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Abstract 
 
This thesis is about using nuclear magnetic resonance (NMR) spectroscopy for 

studying soft materials. Soft materials may be encountered everyday by most 

readers of this thesis, for example when taking a shower or watching TV. The 

usefulness of these materials originates from them being soft yet, at the same time, 

having some kind of a structure. The characteristic length scale of those structures 

is often on the order of nanometers (10-9 m) and the structure can respond to 

various external stimuli such as temperature, electric and magnetic fields, or the 

presence of interfaces. 

 

NMR spectroscopy excels when studying soft materials because it is a non-

invasive technique with a large spectral resolution. Moreover, different NMR 

methods allow us to study local molecular dynamics or longer-range translational 

diffusion. Understanding those latter aspects is very important for the development 

of dynamic and responsive materials. 

 

Papers I-III present our work on assessing molecular adsorption on interfaces in 

colloidal dispersions. Here, carbon nanotubes (CNTs) or silica particles were the 

colloidal substrates to which proteins, polymers or surfactants adsorbed. Papers 

IV-VI concern ionic mobility in liquid crystals (LCs). The influence of material 

structure on, for example, the anisotropy of diffusion or on the 

association/dissociation of ions was studied in several LC phases. 

 

Keywords: nuclear magnetic resonance, soft matter, colloidal dispersion, carbon 

nanotubes, colloidal silica, adsorption, liquid crystals, ionic liquids, diffusion. 
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1. Soft matter 
 

1.1 Introduction 
Consider the following list of consumables: ice-cream, foamed milk on a cup of 

coffee, mayonnaise, jelly, toothpaste, shampoo, soap, lotion, liquid mascara, paint, 

ink, and the LCD screens of computers or cell phones. It might be difficult to 

imagine a day spent without using at least some of those. A few may indeed be 

expendable for a while, but others are so important that we use them several times 

a day, almost every day. 

 

All items in the list (and many others as well!) belong to a class of substances 

known to science as soft matter or soft materials. As the name implies, such 

materials are typically soft. At the same time, the material components are 

structured. It is the combination of softness and structure that gives soft matter its 

extraordinary features. Clearly, this definition is rather vague and broad and may 

therefore include many materials with various characteristics. In general terms, the 

materials listed above are colloid dispersions, foams, gels, and liquid crystals. 

 

A large amount of research (and time and money) has been put into the creation 

and investigation of different kinds of soft matter, as described in numerous 

books.1-3 The research field is so large that it even has its dedicated journal, Soft 

Matter by the Royal Society of Chemistry, for publishing recent work. In the 

following sections, two examples of soft matter are presented and discussed in 

more detail. The text is far from exhaustive but intends to be illustrative of the 

subject. Hopefully, it will provide the reader with some understanding of the 

approaches that were taken in this thesis, whose aim is understanding and creation 

of new soft materials. 
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1.2 Colloidal dispersions 
A majority of the materials in the list above (ice-cream, mayonnaise, toothpaste, 

soap, shampoo, many cosmetics, paint and ink) are examples of a type of soft 

matter collectively known as colloidal dispersions.4 The colloids may be solid 

particles, drops of liquid or small gaseous bubbles whose size is typically less than 

a 100th of a millimeter. With colloids evenly distributed in a continuous phase (a 

solid, a liquid or a gas) one obtains a colloidal dispersion. But how are those 

dispersions created and in what ways are they useful for us?  

 

Below the focus will be on colloidal dispersions where water is the continuous 

phase. Toothpaste is chosen as an example, because it is rather illustrative. 

Moreover, since we put it into our mouth every day it should be regarded as 

important. Reading the ingredient list of most kinds of toothpaste one often finds 

that the two main components are inorganic particles (often silica, i.e. small grains 

of sand) and water.5 The particles are insoluble in water and are present to polish 

away dental plaques formed on the surface of the teeth, thereby preventing caries.5 

However, all who played on the beach with a bucket and a shovel know that just 

mixing sand and water will not lead to something that looks or feels like 

toothpaste. Instead, it is most often so that the sand sediments at the bottom of a 

bucket while water goes to the top. For toothpaste, on the other hand, there is no 

such sedimentation in the tube. Why is that so? 

 

An important difference between the two cases is in the size of particles on the 

beach and in the toothpaste. Because of a density higher than that of water, silica 

particles mixed into water will be pulled by gravity toward the bottom. The 

gravitational force ( gravityF ) on a single particle is proportional to its mass and, 

therefore, decreases as 3rFgravity ∝ , where r  is the particle radius. At the same 

time, the water molecules in the surrounding continuous phase are constantly 
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colliding with the particles. These collisions are coming from all directions and, in 

the long term perspective, do not push a particle in any particular direction. 

However, the collisions are not distributed evenly over all directions at a certain 

moment in time and the particles therefore experience a net instantaneous force 

from the surrounding water that pushes them into various random directions. As a 

result, particles move around in a jiggling manner. This random walk is known as 

Brownian motion6-7 which, on macroscopic scale, is exhibited as diffusion. Since 

random, the net instantaneous force ( BrownianF ) experienced by a particle is related 

to the number of randomly colliding water molecules ( N ) as NFBrownian ∝ . 

Since N  is proportional to the particle surface, the net force becomes rFBrownian ∝ . 

It is therefore found that 21 rFF gravityBrownian ∝ . In other words, Brownian motion 

is effective against sedimentation of small particles. Moreover, steric hindrance 

exerted on the particles by, for example, large and extended molecules dissolved 

in the dispersion reduces the particle mobility.8 Thus, toothpaste usually contains 

many components that affect its macroscopic viscosity, such as hydrophilic 

polymers.5 

 

When creating an aqueous colloidal dispersion it may generally not suffice to just 

consider the size of the colloids. This is because the ubiquitous van der Waals 

(vdW) interaction9 between the particles inevitably attracts them to each other, 

which results in a tendency to form dense aggregates. Such aggregates will behave 

just as large particles, ultimately leading to sedimentation.  

 

One example of forces opposing the attractive vdW interaction is the electrostatic 

repulsion9 between particles with like charges present on their surfaces. The 

strength of that repulsive interaction is generally decaying slower with particle-to-

particle distance than the vdW interaction, and is therefore effective in keeping the 
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particles separate, so that aggregates do not form. However, small ions dissolved 

in the colloidal dispersion can bring about a reduction of the strength of the 

repulsive Coulomb interaction. This is because ions with a charge opposite to that 

of the particle surface are attracted to the surface and form a (diffuse) ion layer 

which lowers the effective surface charge.9 This phenomenon is known as 

“screening” of the surface charge and the result is that the particles repel one-

another less and particle-to-particle distances can thereby become rather small; it 

is the width of the ion layer that limits the minimum distance between particles. 

An overlap of ion layers belonging to different particles leads to a local increase of 

ion concentration between the particles. This leads to an increase of the osmotic 

pressure and water is drawn in to reduce and equilibrate the concentration of ions 

(see Fig. 1a). It is this osmotic force that helps to keep the particles apart in 

dispersions with dissolved ions. The thickness of the ion layer is dependent on the 

concentration of ions. Higher ion concentrations usually lead to more effective 

screening, i.e. thinner ion layers. The addition of a lot of salt can therefore almost 

completely suppress the overlap of ion layers, so that the vdW interaction gets 

upper hand and aggregates start to form. This is known as the salting-out effect. A 

balance between the attraction caused by vdW interaction and the repulsion from 

overlapping ion layers can lead to the formation of local energy minima that are 

shallow and allow for a close-to-reversible formation and break-up of loose 

particle aggregates.10-11 

 
Another way for the stabilization of colloidal dispersions is physical adsorption or 

covalent grafting of large molecules such as polymers to the surface of the 

particles.8 In this case, one requirement is that the continuous phase must be a 

good solvent for the polymers so that they are extended out and away from the 

surface. As two particles come close to each other the polymer layers start to 

overlap. This leads to a reduction in the polymer-solvent interactions and an 

increase in polymer-polymer interactions. 
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Figure 1. The left-hand side shows unstable particle aggregates. The right-hand 
side shows the state of particles in stable colloidal dispersions. a) Overlap of ion 
layers around charged particles in an electrolyte solution results in a high osmotic 
pressure between the particles. The particles are repelled by the osmotic pressure 
and the formation of aggregates is inhibited. b) Overlap of covalently grafted 
polymers that are highly soluble in the solvent results in unfavorable polymer-
polymer interactions. Favorable solvent-polymer interactions are increased if the 
particles stay apart. c) Hydrophobic particles in a hydrophilic solvent form 
aggregates to reduce the particle/solvent interface. Surfactant binding to the 
hydrophobic/hydrophilic interface allows the particles to break free from each 
other. 
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However, the former interaction is favored in case of good solvent and therefore 

the polymer layers repel each other which keeps the particles apart (see Fig. 1b). 

Two ways to control the stabilization by polymers are by changing the solvent or 

the temperature, since both of these factors affect polymer solubility.12 

 

Yet another way to stabilize colloidal dispersions is by using surface active agents 

(surfactants).12 Surfactants are amphiphilic molecules and are attracted to 

interfaces between hydrophobic and hydrophilic phases. The presence of 

surfactants at such an interface reduces the extent of unfavorable interactions 

between the different phases and thereby lowers the total energy of the system (see 

Fig. 1c). Surfactants are the major component of, for example, soaps, shampoos 

and detergents where they help dispersing dirt and oil in water so that those can be 

washed away. Another example of the application of surfactants is water-based 

paints, where hydrophobic pigment particles are stabilized in an aqueous 

dispersion. The surfactant molecules obstruct aggregation via hydrophobic 

interaction between particle surfaces which keeps the pigments evenly distributed 

in the paint. After application of the paint, the solvent evaporates, leaving only the 

pigments behind. 

 

Surfactant molecules may also form colloids themselves, by self-assembly into 

larger structures such as micelles, vesicles or even more complicated assemblies 

such as liquid crystals (see the next section). The formation of such structures is 

driven by the reduction of unfavorable interactions between one part of the 

surfactant and the solvent (e.g. hydrophobic alkyl chains of the surfactant and 

water) and by entropic effects.12 

 

Clearly, there already exist a vast number of applications for colloidal dispersions 

and the possibilities are far from being exhausted. However, new applications 

often call for better understanding of the nature of interactions in these often very 
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complex systems. What binds to what? How strongly? How much? New analytical 

methods are often in demand to attain well-resolved and quantitative observations 

in order to provide answers to these questions. 

 

1.3 Liquid crystals 
The liquid crystal (LC) phase is a state of matter, intermediate between crystalline 

solid and liquid.13 As such, molecules in LC materials posses simultaneously both 

the order of solids (orientational and/or positional) and the fluidity of liquids. 

Because of the orientational order many properties of LC materials (such as 

refractive index, conductivity or magnetic susceptibility) show anisotropy.14 

Through the self-assembly of the LC molecules into large domains those 

properties may be translated from the microscopic to the macroscopic scale. 

Moreover, the fluidity allows for the control of material properties by external 

stimuli, such as electromagnetic fields, boundary conditions or shear stress, etc. 

 

 

 
Figure 2. The structures of lyotropic liquid-crystalline phases are determined by 
concentration and/or relative size of lyophilic and lyophobic groups in the 
amphiphilic molecules. Examples of lyotropic LC phases are; a) micellar cubic, b) 
lamellar, and c) hexagonal columnar. Different darkness represents the different 
regions, e.g., aqueous and hydrophobic. 
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There are many levels in the classification of LCs. One major distinction is 

between those that need a solvent to exhibit LC phases (lyotropics) and those that 

do not (thermotropics).14 The surfactants mentioned in the previous chapter may 

be members of the former class and, depending on their concentration in a solvent 

(often water), can self-assemble into a number of phases, as shown in Fig. 2. In 

lyotropics it is first and foremost the nano-segregation of mutually insolvable parts 

of the amphiphilic molecules that drives the formation of the ordered structures. 

Examples of commonly observed structures are; micellar cubic, lamellar and 

hexagonal columnar phases. 

Thermotropic mesogenic (that is, those forming LC phases) molecules are often 

composed of a rigid core surrounded by flexible chains. The rigidity introduces 

packing restraints in the condensed state whereas the flexibility allows for a 

certain amount of motional freedom. Mesogenic molecules can generally be either 

rod-like or disc-like, though there are examples of more exotic shapes such as 

those resembling fans15 or bananas16. These molecules can organize into various 

material phases depending on their shape and the temperature. The LC phase of 

rod-like molecules with only orientational order is known as the nematic phase. 

The preferred direction of molecular orientation is known as the LC phase director. 

Orientational and positional order is found in smectic phases, where the LC 

molecules are organized in more or less diffuse layers. The positional order within 

the layers is of short range, as opposed to layers in solid crystals. The molecular 

axes can be parallel (smectic A) or tilted (smectic C) to the layer normal. Smectic 

phases with higher order exist, where the LC molecules exhibit in-layer positional 

order, such as hexatic or rectangular. A few examples are illustrated in Fig. 3a. 

Disc-like LC molecules may also exhibit nematic phases. Perhaps more common 

is the stacking of discs into columnar phases, where the columns are organized in, 

for example, hexagonal or tetragonal structures, see Fig. 3b.  
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Figure 3. In thermotropic LCs the mesogenic molecules organize into various 
material phases depending on their shape and the temperature. Examples of 
thermotropic liquid-crystalline phases exhibited by a) rod-like and b) disc-like 
mesogens. 
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Figure 4. A twisted-nematic (TN) cell for LCD devices. 
 

Liquid Crystal Displays (LCDs) constitute perhaps the most visual and important 

application of thermotropic LCs in everyday life. Here, the anisotropic refractive 

index and the quick response of molecular alignment to electric fields are utilized. 

A basic model of a twisted-nematic LCD17 is depicted in Fig. 4. Non-polarized 

light passes through a polarization filter and enters an LC-cell. In the OFF-state (a) 

the molecules in the cell are ordered in a twisted helix, enforced by boundary 

conditions exerted by the aligning planes. The polarization of the light is “twisted” 

as it passes through the helix and most light can leave the cell through a second 

polarization filter set orthogonal to the first filter. In the ON-state (b), a 

homeotropic alignment of the molecules is induced by an electric field. The 

polarization of light is not affected by the LC layer and no light is allowed to 

escape the cell. Combination of many cells covered by color-filters (e.g., red, 

green and blue) allows for the creation of pixels of many colors with varying 

luminosity. 
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A lot of progress has been done in the field of LCDs since its first 

implementation.18 New molecular mixtures and LC phases, as well as more 

efficient alignment techniques have improved LCD performance. However, the 

major disadvantage with LCDs is that they rely on a strong and energy consuming 

light source for background lightning. As a consumer, this may be experienced as 

fast battery drain in portable devices or brightly shining broken pixels. New 

approaches where the material in the display emits light in itself (e.g. Organic 

Light Emitting Diodes, OLEDs19) may soon surpass the LCDs in optical quality, 

energy consumption and price. Still, there are a number of other applications 

unrelated to displays, where LCs may retain their importance. Efforts made in 

those directions are presented in chapter 3.2.  

 

 

 

 

 

 



 

 12 

2. Experimental techniques 
 

2.1 Nuclear magnetic resonance 
2.1.1 Versatility and fields of application 

Nuclear magnetic resonance (NMR) is an unusually versatile spectroscopic 

method.20 That it is also very useful can be witnessed by  

 

1) the organic chemist who exploits it as an evaluation tool in the synthesis of 

new compounds21, 

2) the biomolecular chemist who discovers the 3D structures of proteins22,  

3) the diagnostic physician who uses it for the visualization of various anatomic 

features and their afflictions, all in a non-invasive manner23. 

 

NMR concerns the manipulation of a sample of atomic nuclei with non-zero 

quantum spin number (I). Such nuclei have magnetic moments that become 

partially aligned when placed in an external magnetic field, leading to a net 

nuclear magnetization of the sample. This magnetization can be perturbed by radio 

frequency (RF) pulses, generated by a RF-coil around the sample. The resulting 

non-equilibrium magnetization will undergo precession in the external magnetic 

field, which results in an oscillating magnetic field that induces a periodic voltage 

in the RF-coil. Via fluctuating interactions with the surrounding electrons and 

nuclei, the nuclear magnetization also relaxes back to its thermal equilibrium state. 

Hence, the voltage over the RF-coil also decays. If detected, it is called the free 

induction decay (FID). The FID which constitutes the time-domain NMR signal 

can be Fourier transformed to the frequency domain to obtain the better known 

NMR frequency spectrum.  
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The frequency of precession (the Larmor frequency, ω0) depends on the strength 

of the magnetic field (B) and the magnetogyric ratio (γ) of the nuclei. Atomic 

nuclei such as 1H, 13C, 15N, and 19F have very different γ and consequently great 

frequency resolution of different nuclear species can be obtained in NMR 

spectroscopy. In addition, the electrons around a nucleus influence the local 

magnetic field and nuclei of same γ but at different positions in a molecule may 

therefore appear at different frequencies in a NMR spectrum. This is termed as 

chemical shift. On the other hand, spatial inhomogeneties of the external magnetic 

field over the sample volume will lead to broad spectral peaks. This is because 

nuclei in molecules at higher and lower field strengths will precess at different 

frequencies, leading – in the time domain – to a quick de-phasing of their signals. 

Inhomogeneous magnetic fields may be avoided by appropriate probe design24 and 

by adjustment of the magnetic field by letting currents flow in “shim”-coils25 that 

are positioned around the sample. It is also possible to spin the whole sample in 

the magnet.25 The molecules will then experience an averaged field strength as 

they are spun through regions of higher and lower magnetic field strength. The 

result of these interventions is that the signal is concentrated in a narrower 

frequency range which increases the signal-to-noise ratio and re-introduces 

spectral resolution. 

 

Compared to the research fields mentioned above, the application of NMR in soft 

material science is perhaps less common. One reason is material inhomogeneties 

present, for example, in the colloidal dispersions mentioned in chapter 1.2. 

Different components have different magnetic susceptibilities20 that result in a 

strongly inhomogeneous magnetic field. Furthermore, molecules in anisotropic 

materials such as most LCs (see chapter 1.3) exhibit molecular motions that are 

not isotropic.13 Depending on the angle that a LC molecule has with respect to the 

magnetic field, the result (briefly discussed in chapter 2.1.3) is splitting and/or 

broadening of spectral peaks, which may be either useful or deleterious.26-27 Such 
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effects combined can make it very difficult to obtain well-resolved peaks from 

different material components which may impede NMR studies. 

 

Another reason for the relative scarcity of NMR in material science would be that 

novel materials often present completely new features and require the 

development of new techniques and equipment beyond the standard set of tools.28-

30 This might repel some potential users. The techniques employed in this thesis 

are briefly discussed in the following sections. 

 

2.1.2 Imaging and diffusion  

As mentioned above, the Larmor frequency of a nucleus depends on the magnetic 

field strength at the point where the nucleus is located, and a homogeneous 

magnetic field is desirable in high-resolution NMR. However, a magnetic field 

gradient (that is, an additional and linearly varying magnetic field, hereafter 

referred to as a gradient) can be used in NMR to create an inhomogeneous 

magnetic field in a controlled way. Applying a gradient imposes different 

frequencies to different positions in the sample which is called spatial frequency 

encoding.31-35 

 

NMR aided by gradients is known in medicine as magnetic resonance imaging 

(MRI)23 and is used for visualization of internal body parts and their physiological 

state. Its impact has been dramatic, recognized by the Nobel Prize in medicine in 

2003. The only possible sorrow for any NMR fanatic is that the nuclear-part has 

been dropped because of the incorrect however negative association by patients to 

radioactivity. In the MRI performed at the hospital, the frequency encoding is used 

to obtain information on the location of the nuclei (often protons in water 

molecules) and from that create images of the (static) body. In material science 

MRI is perhaps most successful when studying dynamic processes involving water, 

e.g. swelling of clay in water36 or drying of various kinds of food37. 
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Another application of gradients in NMR is in the study of translational diffusion31 

of different species such as molecules or ions. Here, a first gradient pulse (of 

length δ and strength g) is applied for frequency encoding the different positions 

of molecules in the sample, similar to that in MRI. The different frequencies lead 

to a de-phasing of the signal. After this first encoding gradient pulse follows a 

delay (Δ) during which the molecules are moving by diffusion. Finally, a second 

gradient pulse (also of length δ and strength g) is applied to revert the frequency 

encoding of the molecular positions in the sample. This pulse is applied to match 

the first gradient pulse, so that the signals are re-phased. This re-phasing of the 

signals is complete if the molecules did not change their positions and, thereby, 

frequency during Δ. However, if the molecules have moved during that delay one 

obtains an incomplete re-phasing and a reduction in signal intensity in the NMR 

spectrum. The relationship between the observed amplitude of the re-phased NMR 

signal (A), the parameters in the diffusion measurement (δ, g, and Δ), and the 

diffusion coefficient of the molecules (D) is as38  

 

( ) ( )( )3exp 2
0

δγδ −Δ−= DgAA , Eq. 1 

 

where A0 is the signal intensity in the absence of magnetic field gradient pulses. 

The value of D may then be obtained by observing A while varying g, δ, or Δ. 

Since the NMR spectrum is chemically resolved, this technique provides 

molecularly specific diffusion coefficients, even in mixtures. 

 

Several issues must be considered to avoid artifacts in the diffusion measurements. 

One is material flow due to, for example, temperature gradients in the sample, an 

artifact which is readily suppressed by additional gradient pulses.39 Another issue 

is eddy currents induced in metallic components of the equipment by the strong 

gradient pulses, which in most cases can be avoided by additional delays (e.g. 
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gradient recovery delays and/or longitudinal eddy-current delays40) and proper 

temporal shaping of the gradient pulses.34  

 

The diffusional behavior of a molecule can provide interesting information about 

its environment. Diffusion could, for example, be restricted by some boundaries, 

such as walls in porous materials or biological tissues41-43, or it may differ 

depending on the direction (set by the direction of the applied gradients) in an 

anisotropic material.44-46 Molecular aggregation and exchange rates between 

different aggregation states may also be studied by diffusion NMR.47 

 

2.1.3 Material alignment 

Nuclei investigated by NMR exhibit a magnetic dipole moment. Two dipoles can 

mutually interact with each other through space, something called direct dipole-

dipole interaction (DD).20 The strength of this interaction is related to the distance 

between the nuclei and can therefore be used for obtaining structural information, 

such as that in proteins.22 In investigations of anisotropic materials, such as LCs, 

the dipole-dipole interaction may be observed as dipolar splitting of peaks (with 

frequency difference νΔ ) in the NMR spectrum.26-27 

 

The interaction strength is scaled by the angle (θ ) between the magnetic field and 

the axis joining two interacting nuclei in a mesogenic molecule. When the LC 

phase director (see chapter 1.3) is parallel with the magnetic field the width of the 

dipolar splitting is simply related to the orientational order parameter S,  

 

( )1cos3
2
1 2 −= θS , Eq. 2 

 

where the bar indicates averaging by molecular motions over values of the angle 

θ . In an isotropic liquid with no orientational order at all, S = 0 while S = 1 
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indicates a rigid lattice with no molecular motion. Order indicated by S ≠ 0 in LC 

phases arises because of several reasons. Attractive dispersion interactions 

between mesogenic molecules are favored by mutual molecular alignment. 

Alignment is also induced by short range repulsion which imposes packing 

restraints on the molecules. Furthermore, electrostatic interactions can contribute 

to the molecular organization. The result of these interactions is that the motion 

the molecules perform in the LC phase is not isotropic. The dipole-dipole 

interaction is therefore not averaged to zero and the residual interaction strength 

leads to a splitting of spectral peaks. 

 

For arbitrary orientations of the LC phase director, the dipolar splitting also 

depends on the angle between the director and the external magnetic field 

direction (β ) as 

 

( )1cos3
2
1 2 −⋅∝Δ βν S  . Eq. 3 

 

There are two cases where the dipolar splitting of peaks disappears: 1) If the 

angular average of θ  becomes zero due to rapid and isotropic tumbling of 

molecules, i.e., when S becomes zero. An example of this is when an LC phase 

melts to an isotropic phase. 2) For a certain “magic” angle ( magicβ ) of the phase 

director where ( ) 01cos3 2 =−β , i.e. °≈ 7.54magicβ   

 

Nuclei with spin I > ½, such as deuterium (2H) or lithium (7Li), also exhibit an 

electric quadrupole moment. The quadrupole interaction20 arises from coupling of 

that electric quadrupole moment and the electric field gradient at the position of 

the nucleus. As an example, the defining axis of the electric field gradient for 2H 

in a C-2H bond lies in the bond direction. The strength of the quadrupole 
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interaction depends on the average angle between that axis and the magnetic field 

(i.e. the order parameter S) and on the angle between a material phase director and 

the external magnetic field.26-27 In analogy with the dipole-dipole interaction, the 

peaks in NMR spectra of quadrupole nuclei are be split by the quadrupole 

interaction and these splittings can disappear for the same reasons as mentioned 

above. 

 

Many mesogenic molecules have an anisotropic diamagnetic susceptibility and 

can therefore align in external magnetic fields.13 The two interactions mentioned 

above are often used for obtaining information on the order parameter (S) of an 

anisotropic phase, and the direction and the uniformity of phase alignment with 

respect to the external magnetic field. 

 

2.2 Polarizing microscopy 
Polarized optical microscopy (POM) is, together with differential scanning 

calorimetry and X-ray diffraction, a key experimental technique when studying 

LC materials. POM may provide information on the LC phase type (e.g., nematic, 

smectic, and so on) and phase transition temperatures. This is obtained by studying 

the temperature dependence of material textures48, as they appear between crossed 

polarizers. The setup of a typical microscope is illustrated in Fig. 5. 

 

Most LC phases are anisotropic and the index of refraction is directionally 

dependent. Uniaxial phases have one optical axis and two principal refractive 

indexes ( ||n  and ⊥n ) with the index marking the direction for polarization of light. 

The ⊥≠ nn|| case is known as optical birefringence. As a result, a beam of 

polarized light propagating through the phase will be split into two rays whose 

speed of propagation is defined by two different refractive indexes, the ordinary 

on  and the extraordinary en , which are the projections of ||n  and ⊥n  on the 
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Figure 5. Setup of a polarizing microscope indicating the position of polarizing 
filters (polarizer and analyzer), the sample, the objective lenses and the means of 
observation (ocular or/and camera). 
 

analyzer/polarizer plane. This is illustrated in Fig. 6. The different speeds of 

propagation results in a phase shift between the two rays, 

 

( )oe nnd −=
λ
πχ 2

 Eq. 4 

 

where λ  is the wave length of the light in vacuum and d  is the distance that the 

light propagates in the material. 
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Figure 6. Illustration of refractive indexes in a uniaxial phase. The extraordinary 
and ordinary refractive indexes ( en  and on ) are the projections of the principal 
refractive indexes ( ||n  and ⊥n ) on the analyzer/polarizer plane. θ  is the angle 
between the optical axis and the direction of light propagation andϕ  is the angle 
between the projection of the optical axis and the analyzer. The directions of 
analyzer, polarizer and light propagation are mutually orthogonal. 
 

The intensity of light ( L ) that is transmitted through the analyzer depends on the 

initial polarized light intensity ( 0L ),χ , and the angle (ϕ ) between the analyzer 

and the projection of the optical axis on the analyzer/polarizer plane (see Fig. 6), 

as 

 

2
sin2sin 22

0

χϕLL = . Eq. 5 
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Figure 7. Focal conic domains in a hexagonal columnar LC phase. The columnar 
domains grow from the nucleation sites until they reach another growning domain, 
which results in a domain barrier. The optical axis lies in the direction of the 
columnar axis. It is the different directions of those axes that gives the alternating 
dark/bright patterns in the domains, with brightest areas at ϕ  = π/4, 3π/4, 5π/4, 
7π/4. The directions of the analyzer and the polarizer are indicated in the upper-
left corner. 
 

When the optical axis is parallel to light propagation ( 0=θ ) it is found that 

⊥== nnn oe  and thus no phase shift occurs ( 0=χ ). The result is that no light is 

transmitted and homeotropically aligned samples appear, therefore, black just like 

isotropic samples (cf. the TN-cell in ON-state, Figure 4b). Moreover, since the 

light intensity depends onϕ , interesting textures and patterns mark the spatial 

variation of the optical axis in the material phase (see Fig. 7). These textures often 

change at phase transitions. 
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2.3 Differential scanning calorimetry 
Differential scanning calorimetry (DSC) is a well-known technique to analyze the 

thermal properties of materials. In the study of liquid crystals, DSC is used to 

determine phase transition temperatures and to evaluate the amount of latent heat 

of a phase transition.14 Sometimes, it is also possible to obtain an indication of the 

sort of phase transition, e.g. distinguish between crystallization or glass transition. 

A common approach is to constantly increase (or decrease) the temperature of a 

LC sample and a reference sample, always keeping both samples at equal 

temperature. This is controlled by adjusting the heat flow (dH/dt) to the LC sample 

and the reference sample. The heat capacity and the lack of phase transitions of the 

reference sample must be well determined in advance. The difference in dH/dt 

between the LC sample and the reference sample is carefully recorded. In most 

phases dH/dt will be more or less constant, because heat capacity does not change 

much with temperature. However, during a phase transition in the LC sample 

molecular interactions may change and this will lead to a higher or lower dH/dt, 

that is with respect to the heat flow to the reference sample that does not exhibit 

phase transitions. Hence, phase transitions appear as peaks in the DSC 

thermogram, and the integral of such peaks is proportional to the latent heat of the 

phase transition. Material breakdown or evaporation may also be observed by 

DSC. 

 

2.4 X-ray diffraction 
As was mentioned in Chapter 2.1.3 molecular orientational order in liquid crystals 

may be studied by NMR spectroscopic techniques, e.g. observing dipole-dipole or 

quadrupole interactions. The translational (structural) order on the other hand is 

most often assessed by scattering techniques such as X-ray diffraction (XRD).49 

From XRD measurements it is possible to determine the length scales of repetitive  
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Figure 8. a) The X-rays diffracted by a “powder” sample have the form of a cone 
with angle 2θ to the incident beam. The one dimensional diffraction pattern may 
be obtained by a cylindrical detector, placed with its centre at the sample position 
and the normal of the cylinder perpendicular to the direction of the incident beam. 
b) Two diffractive layers (d(100) and d(110)) in a hexagonal columnar structure 
and their spacing expressed in units of the width of the columns (a). 
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structures (e.g. layers or columns) in the material phase, and from that deduce the 

molecular organization. The electrons in the molecules scatter incoming X-ray 

radiation in all directions. Repetitive spatial distribution of electrons in the 

material leads to constructive interference at certain angles according to Bragg’s 

law, 

 

λθ nd =sin2  Eq. 6 

 

where d is the size of the repetitive structural unit, θ2  is the diffraction angle (see 

Fig. 8a), n  is an integer and λ  is the radiation wavelength. An XRD pattern is 

usually a plot of the scattered radiation intensity with respect to the diffraction 

angle and may consist of many peaks. For solid crystals, long range order results 

in numerous peaks of well-defined angular distribution. In principle, all repetitive 

layers (such as in the hexagonal columnar phases, illustrated in Fig. 8b) do 

contribute to the diffraction pattern. LC phases may also exhibit higher order 

peaks, however, seldom as many as for solids.14  

 

2.5 Ionic conductivity measurements 
Electric conductivity is perhaps the most important property in many 

electrochemical devices. In this thesis (and in much of the preceding work) the 

temperature dependence of ionic conductivity (σ ) in different materials have been 

studied by complex impedance measurements.50 Molecular organization may 

influence the ionic conductivity on macroscopic scales, e.g., by inducing 

anisotropy. Moreover, ionic conductivity may generally be related to the ionic 

mobility as  

 

∑∝∝
i

iii
b

Dcq
R
1σ . Eq. 7 
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Here, Rb is the bulk ionic resistance, q is the effective charge of ions, c is the ion 

concentration and D is the diffusion coefficient of the ionic species indexed by i. 

Thus, it is often of interest to relate ionic conductivity to material structure and 

ionic mobility (as possibly observed by diffusion NMR discussed in chapter 2.1.2) 

to interpret the behavior of ion-conductive materials.51 

 

 

Figure 9. a) Illustration of a cell for impedance measurements. The comb-shaped 
gold electrodes are completely immersed in the sample and covered by glass slides. 
A periodic voltage over a wide frequency range is generated and the current across 
the sample is analyzed. b) The arc-shaped appearance of the complex impedance, 
indicating the bulk resistance (Rb).  
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In this thesis, the samples for ionic conductivity measurements were prepared by 

confining the material and a pair of comb-shaped gold electrodes between two 

glass slides. The resulting cell is illustrated in Fig. 9a. In order to obtain 

quantitative results, great care must be taken to assure good contact between the 

material and the electrodes, e.g., bubbles must be removed. When applicable, this 

is typically confirmed by heating the material in the cell to the isotropic liquid 

state while observing it in a microscope. Commonly, an alternating voltage is 

applied to the sample and the current is detected.50 The complex impedance is 

analyzed over a wide frequency range, e.g. 10 Hz to 10 MHz. Fig. 9b shows the 

usual appearance of complex impedance, indicating the bulk ionic resistance (Rb). 

 



 

 27

3. Summary of research 
 

3.1 Molecular adsorption on interfaces 
3.1.1 Carbon nanotubes 

The molecular structure and high aspect ratio of carbon nanotubes (CNTs) give 

them unique mechanical, electrical and chemical properties.52 CNTs have a great 

potential, for example, in nano-circuits as molecular wires53, in field effect 

transistors as logic gates54, and as sensors for biomolecules55. For all these 

applications it is necessary to process the CNTs, usually by dispersing them in 

some kind of liquid. However, due to vdW and/or hydrophobic interactions (cf. 

chapter 1.2) the CNTs will be strongly attracted to each other and easily form 

large aggregates in solutions. This hampers their processability and many of their 

benefits are lost. To facilitate the dispersion of CNTs it is possible to graft 

molecules to their surface, covalently or by strong physical adsorption.56-57 These 

methods, however, may change the properties of CNTs. A softer approach, where 

the dispersants are more weakly tethered to the CNT surface, could therefore be 

beneficial.57 For optimization of such dispersions it is important to understand how 

the dispersants bind to the CNTs and to quantify the fractions of bound versus free 

dispersants. 

 

Aqueous dispersions of single walled (SW) and multi walled (MW) CNTs and 

bovine serum albumin (BSA) were investigated in Paper I. We employed NMR 

spectroscopy to study the self-diffusion of BSA in solutions with and without 

CNTs. From the obtained diffusion coefficients it was possible to assess the 

adsorbed amounts assuming the following: 

 

1)   BSA could only be in two states: bound to CNT or free in solution, i.e. the 

sum of bound and free fractions (pbound and pfree) was equal to unity. 
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2)  The diffusion of BSA bound to CNT was negligibly small as compared to that 

in the free state, i.e. Dfree >> Dbound. This was reasonable considering the much 

larger size of CNTs. 

3)  The exchange of BSA between bound and free states was fast compared to the 

diffusion NMR time scale, which was defined by the diffusion time, Δ (cf. 

chapter 2.1.2). 

 

The validity of the fast exchange was evaluated by comparing the spectral 

integrals for BSA in solutions with and without CNTs. In the case of slow 

exchange, BSA bound to CNT would have experienced slow tumbling leading to a 

loss of intensity due to broadening of the corresponding signal.58 However, no 

such loss was observed within the error margin of the NMR intensity measurement. 

This led us to the conclusion that the BSA molecules are in a dynamic equilibrium 

and exchange fast between bound and free states. 

 

Dfree was obtained from a solution containing only BSA. For fast exchange, the 

diffusion coefficient of BSA observed in the CNT-dispersions was the average 

over different populations, 

 

boundboundfreefreeaverage DpDpD ⋅+⋅=  Eq. 8 

 

which, via assumptions 1 and 2 could be simplified and rearranged to give an 

expression for the fraction of bound molecules, 

 

free

average
bound D

D
p −=1  Eq. 9 
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We found that the bound fractions were small for both SWCNTs and MWCNTs 

(see Table 1 in Paper I) and the concentration of bound BSA (Cbound) was low. 

Previously it had been shown that BSA solutions with concentrations equivalent to 

Cbound did not disperse CNT.59 This observation, together with the small value of 

Cbound, might indicate that in a BSA solution there is a small sub-fraction of 

partially unfolded BSA proteins, in dynamic equilibrium with the majority of BSA 

molecules that are well-folded, that adsorb to the CNT surface by exposing a small 

hydrophobic patch. 

 

SWCNTs and MWCNTs were also found to be well dispersed by a block 

copolymer (Pluronics® F-127) consisting of hydrophobic polypropylene oxide 

(PPO) and hydrophilic polyethylene oxide (PEO) units.57 Much in the same way 

as for BSA, the diffusion behavior of F-127 was studied by NMR spectroscopy to 

assess the amount of polymers adsorbed to the CNT surface (Paper II). Here, on 

the other hand, the exchange between bound and free states was found to be 

intermediate with respect to the diffusion time Δ, and Eq. 8 presented above was 

therefore not valid. Instead, the fractions of polymers in the two states were 

calculated from the residence times as obtained via the diffusion exchange 

functions first presented by Kärger60-62 (see also Paper II). The fraction of bound 

F-127 was found to be much larger in the SWCNT dispersion than in the MWCNT 

dispersion. This was, on one hand, related to the higher amount of dispersed CNTs 

(as determined by thermal gravimetric analysis, TGA). On the other hand, the 

specific surface area accessible for polymers was also larger for the SWCNTs, 

since the MWCNTs consist of concentric tubes where the interlayer distances are 

too small for the polymers to enter.  

 

We found that the residence times for F-127 in bound state were on the order of 

10-100 milliseconds for both classes of CNTs, i.e. they exhibited a much slower 

exchange as compared to BSA. This observation indicated different binding 
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modes for those different dispersants. At the same time, the fact that we did 

observe exchange for F-127 indicated that F-127 did not adsorb tightly to the 

CNTs and our conclusion was therefore that the polymers were tethered to the 

CNT surface by a non-wrapping interaction. 

 

3.1.2 Silica particles 

In the investigations described above we observed the adsorption of dispersants to 

the substrates more or less directly, by studying the effect of substrate binding on 

the diffusional behavior. Alternatively, it is possible to quantify the dispersant 

adsorption by depletion-type methods. The adsorbed amount (Γ) is then calculated 

from the accurately determined initial and equilibrium concentrations (C0 and Ceq), 

the known mass and specific surface area of the substrate (msubstrate and SSAsubstrate), 

and the volume of the sample (V), as63-64 

 

( )
substratesubstrate

eq

SSAm
VCC −

=Γ 0  Eq. 10 

 

In Paper III we showed how NMR spectroscopy could be employed for precise 

concentration measurements of a series cationic trimethylammonium bromide 

surfactants, adsorbing on the surface of silica particles. The silica particles were 

mixed in surfactant solutions of known concentrations and, following equilibration, 

the samples were centrifuged until the supernatant became clear. The surfactant 

signal intensity in the supernatant was assessed by selectively exciting a slice of 

the sample, above the silica particle sediment, by NMR pulse programs presented 

in Paper III. The surfactant concentration (Ceq) was determined by comparing the 

surfactant signal intensity with that from a reference solution, which was 

contained in a capillary and dipped down into the NMR tube containing the 

supernatant. From this, Γ was calculated and plotted for different Ceq to provide 

the adsorption isotherms of the different surfactants (collectively shown in Fig. 6 
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in Paper III). The isotherms revealed the interplay between electrostatic 

interaction (surfactant head groups and silica surface) and hydrophobic interaction 

(between surfactant tail groups), and the characteristics of the isotherms were in 

good agreement with previous observations.65-71 Perhaps the primary strength of 

the NMR spectroscopy method is its great frequency resolution which provides 

molecular selectivity. Thus, the method has a proven potential also for systems 

with mixtures of dispersant.63 Additionally, the method does not require flat 

surfaces and can therefore be applicable for studying adsorption to substrates of 

various surface roughness. In this work the main improvements were in the 

protocol for obtaining adsorption isotherms. Substituting the physical removal of 

the supernatant with slice selective excitation, as well as the use of an external 

reference for determining the concentrations resulted in small experimental errors 

and accurate isotherms in a wide range of surfactant concentrations. 

 

3.2 Ionic mobility in liquid-crystalline materials 
3.2.1 Ionic liquid crystals 

Ionic liquids (ILs) are salts that melt at moderate temperatures (usually 100 °C is 

taken as an upper limit).50 The ionic nature of these liquids grants them high ion 

conductivity but also contributes to other useful properties such as nonvolatility. 

These properties make ILs interesting for applications as new types of solvents or 

as electrolytes in electrochemistry. The cations are often bulky, organic molecules, 

whereas the anions are often smaller and inorganic. The molecular structures can 

be varied to a large extent and the ability to design ILs opens the door to tailor-

made solvents with specific, appealing properties. Some examples of ILs are given 

in Fig. 10. The concepts of ILs and LCs (described in chapter 1.3) can be 

combined to induce further functionality. This relatively new material class is 

known as ionic liquid crystals (ILCs).72-73 ILCs have been shown to exhibit a 

number of different mesophases such as; columnar74-78, layered smectic79-85 or 

bicontinuous cubic86 (Cubbi) phases and melt, upon increasing the temperature, 
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into isotropic ILs. The mesophase nanostructure can provide ion conductivity in 

one, two or three dimensions as illustrated in Fig. 11, a phenomenon that can find 

applications in, for example, molecular electronics. As discussed in chapter 2.5, 

the ion conductivity can readily be investigated by impedance measurements. 

However, the sole value of the conductivity does not reveal the complete 

underlying molecular mechanism for conductive behavior. A deeper 

understanding is achieved if ionic conductivity data are compared to self-diffusion 

coefficients of the ionic species, as obtained by diffusion NMR. 

 

 

 

 
Figure 10. A few examples of ionic liquids (ILs). The cations are often large and 
organic and the anions are small and inorganic. The large variation in possible 
molecular structure allows for design of ILs with desirable properties. 
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Figure 11. An illustration of the different dimensionality of ion conduction in 
columnar, smectic and bicontinuous cubic LC materials. 
 

3.2.2 Columnar and bicontinuous cubic phases  

For practical applications it is important to extend the ion-conductive behavior 

from microscopic to macroscopic length scales. For columnar and smectic ILCs, 

control of the domain orientation has been achieved by external stimuli such as 

shear stress77-78, electric fields74 or boundary conditions77, 79, 82. The previously 

observed anisotropic ion conductive behavior of imidazolium salts exhibiting 

columnar phases76 was presumed to arise from small anions being confined in ion 

channels, where the walls were composed of the bulkier (mesogenic) cations. The 

polar interior of the channel would promote conductivity along its axis while the 

channel wall prohibited leakage of ions between channels. 

 

The ILC phases investigated here exhibited alignment in the strong magnetic field 

of the superconducting magnet. The resulting arrangement of phase directors was 

investigated by obtaining the 2H NMR spectrum of a small, fully deuterated 

molecule (Paper IV) dissolved in the phase. From the spectral shape we could 

conclude that the columnar domains did indeed align upon cooling from the 

isotropic phase and, furthermore, that the sample domains oriented with their 

directors perpendicular to the magnetic field. In aligned samples, the anisotropy of 
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diffusion can be measured in a rather straightforward manner. Hence, we applied 

magnetic field gradient pulses in directions along (z) and perpendicular (x/y) to the 

magnetic field, thus observing diffusion in those directions. 

 

For the large samples used in NMR it is very likely that the sample is of poly-

domain character, and it was therefore important to investigate if domain 

boundaries affected the diffusion behavior. This has been done by varying of the 

diffusion time ( Δ , see chapter 2.1.2) and by that probe different lengths of 

displacement. The consistent results observed for different Δ  values revealed that 

the obtained diffusion coefficients where not affected by domain boundaries. Thus, 

what we observed was intra-domain diffusion. The perpendicular orientation of 

domain directors (i.e. columnar axes) implies that diffusional decays measured in 

directions perpendicular to the magnetic field (x/y-gradients) was a composite of 

the diffusional decays involving diffusion coefficients both parallel ( ||D ) and 

perpendicular ( ⊥D ) to the columnar axis. Such composites are often difficult to 

analyze, however, in this case the values of ||D  and ⊥D could be obtained via a 

mathematical model involving a random azimuthal distribution of diffusion 

coefficients87 (see also Paper IV). As has been mentioned before, it is highly 

interesting to obtain information on the molecularly-selective diffusive behavior of 

different components. Exploiting the resolution offered by 1H and 19F NMR we 

were able to obtain the diffusion coefficients of cations and anions, separately. Our 

four main observations of diffusion in the columnar phase are summarized as 

follows: 

 

1) The anions showed highly anisotropic diffusion ( ⊥≈ DD 5|| ). 

2) The cations did not show anisotropic diffusion, within the experimental error. 

3) The anions diffused faster than the cations parallel to the columnar axis. 

4) The anions diffused slower than the cations perpendicular to the columnar axis. 
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From these observations we could draw the conclusion that the ordered structure 

does indeed resemble what was expected of ion channels. Clearly, the walls were 

effectively confining the anions inside the channels while simultaneously 

promoting their mobility along the channel direction. 

 

The columnar and smectic ILC phases require external stimuli to align their 

different domains and effectively conduct ions on a macroscopic scale. As 

opposed to that, the Cubbi phase has been expected to exhibit high ion conduction 

on the macroscopic scale, also in the case of assumedly poly-domain samples. The 

explanation for this was that different domains are still interconnected by ion 

pathways. Indeed, an organic ammonium salt exhibiting a Cubbi phase showed 

decrease in ion conductivity at the LC to isotropic phase transition temperature.86  

 

Cubbi phases are macroscopically isotropic, hence, alignment is not an issue. The 

structure of the phase with connected channels makes it probable that the diffusion 

is not hindered by domain boundaries. As in the columnar phase, the distinct 

mobilities of cations and anions were obtained by 1H and 19F NMR, respectively. 

We found that the diffusion coefficients of anions and cations in the cubic phase 

differed significantly (Paper V), which was an indication of ion dissociation. This 

could be explained by considering the respective size of the ions and their “role” 

in forming the bicontinuous cubic structure. The slower diffusion of the bulkier 

cations was related to their restricted mobility, as mesogenic components in the 

ordered structure. The anions, on the other hand, are small and can move more 

freely in the continuous network of ion channels. Conversely, in the isotropic 

phase we found that the diffusion coefficients of cations and anions were basically 

the same. This was interpreted as an observation of release of restriction on the 

cations so that their motion became more liquid-like, and furthermore, an 

observation of formation of ion pairs or ion clusters. Such neutral ion aggregates 

could not contribute to the ion conduction which is the molecular basis for the 
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observed reduction in the ionic conductivity. It is noteworthy that a similar 

behavior of ion association/dissociation was found also for the columnar ILC 

presented above (Paper IV). 

 

3.2.3 Smectic phase 

In the materials described in the previous section, the cations were covalently 

incorporated in large organic molecules. Consequently, the diffusion of cations 

was slow and they contributed less to ion conductivity. However, high ion 

conductivity is often required for practical applications. In addition, some potential 

applications require the cations to be metallic, such as Li+. To tackle this problem, 

a non-covalent approach where both ions are small and dissolved in an 

amphiphilic LC phase, has been tried.75, 77, 79, 81 Interestingly, a complex of ILs and 

LCs exhibiting a columnar phase showed improved ionic conductivity and 

simultaneously, a high anisotropy.75 

 

In such LC complexes the mobility of all components could affect the ion 

conductive behavior. This created a complicated, yet interesting, situation for the 

diffusion measurements. Furthermore, most of the previously reported materials 

exhibited isotropic phase transitions at temperatures that were far too high for 

most available NMR instruments. Therefore, a new ILC material containing 

organic mesogens and lithium triflate dissolved in it was designed and synthesized, 

aiming at a lower temperature for melting into the isotropic phase (Paper VI). The 

mesogenic molecule contained alkyl, ethylene oxide, and aromatic segments. The 

mesophases were characterized by POM, DSC and XRD (see chapters 2.2-2.4), 

which revealed formation of nematic (N), smectic A (SmA) and smectic C (SmC) 

phases at different temperatures. Impedance measurements (see chapter 2.5) 

showed that, as compared to in the isotropic phase, the ion conductivity was 

promoted along the smectic layers. These observations were all in agreement with 

previous results in other supramolecular ILCs.79-85  
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As in the case of the columnar ILC, the smectic ILC aligned in a strong magnetic 

field, due to the large anisotropy in diamagnetic susceptibility of the mesogenic 

molecules. Here, the alignment direction was deduced from the spectral shape of 

the 1H NMR spectra, partially split by dipole-dipole interactions (see chapter 2.1.3) 

for protons in the aromatic core of the mesogens. We found that the phase director 

was aligned homogeneously and parallel to the magnetic field. In this situation the 

diffusion anisotropy could be obtained directly by observing diffusion in x/y- and 

z-directions, i.e., in the smectic layers and perpendicular to the director ( ⊥D ) and 

across the smectic layers and thereby parallel to the director ( ||D ) . 

 

Again, the different γ of nuclei in the cations and anions allowed for the 

observation of distinct diffusion coefficients, here by 7Li and 19F NMR. In the 

smectic phases, we found that ⊥D was faster than ||D  for both ions. This was in 

agreement with the observation that ion conductivity was promoted by the 

formation of the smectic layers, and indicated that conductive planes were formed 

in the ILC. However, in contrast to the two ILC materials mentioned before, the 

degree of dissociation of the ions and its variation across phase boundaries in the 

smectic ILC remained unclear. Whereas the triflate anions exhibited a continuous 

increase in diffusion over all material phases, the lithium cations showed a marked 

decrease at the SmC-SmA phase transition temperature. This was indicative of the 

two ions having different distribution in the material, but this distribution could 

not be assessed solely from the diffusion measurements.  

 

At the SmC to SmA transition, the material changed from a double-layer to a 

single-layer structure. In the double-layer, the ethylene oxide chains were adjacent 

to each other, where as in the single-layer, ethylene oxide and alkyl chains were 

mixed. The diffusion behavior of triflate indicated that those ions had no 

preference for any of the side chain segments. On the other hand, the 
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discontinuous change in lithium diffusion indicated that the lithium ions exhibited 

specific side chain interactions and that those interactions influenced the cation 

mobility. It had previously been shown that alkali ions were attracted to ethylene 

oxide.88-89 We therefore speculate that planes of ethylene oxide chains in the SmC 

phase allowed for the lithium ions to diffuse without being removed from the 

vicinity of the ethylene oxide groups. In the SmA phase, a mixing of alkyl and 

ethylene oxide chains may have disrupted those diffusion pathways. 
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4. Concluding remarks 

 

NMR spectroscopy can offer a unique view-point and improve our understanding 

of soft materials. It is a non-destructive and non-invasive technique that enables 

investigations without disturbing the delicate structures in these materials. Because 

of its high chemical resolution it is possible to study different material components 

separately. Typically, NMR reveals molecular-level information and it is therefore 

providing a link between the molecular world and the material world. In this thesis 

it was shown how NMR is valuable in the study of several very different types of 

soft materials with complex molecular compositions. 

 

After all this praise of NMR it is only fair to mention some of its limitations and 

shortcomings. One is that not all atomic nuclei can be studied, i.e., nuclei with I = 

0 are invisible in NMR experiments. These include 12C and 16O, which belong to 

the group of most abundant atoms on earth. Another is the low sensitivity of NMR 

spectroscopy and, consequently, a demand for relatively large samples. This could 

put a feasibility limit on NMR investigations if the samples are expensive to 

produce. Furthermore, problems may arise when homogeneous samples are 

required, a condition that might be harder to achieve for large sample volumes. 

 

Nonetheless, when these problems can be overcome, NMR spectroscopy shows its 

ability to play an important role in the research and development of soft materials. 

The studies of CNT dispersions presented in Paper I and II could, for example, be 

extended to a series of block copolymers to deduce how the sizes of hydrophobic 

and hydrophilic polymer parts affect the adsorption behavior. Additionally, 

proteins other than BSA could be investigated for biological applications of CNTs. 

The method presented in Paper III for studying surfactant adsorption on silica 

particles shows promise of a broad application in mixed systems of several 
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surfactants, polymers or biomolecules. This strength of NMR spectroscopy for 

studying mixed systems was also utilized in the work presented in Papers IV-VI, 

there to obtain the distinct diffusion coefficients of individual material components. 

Future studies related to those projects could be focused on obtaining a deeper 

understanding of ion dissociation in the LC phases. Such knowledge would be 

helpful in the design of new ILCs with improved ion conductivities. 
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