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Abstract 
Even though electrophoretic NMR (eNMR) experiments may provide 
unique chemical information and have been performed for three decades, 
the technique is still rarely applied, mainly because several experimental 
sources of artifacts have to be controlled to achieve accurate results. In 
this thesis, new experimental setups and protocols for accurate and precise 
eNMR experiments are presented. These include a novel eNMR sample 
cell, a radiofrequency filter and methods to suppress bulk flow effects. 
These developments improved the signal-to-noise ratio by roughly an 
order of magnitude compared to the U-tube setup previously used for 
eNMR. Convection-compensated pulse sequences in combination with a 
phase correction method were found to efficiently suppress bulk flow 
effects in the experiments and greatly increase experimental accuracy.  
 
These experimental setups and protocols were applied to probe 
association of ions and molecules in solution. It is particularly illustrated 
that the combination of diffusion and eNMR has great potential to provide 
quantitative results on ionic and molecular association in a variety of 
systems.  
 
The extent to which ionic surfactants associate with uncharged 
cyclodextrin probed by eNMR yielded very similar results to those 
obtained by diffusion NMR experiments. Complexation of a large set of 
small mono- and polyvalent metal cations to poly(ethylene oxide) was 
quantified by estimating the effective charge of the polymer through 
combined diffusion and eNMR information. Significant association was 
found for cations that have a surface charge density below a critical value.  
 
Ion pairing between tetramethylammonium cations and a series of anions 
in several solvents was also probed by diffusion NMR and eNMR 
experiments. For the monovalent anions in ethanol and ethanol-water 
mixture a dependence on ionic size was demonstrated. In water, 
dimethylsulfoxide, and methanol no such trend and very little pairing was 
observed. In acetonitrile, a different pattern was seen that did not correlate 
well with any single ionic parameter.  
 
An experimental cell and procedures for electrokinetic studies of solvated 
proton-conducting polymer materials is also presented. Electro-osmotic 
flow and diffusion were studied for each molecular component in water-
methanol mixtures that swell Nafion membranes.  
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Sammanfattning 
Elektroforetisk NMR (eNMR) är en experimentell metod som funnits i tre 
decennier och som kan ge unik kemisk information. Ändå används den 
sällan då flera experimentella artefakter måste korrigeras för, om man ska 
få korrekta resultat. I denna avhandling presenteras nya experimentella 
uppställningar och protokoll ämnade att uppnå korrekta och noggranna 
resultat. Dessa inkluderar en ny mätcell, ett radiofrekvensfilter och 
metoder för att minimera effekten av samtidiga bulkflöden i 
provlösningen. Sammantaget uppnås ungefär en storleksordning högre 
signal-brus-förhållande jämfört med den U-rörsuppställning som tidigare 
använts. Konvektions-kompenserande pulssekvenser i kombination med 
en faskorrektionsteknik minskade också bulkflödeseffekter effektivt, 
vilket ökade resultatens noggrannhet högst avsevärt.  
 
De experimentella uppställningarna och protokollen användes här för att 
mäta association av joner och molekyler i lösning. Mätningarna visar att 
kombinationen diffusions- och eNMR har en stor potential att kvantitativt 
kunna bestämma associationgraden i många olika typer av kemiska 
system.  
 
Associationsgraden mellan joniska tensider och cyklodextriner 
undersöktes både med eNMR och diffusions-NMR, och resultaten var 
mycket lika. Komplex-bildningen mellan en serie enkel- och flerladdade 
metalljoner och poly-(etylenoxid) kvantifierades genom att uppskatta 
polymerens effektiva laddning från kombinerad diffusions- och eNMR. 
Betydande komplexbildning hittades för katjoner med ytladdningstäthet 
under ett kritiskt värde.  
 
Jonparbildning mellan tetrametylammoniumjoner och en serie av anjoner 
i flera olika lösningsmedel undersöktes också med diffusions- och eNMR. 
För de monovalenta anjonerna i etanol och etanol-vatten-blandning 
påvisades ett samband med jonstorleken. I vatten, dimetylsulfoxid och 
metanol var däremot jonparbildningen låg och inget liknande samband 
hittades. I acetonitril observerades ett annat mönster, som inte korrelerade 
bra med någon av anjonernas normala joniska karakteristika.  
 
Slutligen presenteras en mätcell och procedurer för elektrokinetiska 
studier i de solvatiserade protonledande polymermaterial som bland annat 
används i bränsleceller. Elektroosmotiskt flöde och diffusion uppmättes 
för varje molekylär komponent i Nafion-membran solvatiserade av vatten-
metanol-blandningar.  
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1 Introduction 
Nuclear magnetic resonance (NMR) spectroscopy is a very versatile 
technique that exploits the behavior of atomic nuclei with nonzero 
magnetic moment in magnetic fields. The basis for the phenomenon was 
experimentally discovered in 1938 by Isidor Rabi et al. [1] NMR as an 
experimental technique was independently invented by Felix Bloch and 
Edward Mills Purcell who shared the Nobel Prize in Physics in 1952 for 
their efforts. Since then, NMR-related research has been awarded another 
three Nobel Prizes: to Richard Ernst in 1991 for his work on Fourier 
Transform (FT) NMR and multidimensional NMR, both of which were 
revolutionary steps in the progress of NMR spectroscopy; to Kurt 
Wüthrich who received the prize in 2002 for protein 3D-structure 
determination by NMR; and to Paul C Lauterbur and Peter Mansfield in 
2003 for developing the magnetic resonance imaging technique (MRI), 
which is now routinely used for medical diagnostics.  
 
The use of NMR has grown steadily since its discovery. Some of the 
important applications are MRI for medical diagnosis, NMR structure 
determination of chemical compounds and NMR well logging in drilling 
for oil. NMR is also a frequently used method for real-time process 
control in polymer and food manufacturing because of its non-
destructiveness. In chemical research, NMR spectroscopy is one of the 
major techniques, largely because of its ability to distinguish between 
different chemical entities for example methylene, aromatic and 
carboxylic groups.  
 
Diffusion NMR is a well established technique that uses pulsed field 
gradients to probe diffusion of molecules in solution. This motion is 
sensitive to solution properties as well as the size and the shape of the 
molecule. Diffusion NMR can provide useful information, for instance on 
molecular complexation, which was studied in this thesis.  
 
Electrophoresis is a technique for separation of charged objects in 
solution according to their different drift velocities in a constant electric 
field. Electrophoretic NMR (eNMR) relates to the experimental 
combination of electrophoresis and NMR. Here, observation of the 
mobility of several components in complex mixtures without any 
physical separation becomes possible. eNMR can also be combined with 
diffusion NMR to estimate the effective charge of molecules and ions in 
solution. Overall, this makes eNMR a rather unique tool. In spite of the 



1. Introduction 

 2 

benefits of eNMR and the fact that it has existed as an experimental 
technique for about three decades, it has been infrequently used. A 
probable reason for this is that there are several sources of experimental 
artifacts that have to be controlled. Much of the aim of this thesis work 
has been to explore new experimental designs, protocols and applications. 
Most importantly, a novel sample cell geometry was constructed and 
tested.  
 
The work behind this thesis may be roughly divided into three parts: 1) 
modification of eNMR instrumentation and experimental technique, 2) 
studies of association among ions and molecules in solution and 3) 
studies of transport phenomena in fuel cells. Since some of the 
experimental setups and procedures actually originate from the thesis 
work, they are presented in the “Summary of Research” section rather 
than, as is perhaps more common, in a separate experimental section. 
Previously explored experimental approaches are described in the 
background section.  
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2 Background 

2.1 NMR Principles 
All protons and neutrons have an intrinsic angular momentum and a 
magnetic moment denoted as the spin. Particles with spin interact with 
magnetic fields. Combinations of these particles build up atomic nuclei 
which often have spin as well. The spin of a nucleus is characterized by 
its spin quantum number I. Protons, neutrons and electrons all have spin 
quantum number I = 1/2 while nuclei may have one of the following 
values I = 0, 1/2, 1, 3/2, 2, 5/2, … up to 9/2. A few examples are 1H, 13C, 
15N, 19F (I = 1/2), 2H (I = 1), 23Na, 35Cl (I = 3/2) and 17O (I = 5/2). Some 
nuclei, generally those where both the number of protons and neutrons 
are even have I = 0 and do not interact with magnetic fields.  
 
The magnetic moment of a nucleus μ is proportional to the angular 
momentum J through  
 
μ Jγ=           (2.1) 
 
where the magnetogyric ratio γ is a positive or negative scalar, specific 
for each nucleus. In the absence of a magnetic field all spin orientations 
have the same energy; they are equally probable. In the presence of a 
strong magnetic field the nuclei with angular momentum will align in the 
field and the energies of their spin states become unequal (degenerated). 
The possible spin states for a nucleus are indexed by the magnetic 
quantum number mI. A component of the angular momentum along any 
direction is quantized to Im , where  is Planck’s constant (h) divided 
by 2π. If spins are placed in a homogeneous magnetic field B0 whose 
direction is denoted by z, as common in NMR experiments, the energy of 
spin state mI becomes  
 

0 0Im z IE B m Bμ γ= − = −        (2.2) 
 
where the component of the magnetic moment on the z-axis μz is  
 

z zmμ γ=    .          (2.3) 
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The energy difference between the mI = 1/2 and mI = – 1/2 states for spin-
1/2 nuclei calculated from Eq. (2.2) yields 0E BγΔ =  (henceforth, for 
simplicity we assume that γ  > 0). In a macroscopic sample, the 
distribution of nuclei among these states is related to the ratio between 
the energy difference ΔE and the thermal energy kBT through the well-
known Boltzmann distribution  
 

/ Bhigh E k T

low

n
e

n
−Δ=          (2.4) 

 
where nlow and nhigh represent the states with lower and higher energy 
respectively,  kB the Boltzmann factor and T the absolute temperature. For 
protons at room temperature in a 500 MHz magnet the ratio of the spin 
populations is approximately 0.99992 [2]. Since, ultimately, the NMR 
signal intensity depends on this small unbalance NMR is an inherently 
insensitive technique compared to other spectroscopic methods.  
 
To perturb the nuclear magnetization of the sample out of thermal 
equilibrium, a coherent radiofrequency (rf) field is applied at the 
frequency satisfying the resonance condition 0h E Bω γ= Δ = , which 
means that  
 

0

2
Bγω
π

=    .          (2.5) 

 
Thus, for a given nucleus the resonance frequency is dependent on the 
field strength. From another perspective, at a given field strength the 
resonance frequency of a nucleus is proportional to the magnetogyric 
ratio which is specific for each spin nucleus. The principles are similar 
but more complex for nuclei with I > 1/2.  
 
For a sample in a magnetic field B0, the magnetization vector (M) points, 
in equilibrium, along the z-axis. To acquire a NMR signal, the 
magnetization vector has to be turned to the xy-plane. This is achieved by 
the application of a radiofrequency pulse of proper length (in the order of 
a few μs) generated by a radiofrequency coil. Initially, there is strong 
phase coherence among the spins as they precess in the xy-plane. This 
induces a voltage in the radiofrequency coil that is characterized by its 
sign, phase and amplitude. Quadrature detection allows detection of a 
complex NMR signal  
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2/( ) t Ti tS Ae eω φ −− −=         (2.6) 

 
where A is the amplitude, ω  is the resonance frequency, t is the time, φ is 
the phase angle and 2/t Te−  describes the transverse relaxation with 
characteristic time T2. This can be seen as the projection of the precessing 
magnetization onto the xy-plane. With time, the phase coherence is lost 
because of field inhomogeneities and transverse relaxation (called also 
spin-spin relaxation) which results in a decay of the acquired NMR time 
domain signal.  
 
There is another separate relaxation process, known as longitudinal 
relaxation or T1-relaxation, which affects spins that are out of thermal 
equilibrium. By this process the magnetization vector component along 
the z-axis grows back to its initial state. Longitudinal relaxation is 
generally slower than transverse relaxation, in particular for large and 
rigid molecules. Relaxation rates provide useful information about 
molecular dynamics.  
 
However, they are also important factors that have to be considered when 
a sequence of pulses is applied, as in most NMR experiments. Magnetic 
field inhomogeneities may quickly dephase and weaken the detectable 
NMR signal in experiments. Fortunately, the phase coherence lost due to 
field inhomogeneities can be regained through the spin echo technique. 
The most fundamental echo sequence is the Hahn echo experiment [3] 
(Fig. 2.1) where a second 180º degree pulse is applied after a duration τ.  
 
 

 
 

Figure 2.1 A Hahn echo experiment. The NMR signal (in light grey) 
rapidly decays because of field inhomogeneities after the 90º pulse 
applied. After a time τ, a 180º pulse is applied which refocuses 
magnetization in an echo (in black) after another τ  period of time. 
Henceforth, only the NMR signal intended for acquisition (acq) is 
included in figures.  
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Consequently, the magnetization reappears as a spin echo after 2τ. From 
Eq. (2.5) apparently only one 1H frequency would arise from all protons 
in a sample and actually, one early proposition, still in use, was to use 
NMR to determine the field strength of magnets. As frequency resolution 
was improved, further possibilities emerged – it was discovered that 
nuclei situated in molecules experience slightly different magnetic field 
strength depending on their chemical identity. This results in small 
differences in resonance frequency, called chemical shifts, specific for 
each chemical (functional) group. Hence, the NMR signal of each 
chemical entity in a sample resident in a homogeneous magnetic field 
may be separable from the signal of others. This chemical selectivity is 
largely responsible for making NMR a powerful tool in structure 
determination of molecules. NMR is also a powerful tool because 
magnetic interactions among nuclei called spin-spin couplings are 
detectable and provide important structural information.  
 
Additionally, NMR is quantitative with A (see Eq. (2.6)) being 
proportional to concentration. The application of NMR has grown 
steadily since its discovery. Today, there is a broad variety of NMR 
experiments from which many different types of information can be 
obtained. Among NMR experiments, diffusion NMR constitutes a quite 
small fraction and electrophoretic NMR is smaller still.  
 

2.1.1 Self-Diffusion 
Translational diffusion results from the random thermal motion of 
molecules and leads to an irreversible and continuous transport of 
molecules in every gas and fluid. Diffusion also occurs in solid material, 
at a much lower rate though, and through other steps. Translational 
diffusion may be characterized through a diffusion coefficient defined via 
the Einstein-Sutherland equation 
 

Bk TD
f

=           (2.7) 

 
where f is the frictional force against motion in the medium in question. 
When ions, small molecules and macromolecules diffuse in solution 
some solvent molecules are generally dragged, therefore the size of the 
diffusing species is larger than the molecular size itself. This larger size is 
sometimes acknowledged as the hydrodynamic radius exactly defined as 
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“the radius of a hard sphere that diffuses at the same rate as the 
molecule”. According to the Stokes equation for a sphere with a 
hydrodynamic radius a in a medium with viscosity η, the frictional force 
is given by  
 

6f aπη=   .          (2.8) 
 
Combining Eq. (2.7) and (2.8) yields the Stokes-Einstein equation 
 

6
Bk TD

aπη
=          (2.9) 

 
which indicates that molecular size becomes quantifiable through 
observed self-diffusion coefficients. This may be highly useful for 
macromolecules but one should keep in mind that the average number of 
water molecules attached to small ions may vary rather widely, e.g. ~0.2 
for Na+ up to ~9 for Al3+ [4]. Due to this Na+ has the ionic radius r = 1.0 
Å and the hydrodynamic radius a = 1.8 Å while Al3+ has r = 0.5 Å and a 
= 3.4 Å [4, 5]. Accordingly, hydrodynamic radius is not proportional to 
ionic radius.  
 

2.1.2 Diffusion NMR  
In NMR spectroscopy, high spectral resolution relies on the homogeneity 
of the magnetic field. On the other hand, spatially homogeneous magnetic 

field gradients g
r

zB∂
=

∂
 applied in a controllable manner may label spins 

by frequency 0(r) ( g r)Bω γ += i  according to their spatial position (r) in 
a sample. In pulsed field gradient spin echo experiments [6-8] (Fig. 2.2), 
gradient pulses are applied to detect displacement. This type of 
experiments can be used for measuring diffusion (denoted diffusion 
NMR) as well as measuring flow. As will be discussed in some more 
detail below, random motion, such as diffusion, attenuates the signal 
while flow yields a phase shift of the acquired NMR signal. Note that the 
timing in the pulse sequence is kept constant throughout the experiment 
to separate diffusion attenuation from relaxation attenuation.  
 
In NMR diffusion experiments translational diffusion is probed by 
utilizing pulsed field gradients. Commonly, spins are labeled according to  
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Figure 2.2 Schematics of the pulsed field gradient spin echo [6, 8] (a) 
and stimulated echo [7] (b) experiments. In (b) the 180º pulse is 
replaced by two 90º pulses to keep magnetization along the z-axis as 
much as possible. The echo appears after the same time but in (b) the 
relaxation process is mainly longitudinal instead of transverse as in 
(a).  

 
their position along gz (z1) of the sample by an encoding first gradient 
pulse with duration δ. After some time (Δ) a second gradient pulse, in 
length and duration equal to the first one, is applied to decode the 
position (z2) of the spins. During the time between the gradient pulses the 
spins have diffused. Each spin will receive a phase proportional to the net 
distance (z2–z1) it has traveled during Δ 
 

2 1( )g z zφ γδ= −    .        (2.10) 
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Hence, nuclei whose position changed significantly do not contribute to 
the detected echo.  
 
For a homogeneous macroscopic sample in equilibrium diffusion do not 
result in any net displacement. Hence, no NMR signal phase shift is 
observed. Under constant rf pulse spacing conditions, there are several 
ways of showing that the NMR-signal acquired in pulsed field gradient 
spin echo and stimulated echo experiments is related to the diffusion 
coefficient according to [9, 10]  
 

2 2 2

0

exp
3

S g D
S

δγ δ Δ⎧ ⎫⎛ ⎞= − −⎨ ⎬⎜ ⎟
⎝ ⎠⎩ ⎭

     (2.11) 

 
where S and S0 are the echo amplitude with and without gradients 
respectively. Commonly, in NMR diffusion experiments the echo 
amplitude dependence on g is monitored by increasing g stepwise. The 
rate of the signal decay yields the diffusion coefficient. Beside the basic 
pulse sequences depicted in Fig. 2.2 there are more elaborate ones [11, 
12].  
 

2.2 Electrophoresis 
If an electric field E is applied over a solution between two electrodes, 
charged particles start to move. This movement is called electrophoresis. 
The magnitude of the electric field is defined as E = U/l where the 
potential difference between the two electrodes is U and the distance 
between them is l. The force F, experienced by a charge ze, depends on 
the electric field, thus  
 

zeUF
l

=    .          (2.12) 

 
When the electric field is applied, charged particles start to accelerate. A 
constant drift velocity v, establishes itself when the frictional force given 
by Ffriction = fv, is equal to F. The equilibrium speed is then given by  
 

zeEv
f

=           (2.13) 
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where f is the frictional force defined in Eq. (2.8). The drift velocity of a 
particle depends on its electrophoretic mobility μ, and on the magnitude 
of the electric field E, as indicated by 
 
v Eμ=    .          (2.14) 
 
Electrophoresis is currently used on solutions as a method of separating 
species according to their electrophoretic mobilities. Electrophoretic 
techniques were initially developed with colloid and macromolecular 
applications in mind. A charged colloid is surrounded by a cloud of 
counterions that screens the effective charge thus, reducing the effective 
potential. For a colloid with (hydrodynamic) radius a and charge ze in 
electrolyte solution with viscosity η, density ρ and and relative dielectric 
constant εr, the distance where the potential reaches zero is given by the 
inverse Debye screening length κ−1 [13]  
 

2

0

2
c

r

F I
RT

ρκ
ε ε

=          (2.15) 

 
where ε0 is the permittivity of vacuum, F is the Faraday constant, R is the 
gas constant and Ic is the ionic strength in units of mol/kg. With the 
assumption that the electric field does not distort the shape of the counter-
ion cloud, the electrophoretic mobility of a colloid is given by  
 

1( )
6 (1 )

X aze
a a

κμ
πη κ

=
+

   ,       (2.16) 

 
where X1(κa) [14, 15] is a function that goes towards 1.0 for κa << 1 and 
towards 1.5 for κa >> 1. For κa > 10, a has to be larger than ~30 nm 
which is only true for rather large macromolecules. For example, an 
aqueous solution containing 10 mM monovalent salt at room temperature 
κ−1 = 3×10-9 m. Hence, a = 2.5×10-10 m, as for the tetramethylammonium 
cation gives κa = 0.08.  
 
In the small particle limit κa << 1, Eq. (2.16) reforms into  
 

6
ze

a
μ

πη
=    .         (2.17) 
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A combination of the expression that relates the diffusion coefficient to 
the frictional force Eq. (2.7) and Eq. (2.13) yields the so-called Einstein 
relation 
 

Bk TD
ze

μ
=    .         (2.18) 

 
Hence, the charge of a particle, z, can be estimated from the diffusion 
coefficient and the electrophoretic mobility which are obtainable through 
NMR diffusion and eNMR experiments, respectively.  
 
In the large particle limit (κa >> 1) the electrophoretic mobility becomes 
 

24
ze

a
μ

πηκ
=    .        (2.19) 

 
The electrophoretic mobility can also be expressed as a function of the 
potential at the shear plane ζ  by [13]  
 

0 rε ε ζμ
η

=    .         (2.20) 

 

2.2.1 eNMR Fundamentals 
The eNMR experiment (Fig. 2.3) is similar to the diffusion NMR 
experiment but with an additional electric field applied over the sample. 
The electric field is aligned parallel to the magnetic field to avoid Lorentz 
forces [16] acting on charged entities which may disturb the experiments. 
Also, throughout this thesis, it is assumed that the electric field is aligned 
parallel with the pulsed field gradients, as common in eNMR. The 
electric field induces mobility of charged entities which is detected by 
pulsed field gradients. The amplitude and duration of gradient pulses are 
kept constant while the strength of the electric field is stepped up between 
consecutive scans. The electric field is commonly applied for roughly 
0.05–0.5 seconds.  
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Figure 2.3 The electrophoretic pulsed field gradient spin echo (a) and 
stimulated echo (b) experiments.  

 
Applying an electric field over the sample requires sample cells other 
than the ones used in conventional NMR experiments. A few different 
types have been tried, including cylindrical cell geometries [17-19] (Fig 
2.4), U-tubes (Fig. 2.5) and an array of U-shaped capillaries [20]. While 
diffusion attenuation is independent of the sample geometry used, flow 
detection is not.  
 
For cylindrical sample cells (Fig. 2.4) coherent displacement is observed 
as an NMR signal phase shift in pulsed field gradient spin echo 
experiments. The phase shift is proportional to velocity through 
 

g vφ γ δΔ=    .         (2.21) 
 
According to Eq. (2.14) the phase shift should be linearly dependent on 
the applied electric field. In principle, it would be enough to acquire the 
NMR signal with and without an applied electric field to obtain the 
electrophoretic mobility of charged entities. However, a series of 
experimental points are recorded to increase reliability and to enable 
distinction between phase shifts φ and φ + n×2π. The electrophoretic 
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Figure 2.4 Schematic of some eNMR sample cells: a cylindrical cell 
with one electrode from below [17] (a) and a cylindrical cell with gel 
plug [19] (b). Electrodes are typically made up of inert metal such as 
platinum. Dashed box indicates sensitive volume. 

 
mobility can be estimated from the linear dependence of the phase shift 
with increasing electric field strength through a combination of Eq. (2.21) 
and (2.14) 
 

g
E
φμ γ δΔ=    .         (2.22) 

 
Another eNMR sample cell geometry is the U-tube one (Fig. 2.5), which 
has been frequently used. With this geometry, the directions of 
electrophoretic flow are opposite in the two halves of the U-tube. The 
sum of the two equal but opposite phase shifts yields a cosine modulation 
of the NMR signal with increasing electric field where the period is 
proportional to the electrophoretic mobility 
 

cos( )S g Eγ δΔμ∝    .        (2.23) 
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Figure 2.5 A U-tube sample cell used for eNMR. Note that the 
directions of ionic drift are opposite in the two halves of the U-tube. 
Dashed box indicates sensitive volume.  

 
 
All the sample cell geometries have advantages as well as disadvantages. 
With the U-tube design, electrodes are left outside of the rf sensitive 
volume and bubbles that may form at the electrodes will not travel 
through this volume. Another advantage is that electrodes may be 
connected from above which enables the use of conventional NMR 
probes. However, the filling factor is low compared to standard 
cylindrical NMR tubes and the sign of the electrophoretic mobility is lost 
(Eq. (2.23)). The major disadvantage with the gel plug arrangement is 
that molecules absorb in and interact with the gel plug and may later 
contaminate other samples. Furthermore, the electrolyte solution 
surrounding the sample solution must not be NMR-active. The main 
disadvantage of the “electrode-from-below” arrangement is that it 
requires a costume-built probe. Also, changing sample solutions is not 
straightforward.  
 
Even though eNMR experiments have been performed for three decades 
now, they have been rather few. In 1969, Packer presented eNMR as an 
idea [21] and in 1972, a first experimental attempt was reported [22]. 
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Some 10(!) years later, Holz et al. successfully managed to measure drift 
velocities of a small ion in a U-shaped eNMR cell [23] (Fig. 2.5). 
Johnson and coworkers introduced high-resolution eNMR [24] and 2D-
eNMR [19] that facilitated mobility measurements in mixtures. 2D-
eNMR resolves NMR spectra of ionic species according to their 
electrophoretic mobilities [19]. Since then, experimental techniques have 
been developed and different applications have been explored. Initially, 
the NMR technique was tested and developed by measuring mobility of 
small ions in model solutions [23-25]. Up to date, eNMR has also been 
applied to solutions containing polymer and electrolyte [26], 
polyelectrolytes [18, 27-29], proteins [20, 30, 31], surfactants [17, 19, 32] 
and polymer-surfactant systems [33].  
 
In studies on association, there have been at least two approaches in 
eNMR: either the mobility of a charged object is monitored or the 
received mobility of uncharged species as they associate with charged 
ones is monitored. In both approaches eNMR experiments have been 
combined with diffusion NMR measurements to obtain the effective 
charge (ζ-potential) of species.  
 
The first approach, which is (naturally) the most frequent one, may 
provide information about ζ-potential of micelles and counterion binding 
etc. This includes estimating the effective charge of proteins and 
polyelectrolytes as a function of pH [31], ionic strength [28] and 
dielectric constant of the solvent [29]. For details, the reader is 
encouraged to consult related reviews [13, 34, 35].  
 
Examples of the second approach include studies on the aggregation of 
ionic surfactant to uncharged polymer [33] and determination of mixed 
micellar composition in solution containing both ionic and non-ionic 
surfactant [36]. Even though the charged group of an ionic entity does not 
actively take part in the binding, it may be used as a tracer to keep track 
of the entire species in eNMR experiments.  
 

2.2.2 Thermal Convection  
When a liquid is heated its density normally decreases. If a part of a 
liquid sample is heated the lower density region of the liquid tends to 
move upward in the sample, inducing convectional bulk flow. During 
eNMR experiments the sample is in addition, heated by the 
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electrophoretic current itself. The generated heat is given by Joule’s first 
law 
 

2Q I Rt=           (2.24) 
 
where I is the current, R is the resistance of the sample and t the duration 

of current flow. Using Ohms law 
UI
R

=  Eq. (2.24) can be transformed 

into  
 
Q IUt=    .         (2.25) 
 
Accordingly, for a given voltage and time, the heat is proportional to the 
current running through the sample solution. Because parts closer to the 
glass wall cool down faster than parts near the centre of the sample tube, 
radial temperature gradients appear that can also induce convection.  
 
The basic eNMR pulse sequences (Fig. 2.3) are as mentioned designed to 
probe electrophoretic mobility. But they are also sensitive to any other 
type of mobility or flow. In the case of coherent plug flow  
 

0
0

exp( 2 )S i g v
S

πγ δ∝ Δ        (2.26) 

 
where v0 is the velocity of the fluid.  
 
In eNMR experiments, any type of convection interferes with the 
electrophoretic modulation of the NMR signal. Therefore, convective 
flow poses a problem in eNMR experiments.  
 
Increasing the salt concentration in simple electrolytes lowers the 
resistance of the sample. For a given voltage the current is then higher 
and so is the heating according to Eq. (2.25). Since this leads to larger 
thermal convection, eNMR is generally not suitable for samples that have 
high salt concentrations.  
 
It is important to keep the heating of the sample to a minimum even 
though thermal convection is compensated for. Increasing the 
temperature of the sample decreases viscosity which results in a higher 
mobility and diffusion coefficient.  
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2.2.3 Electroosmosis 
Ions in solution interact with solvent molecules, and are generally 
surrounded by a hydration shell in case of aqueous solution. Accordingly, 
when ions drift they will drag solvent molecules along. When an electric 
field is applied over an electrolyte, cationic drag goes in one direction and 
anionic drag in the opposite. The hydration level and electrophoretic 
mobility of ions vary and therefore the drag in the two directions differ. 
For electrolytes contained in a porous membrane or in a capillary, this 
unbalance may lead to a motion of the liquid called electroosmosis [37].  
 
In eNMR experiments, electro-osmotic flow often occurs because hardly 
any surface material is completely uncharged. In particular, the surface of 
glass tubes and capillaries contains negatively charged groups (Si-O–). 
Hence, there is an electric potential near glass surfaces which therefore 
attracts cations (Fig. 2.6). The ions closest to the surface are part of the 
immobile Stern layer. Outside the charged surface there is also a very thin 
fluid layer adherent to the surface where no hydrodynamic flow can exist. 
This layer extends to the so-called slipping plane, which can be 
considered as the limit to the bulk solution. At this plane, the potential, 
called ζ-potential, is reduced compared to that immediately at the charged 
surface due to the presence of counter ions.  
 

 
Figure 2.6  The electric potential in solution as a function of distance 
to a charged surface.  
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When an electric field is applied parallel to the capillary surface, solvent 
drag near the slipping plane is unidirectional because of the charge 
unbalance. This results in bulk flow of liquid, the so-called electro-
osmotic flow. In an open capillary, liquids may be macroscopically 
transported by electroosmosis. On the other hand, in a capillary closed in 
one end, there will be a counter flow in the central part that results in a 
radial velocity distribution (Fig. 2.7). In particular, electroosmosis in 
cylindrical tubes yields a parabolic velocity distribution described by  
 

2

2

2( ) 1eo
tube

rv r v
a

⎛ ⎞
= − −⎜ ⎟

⎝ ⎠
        (2.27) 

 
where veo is the electro-osmotic velocity at the slipping plane, r is the 
distance from the centre and atube is the tube radius [37]. Close but not 
directly adjacent to the capillary surface (usually less than 1000 Å) where 
the ζ-potential is negligible [38], one obtains the maximum flow speed 
 

 
Figure 2.7 A velocity profile characteristic for electro-osmotic flow in 
a capillary that is closed at one end according to Eq. (2.27). There is 
no liquid net flow in the capillary.  
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=    .        (2.28) 

 
As already mentioned, pulsed field gradient spin echo type experiments 
are sensitive to both diffusion and flow. In electro-osmotic and in thermal 
convection, there is a velocity distribution which modulates the signal 
according to  
 

0

( ) exp( )
eo

eo

v

v

S P v i g v dv
S

γ δΔ
+

−

= ∫       (2.29) 

 
where v is the electro-osmotic flow velocity. For electro-osmotic flow 
inside a circular pipe with the gradient along the long axis the NMR 
signal dependence due to electroosmosis becomes [13, 39] 
 

0

sin( )eo

eo

g vS
S g v

γ δΔ
γ δΔ

=    .       (2.30) 

 
For eNMR experiments performed in the U-tube geometry, the sinc-term 
in Eq. (2.30) will disturb the desired cosine modulation (Eq. (2.23))   
 

0

sin( )cos( ) E eo
E

E eo

g vS g E
S g v

γ δΔγ δΔ μ
γ δΔ

=    .    (2.31) 

 
Electro-osmotic bulk flow is a severe problem in eNMR, regardless of 
cell geometry, since it interferes with the electrophoretic phase 
modulation and/or dampens the signal (the sinc-term). Hence, if 
electroosmosis is not controlled, the apparent electrophoretic mobilities 
will be erroneous. Even though electro-osmotic flow does not cause any 
net flow of the sample; it may give rise to phase shifts of NMR signals. 
One reason is that the applied rf field and, conversely, signal receptivity, 
is not homogeneous over the sample because rf coils are far from ideal 
concerning that parameter.  
 
To reduce electroosmosis several different polymer surface coatings have 
been tried, for example, polyacrylamide [40] and methylcellulose [41]. 
The coating has two effects, it increases viscosity near the glass surface 
and thereby slows down flow, and it moves the slipping plane further 
away from the charged surface where the ζ-potential is lower. In theory, 
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this is a good solution. However, in practice, it is often difficult to 
prepare a high quality coating that is persistent over time. Unfortunately, 
results are highly dependent on a good surface coating. Another approach 
has been to perform experiments in gels; a very efficient anti-dote to 
electroosmosis and convective bulk flow. However, the functional groups 
of the gel polymer network may interact with species in the sample and 
affect experimental results on an essentially non-controllable and no-
foreseeable manner.  
 

2.2.4 Convection Compensation in Electrophoretic 
NMR 

Convection compensation in diffusion NMR experiments was 
successfully introduced by extending the pulsed field gradient stimulated 
echo experiment to a double stimulated echo type [12, 42] (Fig. 2.8).  
 

 
 

Figure 2.8 Schematic of a pulsed field gradient double stimulated echo 
experiment for convection compensation.  

 
The principle is that flow-induced phase effects in the second diffusion 
period are subtracted from those in the first one. In this way all phase 
effects due to constant velocity of a spin-bearing species will be cancelled 
in the observed NMR signal. Convection compensated pulse sequences 
(Fig. 2.9) have been shown to work well also in eNMR experiments [43, 
44]. Since electrophoretic motion is electric field dependent while 
thermal convection is not, the two types of motions can be discriminated 
between. By switching polarity of the second voltage applied, NMR 
signal phase shift due to electrophoretic flow is accumulated while any 
constant velocity effect is cancelled. 
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Figure 2.9 eNMR versions of a double spin echo (a) and a double 
stimulated echo experiment (b) for convection compensation.  

 
Note that electro-osmotic flow is field dependent and its effect can 
therefore not be suppressed on this manner. However, the build-up time 
for electro-osmotic bulk flow in capillaries is in the order of 100 ms [38] 
while electrophoretic flow reaches a steady state in less than 1 ns.  
 

2.3 Interactions between Ions and Molecules in 
Solution 

The life of all living organisms depends on an often delicate balance in 
concentrations of molecules and ions in biochemical fluid and tissue. 
Importantly, these molecules and ions affect each other by interactions 
that are specific for each ion, molecule and chemical entity. The 
interactions are ubiquitous and essential for life in many ways: 
phospholipids are held together by hydrophobic interactions forming cell 
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membranes, a variety of ions interact with proteins in ion specific 
processes e.g. the Ca2+ ion binds strongly to carboxylate groups of some 
proteins and makes muscle tissue contract [45]. Understanding the basic 
mechanisms behind these kinds of interactions is an essential part of 
gaining an understanding of the complex chemistry of life.  
 
Of course, molecular interactions are present in every solution. In many 
chemical processes, substances are chosen for their unique ways of 
interacting. For example, in phase transfer catalysis [46], ions are 
commonly transferred from aqueous phase to an organic phase where 
they take part in a reaction. Normally, ions are well soluble in aqueous 
phase but less soluble in the organic phase. Hence, a catalyst that binds 
the ion and is easily soluble in the organic phase is needed to facilitate the 
ion transfer. Tetraalkylammonium ions, investigated below, are common 
phase transfer catalysts.  
 
Some of the basic interactions will be briefly introduced in the following 
subsections. Discussions about ions and their interactions are also 
included.  
 

2.3.1 Hydrophobic Interactions 
The interactions between water molecules are relatively strong because of 
an extensive dynamic network of hydrogen bonds. Hydrophobic entities 
are non-polar and do not interact equally strongly with water molecules. 
Therefore, water molecules tend to keep their network of strong 
interactions and consequently, hydrophobic entities are often expelled 
from the aqueous phase. Therefore, hydrophobic molecules tend to 
assemble in macroscopic phases separate from aqueous phases. This 
assembly of hydrophobic molecules is not due to the relatively weak 
interactions among them but due to the lack of favorable interactions 
between them and water. Nevertheless, the reason behind such 
phenomena is commonly referred to as hydrophobic interaction [47]. 
Molecules which are partly hydrophobic may sometimes arrange 
themselves in aqueous solution so that their hydrophobic parts are in 
proximity with each other. One example is amphiphilic molecules, known 
as surfactants (short name for surface active agent), which in their 
simplest form have one hydrophilic and one hydrophobic part. In solution 
above a certain concentration the surfactants tend to aggregate into 
micelles. The hydrophilic parts, called head groups, are then facing the 
water while the surfactant hydrophobic parts are assembled into a 
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hydrophobic core. An important factor that generally opposes all kinds of 
assemblies and arrangements of molecules in solution is entropy. 
Minimization of the free energy determines the equilibrium state of the 
system.  
 

2.3.2 Ions and Ion-Dipole Interactions 
Ions can be characterized by their charge and size. They interact with 
other ions, ionic entities and dipoles through electrostatic interactions. 
The electrostatic interactions between charged ions and neutral molecules 
with dipole moment are often denoted ion-dipole interactions.  
 
Because of ion-dipole interactions, a shell of solvent molecules may be 
formed around ions. In aqueous solution, cations are preferentially 
coordinated by the partially negatively charged oxygen and anions by 
water hydrogens. In particular, for small and highly charged ions such as 
Al3+, dipolar solvent molecules can be expected to be strongly attached. 
In aqueous solution, Al3+ seems to have six strongly bound water 
molecules in the first hydration shell and at least a few more in a second 
hydration shell [4, 48]. While it is known that ions in aqueous solution 
interact with water molecules in their closest proximity, it remains less 
clear whether ions affect bulk water structure [49, 50].  
 
Ion-dipole interactions do not exist exclusively between ions and solvent 
molecules. A phenomenon extensively studied [51-54] (including parts of 
this thesis work see section 3.2.1) is the association of cations to crown 
ethers. Some of the cations are able to interact strongly with all of the 
oxygen atoms of the crown ether molecule. Those combinations lead to 
strong complexation, particularly in non-aqueous solution. The ion-dipole 
interactions in aqueous solutions however, generally lead to very weak 
association.  
 
Although interactions in aqueous solution generally lead to a very low 
degree of association, the concentrations and identities of ions affect the 
properties of solutions [49, 55, 56]. Moreover, many physical processes 
in aqueous solution are ion-specific [55]. When the relative effects of 
anions or cations follow a specific order they are commonly denoted 
Hofmeister phenomena, referring to observations concerning salt effects 
on proteins in solution made many years ago by Hofmeister [57]. The 
order, which is slightly dependent on the actual phenomenon studied, is 
typically given as  
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2 2 2
3 4 2 3 2 4 3 2 3 4CO , SO , S O , H PO , F , CH CO , Cl , Br , NO , I , ClO , SCN- - - - - - - - - - - -  

 
for anions [49, 50] and  
 

+ + + + + + + 2+ 2+ +
3 4 3 2 2 4 2 3(CH ) N , (CH ) NH , K , Na , Cs , Li , NH , Mg , Ca , C(NH )  

 
for cations [49]. Hofmeister relations have also been found in for 
example, bacterial growth [58], surface tension [59] and enzyme activity 
[60].  
 
In recent years, much research has been devoted to ions and their 
interactions as well as to ion-specific effects [49, 50, 61, 62]. To explain 
these effects a variety of ionic parameters have been considered. Some of 
these are charge, geometry, charge density, crystal radius, hydrodynamic 
radius, viscosity B coefficient [63], polarizability, solubility, water 
structure making and breaking [49], lyotropic number [64], surface 
tension increment and hydration number. So far, most observations could 
not have been rationalized using one parameter only; often it seems like 
several parameters are of importance.  
 

2.3.3 Ion Pairing 
Ion pairs are oppositely charged ions that associate in solution. They are 
often divided into three different categories: contact ion pairs, solvent 
shared ion pairs and solvent separated ion pairs [62]. As indicated by the 
name, contact ion pairs are in direct contact while solvent shared ion pairs 
have a single layer of solvent molecules between them. In solvent 
separated ion pairs both ions have a primary solvation shell surrounding 
them.  
 
For a cation Cc+ and an anion Aa– that form the ion pair CA(c–a)+, ion 
pairing can be characterized by the equilibrium constant KA defined as  
 

( )[ ]
[ ][ ]

c a

A c a

CAK
C A

− +

+ −=    .         (2.32) 

 
When this equilibrium constant, also called association constant, is below 
10 M-1 the ion pairing is considered weak. For example, in a 2 mM 1:1 
electrolyte solution with KA = 10 M-1, less than 2% of the ions are 
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associated. Such small association constants are often hard to quantify. 
The association constant extrapolated to zero concentration is denoted 
KA

o.  
 
Ion pairing among single-charged ions in aqueous solution is weak. In 
solvents with considerably lower dielectric constant, ion pairing is 
generally more pronounced. With decreasing relative dielectric constant 
of the medium εr, the distance where electrostatic interaction between 
two monovalent ions is comparable to the thermal energy, denoted 
Bjerrum length λB, increases according to  
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=    .        (2.33) 

  
 
Recently, Collins introduced the “law of matching water affinities” which 
states that oppositely charged ions in free aqueous solution only form 
contact ion pairs spontaneously when they have similar water affinities 
[65]. Water affinity is largely decided by the surface charge density of the 
ion. If an ion is considered to be a sphere with a point charge in the 
centre, the surface charge density is given by  
 

24
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=    .         (2.34) 

        
Accordingly, contact ion pairs are preferentially formed between ions of 
similar size. This law is supported by observations using several 
techniques in aqueous systems [65]. An interesting question is whether 
similar trends can be observed in other solvents.  
 

2.3.4 Methods for Characterizing Ion Pairing 
As mentioned above, ionic association is generally rather limited which 
makes it hard to detect accurately by experimental means, particularly in 
aqueous solution. Computer simulation capabilities have developed 
through the years and generate a multitude of results on systems 
containing small ions in solution. However, such results vary quite 
significantly and reliable experimental data are highly desired. Up to 
date, experimental information regarding ion pairing has been obtained 
using several different techniques.  
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2.3.4.1 Electric Conductivity 
The first evidence of ion pairing was discovered by electric conductivity. 
This widely used technique has provided a large contribution to existing 
ion pairing data and still does. It is typically applied to symmetrical 
electrolytes in almost any solvent. On the other hand, models used for 
interpreting conductivity data are very complicated and some 
approximations have always been made. In fact, even for “simple” 1:1 
electrolytes, association constants derived from the same data can vary by 
a factor of 4 or larger depending on the model applied [66, 67]. In 
asymmetric (e. g. 1:2 or 2:1) electrolytes 1:1 ion pairs also contribute to 
the conductivity. Their contribution is in general unknown which makes 
appropriate models more complicated. More adjustable parameters are 
required which decreases the accuracy of the results [62]. Ion pairing data 
obtained with early models should be treated with caution [62].  
 

2.3.4.2 Potentiometry 
In potentiometry ion pairing is commonly studied by adding a large 
excess of a second “inert” electrolyte [68-70]. It is assumed that the 
activity coefficients of the electrolyte of interest are constant when its 
concentration is varied. Even though this method is described to be 
capable of determining association constants of KA > 20 M-1 correctly 
[62], they are only valid strictly in that medium and at that particular ion 
strength. This and the difficulties of determining weaker binding clearly 
limit the scope of the method.  
 

2.3.4.3 Dielectric Relaxation Spectroscopy 
In dielectric relaxation spectroscopy [71, 72] (DRS) an alternating 
electromagnetic field is applied over the sample in a broad frequency 
range (10 MHz to 1000 GHz). All dipolar species in a sample solution 
contribute to the frequency-dependent dielectric response which is 
recorded. Since ion pairs are dipolar per definition but ions are generally 
not the dielectric response is sensitive to the presence of ion pairs. 
Moreover, dielectric relaxation spectroscopy is unique in its ability to 
provide information about the type of ion pairing. Solvent separated as 
well as contact ion pairs may be detected. Also, DRS has the advantage 
of being sensitive to weak binding. Despite its merits DRS has not found 
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a wide application. There are several reasons for that. Because of broad 
peaks in the spectra there is significant overlap between peaks associated 
with dipolar solvents and with ion pairs. This decreases the accuracy for 
determining KA. The equipment required for high accuracy is expensive 
and commercially available only in part. Also there is no generally 
available software for straightforward interpretation of results [62].  
 

2.3.4.4 Spectroscopic Methods 
In traditional spectroscopic methods, such as UV–visible, IR, Raman, 
NMR spectroscopy, changes in spectra corresponding to formation of ion 
pairs can sometimes be detected. These techniques have contributed to 
characterization of numerous ion-ligand complexes and ion pairs. 
Spectral differences certainly may appear (though, may not be simple 
and/or unambiguous to interpret) when contact ion pairs are formed, but 
when there are solvent separated ion pairs, they may not be 
distinguishable from free ions [73]. Obtaining correct results is then far 
from straightforward.  
 

2.3.4.5 Diffusion and Electrophoretic NMR 
Diffusion NMR is a well-established technique that has been applied to 
probe molecular association in various systems. It has also been used to 
probe ion pairing in various solvents [74]. In binding studies on small 
molecules and ions in solution the two-site-model is often applicable. The 
model is based on that the monitored molecule is either in a free or in a 
bound state and that there is a fast exchange between those states on the 
time scale of the experiment. If so, the observed diffusion coefficient D is 
a population-weighted average 
 

(1 )free boundD D p D p= − +        (2.35) 
 
where Dfree and Dbound are the diffusion coefficients of the species free in 
solution and bound, respectively and p is the fraction of bound molecules.  
When both anion A and cation B can be observed, the fraction of 
associated ions can be estimated, which at equimolar concentration of 
homovalent ions is given by  
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This method is based on the difference in hydrodynamic radius of the 
ions upon association. Hence, the sensitivity of the method is limited by 
the actual magnitude of this difference.  
 
If the diffusion coefficient of the free ion is hard to obtain, one can still 
estimate the extent of ion pairing by comparing the diffusion coefficients 
of the anion and the cation. When they are almost equal, the extent of ion 
pairing is large (except if the relative hydrodynamic radii are equal). 
However, this is a rather rough estimate and if the NMR signal of only 
one of the two ions is accessible, diffusion NMR is generally not a very 
fruitful method.  
 
eNMR has been used to estimate the counter ion condensation of 
polyelectrolytes [28, 29] and proteins [31] by measuring the diffusion 
coefficient and the electrophoretic mobility (Eq. (2.18)). The measured 
net charge is then compared to the theoretical value with no counter ion 
condensation at all. However, studies on what is commonly referred to as 
ion pairing, the association of small ions, have not been published prior to 
this thesis work.  
 
Nevertheless, the combination of diffusion and eNMR should have 
potential for several reasons. First, the merits of chemical selectivity 
apply to these techniques as well, which make them advantageous in 
experiments on mixtures. Each separable NMR signal can be analyzed 
individually so that diffusion and mobility data for several species is 
obtained. Second, when the chemical shift of the free ion is not affected 
by the formation of solvent separated ion pairs [73], which generally 
makes spectroscopic NMR methods unsuitable, pulsed field gradient 
techniques are still sensitive to this kind of ion pairing. Third, in contrast 
to diffusion NMR, only one of the ions of an electrolyte pair has to be 
observed to estimate the extent of ion pairing. Some of the possibilities 
provided by diffusion and eNMR were explored in this thesis work and 
are presented in chapter 3.  
 
Association of uncharged molecules to charged ones can also be probed 
by diffusion and eNMR [33]. Upon this type of association, uncharged 
molecules receive electrophoretic mobility which may provide 
information about the association.  
 
Similar to many other methods, diffusion NMR and eNMR have limited 
sensitivity to weak association. Concerning diffusion NMR, sensitivity 
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largely depends on the difference in hydrodynamic radius for single and 
paired ions. In eNMR the accuracy and thereby sensitivity depends 
largely on how well bulk flow artifacts are controlled. One drawback of 
NMR spectroscopic methods is that at least one of the studied ions must 
have an accessible NMR signal, i.e. the nucleus must be NMR-active and 
the signal must be strong enough. Also, samples that have a high 
conductivity may not be suitable in eNMR experiments because of 
problems related to thermal convection.  
 

2.4 Liquid Transport in Fuel Cell Membrane 
In fuel cells, chemical reactions are used to provide current for electric 
devices. One such cell is the direct methanol fuel cell (see Fig. 2.9) in 
which methanol and water react to form carbon dioxide at the anode side:  
 

CH3OH + H2O → CO2 + 6H+ + 6e- 
 
The protons are lead through a cation-exchange membrane [75] to the 
cathode side where they react with oxygen in air to form water:  
 

3
2

O2 + 6H+ + 6e- → 3H2O  

 
The membrane must not conduct anions or electrons. To maintain charge 
neutrality, electrons are thus forced to travel from the anode to the 
cathode through an electric lead which may be coupled to an electronic 
device.  
 
The perfluorinated proton-conducting polymer Nafion is used in many 
applications; direct methanol fuel cells being one of them [76]. Nafion 
and similar polymers are constantly modified in search for a membrane 
with optimal properties. Basic requirements are high conductivity 
combined with low electro-osmotic drag, low gas permeability, chemical, 
mechanical and thermal stability [77]. The Nafion membrane is hydrated 
to improve its conductivity.  
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Figure 2.9 Schematic of a direct methanol fuel cell.  

 
The performance of fuel cells is hampered by the electro-osmotic drag 
exerted on water by the protons. During operation of the fuel cell, 
methanol fuel may leak into the membrane. Some studies have indicated 
that the electro-osmotic drag may increase because of this [78, 79]. Due 
to the chemical selectivity, NMR experiments may provide data on the 
mobility and transport of water and methanol separately. Such data can 
then be used for designing new polymer materials optimized for fuel cell 
applications. Knowledge about molecule specific mobility and transport 
in membranes may also be of fundamental research interest.  
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3 Summary of Research 

3.1 Methodology 
The vast majority of eNMR experiments presented in this thesis (Paper 
II–Paper VII, except for Paper V) were performed using a cylindrical 
eNMR sample cell (Fig. 3.1) in combination with a radiofrequency filter 
(Fig. 3.2). This novel experimental setup enabled the use of ordinary 5 
mm NMR tubes in common high resolution probes. The filter consists of 
two parts, one situated outside the magnet bore (marked with A in Fig. 
3.2) and one inside a home-built sample holder (marked with B in Fig. 
3.2).  

Figure 3.1 Schematic of the novel 5 mm eNMR cell used in most 
experiments in this thesis. The dashed lines indicate the sensitive 
volume.  

 
Both parts are to suppress noise pickup by the rf coil of the probe (for 
further details see Paper II). The electrodes were made out of palladium 
metal wires and the electric leads down to the electrode contact points 
with the solution were insulated by glass capillaries. At the capillary ends 
a few millimeters of silicon sealant was inserted between the lead and the 
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capillaries. For the study of liquid transport in fuel cell membranes 
another experimental cell was designed (Fig. 3.3). This cell was also used 
in combination with the filter depicted in Fig. 3.2. In this cell a stack of 
solvated membranes were packed between the electrodes. The membrane 
stack was soaked in excess liquid since a high and even level of solvation 
was essential to obtain reliable results. Further details are discussed in 
section 3.2.5, and particularly in Paper V.  
 

 
Figure 3.2 The low pass filter used to prevent noise pick up from the rf 
coil.  

 
Initial voltage pulses applied were generated by a PC using a home-made 
program in National Instruments environment. The output voltage was 
amplified and transferred to the eNMR cell through a Twinax cable. In 
most of the eNMR experiments performed, the already existing 
convection compensated pulse sequences were applied [43, 44]. 
Diffusion and eNMR experiments were performed using the same sample 
solution and cell without any modification.  
 
In light of the eNMR experiments performed with a U-tube sample cell in 
Paper I, improving the signal-to-noise ratio was highly desirable, as well 
as improving the experimental accuracy. Naturally, higher signal-to-noise 
ratio can be accomplished by improving the filling factor of the eNMR 
cell. The limited accuracy can be explained by a rather large electro-
osmotic flow in the eNMR experiments. Therefore, either the quality of 
the surface coating had to be improved or an eNMR setup and protocol  
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Figure 3.3 Schematic of the eNMR cell used for study of the proton 
conducting membrane Nafion.  

 
that does not need surface coating had to be adopted. The novel 5 mm 
eNMR sample cell depicted in Fig. 3.1 clearly has a much larger filling 
factor; leading to a signal-to-noise ratio that is approximately one order of 
magnitude higher. The large improvement in sensitivity enabled 
experiments at concentrations previously not available. This does not 
only extend the concentration range for eNMR studies, it also makes data 
accessible for compounds which were not soluble at higher 
concentrations. Also, the new geometry enables NMR detection with 
certain advantages: 1) the effects of bulk flow can be compensated for by 
monitoring signal from uncharged species and 2) the sign of the 
electrophoretic mobility is obtained. All phase determination was done 
manually without any automatic procedures. In all papers presented here, 
only one person processed the data to eliminate systematic errors that 
otherwise might be added to data. However, sometimes a second and a 
third person did the phase determination in order to test the reliability of 
the procedures.  
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The larger average diameter of the 5 mm eNMR cell was found to reduce 
electro-osmotic flow, compared to that in the U-tube, in accordance with 
Eq. (2.27). Unfortunately, a larger diameter makes flow by thermal 
convection more substantial.  
 
The cylindrical sample geometry tested has one electrode situated below 
the sensitive sample volume; this implies that bubble formation at the 
lower electrode may severely disturb experimental results. In our 
experiments, we found that palladium metal has a higher threshold for 
bubble formation than the commonly used platinum metal. This can be 
explained by the well-known ability of palladium to absorb hydrogen in 
alloy-like atomic fashion. Possibly, such hydrogen easily reacts with 
oxygen upon polarity switching and thus prevents formation of O2-
bubbles, too.  
 
Despite that the lead to the lower electrode passes the sensitive volume, 
HDO line widths of 3 Hz are routinely achieved in proton spectra of 
deuterated aqueous solutions. For good homogeneity the palladium wires 
need to be as straight as possible through the sensitive volume. Also, the 
electrodes should be as similar as possible in shape and placed 
symmetrically with respect to the centre of the rf sensitive volume. 
Furthermore, the distance between the electrodes should exceed 30 mm 
for good field homogeneity in the high resolution probe used (a 
conventional 5 mm Bruker 1H-BBI probe with 50 G/cm maximum z-
gradient). This corresponds to at least 5 mm distance between electrode 
and outer part of the sensitive volume (Fig. 3.1). An eNMR cell with no 
electrodes and capillaries in the sensitive volume with more ideal 
electrode geometry would be an improvement over our currently used 
cylindrical eNMR cell.  
 
Performing the experiments using convection compensated pulse 
sequences, such as the double stimulated spin echo, largely suppresses 
effects of convection flow. But in a majority of experiments residual 
effects still remain which leads to insufficient accuracy. When Joule 
heating is large, convection can be expected to be more substantial 
towards the end of the pulse sequence. Convection compensation may 
then be less efficient as phase effects during the second half of the eNMR 
sequence will be larger than in the first half. The Carr–Purcell–
Meiboom–Gill (CPMG [80, 81]) approach (Fig. 3.4), where the polarity 
of the electric field is switched several times during the pulse sequence, 
showed to be more efficient when convectional flow was large. With the 
eNMR CPMG sequence, convection flow patterns should be more alike 
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during two consecutive voltages applied which improves flow 
compensation. The CPMG sequence may also suppress electro-osmotic 
bulk flow because when the polarity of the voltage is switched fast 
enough, electro-osmotic flow will have no time to develop [38]. The 
experimental results indicate that the CPMG-like eNMR pulse sequence 
may provide more efficient bulk flow suppression than double spin or 
stimulated echo techniques.  
 
One obvious drawback of CPMG-like sequences is that the magnetization 
is kept in the xy-plane and therefore relaxes faster than for stimulated 
echo pulse sequences, especially for macromolecules. In practice, the 
signal band shapes in spin-echo-based eNMR experiments become 
broader than those in stimulated-echo-based experiments which makes 
manual phase determination more difficult. Disturbances sometimes 
appeared when the electric field was switched repeatedly at a high rate; 
convection compensation became less effective perhaps because of more 
disordered flow patterns.  
 
 

 
Figure 3.4 The CPMG-like eNMR pulse sequence for convection 
compensation. 
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3.1.1 NMR Signal Phase Correction 
Detecting phase instead of integral intensity is advantageous because 
NMR signal phase modulation is clearly separable from NMR signal 
attenuation. This separation is not possible when the NMR cosine 
modulation is observed in a U-tube arrangement because factors affecting 
the signal integral intensity distort the modulation. These factors are 
thermal convection, electroosmosis, bubble formation and increased 
diffusion rate caused by Joule heating. Importantly, when phase shifts are 
monitored, also the sign of the phase shift is obtained. Monitoring phase 
shifts of uncharged molecules provides a possibility to correct for bulk 
flow effects that disturb the pure electrophoretic phase shift. The phase 
correction method combined with convection compensated pulse 
sequences was shown to provide a path to accurate electrophoretic 
mobility data.  
 
When no signal phase shift is observed for uncharged solvent molecules 
the phase shift of ions (see Fig. 3.5 and 3.6) can be used directly to 
calculate the electrophoretic mobility. Unfortunately, this is not always 
the case. When signal phase shifts of uncharged molecules are observed 
in experiments despite applying convection compensating pulse 
sequences, this is probably due to electro-osmotic flow and/or residual 
effects of thermal convection. However, by subtracting the signal phase 
of uncharged molecules from the monitored signal phase, these effects 
are efficiently suppressed (Fig. 3.7). Of course, the phase correction 
method requires having uncharged molecules containing the same NMR-
active nucleus as the observed charged molecule in the sample. In 1H-
eNMR, this is generally not a limitation since most solvents, aqueous and 
non-aqueous, contain protons. In experiments on other nuclei, a suitable 
non-interacting reference molecule might have to be added to the 
samples.  
 
In our eNMR experiments, bulk flow effects increase with the amplitude 
of the electric field. Also, these effects vary between samples (compare 
Fig. 3.6 and 3.7) since both Joule heating and electroosmosis are 
dependent on properties of the solution. In the present experimental 
approach, samples that have higher salt concentration than 10 mM, and 
thereby relatively high conductivity, can suffer from thermal convection 
(Eq. (2.25)). On the other hand, increasing the ion concentration reduces 
the ζ-potential by screening and thus, the electro-osmotic flow. In the  
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Figure 3.5 1H spectra from a 500 MHz eNMR experiment on 2 mM 
TMAC in 95% d6-ethanol and 5% D2O. The minor phase shift of the 
solvent signal indicates small bulk flow effects. Note the significant 
phase shift of the TMA+ ion signal and the absence of phase shift for 
the rest of the signals.  

 
tetramethylammonium chloride (TMAC) solution in 95% ethanol– water 
mixture at 2 mM, the lower bulk flow effects in the eNMR experiment 
(Fig. 3.7) probably arise because of less thermal convection than that for 
the 10 mM TMABr solution in D2O (Fig. 3.6). There are two factors 
affecting the electro-osmotic flow oppositely: the significantly higher 
dielectric constant of D2O relative to ethanol should increase it (Eq. 
(2.28)), while the higher salt concentration in the D2O solution probably 
decreases it. Even when bulk flow yields higher phase shifts compared to 
the ones provided by ionic drift, accurate electrophoretic mobilities can 
still be obtained. By applying the phase correction technique, bulk flow 
effects are greatly suppressed and the accuracy of the electrophoretic 
mobilities may increase by more than an order of magnitude. The 
increase in accuracy encourages the use of eNMR as a quantitative 
method.  
 
When convection compensated pulse sequences are combined with the 
phase correction method the suppression of bulk flow effects is efficient. 
However, there are limitations in eNMR experiments performed as 
described above. During experiments, formation of visually observable  
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Figure 3.6 The NMR signal phases of the TMA+ ion (□) and methyl 
group of ethanol (▲) in an eNMR experiment on 2 mM TMAC in 95% 
d6-ethanol and 5% D2O. The small phase shift of the solvent indicates 
small bulk flow effects. The linear relation between phase shift and 
voltage can then be used to calculate μ for the TMA+ ion.  

 
Figure 3.7 The NMR signal phases of the TMA+ ion (□) and HDO (▲) 
in an eNMR experiment on 10 TMABr mM in D2O. The data points for 
the five highest voltages clearly deviate from the initial linear trend. In 
the signal phase difference (●) bulk flow effects are greatly suppressed 
and the linear trend is persistent throughout the whole voltage range.  
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bubbles at electrodes should definitely be avoided. The threshold for 
bubble formation varies between samples depending on, for instance, 
solvent, salt concentration and temperature; in our present setup, and for 
dilute aqueous solutions currents larger than ca 13 mA are likely to 
induce bubble formation. Furthermore, severe bulk flow decreases the 
accuracy of eNMR experiments despite the use of convection 
compensated pulse sequences and phase correction. Signal damping 
(originating from accelerating flow and disordered flow patterns) by 
larger than a factor of 2 indicates that bulk flow is probably outside the 
range where phase correction works sufficiently well. Note that a 
distribution of electrophoretic mobilities at the same chemical shift (as in 
the case of polydisperse polyelectrolytes) also yields a distribution of 
phase shifts that naturally attenuates the integral intensity of the NMR 
signal in eNMR experiments.  
 
If only weak electric fields can be used, the response in phase shift might 
be too small compared to obscuring phase effects including random phase 
error. In general, salt concentrations above 20 mM are likely to pose 
problems in eNMR experiments performed as described because of high 
currents at rather modest electric field strengths (Eq. (2.25)).  
 

3.1.2 Estimating Binding through Electrophoretic 
Mobilities 

In systems where one molecule partly binds to another one, a two-state 
model may be applicable to estimate the extent of binding by NMR 
diffusion experiments as described in section 2.3.4.5 (Eq. (2.35) and 
(2.36)). When electrophoretic mobilities can be determined with high 
accuracy a two-state model similar to the one for diffusion coefficients 
may be used. The mobility of a charged ion decreases upon complexation 
with an uncharged molecule. The observed mobility depends on the 
fraction of bound ions according to  
 

,(1 )ion ion complex ion ion freep pμ μ μ= + −      (3.1) 
 
where pion is the fraction of bound ions, μcomplex and μion,free are the 
electrophoretic mobilities of the complex and of the free ion in solution, 
respectively. The observed mobility of the originally uncharged molecule 
is given by  
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mol mol complexpμ μ=         (3.2) 
 
where pmol is the fraction of bound molecules and μmol is the observed 
mobility of the molecule. If pion = pmol = p, then a combination of Eq. 
(3.1) and (3.2) yields  
 

,

1 ion mol

ion free

p μ μ
μ

−
= −    .        (3.3) 

 
Hence, the fraction of bound molecules can be estimated from measuring 
electrophoretic mobilities alone. This method was used in Paper III 
where the complexation of surfactants to uncharged cyclodextrins was 
probed. Note that a difference in extent of ion pairing between the free 
and the complexed state of the surfactant may complicate things a bit.  
 
As mentioned the combination of eNMR and diffusion NMR has been 
used by others to estimate the net charge of polyelectrolytes [28, 29] and 
proteins [31] in solution. This provides information about the counter-ion 
condensation. Similarly, for example, single-charged ions in solution 
should have z = ±1.00 as long as they are in their completely dissociated 
states. Since the exchange between free and paired states is fast on the 
time scale of the eNMR experiment, the observed charge is proportional 
to the extent of dissociated ions through  
 

disz p=    ,          (3.4) 
 
where pdis represents the fraction of dissociated ions in solution. This 
relation was used to probe ion pairing (see section 3.2.4 and Paper IV and 
VII).  
 
When the combination of eNMR and diffusion NMR measurements is 
used to estimate the charge of species in solution (see section 2.2.1) one 
may find that the temperature in eNMR experiments is higher because of 
Joule heating. Since correct calculation of z requires the same 
temperature in the two measurements, the result can be affected. In Paper 
VI the temperature during eNMR experiments was measured by inserting 
a thermocouple in the centre of the eNMR cell. An increase in 
temperature usually decreases the viscosity for solutions. When the 
temperature dependence of the viscosity is known for the particular 
solvent, the diffusion coefficients can be adjusted according to Eq. (2.9).  
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3.2 Applications 
In my research, eNMR alone and in combination with diffusion NMR has 
been used to study interactions among ions and molecules including ion-
dipolar interactions, hydrophobic interactions and ion-ion interactions. As 
mentioned, this combination of experiments has been used previously for 
estimating the effective charge of large molecules and colloids in 
solution. In contrast, this thesis is mainly focused on small molecules and 
ions in solution. While the study of electrokinetics in fuel cell membranes 
(Paper V) can be considered as applied research, the other papers have 
more the character of fundamental research. In those papers, the systems 
were chosen for being of general interest and for their suitability for 
diffusion and eNMR experiments.  
 

3.2.1 Ion Association to Crown Ethers 
Ethylene oxide is a hydrophilic moiety that constitutes the monomeric 
unit in polyethylene oxides and the cyclic crown ethers. Crown ethers are 
known to complex a large number of cations [53]. In Paper I, binding of 
alkali metals to the crown ethers 15-C-5 and 18-C-6 was probed by 
NMR. 1H, 23Na and 133Cs NMR diffusion and line width measurements 
were combined with 1H eNMR. In the eNMR experiments there was 
evidence of complexation only for the K+/18-C-6 combination. This is 
not inconsistent with previous findings, which indicated that the 
association constant is at least one order of magnitude higher than for the 
other crown-salt combinations investigated. Unfortunately, the 
electrophoretic mobility of the crown ethers for the rest of the studied 
ions was not clearly distinguishable from disturbing bulk flow. As one 
contributing reason, it was difficult to achieve a persistent surface coating 
of high quality. The results of the diffusion NMR experiments indicate 
that complexation of Na+ does not show preference to one crown over the 
other while Cs+ prefers to complex with 18-C-6 over 15-C-5. The results 
can be rationalized by considering the ionic radii and the crown cavity 
diameters; a good match in size leads to strong complexation.  
 

3.2.2 Ion Association to Linear Polyethylene Oxide 
While crown ethers are known to form complexes with cations in 
aqueous solution a minor degree of association between polyethylene 
oxide (PEO) and metal cations has been indicated but not conclusively 
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established in water. When crown ethers form complexes, there are 
several partially negatively charged oxygen atoms available to interact 
with a cation; the linear PEO only offers one oxygen unless the polymer 
is folded. However, in non-aqueous solvents PEO-cation interactions may 
lead to considerable association. In Paper VI the association of cations to 
PEO in methanol was studied by probing the effective charge of the PEO.  
Complexation by several metal cations has already been established [82, 
83] but direct comparison of results is not always straightforward because 
of the varying conditions and techniques used in those studies. Therefore, 
in Paper VI, a rather large set of ions were investigated under identical 
conditions. The cations were alkaline (Li+, Na+, K+ Rb+ and Cs+), alkaline 
earth (Mg2+, Ca2+ and Ba2+) and other (Zn2+, Cd2+, Al3+ and Sc3+) metals. 
Attempts were made to rationalize the results (Fig. 3.8) by correlating 
them with ionic parameters such as ionic radius, charge, surface charge 
density, hydration and solvation. It was found that 

 
 

Figure 3.8 The estimated effective charge of PEO (molecule weight 
22000) in perchloric methanol solutions with different cations. The 
monomer concentration of PEO and the cation concentration were 
both 2 mM.  

 
complexation is best correlated to the surface charge density of the 
cations (Fig. 3.9). Apparently, strong binding appears for cations with 
surface charge density below 0.1 Å-2. We suggest that the cations above 
this value are prevented from binding to the PEO by strong interactions 
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Figure 3.9 Correlation of PEO charge with surface charge density of 
cations. 

 
with the solvent. Unfortunately, it is not easy to verify this idea because 
solvation data in methanol are very limited and the few values obtained 
scatter rather widely [84, 85]. Interestingly, for those cations that are 
bound, the magnitude of binding does not correlate well with the surface 
charge density. As concerning the monovalent cations, our results (Fig. 
3.8) confirm that the relative strength of binding varied as Li+ < Na+ < K+ 
≈ Rb+ > Cs+ in accordance with conductometric studies [82, 86].  
 

3.2.3 Cyclodextrin Surfactant Complexation 
Cyclodextrins (CD:s) are molecules made up of glucose units; six for α-
cyclodextrin and seven for β-cyclodextrin. One use of CDs and their 
derivatives is for drug delivery due to an increase in solubility of 
hydrophobic active substances upon inclusion complexation [87]. In 
Paper III complexation between uncharged cyclodextrins and ionic 
surfactants (cationic decyl trimethylammonium bromide (DTAB) and 
anionic cesium perfluoro octanoate (CsPFO)) were probed by eNMR and 
diffusion NMR experiments. In studies on binding, diffusion NMR is a 
well established technique that is known to provide reliable results. Here 
we investigated the suitability of our new experimental setup for eNMR 
in studies on binding. The extent of binding was estimated based on 
eNMR data alone (see section 3.1.2) and in combination with diffusion 
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NMR data. Note that the latter method is based on the assumption that 
counter-ion binding is negligible – generally, a reasonable assumption for 
small monovalent ions in dilute aqueous solution. In case of polyvalent 
ions or ions in other solvents [74], ion pairing may be more significant.  
 
The driving force for complexation is the less favorable interactions 
between the hydrophobic surfactant tail and water. Those interactions are 
reduced upon including the tail in the CD cavity. By combining the 
diffusion and electrophoretic mobility data the average charge of the 
CD:s was estimated, through which the extent of complexation was 
calculated.  
 
The obtained results show that DTAB forms complexes to equal extent 
with α-CD and β-CD. On the other hand, CsPFO is hardly complexed by 
α-CD at all. Diffusion, eNMR and charge data provide a similar extent of 
binding which confirms the validity of using eNMR in this kind of 
studies. We observed that the electrophoretic mobility of the CD:s goes 
from zero to some value upon complexation while the change in diffusion 
coefficient were slight. Moreover, the difference in CD electrophoretic 
mobility between weak and strong binding was a factor of five compared 
to a mere 10% difference in diffusion coefficient. This clearly shows that 
eNMR may potentially be a technique sensitive to binding even when 
there is a small change in hydrodynamic radius upon complexation of the 
monitored species.  
 

3.2.4 Ion Pairing 
In Paper IV the ion pairing between the tetramethylammonium ion 
(TMA+) and some Hofmeister anions (in common Hofmeister order: 
sulfate, fluoride, acetate, chloride, nitrate, bromide, iodide, perchlorate) in 
ethanol/water solution was probed by a combination of eNMR and 
diffusion NMR. The average charge of the TMA+ was estimated as in Eq. 
(2.17) through which the extent of ion pairing was calculated. In aqueous 
solution it is known that ion pairing is very limited and this was 
confirmed by experiments in Paper VII. To induce ion pairing in Paper 
IV, the solvent contained a large fraction (95%) of deuterated ethanol to 
lower the dielectric constant of the solution. The results show that the 
doubly charged sulfate binds clearly strongest to TMA+ compared to the 
single charged anions. This can be explained by electrostatic interactions, 
which are known to be more dominant in media with lower dielectric 
constant. Concerning the ion pairing of the single charged ions a clear 
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trend towards a larger extent of ion pairing with larger ionic radius was 
observed. This is opposite to what is expected from electrostatic 
interactions alone. However, according to the law of matching water 
affinities [65], the TMA+ ion, that has a radius of 2.80 Å, would better 
match the larger anions (e.g. I- with r = 2.20 Å). Indisputably, this law 
arose from observations in water, and indeed the water content was only 
5% in this study. Nevertheless, this law seems to be applicable for the 
single charged ions in the present solvent as well.  
 
Slightly less correlation was found between the extent of ion pairing and 
the anionic polarizabilities while no correlation was found with the Gibbs 
free energy of solvation of the anions. Interestingly, a Hofmeister relation 
was observed for the single charged anions, maybe just because the order 
according to ionic radius is similar to the order in the Hofmeister series 
for these ions.  
 
Studies on ion pairing have been conducted by others in many non-
aqueous solvents [74, 88-90]. In Paper VII, investigations of ion pairing 
were extended to include water, methanol, pure ethanol, dimethyl 
sulfoxide (DMSO) and acetonitrile solutions. These solvents were chosen 
according to their different dielectric constants and for their ability to 
solve most of the TMA salts. It is well known that the magnitude of ion 
pairing generally is larger in solvents with low dielectric constant. Our 
data were in agreement with this relation. In methanol however, the 
magnitude of ion pairing was lower than expected, perhaps because of 
strong specific methanol-ion interactions that prevent ion pairing.  
 
From the studies presented in Paper III, IV, VI and VII it seems that the 
pulsed field gradient NMR technique is rather unique because both 
diffusion coefficients and electrophoretic mobilities can be obtained 
without any modification of the sample. This is a direct approach where 
no models (including assumptions) have to be applied to measure z. 
Moreover, z is generally an easily interpreted parameter.  
 

3.2.5 Electrokinetics in Fuel Cell Membrane 
In acidic aqueous solution each proton seems to have on average 2 or 
more water molecules attached to it [4, 65, 91]. When the protons move, 
the attached water should move along. This type of electro-osmotic 
transport of water (and methanol) inside the acidic proton conducting 
membrane Nafion was probed by eNMR (Paper V). Experiments were 
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performed on Nafion equilibrated in water–methanol solutions of 
methanol concentrations of 0, 10, 20 and 30 mole-% methanol. The 
experimental cell, that has been designed, built, incrementally modified 
and carefully tested to achieve reproducible data, is presented in Fig. 3.3. 
It was necessary to use slice selective pulse sequences to achieve 
sufficient magnetic field homogeneity to be able to separate the methanol 
and water signals in the spectra.  
 
By comparing spectral integrals larger membrane swelling with 
increasing methanol concentration was noted, as also previously observed 
[92, 93]. There was no indication (such as differential swelling) of 
preferential solvation of the membrane by any of the solvents.  
 
Diffusion coefficients for water and methanol were also obtained. Our 
results show that the methanol diffusion coefficient increases with 
methanol concentration in the membrane while the water diffusion is 
roughly constant. Our data were in agreement with most of the literature 
data, both as concerning trends and actual values.  
 
In a homogeneous solution of two components the obstruction of 
diffusion should affect the diffusion coefficient of the two components 
equally. But in our experiments the ratio of the methanol and water 
diffusion coefficients was found to increase more inside the membrane 
than that for bulk solution [94] with increasing methanol content. These 
observations could be explained by a micro-phase separation of water and 
methanol [95].  
 
In the eNMR experiments the population averaged drift velocities of 
water and methanol, vwater and vmethanol respectively, were obtained from 
the NMR signal phase dependence of the current. For our known sample 
geometry and proton concentration the proton velocity is defined by the 
current. From the obtained velocities, the electro-osmotic drag was 
characterized by a molecular drag coefficient according to  
 

i
i

H

v
v

η
+

=           (4.4) 

 
where the velocity of the protons 

H
v +  is defined by the current. Note that 

commonly the drag is characterized by the electro-osmotic drag 
coefficient κi, defined as the number of solvent molecules transferred 
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through the membrane per proton in the case of a vanishing gradient in 
the chemical potential of the solvent. Hence, κi is the mass transport ratio 
of the solvent and the protons. From the concentrations of the 
components inside the membrane, κi can be readily obtained as  
 

i
i i

H

c
c

κ η
+

=    .         (4.5)  

 
However, from a chemical perspective it is perhaps more interesting to 
know how much of each component in the mixture is coupled to the 
proton transport. Therefore, it makes sense to characterize the drag by ηi.  
 
The eNMR experiments show that the electro-osmotic drag of methanol 
in the membrane clearly increases with methanol concentration, while the 
water transport only decreases slightly. Thus, both eNMR and diffusion 
data indicate that methanol becomes more mobile with increasing 
methanol content. In a simulation study [96] the methanol molecules 
were found to be preferentially located close to the polymer backbone at 
low methanol concentration. In such a case, immobilized methanol 
molecules close to the backbone may contribute to a low ηMeOH. If the 
space close to the polymer backbone is nearly saturated, the fraction of 
more mobile methanol molecules will increase as more methanol is 
added. This would explain the increase in both ηMeOH and DMeOH.  
 
A high electro-osmotic drag in the proton conducting membrane 
decreases the efficiency of fuel cells and may require a costly water 
removal system [75]. Since electro-osmotic drag increases with methanol 
concentration it is essential that methanol leakage into the membrane is 
limited in this application. A different strategy is to find another polymer 
material [97] that shows a weaker increase (or, a decrease) in electro-
osmotic drag upon methanol leakage while still being suitable with 
respect to the other requirements (see section 2.3.7). It would be 
interesting to use the eNMR setup and protocol described in the thesis in 
combination with other experimental techniques to characterize other 
proton conducting polymer materials [77] in more detail.  
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4 Conclusions 
This thesis shows that eNMR, often in combination with diffusion NMR 
is able to provide information about molecular association and ion pairing 
in a variety of systems. Both electrolyte solutions and a porous hydrated 
polymer membrane were studied by probing diffusion, electrophoretic 
and electro-osmotic mobility. Two novel experimental setups were 
presented: one for eNMR applied to electrolyte solutions and one for 
electrokinetic studies of liquids inside porous membranes.  

For wide applicability and suitable accuracy in eNMR experiments, 
experimental artifacts such as thermal convection and electro-osmotic 
bulk flow have to be controlled. Furthermore, a strong signal and good 
field homogeneity must be achieved for high resolution spectra to yield 
accurate spectral phases from which electrophoretic mobilities can be 
determined. All these requirements were met by the experimental 
approach demonstrated in the thesis. This approach includes the use of a 
5 mm eNMR sample cell with a low-pass radiofrequency filter 
combination applied to the voltage feed. The signal increase compared to 
the U-tube sample cell previously used allows experiments on more 
dilute samples, and the experimental time for many of the already 
accessible concentrations is much decreased. Reasonably, concentrations 
far below the ones investigated in the thesis are accessible. Disturbing 
bulk flow effects were suppressed by using convection-compensated 
pulse sequences in combination with the phase correction method 
outlined here.  

With this experimental approach, it has been shown that eNMR and 
diffusion NMR in combination provide a new and versatile tool in studies 
on association among ions and molecules including a variety of different 
phenomena in various systems. With this combination of measurements, 
the effective charge of species becomes accessible, a parameter that is 
relatively easy to interpret. Moreover, if experimental artifacts are 
properly controlled, highly accurate quantitative results are achievable. 
Association may occur for different reasons. In this work, association 
caused by ion-dipole interactions, ion-ion interactions and hydrophobic 
interactions was studied. These are common interactions that are present 
in many fields of research that are of broad interest to the scientific 
community. Additionally, eNMR is a technique that may provide results 
rapidly: experiments may be performed and processed just as quickly as 
diffusion NMR measurements.  
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Understanding the interactions of small ions, molecules and ionic entities 
is fundamentally important. This knowledge is also essential in order to 
rationalize observations made in more complex systems. As shown by 
this thesis, eNMR combined with diffusion NMR has potential, a 
potential that will hopefully be explored further.  
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5 Future Work 
So far, eNMR has been an infrequently used technique despite its merits. 
Further methodological development and application of eNMR can be 
expected.  
 
It would be interesting to continue the work on proton-conducting 
membranes using the experimental setup and protocol presented in this 
thesis. The polymer Nafion is just one of many polymers that are suitable 
for fuel cells. Another perfluorosulfonic acid ionomer that seems 
promising is the short-side-chain version of Nafion that has two carbons 
in the side chain instead of four. It would be interesting to perform eNMR 
experiments as described in Paper V on this material (called Dow 840, 
Dow 1150 and Hyflon Ion etc). In combination with other techniques, a 
thorough characterization of the materials may then be achieved.  
 
Controlling the electrophoretic voltage in the same program that is used 
for control of the rf and gradient pulses would be more convenient. There 
are several optional pathways for such a solution, which simplifies the 
presently quite complex setup for synchronizing rf, gradient and 
electrophoretic pulses.  
 
There are rather few examples of eNMR applications so far, but recent 
success to other than model systems show that eNMR is a largely 
unexploited new tool that is able to provide unique information. Maybe 
the possibility of producing and selling a complete package of all the 
required equipment and software must be realized to facilitate a wider 
application of eNMR.  
 
Published eNMR work has so far concerned rather conductive samples. 
However, experiments on low-conductive samples may also be of 
interest, albeit requiring some experimental and instrumental 
modifications. This would probably require a cell where one electrode is 
led from the top and the other one from the bottom of the spectrometer. 
On the other hand, this would necessitate modification of the probe head.  
 
As shown, eNMR in combination with diffusion NMR can provide 
information about association and ion pairing. So far, these studies have 
mainly concerned the tetramethylammonium ion. But there should be 
numerous other ions that can also be studied by varying the anion and the 
solvent, similar to the work described in Paper VII.  
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7 Abbreviations and Symbols 
a   Hydrodynamic radius 
B0   Static magnetic field 
CPMG  Carr–Purcell–Meiboom–Gill 
D   Diffusion coefficient 
DRS   Dielectric relaxation spectroscopy 
E   Electric field 
e   Elementary charge 
eNMR  Electrophoretic nuclear magnetic resonance 
f   Friction coefficient 
g   Magnetic field gradient 
h   Planck constant 
I   Spin quantum number  
J   Angular momentum 
KA   Association constant 
kB   Boltzmann constant 
mI   magnetic quantum number  
NMR  Nuclear Magnetic Resonance 
q   Point charge 
r   Ionic radius 
T   Absolute temperature 
TMA+  Tetramethylammonium cation 
v   Velocity 
z   Charge number 
Δ   Duration between the leading edges of a gradient pulse  
   pair 
ΔE   Energy difference 
δ   Duration of field gradient pulse 
εr   Relative dielectric constant 
ε0   Vacuum permittivity 
φ   Phase angle 
γ   Magnetogyric ratio 
η   Viscosity 
μ   Electrophoretic mobility 
μ   Magnetic moment  
μz   Component of the magnetic moment on the z-axis 
ω   Frequency 
ζ   Zeta potential   
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