer’s hydrophilic channels. Cations are substantially faster

(up to 3X) at low water contents inside membranes and these observations may be explained by a

simple aggregation model, indicating an excess of negatively charged triple ions. At high water

contents, this trend reverses to give faster isolated anions (up to 4X), while cation transport is

slowed by interactions with immobile SO3
- anions. Investigating such cation/anion interactions

provides insight into these complex fluids, and informs design strategies for IL electrolyte

applications such as batteries and polymer-based “artificial muscle” mechanical actuators. We

are working toward quantitative models to assess relative aggregate populations, as well as

chemically specific measurements of E-field-driven ion motion.
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Chapter 6

Unraveling the Local Energetics of Transport in a Polymer Ion Conductor

[Mark D. Lingwood, Zhiyang Zhang, Bryce E. Kidd, Kacey B. McCreary, Jianbo Hou and Louis

A. Madsen, Chemical Communications, 2013, 43, 4283-4285.]-Reproduced by permission of

The Royal Society of Chemistry.

Abstract

We compare diffusion activation energy measurements in a hydrated perfluorosulfonate ionomer

and aqueous solutions of triflic acid. These measurements provide insight into water transport

dynamics on sub-nm lengthscales, and gauge the contribution of the polymer sidechain terminal

group. Future membrane materials design will hinge on detailed understanding of transport

dynamics.

6.1 Introduction

A hierarchy of material structures and molecular interactions in ionic polymer

membranes influence the bulk transport critical for applications such as reverse-osmosis, fuel

cells, mechanical actuators, and batteries. Mobile species within these membranes (ions, water,

alcohols, gases) move according to local chemical interactions as well as larger morphological

features, e.g., the arrangements of hydrophilic ion channels.1 While some aspects of transport in

ion-conducting polymers are known, these materials continue to challenge researchers as to

precisely how polymer morphology and structure govern transport. Deeper understanding of ion

transport in these systems will enable rational design of next-generation polymeric conductors.
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Many previous theoretical and experimental studies have attempted to access local and

chemically specific information on molecular transport in these materials.2 Methods such as

water uptake measurements, conductivity measurements, X-ray and neutron diffraction, and

infrared spectroscopy provide useful information but can only indirectly report on ion transport.

Another problem is the small length scale of the desired measurement: the fundamental

processes of ion transport occur on the scale of several molecules (< 1 nm), and few analytical

techniques operate on this length scale.

Given these concerns, measurements of the activation energy Ea of diffusion can provide

insight into the fundamental nature of ion transport in ionic polymer membranes. In solids and

liquids, activation energy is extracted from the temperature (T) dependence of diffusion via the

Arrhenius equation: ( ) = / (6.1)

where D is the self-diffusion coefficient as a function of T, the pre-exponential factor D0

represents the diffusion at infinite T and gives information on the configurational degrees of

freedom available to the system, and R is the gas constant. This temperature dependence of D

provides access to local interactions that occur on the pre-diffusion (< 1 nm) lengthscale, also

called the ballistic or inertial lengthscale (see also SI).

Here we explore the activation energy of water inside the benchmark ionic polymer

Nafion®. This perfluorosulfonate ionomer (PFSI) consists of a hydrophobic

polytetrafluoroethylene (PTFE) backbone with hydrophilic oligo-ether sidechains that terminate

in a sulfonic acid group (Fig. 6.1a). The PFSI backbone and sidechains nanophase separate to

form a network of ion channels through the membrane that allows for fast ion conduction.2,3 The
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membranes absorb up to 30 wt% water, swelling the ion channels and altering ion transport

dynamics.

Figure 6.1. Chemical Structures of Nafion perfluorosulfonate ionomer (a) and

trifluoromethanesulfonic (triflic) acid (b).

For comparison, we also measure Ea for trifluoromethanesulfonic acid (triflic acid) in

aqueous solutions. Triflic acid consists of a sulfonic acid group bound to CF3 (Fig. 6.1b), and

serves as a solution-state analog to the molecular interactions in PFSI hydrated channels. The use

of triflic acid allows us to differentiate the sidechain terminal group contributions to Ea from

those of other pore and channel structure effects, thus emphasizing the importance of the

polymer ion moiety on transport. Triflic acid has been used previously to help understand the

internal environment of PFSIs.4 Here we probe Ea of both a prominent PFSI (Nafion) and triflic

acid over a wider range of hydration than previously published, and with higher fidelity. This

study represents the first high precision experimental comparison of these previously compared

and conceptually similar systems.

6.2 Ea measurement for triflic acid and Nafion

We use pulsed-field-gradient (PFG) nuclear magnetic resonance (NMR) diffusometry to

measure activation energy. While Ea for molecular transport can be measured through other

methods such as proton conductivity,5 PFG-NMR is advantageous because it is non-destructive

and sample orientation independent, it has the ability to track separate mobile species using

spectral resolution, and it can be applied with high accuracy to bulk hydrated membrane
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samples.1,6 In addition, PFG-NMR may be conducted in equilibrium or non-equilibrium

situations, as it does not require applying non-equilibrium perturbations to the system. NMR has

previously been used to study PFSIs, in terms of chemical structure,3b morphological alignment,1

and proton diffusion and mobility.1,6 With NMR diffusion measurements, one can vary the

measurement encoding time to inform on polymer structural length scales that govern transport,

typically in the range 100 nm – 10 μm.  When combining temperature-dependent D

measurements to yield Ea, the millisecond-timescale PFG-NMR now probes dynamics at the true

molecular scale. In liquids and soft matter, Ea averages over the sub-nm molecular interactions

associated with correlated (also known as ballistic or inertial) motions that govern collisional

processes below the diffusion-averaged timescale where long time molecular dynamics become

uncorrelated (~ 1 ps for liquids). Thus, Ea measurements serve to complement previously

published NMR diffusion and 2H studies1,6 and extend the translational lengthscales accessible

via NMR.

Here we measure D and Ea for Nafion 117CS over a wide range of hydration, as well as

D and Ea of aqueous triflic acid solutions in the same SO3
- concentration range. Nafion was

soaked in water, dried to the desired uptake, then sealed in a custom-built cell for NMR

measurements.6a−c Triflic acid solutions were carefully mixed while chilled and quickly glass

sealed into NMR tubes. For all samples, D was measured as a function of T with the pulsed-

gradient stimulated echo (PGSTE) sequence at B0 = 9.4 T. SI contains further experimental

details.

6.3 Results and Discussion

Figure 6.2 plots D as a function of the water/sulfonate mole ratio (λ). At high λ, the 1H

signal from triflic acid solutions gives the fastest diffusion, which is not surprising since this
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signal arises mostly from water. The 19F signal from the bulkier triflate anion shows slower

diffusion, and the diffusion of 1H2O and 2H2O inside the PFSI are slightly slower still (see also

SI). All diffusion values decrease monotonically as λ decreases until λ ~ 1. Triflic acid reaches a

diffusion minimum at λ = 1, where solid triflic acid monohydrate forms.7 D for 1H and 19F of

pure triflic acid (λ = 0) are identical, reflecting that the acidic proton is not dissociated. PFSI

diffusion results are comparable with previous studies.1,6 We could only make measurements in

PFSI above λ = 1.3, as lower hydration gave transverse (T2) and longitudinal (T1) relaxation

times too short to accommodate PFG NMR.

Figure 6.2. Self-diffusion coefficient (D) of PFSI and triflic acid species with varying

hydration. D for pure water is given at top right. For PFSI, values (at 24°C) are given for both

1H2O and 2H2O, and for triflic acid both 1H and 19F signals are shown.

Figure 6.3 shows Ea measurements as a function of hydration. Representative Ea and raw

diffusion decay plots are included in the SI. At high hydration, Ea of water in Nafion and 1H and

19F in triflic acid solutions are fairly similar, however the triflic acid values are consistently

above that of PFSI. This surprisingly implies that there is a slightly lower energy barrier for
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transport inside the swollen ion channels of PFSI than in liquid solutions of similar composition

(by 1–3 kJ/mol). Also, Ea is nearly independent of λ for λ > 8, implying that there is a threshold

above which the water inside the ion channel behaves as bulk water and is no longer strongly

influenced by the channel walls. As λ decreases below λ = 8, the PFSI Ea increases in a roughly

exponential fashion, reaching values > 50 kJ/mol. The triflic acid Ea values show a similar

increase below λ ≈ 3 until a maximum at λ = 1. Ea for protons in triflic acid at high λ matches

that of pure water, as expected.

Figure 6.3. Activation energy (Ea) of PFSI and triflic acid with varying hydration. Ea of pure

water is given at right.

Our comprehensive and chemically specific study of D and Ea as a function of hydration

significantly expands upon other experimental and theoretical efforts to understand local

transport processes. We discuss notable differences between Ea values measured using other

methods in the SI. Indeed, various Ea measurement techniques all probe slightly different local

processes. SSNMR linewidths probe rotational motions,8 PFG diffusometry probes translational

displacements,6d and impedance spectroscopy5 or conductivity measurements probe driven ion
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motions. These three techniques also probe slightly different averages over H2O, H3O+, H5O2
+

and other species, and this will be the subject of future studies. In short, our PFG-NMR

measurements are self-consistent and our conclusions lie in exploring the relative variations of

Ea, thus allowing comparison with other measurement types.

What insights can our measurements provide into PFSI proton transport mechanisms?

Our data shows that across a wide range of hydration, the behavior of PFSI and triflic acid

solutions are similar. At high hydration (λ > 8), Ea for PFSI and triflic acid nearly overlap,

suggesting that the dominant contribution to local energetics arises from liquid-like interactions

between water and acid inside the ion channels, with negligible effect from the channel walls. In

the range 1 < λ < 8, both the PFSI and triflic acid Ea curves also have a similar shape, although

they are shifted laterally. That is, one can shift the Ea curve for triflic acid by Δλ = +2 overlay it

on the PFSI curve at λ > 3. This implies that even as the amount of water decreases, the

interaction between water and the PFSI’s triflic acid sidechain terminal groups still gives an

appreciable contribution (~ 1/3 of the effect) to the local transport energetics. However, as λ

decreases other effects emerge that cause Ea of PFSI to grow much larger than that of the triflic

acid solutions. A thorough computational study by Commer et al.9 on symmetric ion channels

with rigidly fixed SO3
- groups (represented as either diffuse spherical charges or in full atomistic

detail) failed to account for the large changes in Ea observed previously,5 but they proposed

significant ideas concerning ion group configurational motions in dynamic bridging of aqueous

domains. Based on Commer’s ideas, we propose that the strong increase in PFSI Ea at λ < 3

(below where we might superimpose the shifted triflic acid curve onto the PFSI curve) arises

from the shrinking size of the ion channels creating a configurationally restricted environment

for water and proton motion. This environment alters local transport mechanisms further
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compared to what is observed in simple triflic acid solutions. This is consistent with the onset of

ion clustering, which can restrict the motions of polymer sidechains and pull SO3
- ions into

aggregates promoting larger activation barriers where the sidechain density along the channel

wall is lower. The measured activation energy would thus depend on both the dynamic “gating”

motions of ion clusters rearranging9,10 to bridge aqueous domains combined with jumping of

water, H+, or H3O+ between clusters. The domain bridging process would include dynamic

collaborative fluctuations of polymer backbone, polymer side chain, and sulfonate group

configurations. Figure 6.4 summarizes these effects.

Figure 6.4. Local phenomena in hydrated ion channels of PFSI. Panel (a) shows a hydrated

channel at λ = 8, where water and proton transport are dominated by liquid-like and highly

hydrated mobile polymer ionic groups. Panel (b) shows λ = 2, where local transport experiences

barriers based on the restriction of polymer sidechains and ion endgroup mobility. This is due to

clustering, the need to jump between clusters, and chemically specific interactions between

H2O/H3O+ and triflate endgroups. Note that the density of sidechains along the channel walls is

representative of polymer structure and consistent between (a) and (b), and the varying densities

contribute to the ion clustering and local energetics.

Also notable is the subtle but apparent minimum in Ea at λ ≈ 7 for PFSI and λ ≈ 3 for

triflic acid. This effect falls just within the error of our measurement, but since it appears in

both systems it could be real. Indeed we see a further indication of this effect by plotting D0,

the pre-exponential factor obtained from the D vs. T Arrhenius fits (SI Fig. S2 and
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discussion), which shows distinct minima at λ ≈ 3 for triflic acid and λ ≈ 7 for PFSI. This

suggests that the configurational degrees of freedom in these systems (entropy) is minimized

at these compositions. Our results on Ea and D0 in triflic acid solutions also validate local

energetics calculations4b stating that the most favorable cluster size for water or proton

transport should be three waters of hydration (CF3SO3H---(H2O)3 or λ = 3). Several other

significant conclusions can be drawn from Ea data, which we discuss in SI.

6.4 Conclusion

In conclusion, we present a comprehensive set of diffusion and activation energy data for

a PFSI and for triflic acid as a function of the of water/sulfonate mole ratio. The data shows that

Ea is independent of λ for high λ, then Ea passes through a shallow minimum and increases

strongly with decreasing λ. PFSI and triflic acid data show similar effects, although at shifted λ

values, suggesting that a portion (~ 1/3) of the translational dynamics are due simply to the

specific intermolecular interactions of water with the triflic acid sidechain group of the PFSI. As

λ decreases, the PFSI Ea becomes much greater than triflic acid, likely due to the configurational

constraints on sidechains and SO3
- terminal groups. We propose that atomistic molecular

dynamics simulations will significantly augment this work and help deconvolve the concepts

presented here.  Our results significantly expand on previous experimental and theoretical

studies, serving to further illuminate the mystery of ion transport in conducting polymer

membranes.

References

(1) Li, J.; Park, J. K.; Moore, R. B.; Madsen, L. A. Nature materials 2011, 10, 507.
(2) Mauritz, K. A.; Moore, R. B. Chemical reviews 2004, 104, 4535.
(3) (a) Elliott, J.A.; Wu, D.; Paddison, S.J.; Moore, R. B. Soft Matter 2011, 7, 6820; (b) Chen,
Q.; Schmidt-Rohr, K. Macromolecules 2004, 37, 5995; (c) Gierke, T.D.; Munn, G.E.; Wilson,
F.C.; J. Polym. Sci. Polym. Phys. Ed. 1981, 19, 1687.



100

(4) (a) Paddison, S.J.; Pratt, L.R.; Zawodzinski, T.A.; Reagor, D.W. Fluid Phase Equilibr. 1998,
150, 235; (b) Li, X.; Liao, S. J. Mol. Struc-Thermochem 2009, 897, 66.
(5) Cappadonia, M.; Erning, J.W.; Saberi Niaki, S.M.; Stimming, U. Solid State Ionics 1995, 77,
65.
(6) (a) Park, J.K.; Li, J.; Divoux, G.M.; Madsen, L.A.; Moore, R.B. Macromolecules 2011, 44,
5701; (b) Hou, J.; Li, J.; Madsen, L.A. Macromolecules 2010, 43, 347. (c) Li, J.; Wilmsmeyer,
K.G.; Madsen, L.A. Macromolecules 2009, 42, 255; (d) Kidena, K. J. Membr. Sci. 2008, 323,
201; (e) Zawodzinski, T.A.; Derouin, C.; Radzinski, S.; Sherman, R.J.; Smith, V.T.; Springer,
T.E.; Gottesfeld, S. J. Electrochem. Soc. 1993, 140, 1041.
(7) Spencer, J.B.; Lundgren, J.-O. Acta Cryst. B 1973, 29, 1923.
(8) Ye,G.; Janzen, N.; Goward, G.R. Macromolecules 2006, 39, 3283.
(9) Commer, P.; Cherstvy, A.; Spohr, E.; Kornyshev, A. Fuel Cells 2002, 2, 127.
10 Eikerling, M.; Kornyshev, A. J. Electroanal. Chem. 2001, 502, 1.

SUPPLEMENTARY INFORMATION (SI)

S6.1 Experimental

S6.1.1 Sample Preparation

The perfluorosulfonate ionomer Nafion 117 CS (extruded, 1100 equivalent weight per

sulfonate group) was obtained from E.I. DuPont (Wilmington, DE) in acid form. The membrane

was cut into nine 4 mm × 4 mm pieces, which were stacked and loosely wrapped in

polytetrafluoroethylene (PTFE) tape. The desired water uptake was obtained by soaking the

sample in deionized water (or D2O) then allowing water to evaporate until the mass of the

sample reached the chosen range. The membrane stack was then blotted to remove excess

moisture, tightly wrapped in polyethylene food sealing wrap, and placed into a custom-built 8

mm PTFE sample cell with low dead volume and excellent sealing characteristics.S1 Samples

were equilibrated in the sample cell for 1–3 hr before measurement. After NMR experiments, the

sample was removed and weighed again. After completing the entire set of experiments, the

membrane was dried at 105 °C under vacuum for two days and weighed to obtain the dry mass.

The mass after each NMR experiment (masswet) and the overall dry mass (massdry) were used to

calculate the mass percent of water in the membrane through equation S6.1:
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water uptake =
masswet-massdry

massdry
×100% =

masswater

massdry
×100% (S6.1)

Water uptake is converted to λ (moles of water / moles SO3
-) upon multiplying by the equivalent

weight (1100 grams dry polymer / mole sulfonate group) and dividing by the molecular weight

of water (18.01 grams water / mole) or D2O.  The error in λ based on mass uptakes and residual

water in the dried membrane is estimated to be < +/- 0.5, with some reduction in error at low λ.

Trifluoromethanesulfonic acid (triflic acid) was obtained from Fisher Scientific (USA).

Aqueous solutions of triflic acid were made by placing an appropriate amount of water in a vial,

adding an approximate amount of ice-bath-chilled triflic acid, then quickly sealing the vial. After

allowing the mixture to stand for 10 min, the vials were weighed to obtain the mass of triflic

acid. The mixtures were then transferred to 5 mm NMR tubes and quickly flame sealed in air. To

alleviate convection effects during the NMR diffusion measurements, the 5 mm NMR tubes each

contained 4 axial capillaries of 0.8 mm inner diameter and 1.0 mm outer diameter (Fisher

Scientific). A solid resulted when equal amounts of triflic acid and water were mixed (λ = 1.0),

due to the formation of triflic acid monohydrate, however liquid solutions could be created at λ

below and above 1.0.

S6.1.2 NMR Measurements

All NMR measurements were obtained using a Bruker Avance III widebore 400 MHz

(9.4 T) NMR equipped with a Diff60 diffusion probe with exchangeable coil inserts (Bruker

Biospin, Billerica, MA). Membrane diffusion was measured with either an 8 mm 1H or 10 mm

2H coil, and the triflic acid solutions were measured with a 5 mm 1H/19F coil. The pulsed-

gradient stimulated echo (PGSTE) sequence was used to measure diffusion, with an effective

gradient pulse length of δ = 2 ms, gradient pulse spacing of Δ = 50 ms, and maximum gradient
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strengths ranging from g = 28 G/cm to g = 1800 G/cm. 16 gradient steps were applied, and the

number of scans varied from 4 to 128 for adequate SNR. Diffusion was measured along the

spectrometer magnetic field (B0 = z) direction, and the membranes were oriented so that the

extrusion striate was aligned with B0, and therefore diffusion was measured along the extrusion

direction in these nearly isotropic samples.S1 A single symmetric NMR line was observed in all

1H and 19F spectra.S1 The self-diffusion coefficient D was obtained by fitting the measured signal

intensity I as a function of gradient strength g to the Stejskal-Tanner equation:S2

= ( / ) = (S6.2)

where γ is the gyromagnetic ratio of the detected nucleus and b is the Stejskal-Tanner parameter.

The activation energy Ea was determined by measuring D as a function of temperature

over 6 steps between 13 and 30°C. The sample was equilibrated for 20−40 min. between each

temperature step. The temperature was maintained by flowing nitrogen gas at 270 L/h (triflic

acid) or 400 L/h (PFSI) through a chiller (XR401 with TC-84 control unit, FTS Systems,

Warminster, PA) and into the NMR probe, where the gas stream was heated to the appropriate

temperature using the Bruker VT system. Sample temperatures were calibrated to +/-0.5°C with

ethylene glycolS3 that was either placed in the sealed membrane cell (PFSI measurements) or in a

5 mm NMR tube (triflic acid measurements).  Error in D is estimated at +/- 3 % and Ea error is

estimated at +/- 5 %.

S6.2 Results

Figure S6.1 shows representative diffusion and activation energy plots for H2O in PFSI at

water uptakes of λ = 15.2 and λ = 2.1. All activation energy plots showed distinctly Arrhenius

behavior.
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Figure. S6.1. Plots for calculating Ea, with insets showing determination of D at 19.3 °C. Two

representative plots were chosen: (a) PFSI with H2O uptake of λ = 15.2 and (b) PFSI at λ = 2.1.

The Arrhenius plots are fit to Eq. 6.1 (main text) to give Ea and the pre-exponential factor D0.

The diffusion decay plots are fit to Eq. S6.2 to give the self-diffusion coefficient D.  Error bars

on these plots are smaller than the symbol sizes.

In addition to the discussion of Figure 6.2 in the main text (Diffusion vs. water uptake),

we also note that the diffusion of 2H2O in PFSI is slightly slower than that of 1H2O. This is

expected, given the 10 % slower diffusion of pure 2H2O relative to pure 1H2O.S4

Here we discuss several other points regarding our Ea data in Figure 6.3 (main text). First,

the Ea of pure triflic acid is comparable to that of dilute triflic acid solutions. This implies that

the solution structure that leads to higher triflic acid Ea values only occurs when some water is
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present to interact with the triflic acid. Second, there is no significant isotope effect for water

absorbed in PFSI, as the Ea for 1H2O and 2H2O were identical at both low and high hydration

levels. Ea will only be correlated with fluctuations around the diffusing species, and if these

species experience similar local energetic fluctuations, they will have similar Ea. Finally, we

mention that while slower D measurements sometimes lead to a higher Ea, this not a generally

valid relationship. This can be seen in the dramatically different shapes of the D and Ea plots, and

by observing how pure water diffuses faster than dilute triflate anions in solution, while the Ea

values are nearly identical.  The topological restrictions in the PFSI channel network, the

diffusion measurement encoding times, and the local mechanisms of diffusion serve to weight

the absolute values of the measured D.

Upon comparing our Ea results to those previously presented in the literature for Nafion

PFSI, our values are higher by 3–10 kJ/mol. Ye et al.S5 used 1H magic angle spinning (MAS)

NMR linewidth measurements to calculate Ea values of 16.4 kJ/mol for dried Nafion 112 and 11

kJ/mol for hydrated Nafion. KidenaS6 used PFG-NMR diffusometry and found an anisotropic Ea

between 13 and 16 kJ/mol for λ between 5.7 and 9.5 on Nafion 212. Cappadonia et al.S7 used

impedance spectroscopy and found Ea values for Nafion 117 at six hydration levels, and our

values are 5 – 10 kJ/mol higher at each point. The trend in these last data looks similar to our

own, with a sharp decrease in Ea with increasing hydration until a certain hydration level where

Ea reaches a plateau. As mentioned in the main text, the various Ea measurement techniques

probe different local processes and give slightly different averages over H2O, H3O+, H5O2
+, and

other species. Measurements of Ea with PFG NMR give the Ea of all mobile hydrogen atoms in

the system, summing the contributions from both water and acidic protons. Because of this, we

expect PFG-NMR to give a higher Ea value than conductivity measurements or conceivably
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rotational measurements (solid state NMR), because the energy scale  of proton transport

(Grotthuss hopping mechanism weighted) should be somewhat lower in magnitude than that of

water transport (vehicle mechanism weighted).S8 Regardless, our PFG-NMR measurements are

self-consistent, and the conclusions drawn from our study lie in the relative changes in Ea and not

from the absolute value of the measurement.

Figure S2 shows the measured pre-exponential factor D0 as a function of λ. D0 represents

“barrierless diffusion” or diffusion at infinite temperature and therefore reports on the

configurational degrees of freedom available to the system, which in turn reflects the entropy of

translation of the system. The D0 plots display the same overall trend as the Ea plots in the main

paper. The minimum D0 value is observed at λ ≈ 3 and λ ≈ 7 for triflic acid and PFSI,

respectively, which is nearly consistent with the critical λ values above which Ea is independent

of hydration level. This surprisingly indicates that the triflic acid-water system has the smallest

degrees of freedom for transport in different pathways at λ ≈ 3, with the cluster size of CF3SO3H-

--(H2O)3. The D0 minimum for PFSI (λ ≈ 7) is also intriguing. The detailed interpretation of D0

and its quantitative significance are currently unknown, and further discussion of D0 will follow

in future publications.
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Figure. S6.2. Pre-exponential factor (D0) of PFSI and triflic acid with varying hydration (λ). For

the PFSI, values are given for both 1H2O and 2H2O, and for triflic acid both 1H and 19F signals

are measured. The D0 for pure water is given at right. The error in D0 is approximately +/- 10 %.

S6.3 Discussion

Here we discuss the physical meaning of activation energy in non-solid systems. For rigid

solids, the physical picture is clear: the Ea of diffusion is the energy barrier that must be

overcome for a molecule to jump from its current lattice position to an adjacent lattice vacancy.

However this picture does not cleanly apply to liquids or soft matter, where there are no fixed

lattice or vacancies. Instead, there exists a dynamic phase of disordered molecules undergoing

translational and rotational motion.

In order to explore the physical meaning of Ea, we can connect the diffusion coefficient

(the phenomenological parameter) with fluctuations (non-equilibrium properties) using the

fluctuation-dissipation theorem, which links the macroscopic relaxation rate to microscopic

dynamics.S9 A schematic diagram of the microscopic process of diffusion is shown in Figure

S6.3, where the path of an individual molecule is highlighted as diffusion occurs. Starting at t =

0, the molecule of interest begins to translate and collide with nearby molecules. As time

proceeds and more collisions occur, the molecule of interest loses memory of its initial position

and velocity. The time it takes for this to occur is known as the translational correlation time, τc,

which describes how long a local molecule takes to reach equilibrium (uncorrelated motion)

from an initial state. The collisions during the initial τc period remain correlated, describing the

microscopic properties of diffusion. The Langevin model is used to describe the stochastic

process of diffusion, correlating the friction force (macroscopic) and the fluctuation force

(microscopic). The friction force is the systematic force that depends on the velocity of a probe
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molecule, and the fluctuation force is a random force that is velocity independent and correlated

with collisions during τc. Ea, which is derived from thermally activated local molecular

processes, is closely related to the fluctuation force, thereby characterizing the average energetics

of collisions during τc.S9 This concept indicates that Ea, which correlates with local fluctuations,

does not have a direct relationship with the D, which is regulated by the friction force.  The

similar Ea values of 1H in triflic acid solutions (λ  3) and water inside PFSI (λ  8) (Figure 6.3,

main text) obtained from dramatically different diffusion coefficients (Figure 6.2, main text)

validate that Ea characterizes local intermolecular interactions during τc and is not directly related

to diffusion coefficient magnitudes. For diffusion of liquids, τc ~ 1 ps and the lengthscale of this

process is that of several molecules (< 1 nm). Therefore, measurements of Ea provide

information on the average over all local interactions that occur on the pre-diffusional (~ 1 ps)

timescale.

Figure. S6.3 Schematic of time and length scale of activation energy measurement in liquids.

The solid circle represents the molecule of interest, starting from a snapshot at time zero and then

undergoing random collisions. At a time represented by the translational correlation time, τc, the

highlighted molecule no longer has a memory of its initial position and velocity.  All molecular

interactions in this correlated time period contribute to Ea.
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Finally, we comment further on insights our measurements can provide into proton

transport mechanisms. Generally, three types of proton transport are possible in ionic polymer

membranes.S8 One is the vehicle mechanism, where the proton is transported by the diffusion of

large species such as H3O+. The second is the Grotthuss mechanism, where protons are

transferred between adjacent water molecules in a ‘hopping’ fashion that is mediated by

molecular reorganization. The third mechanism occurs when protons hop between two adjacent

sulfonate groups via one or more water molecules, and this is called the surface conduction or

surface diffusion mechanism. In PFSIs, it is thought that the relative prevalence of the

mechanisms varies with water uptake.S8,S10 At high hydration, the ion channels are swollen to

such an extent that the absorbed water behaves as in a dilute acid solution, where the Grotthuss

mechanism dominates. At low hydration, the increase in charged species (including clustering)

and decrease in configurational mobility of the sidechains disrupts the water structure and

suppresses proton transfer, and proton transport occurs mainly through the vehicle and surface

mechanisms. S8,S10 Eikerling et al.S10c showed computationally that the activation energy of

surface conduction is higher than that of proton hopping in the center of the channel, and thus the

overall activation energy should decrease with increasing channel size (and thus hydration) up to

a saturation point. Our measurements support this conclusion, with a saturation point at λ ≈ 7.
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Chapter 7

Summary and Future Work

7.1 Summary

This dissertation primarily focuses on the design and fabrication of ENMR

instrumentation to investigate electrophoretic mobilities of ion dense electrolytes such as ILs and

electrolytes for zinc-air batteries. Using ENMR, we can identify the individual contributions of

cations and anions to the total conductivity of electrolytes, helping us understand fundamental

ion conduction mechanisms. Using the combination of diffusion NMR and ENMR information,

for the first time we have a way to provide quantitative assessment of ion associations inside ion

dense electrolytes.

First, we have successfully designed a new cylindrical sample cell using an array of

parallel capillaries to investigate the electrophoretic mobilities of ion dense electrolytes.

Compared to solution-based electrolytes, these systems exhibit relatively slow ion diffusion and

mobility (due to high viscosity) and yet high conductivity (due to high ion density). These factors

present special challenges for ENMR investigations, since compared to all previous studies the

induced phase shift signal will be smaller by more than a factor of three, while thermal gradients

and convection will be higher by more than a factor of ten due to Joule heating. How to reduce

non-electrophoretic background flows such as thermal convection, electro-osmosis, and flow

caused by bubbles is a major challenge for ENMR experiments. We illustrate the individual

sources and provide detailed solutions for these non-electrophoretic background flows. Using

our new capillary sample cell and a finely tuned set of parameters for a convection-compensated

ENMR pulse sequence, we measure the individual cation and anion electrophoretic mobilities
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with high precision (±7%). This is the first time that ENMR has measured separate cation and

anion mobilities in ionic liquids. We use this information to calculate the conductivity of pure

ILs based on the electrophoretic mobility values from ENMR, and this matches the bulk

conductivity measured using impedance spectroscopy. Significantly, this means that no ion

hopping (Grotthus-like) mechanisms exist in these common ILs, and we find that all information

regarding ion associations is contained in the values of the ENMR mobilities, not in the ion

population density factors used to calculate conductivity using equation 3.5.

We have also systematically study transport properties of [C2mim][dca]/Zn(dca)2 IL/salt

solutions, which show promise as electrolytes for zinc-air batteries, as a function of Zn2+

concentration using ENMR and diffusion NMR.  The ratio of cation to anion diffusion

coefficients reverses with increasing Zn2+ concentration, likely due to large Zn(dca)3
- anionic

aggregates. We observe that the measured electrophoretic mobility of cations using ENMR is

less than half of the predicted electrophoretic mobility of cations, indicating strong ion

associations in this system. Both types of measurements gives quantitative insight into ion

aggregates in [C2mim][dca]/Zn(dca)2 electrolytes.

We then investigate ion transport in ILs and inside perfluorosulfonate ionomers (PFSIs)

using diffusion NMR. Cation and anion diffusion coefficients combine to reflect inter-ionic

interactions, which are modulated by hydration and ionic media. With increasing hydration of

ILs, the anomalous ratio of cation to anion diffusion coefficients reverses, then plateaus to values

consistent with expected hydrodynamic radii ratios (rcation/ranion = 1.4 for [C2mim][BF4]). When

ILs diffuse inside an ionomer, ion associations are modulated by ionic interactions between

mobile cations and anions, and drag from fixed -SO3
- lining the polymer’s hydrophilic channels.

At high hydration, isolated anions diffuse faster (≤ 4X) than cations. Surprisingly, cations diffuse
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substantially faster (≤ 3X) at low hydration inside membranes, revealing prevalent anionic

aggregates. These studies use detailed sample modulations (water and IL content, both in free

solutions and inside the PFSI) to probe ion association properties of ionic liquids, and thus learn

about their fundamental behavior.

Finally, we present a comprehensive set of diffusion and activation energy data for a

PFSI and for triflic acid as a function of the of water/sulfonate mole ratio, again using a range of

sample modulations but tailored to learn about the PFSI system. PFSI and triflic acid data show

similar effects. At low λ, the PFSI Ea becomes much greater than triflic acid, likely due to the

configurational constraints on sidechains and ion aggregations among SO3
- terminal groups. At

high λ (> 6), Ea is independent of λ, meaning that in terms of water transport the PFSI is nearly

equivalent to a tortuous network of water-containing pipes. These studies provide fine insight

into water transport dynamics on sub-nm lengthscales. We further use the fluctuation-dissipation

theorem to explore the physical meaning of the diffusive activation energy, characterizing local

intermolecular interactions that occur on the pre-diffusional, also called the ballistic or inertial

motion, timescale (~ 1 ps).

7.2 Future Work

The success of studying iondense electrolyte using ENMR allows the measurement of

electrophoretic mobilities of cations and anions separately. This work further lays out the basis

for investigating a variety of ion dense electrolytes and promises to have wide applications in

electrolyte development for, e.g., advanced batteries. Future work will focus on more systematic

studies of different ionic liquids and ion dense electrolytes for lithium-ion batteries and zinc-air

batteries. Detailed correlations between structure and transport properties are crucial to

determine relevant parameters for designing ion dense electrolytes with improved performance.
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In parallel to this work, we are expanding our efforts to develop fundamental and quantitative

models for ion transport and associations in ionic liquids and related materials, initially based on

the ionic aggregate model presented in Chapters 3, 4, and 5. The ratio Λimp/ΛdiffNMR is used to

illustrate the degree of cation-anion aggregation in ILs, and the combination of diffusion NMR

data (anion and cation D) and ENMR (anion and cation ) will help us build quantitative models

to assess relative aggregate populations. Finally, in conducting polymers, we are using diffusion

coefficients combined with activation energies on a carefully designed set of samples to

quantitatively separate the local intermolecular interactions from the polymer morphology

contributions to transport in these multi-scale structured materials.
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Appendix A

Electrophoretic NMR pulse sequence and associated files for Bruker Avance III 400 MHz
spectrometer running software Topspin 2.0.

This pulse sequence starts with the convection-compensated sequence described in Chapter 3,
and uses digital outputs on the spectrometer “IPSO” interface unit to drive the current-mode

amplifier via the homebuilt switching circuit. (Name file: enmr_17)

;thermal convection compensted eNMR pulse sequence ;2D Steiskal Tanner sequence ;new version using built
in gradient functions as shapes 13.12.2007 KLZ

;$CLASS=diff
;$DIM=2D
;$TYPE=exp
;$OWNER=Bruker

#include <Grad.incl>
#include <Avance.incl>
#include <Grad_Pulse.incl>

define list<gradient> diff_ramp=<diff_ramp> define list<gradient> ON={1.0}

"acqt0=0"
"cnst31=cnst1+cnst2+cnst3"
"p2=p1*2"

ze
1u setnmr3|28|29                ; activating the channel 28 and 29 of register 3
5m pl1:f1 ;set rf power level

start,      1u
if (l14) { ; if decoupling in use

1u do:f2                    ; decoupler off during d1
} else  {

1u
}
if (l12) {                              ; if lock in use
d1 LOCKH_OFF                ; lock on during d1
d11 UNBLKGRAD ; unblank gradient amplifier, lock hold

during experiment
} else {                                ; if locnuc off
d1
d11 UNBLKGRAMP              ; unblank gradient amplifier
}
;-------------------------- Start of dummy gradient loop
---------------------------
if (l3) {                   ; dummy gradient pulses in use

dummy,
gradPulse( cnst1, cnst2, cnst3, d17, d18, d16, l8, l9, diff_ramp)
d2 ; gradient stabilisation time
d9 BLKGRAMP ; tau
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d10 UNBLKGRAMP ; unblank gradient amplifier
lo to dummy times l13
}
;-------------------------- Start of experiment
-----------------------------------
p1:f1 ph1 ; 90 degree pulse
d2 ; gradient stabilisation time
d11 ; one half of the duration between the second gradient and the third gradient
gradPulse( cnst1, cnst2, cnst3, d17, d18, d16, l8, l9, diff_ramp)
d2 ; gradient stabilisation time
1u setnmr3^28                      ; deactivating the channel 28 of register 3
d9 BLKGRAMP ; tau
d10 ; unblank gradient amplifier
p2:f1 ph2 ; 180 degree pulse
d2 ; gradient stabilisation time
d9 ; tau
1u setnmr3|28|29                    ; deactivating the channel 28 and 29 of register 3
d10 UNBLKGRAMP ; matching the time of unblank gradient amplifier
gradPulse( cnst1, cnst2, cnst3, d17, d18, d16, l8, l9, diff_ramp)
d2                                            ; gradient stabilisation time
d11 ; one half of the duration between the second
gradient and the third gradient
d2 ; gradient stabilisation time
d11 ; one half of the duration between the second
gradient and the third gradient
gradPulse( cnst1, cnst2, cnst3, d17, d18, d16, l8, l9, diff_ramp)
d2 ; gradient stabilisation time
1u setnmr3|28^29                   ; deactivating the channel 29 of register 3

d9 BLKGRAMP ; tau
d10 ; unblank gradient amplifier
p2:f1 ph2 ; 180 degree pulse
d2 ; gradient stabilisation time
d9 ; tau
1u setnmr3|28|29                    ; deactivating the channel 28 and 29 of register 3
d10 UNBLKGRAMP ; matching the time of unblank gradient amplifier
gradPulse( cnst1, cnst2, cnst3, d17, d18, d16, l8, l9, diff_ramp)
d2 ; gradient stabilisation time
d11 BLKGRAMP ; one half of the duration between the second
gradient and the third gradient
if (l14) {                              ; if f2 on

go=start ph31 cpd2:f2           ; start acquisition with decoupling
} else {                                ; if f2 off

go=start ph31                   ; start acquisition
}

100u wr #0 if #0 zd igrad diff_ramp     ; store data, increment
gradient ramp

lo to start times td1 ; td1 = number of gradientsteps
if (l14) {                              ; if decoupling in use

100m do:f2                      ; wait for data storage, decoupler off
} else {                                ; if locnuc off

100m                            ; wait for data storage
}
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if (l12) { ; if lock in use
100m rf #0 LOCKH_OFF ; reset file pointer, lock on

} else {                                ; if locnuc off
100m rf #0 ; reset file pointer

}
lo to start times l1 ; l1 = Number of repetitions

exit

ph1=0 2 2 0 1 3 3 1
ph2=1 3 3 1 0 2 2 0
ph31=0 2 2 0 1 3 3 1

;pl1: f1 channel - power level for pulse (default)
;p1: f1 channel - 90 degree pulse
;p2: f1 channel - 180 degree pulse
;d17: gradient ramp up time
;d16: gradient ramp down time
;d18: gradient duration
;d1: relaxation delay; 1-5 * T1
;d2: gradient stabilisation time
;d9: DELTA remainder
;d10: DELTA remainder, used to shift trigger position
;d11: gradient amplifier unblank delay 200 us

;cnst1: x-gradient maximum amplitude
;cnst2: y-gradient maximum amplitude
;cnst3: z-gradient maximum amplitude
;cnst31: dummy

;NS: 4 * n
;td1: number of experiments
;l1: Repetitions of the whole experiment
;l3: dummy gradient pulses off/on 0/1
;l12: lock off/on 0/1
;l13: number of dummy gradient pulses
;l14: decoupling off/on 0/1
;l15: grad shape type, 0 = sine, 1 = trap, 2 = opt
;l21: diffusion gradient list type
;l28: use default parameters off/on 0/1
;l29: use userdefined pulse program off/on 0/1
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Appendix B

Hardware components of electrophoretic NMR instrumentation

The ENMR instrumentation components consist of a Kepco bipolar power supply, a Bruker Avance III

WB 400 MHz (9.4 T) NMR equipped with a Micro5 triple-axis-gradient and a homebuilt switching/driver

circuit.

(1) Kepco BOP 1000M Power Supply.

A Kepco High Voltage Bipolar Power Supply, Model BOP 1000M (Figure 1) was used to drive ions in

the electrophoretic cell. The Voltage and current limits of the unit are ±1000 V and ±40 mA, respectively.

The device is operated in the CURRENT mode whereby the the current output by the device is programed

by a voltage signal connected to the I0 input. Provided that the control voltage lies in the range of –10 V

to +10 V, the output current in the CURRENT mode is directly proportional to the control voltage. The

constant of proportionality is 4 mA/V.  For example, if the control voltage is 0.250 V, the output current

is 1.000 mA. The voltage of  the supply in CURRENT mode is determined by Ohm's Law (V = IR) and

the operating range is limited by the resistance of the external circuit.

Figure App. B.1. A Kepco High Voltage Bipolar Power Supply, Model BOP 1000M

(2) Bruker Avance III WB 400 MHz (9.4 T) NMR Spectrometer

A Bruker Avance III WB 400 MHz (9.4 T) NMR equipped with a Micro5 triple-axis-gradient micro

imaging probe is used here. The triple axis gradients each have a maximum value of 300 G/cm, which is

calibrated using 1H2O with a diffusion coefficient of 2.26 ×10-10 m2/s at 25°C. The intelligent pulse
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sequence organizer (IPSO) of the Bruker NMR spectrometer provides internal trigger pulses for the

pulsed-field-gradient system as well as external TTL trigger pulses (0 and +5 V) for the electrophoresis

programming circuit.

Figure App. B.2. Bruker Avance III WB 400 MHz (9.4 T) NMR

(3) Home-built Circuit

I designed and built a simple homebuilt circuit to interface the current-mode power supply and NMR

spectrometer. Figure 3 shows a picture of the homebuilt circuit.
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Figure App. B.3. Homebuilt circuit for interfacing the current-mode power supply and NMR

spectrometer

The most important part of the circuit is a 1.2 A Dual High-Speed non-inverting MOSFET Driver

(Microchip, Model TC1427VPA). There are also one 100 μF aluminum electrolytic capacitor (Panasonic,

Model EEU-FC1E101S), one 1 μF dipped radial ceramic capacitor (TDK, Model FK26X7R1E105K) and

one resistor (10 Ω), which help filter high frequency noise from the electrode leads. The MOSFET driver

has two input channels connected with two TTL lines from the NMR spectrometer (IPSO unit) and two

output channels connected with current input terminals of the current-mode power supply. Using this

MOSFET driver, possessing a short delay time (75 ns) and fast switching time (25 ns), we are able to

create any bipolar electric pulse with frequency up to a few MHz. Figure 4 illustrates how the MOSFET

Driver works and generates the proper electric pulses. The input A and input B are programmable TTL

signals from the spectrometer, which can be switched in 50 ns or less. The NMR spectrometer provides

commands to control the status of a TTL line. For example:

5u setnmr3|5        sets the status of channel 5 in register 3 to the low, active condition.

1u setnmr3^5       sets the status of channel 5 in register 3 to the high, inactive condition.
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A delay time is necessary before switching the status of TTL signals. Here, the 5u and 1u represent

recommended delays of 5 µs and 1 µs, respectively.

Figure App. B.4. Schematic picture of input and output signals for the MOSFET Driver: input A and B

are two TTL signals from NMR spectrometer, and ouput A and B is the subtraction of input A and input

B, which can be used in the spin-echo convection compensated ENMR pulse sequence.
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Appendix C

Running an electrophoretic NMR experiment: Basic protocols

Before running an ENMR experiment, the most important factor is to prepare a new high quality

sample cell, as discussed in Chapter 3.

I. Preparation of the spectrometer

1. Change the rf coil and gradient according to your sample (to allow for correct nucleus

and sufficient gradient strength and SNR). For most ENMR measurements, I use the

5 mm single resonance (1H) rf coil and Micro5 triple-axis-gradient.

2. Remove the probe, and bottom load the ENMR sample cell with electrodes into the

probe. Then put the coaxial cables into the spectrometer through the hole on the top

of magnet.

3. Connect the coaxial cables with the electrical connectors of the sample cell. Then test

the circuit using the multimeter to make sure there is no short circuit.

4. Adjust the position of the ENMR sample cell inside rf coil to reduce the metal

interaction between the rf coil and metal electrode.

5. Push the probe with ENMR sample cell into the magnet.

6. Tune and match the probe.

7. Shim the lineshape.

8. Determine the 90º pulse times.

II. Preparation of the homebuilt circuit
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1. Connect the two input channels from homebuilt circuit with two TTL lines (the

channel 28 and 29 of register 3) from the NMR spectrometer IPSO unit.

2. Check the connections of the whole circuit.

III. Preparation of the Kepco power supply

1. Connect the two output channels from the homebuilt circuit to current input terminals

of the current-mode power supply.

2. Check the power switch (located at the upper left should be in the OFF position)

IV. Test the the home built circuit and Kepco power supply using 1K Ω resistor

1. Connect a 1kΩ load resistor to the Kepco power supply (connect the resistor with the

voltage output terminals of and Kepco power supply).

2. Running an ENMR experiment without loading the sample cell onto the Kepco power

supply, check the output electric pulse (the duration of electric field, the output

voltage, the noise of output signal, and so on) using a digital phosphor oscilloscope. If

everything is fine, go ahead to run the experiments. If there is something wrong,

check the homebuilt circuit and Kepco power supply again.

V. Running an ENMR experiment (Be aware of high voltage)

1. Connect the sample cell electrode leads to the Kepco power supply outputs, and

check the connections of the whole circuit using a multimeter.

2. Choose the ENMR pulse sequence and experimental parameters for ENMR

experiments using the command “diff”. Compared to diffusion measurement, keep

the gradient constant, and the number of gradient is equal to the number of applied

current. Before turning on the Kepco power supply, choose the appropriate diffusion

time, the appropriate gradient pulse duration and the appropriate gradient strength to
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get the diffusion weighted spectra with acceptable SNR. (We discuss the details of

experimental parameters in Chapter 3).

3. Increase the applied current I by adjusting the control voltage from the homebuilt

circuit (monitored by a multimeter).

VI. Shutdown

1. Turn off the home built cirucit.

2. Turn off Kepco power supply.

3. Disconnect all the cables from homebuilt circuit and Kepco power supply.

4. Remove the probe from the magnet and remove the ENMR sample cell, and then

insert the probe into the magnet for other users.

VII. Processing the experimental data.

1. Calcuate the the phase shift in ENMR spectra using a zero-order phase correction.

2. Make a plot of phase shift as a function of applied voltage to derive the

electrophoretic mobility.


