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Popular summary

Carbohydrate systems like alkylpolyglycoside (APGs) surfactants, cellulose, and cyc-
lodextrin are environmentally friendly renewable materials that are used widely in our
daily life; as drug carriers for active substances in the pharmaceutical industry, as dietary
fibre in the food industry, in paper, in cosmetics and hygiene products to name a few.
They are solid substances built up of molecules ordered in a specific structure. With
time, and potential influence from the surroundings, such as water vapour and temper-
ature, these materials can change their molecular and/or crystal structure and obtain
completely different properties. The smallest sorption of water from the atmosphere
may have large effects on the functionality and stability. For instance, in pharmaceutics
this can lead to detrimental consequences if an active substance, with a specific molecu-
lar structure and functionality, suddenly changes its structure. The properties of the
new material might be harmful instead. In processing and during storage it is important
to have a detailed molecular knowledge of the properties of how a substance reacts to
outer influence. Usually these “almost” dry substances are characterized by light scat-
tering techniques, gravimetric techniques (weighing) and calorimetry (heat-change).
Nuclear Magnetic Resonance (NMR) has lately been proven useful when investigating
solid and semi-solid (liquid crystalline) materials. In this way one can systematically
investigate material properties such as structure and dynamics for a specific segment in
a molecule as a function of water content and temperature. It is also important for op-
timization of the production and to keep economic costs low. Polymers are widely used
in today’s society. One of those areas is renewable power energy where they are used
in fuel cells. Fuel cells are similar to a battery, but without the need for replacement or
recharge, as long as oxygen and hydrogen is provided. The benefit to the environment
is that fuel cells have no combustion. However, the manufacturing of the hydrogen
fuel is not without pollution. As a way of optimizing the functionalitcy NMR diffus-
ometry is used to investigate transport behaviour as a function of polymer membrane
structure as a function of temperature and water content.
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Populirvetenskaplig sammanfattning

Kolhydratsystem si som alkylglycosider, cellulosa och cyklodextrin 4r miljovinliga for-
nybara material som anvinds inom mdinga omraden i dagens samhille; som birare
av aktiva substanser i likemedelstabletter, matsmiltningsfiber, papper, kosmetika och
hygienartiklar for att nimna nagra. De ir fasta substanser uppbyggda av molekyler
ordnade i en viss struktur. Med tiden, och eventuell yttre paverkan, som t ex. vatten-
upptag och temperaturforindringar, sd kan dessa material dndra sin uppbyggnad och
da fa helt andra egenskaper. Sma upptag av vatten frin atmosfiren kan leda till stora
dndringar i funtionalitet och hallbarhet. Det ar darfor viktigt att ha detaljerad kunskap
om hur molekylstrukturen paverkar dynamiken och stabiliteten samt funtionaliteten
av en substans. Vanligtvis si karakteriserer man denna typ av torrasystem med ljus-
spridningsteknik (rdntgen), gravimetriska tekniker (vigning) och kalorimetri (virme-
mingdsmitning). Kirnmagnetresonans (NMR) har pa senare tid visat sig anvindbart
nir man studerar fasta material sdvil som halvfasta (flytande kristallina) material. Med
denna teknik kan man systematisk undersoka materialegenskaper i form av struktur
och dynamik i specifika segment i molekylen som funktion av vattenhalt och tempera-
tur. Det dr dven viktigt for att optimisera tillverkningsprocessen samt halla ekonomis-
ka kostnader nere. Polymerer anvinds flitigt i dagens samhille. Ett av de omradena ir
inom férnybar energi dir man anvinder dem i brinsleceller. Brinsleceller 4r som ett
batteri. De dr uppbyggda av ett elektriskt ledande material som 4r placerat mellan tva
elektroder. Till skillnad frin batterier s kriver brinsleceller ingen uppladdning eller
nagot byte. De drivs si linge brinsle och oxidationsmedel tillfors (vanligen syre och
vite) utifrdn till elektroderna. Férdelen f6r miljon 4r att brinsleceller inte har nagon
forbrinning. Diremot s& ir framstillningen av brinslet (vite) inte fororeningsfri. Vi
undersoker hur transporten av vatten relaterar till strukturen av polymer membranet
och dess egenskaper. Eftersom vatten transporten ér viktig for en brinslecells funktio-
nalitet s& undersoker vi dven diffusionen vid olika vattenhalter och temperaturer for att
kunna optimera brinslecellens egenskaper.






Structure and dynamics of complex
materials in the water-poor regime

1 Introduction

In our everyday life we use surfactants and polymers, because of their wide range of
properties, in applications such as pharmaceutics, textiles, detergents, foods, cosmetics,
hygienic products, fuel cells, the list goes on. Surfactants are amphiphilic molecules
built up of a hydrophilic (water-loving/ polar) head group and a hydrophobic (water-
hating/ nonpolar) tail. The head group can be of different origin but the tail is usually
a hydrocarbon chain of two or more carbon segments. Polymers are large molecules
built up of smaller molecules or subunits called monomers. Like surfactants, many
polymers are also amphiphilic depending on molecular conformation. Both surfactants
and polymers can form a wide range of crystal structures, semi-crystalline structures and
glass structures with unique physical properties.

Since these solid, and semi-solid materials are used in different applications, for their
specific functions, it is crucial to have a detailed understanding of the materials prop-
erties to ensure correct functionality. When working with solid systems it is important
to realise that sorption of atmospheric water might have a pronounced effect on a ma-
terials functionality, as well as physical and chemical stability, due to the structural
changes and chemical reactions it can cause. Therefore it is crucial to know where the
water ends up in the solid structure and what effects it has. This is important not only
during processing, usage, and storage but also for optimizing material properties and
development of new materials with properties designed for specific applications. A
good approach to get an overview of how microscopic properties relate to the macro-
scopic properties is to construct phase diagrams. Phase diagrams visualize the borders
between the equilibrium solid, semi-solid and liquid phases. This thesis focuses on
carbohydrate systems because they are so called green chemicals, have a wide range of
applications, and have very rich phase behaviours due to their amphiphilic nature.



The first part of this thesis gives an introduction to carbohydrate systems investigated
in this thesis followed by a description of the techniques that were used. The second
part is a summary of the different studies.

In paper 1and 11 conserns carbohydrate systems investigated in the “almost dry” regime,
with up to 10 wt% water concentration, as a function of water content and temper-
ature by combining Polarization Transfer solid-state NMR, Powder X-ray Diffraction
and gravimetric techniques. Paper 1 is a study on the phase structures and molecular
dynamics of the alkylglycoside n-tetradecyl-3-D-maltoside (C14G3) at different relat-
ive humidities and temperatures. A phase diagram of C;4G2/H>O in the water-poor
regime is presented in paper 11. The structure and molecular dynamics of a-, 3- and
v-cyclodextrins are investigated upon stepwise increasing hydration and temperature,
as well as their influence on the packing motifs.

Paper 111 is an illustration on the power of the polarization transfer solid-state NMR
technique to give molecular-level information on dissolved and solid cellulose in aqueous
dissolution media with sodium hydroxide or tetrabutylammonium hydroxide.

Paper 1v present a structure—property correlations study of grafted proton conducting
membranes used in fuel cells. Pulse Field Gradient diffusion NMR was used to address
functional changes of a polymer membranes upon grafting level, hydration level, and
temperature.



1.1 Sugar surfactants

Figure 1: Molecular structure of »-tetradecyl-3-D-maltoside 3-C4G,.

Alkylglycosides are non-ionic sugar surfactants which consist of a hydrophilic head-
group with one or more sugar units and a hydrophobic alkyl chain. They can be syn-
thesised from naturally occurring renewable resources, fatty alcohols and sugars, usu-
ally glucose or maltose. They are biodegradable, with low-toxicity and have a unique
physiochemical behaviour. They have been extensively used in industrial applications
such as cosmetics, detergents, emulsifiers, wetting and solubilizers.[1-4] The head-
groups of alkylglycosides consist of several hydroxyl groups. They can interact strongly
with neighbouring groups through intermolecular hydrogen bonds, leading to the
formation of a wide range of possible configurations and hence to a very interesting
solid phase behaviour. Fischer et al[5] have previously reported on the two-step melt-
ing of glucose surfactant systems. The first of these "double melting points” is called the
”chain melting” and the second is called the “clearing point”. At the “chain melting”
point the energy of the thermal motion overpowers the van der Waals forces between
the alkyl chains and this leads to an order-disorder transition and the formation of the
a liquid crystalline phase. There is still long-range orientational ordering in the struc-
ture due to the interaction of the head groups. However, the translational order varies.
Due to the amphiphilic nature of the alkylglycosides, they usually form lamellar crys-
talline phases. At the second melting point, the "clearing point”, the structure collapses
and an isotropic liquid is formed. At this temperature not even the strong interactions
in the head-groups can withstand the thermal motion. Jeffrey et al[6] showed that the
clearing point” is dependent on the ability to form hydrogen bonds in the head-groups.
Alkylmaltosides have a larger gap between the "chain melting” and the "clearing point”
than the alkylglucosides.

The alkylmaltoside 7-dodecyl-3-p-maltoside (3-C12G3), has been extensively studied.
[7] Surfactants with even longer alkyl chains are useful in, e.g. micellar solubilisation
of bulky organic molecules.[8] They are also good model systems for investigations
with respect to water sorption and water interactions as an aid in understanding more
complicated systems where oligo- and polysaccharide chains play an important role in
structure, e.g., cellulose, glycolipids, and glycoproteins.



Ericsson et al[8] have investigated the thermotropic phase behaviour of 5-C14G;. They
found that the solid phase behaviour has a strong dependence on kinetics. An unusual
feature of surfactant systems like 5-C14G; (and 5-CgGy) is that at low water content
it undergoes glass transitions.[8-10] Ericsson et al[8] reported that 8-C;4G; is in an
anhydrous, lamellar liquid crystalline phase at temperatures above 105°C. At temper-
atures below 105°C the 8-C14G; was reported to form no less than five different solid
phases, depending on kinetics. More specifically, the different phases are two different
anhydrous, non-crystalline states that differ by the ordering of the head-groups and at
least two different anhydrous crystalline polymorphs, which differ by the tilt angle of
the alkyl chains. In addition, 5-C;4G; also form a crystalline hemihydrate. Ericsson et
al[8] have also proposed structures for the (8-C14G2) which will be discussed in more
detail later.



1.2 Cyclodextrins
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Figure 2: Molecular structure of -, 3- and ~-cyclodextrin.

Cyclodextrins or cycloamyloses (CDs) are a group of sugar molecules bound together
in a ring, see Figure 2. The sugar units are (a-1,4)-linked c-p-glucopyranose.[11] They
are produced in nature during the bacterial digestion of starch. Based on the number
of glucose residues in its structure, the different CDs are labelled with a Greek prefix.
The three most common CDs are a-, - and y-CD. They consist of six, seven and
eight glucopyranose units, respectively. The glucopyranose units have taken a chair
conformation, and as a result, the cyclodextrins take a truncated cone shape with an
open centre. The hydroxyl groups are oriented towards the cones exterior. The primary
hydroxyl groups are at the narrow edge of the cone and the secondary hydroxyl groups
are at the wide edge. The carbon backbone and the ethereal oxygens are lining the
cavity of the cyclodextrin that gives it a somewhat lipophilic nature and the outer area
is hydrophilic.[12] The hydrophobic inside and hydrophilic outside of the CDs makes
them ideal for inclusion (“host-guest”) complexes with hydrophobic molecules and en-
hance the solubility and bioavailability of these molecules. They have therefore been
of interest for several industrial applications.[13-15] It is well known that CDs have
interesting interactions with water, and the self-aggregation of CDs in solution is not
fully understood.[16, 17] The solubility of -, 5-, and y-CD in water is low compared
to other oligosaccharides, with values of 0.15, 0.016 and 0.18 M, respectively.[18] The
dissolution of 3-CD in water is disfavoured in therms of both entropy and enthalpy
compared to a- and y-CD.[19] The solubility a-, 8- and y-CD in D, O is lower than
in H,0.[20] The anomalous solubility characteristics is suggested to be due to self-
aggregation[21], effects on local water structure[22], differences in intramolecular ri-



gidity [23, 24], and water clustering inside the CD cavity.[25]

In the solid state, the interaction between CD and water is of great importance in
the complicated relationship between different polymorphs and crystalline hydrates of
CDs. Two structural motifs are known for CDs and their host-guest complexes.[12]
They crystallize in either (a) a channel structure, in which the CD molecules stack
in such a way that infinite channels are formed in the lattice; or (b) a cage structure,
in which the CD molecules pack so that the cavity of each molecule is blocked by
its neighbours, see Figure 3. The cage structures can be further subdivided into (b1)
“brick” and (b2) “herringbone” types, depending on the exact packing of each molecule
in the unit cell.

a) b1) b2)

(FEET,
N
/; _I'\\_t_l_ll'I _l'\

Figure 3: Schematic pictures of crystal packing motifes of cyclodextrin inclusion complexes: (a) channel, and cage-
types (b1) brick, and (b2) herringbone from reference [12].

The crystal structures that are reported on CD systems are mainly host-guest complexes.
In this study we focus on systems containing only a-, 8-, or 7-CD and water. -, 3-,
or 7-CD prefer to crystallise in a cage structure. However, a channel-type structure has
also been observed under rapid crystallisation for o- and v-CD.[26-28]

No anhydrous crystalline phases have been reported for these CDs and the structures
that have been reported vary in water content. It is also not uncommon that the
structures are non-stoichiometric. CDs have an inherent capacity to host guest mo-
lecules and absorb water into their structures and still be stable, often without chan-
ging the unit cell dimensions.[29, 30] Single crystal data on several of these struc-
tures have been reported; a-CD-6H,O[31], a-CD-11H,0[32], 5-CD-11H,0[23], -
CD-12H,0[33], 8-CD-10.5-12.0H,0O[29], 8-CD-9.4-12.3H,0[30], v-CD-14.1H, O,
[34] and v-CD-17H,0O[35]. It is not uncommon for CD structures to be reported
more than once, and with different nominal composition, for instance y-CD-14.1H,0O

[34] and y-CD-13.3H,0.[30]

In a CD hydrate structure there are two types of water populations. Water molecules
can reside inside the CD molecules cavity or outside in the interstices in the lattice.



This could be one reason for the varying amounts of water reported in the CD hydrate
structures. For instance, Betzel et al[23] reported on the -CD-11H,O in a neutron
diffraction study. They found that the hydrate structure contained 8 water inner cavity
sites and 8 interstices on the outside. However, all possible water positions were not
fully occupied. 6.13 water molecules are distributed in the inner cavity and 4.88 in
interstices, yielding 11 water molecules (an undecahydrate). They also reported that
the water molecules residing within the cavity are more ordered, “probably due to the
hydrophobic character of the cavity”. In their study of the crystalline hydrate structure
of v-CD, Harata et al[34] reported that the structure is comprised of 14 water sites
in the inner cavity and 9 interstitial sites on the CD molecule. In this structure, only
7.1 water molecules were found to occupy the inner cavity sites and 7.0 the interstitial
sites.

Several water-induced polymorphic transitions in the CD hydrate structures have been
observed. Nakai et al[37] reported on the solid-state behaviour of all the CDs over a
wide range of water activity in their X-ray and sorption study. They found several solid-
state phase transitions. Water-induced transitions have also been reported between
channel and cage structures of a-CD[27] and y-CD[28], and between structures of a
channel-type with tetragonal and hexagonal packing[38].

The rich polymorphism and the varying non-stoichiometric nature of the CDs suggest
that their solid structures is a consequence of dynamic features. Betzel et al[23] repor-
ted on the "flip-flop” dynamics of the H-bonds in 3-CD, whereas Steiner et al[30] and
Kitchin et al[39] investigated the water diffusion between different sites and different
populations in -CD. They all find rapid dynamics and high water mobility in the
crystalline 5-CD structure. Hunt et al theorize that a high degree of dynamics charac-
terise the CD part of the structures.[28]. However, there is not enough experimental
data that supports this claim.



1.3 Cellulose
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Figure 4: Molecular structure of the repeat unit of cellulose with '*C labelling.

Cellulose is the most abundant natural polymer on our planet as it is the main compon-
ent of plant cell walls. It is a polysaccharide usually consisting of a couple of hundred
to several thousand linked sugar units, or more specifically 5(1-4) linked D-glucose
residues, see Figure 4. Natural cellulose is denoted cellulose 1, and consists of struc-
tures I, and 15.[40, 41] Cellulose can form other crystalline structures by chemical
treatments. By dissolution or coagulation (regenerated), or swelling (mercerization)
cellulose 1 will irreversible form the crystalline allomorph cellulose 11.[42] A difference
in structure between Cellulose 1 and 11, is that cellulose 1 has all-parallel (aligned) chains
and cellulose 11 has anti-parallel (alternating) chains.[43, 44]

Cellulose is hydrophilic but is well known for its insolubility in water and most or-
ganic solvents. However, it can be dissolved in solvents with intermediate features,
like N-methylmorpholine N-oxide and ionic liquids. Cellulose can be dissolved in
water but only at high and low pHs, and preferably together with an additive.[45]
In literature[46], one view is that this insolubility in water is due to extensive inter-
molecular hydrogen bonding between adjacent polymer chains in the solid state. Re-
cently, Lindman et al[45] published an analysis of the intermolecular interactions and
mechanisms governing cellulose dissolution, that challenges this view. In the so-called
”Lindman hypothesis” they emphasize the importance of the amphiphilic nature of cel-
lulose. The hydrophobic interactions between the hydrophobic patches in the cellulose
is argued to be important with regards to cellulose aqueous insolubility.

Cellulose is one of the most important commercial raw materials in the world due to
its wide range of applications, so from an economical and environmental perspective,
dissolution media based on water are strongly preferred. Traditionally, cellulose dissol-
ution has been a non-environmentally friendly process. One area that has advanced in
recent years is the use of ionic liquids that have proven to be very effective in dissolv-
ing cellulose.[47] They have high thermal and chemical stability, and are miscible with
several other solvents. However, many systems have shown great limitations when it
comes to industrial uses which is a huge drawback. Many cellulose systems form gels



upon water addition. These gels might hold the answer to the fundamental mechanisms
behind cellulose dissolution in aqueous solutions.



1.4 Polymer electrolyte membranes

It is well known that there is a big demand for new energy sources. The fossil fuels
have for a long time been the primary energy source in the world. However, fossil
fuels are a non-renewable resource and the reserves are going to run out. Also the fossil
fuels have been shown to be a big contributor to the greenhouse effect, and therefore
linked to increased global warming. An alternative power source are fuel cells. Fuel
cells have been of great interest since their discovery in the late 1830’s. A fuel cell is
an electrochemical device that can continuously convert chemical energy of a fuel into
electrical energy in a clean and efficient way. There are different types of fuel cells but
they all consist of an anode and a cathode, as well as an electrolyte that enables charge
transport. 'The charge carrier varies in the different types of fuel cells but hydrogen
(proton) is common.

Figure 5: Schematic drawing of a polymer electrolyte membrane fuel cell (PEMFC). A solid polymer membrane in the
centre serves as separator and electrolyte. Fibrous carbon electrodes allow the transport of electrons, reactants, and
water to and from the reaction zone, which contains highly dispersed platinum particles supported on high-surface-area
carbon as the electrocatalyst.

Ton-containing polymers can be used as electrolyte membranes for electrochemical fuel
cells. These kinds of polymer electrolyte membrane fuel cell (PEMFC) can be used in
applications such as portable electronics, remote power sources, and electric vehicles. In
Figure 5 is a schematic picture of a PEMFC. The electrochemical reaction of hydrogen
and oxygen occurs in two half-cell reactions separated by a solid polymer electrolyte or
proton-exchange membrane (PEM). The hydrogen atoms are oxidised at the anode and
pass to the cathode via the PEM. At the cathode an oxygen reduction occurs. The PEM
is the most important part of the fuel cell and it has several requirements that need to

10



be fulfilled. It needs to be impermeable to the reactant gases (such as oxygen or hydro-
gen), mechanically and chemically stable, have high proton conductivity, low (or no)
electron conductivity, have balanced water transport and they need to have reasonable
production costs. In order to produce ion-containing polymers for electrolyte applica-
tions it is important to improve our understanding of the complex structure-property
relations.[48]

mechanical integrity

ETFE * N A
EF ETFE n c) 2% CISO3H @ n
«  a)eirradiation CH,Ch,
F Fn b) styrene, PrOH, d) H,0, 80°C O

H,0, 55°C %
/

proton conductivity

Figure 6: The chemical structure of ETFE-g-poly(styrenesulfonic acid-co-methacrylonitrile) polymer electrolyte. The
scheme shows the synthetic pathway for proton conducting membranes with a backbone structure of a ETFE base
film with mechanical integrity and strength and functional groups for proton conductivity.

These membranes can be created through radiation grafting, which gives high design
flexibility, enabeling a fast and efficient product development of electrochemical applic-
ations. Figure 6 illustrates a schematic picture of an ETFE-g-poly(styrenesulfonic acid-
co-methacrylonitrile) (ETFE) polymer electrolyte base film. By irradiating a ETFE
base film using electron beam technology (a) it is possible to produce reactive sites in
the starting material. These sites are then allowed to react with selected monomers (b-
d) which produce well-defined membranes with a backbone structure of ETFE base
film. This gives mechanical integrity and strength and adds functional groups for pro-
ton conductivity.[49, 50] The microstructure of the extruded ETFE base film is inher-
ently anisotropic due to the manufacturing process.[51] For instance, if the extrusion
occurred in the machining direction (MD) or in the transverse direction (TD) is expec-
ted to greatly affect the final performance of the PEM.[48] Grafted membranes seem
to hold much promise for PEFC applications.[52-56] However, knowledge of the im-
pact the structure and the morphology of the polymer has on functions, such as proton
mobility and conductivity, is still rather limited.[48, 57]
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2 Experimental methodology

To characterize solid samples one often needs to use several different techniques such
as NMR techniques, X-ray scattering techniques and gravimetric techniques. A brief
description of the experimental techniques used in this thesis work will follow.

2.1 Sample preparation

Saturated salt solutions can be used to hydrate materials through the vapor-phase to
specific relative humidity (RH) at fixed temperature[58], see Figure 7.

°C

Figure 7: Desiccator with saturated salt solution yielding a specific hydration level of the vapour phase at a specific
temperature.

2.2 Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy[59] is a technique that is based
on the interaction of electromagnetic radiation with atomic nuclei. It is a technique
routinely used in science when studying physical, chemical and biological properties
of matter. It further enables us to study molecular structure and motion as well as
chemical reactions. NMR uses the fact that atomic nuclei possess a property called
spin. Only nuclei with non-zero spin are NMR active. Neutrons, protons, electrons
and 13C all possess a nonzero spin 1/2. Atomic nuclei with non-zero spins will behave
as a small magnet if they are subjected to a magnetic field. The most common atomic
nuclei investigated with NMR are 'H (protons) and '?C. The natural abundance of
protons is high (around 99 %) while '3C has a very low natural abundance (around 1
%). When placed in an external magnetic field, By, the spins will align more parallel
to By, creating a bulk magnetization (M) along the longitudinal z-axis. The x- and y-
axes are perpendicular to the z-axis and together they form the transverse plane. M can
conveniently be seen as a vector, or spin packet of magnetization, precessing around the
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z-axis at the Larmor frequency, wy. Applying a radio frequency (tf) pulse relative to the
z-plane on the M causes it to flip away fron the z-axis onto the transverse plane. Whena
combination of pulses is used it is called a pulse sequence. After the rf pulse M returns to
equilibrium. A NMR signal deteriorates with two separate processes. The longitudinal
relaxation time constant, 77, is responsible for the loss of signal intensity. The transverse
relaxation time constant, 7>, is responsible for the broadening of the signal and loss of
intensity by dephasing the spins. The time constants 77 and 77 are connected to how
fast a molecule reorients or tumbles. This is referred to as the correlation time. Since
smaller molecules can reorient faster they have shorter correlation times.

The free induction (FID) decay signal is recorded as a function of time. By Fourier
transformation the signal is converted to the frequency domain. The resonance fre-
quencies of all nuclei are not identical due to the fact that they depend on the local
electron distribution which is different at different positions in the molecule. This is
called chemical shift, ¢, and it is what makes NMR so useful in molecular structure
analysis because it allows us to distinguish between different types of atoms present
in the molecule. Usually the chemical shift is referenced with respect to a standard
chemical shift. Reporting the chemical shift in this way has the advantage that data
measured at different magnetic fields can be compared. Usually, spectra are plotted
with the ppm scale increasing from the right to the left. The chemical shift range for
protons are typically 0-10 ppm and for carbons it is 0-250 ppm.

In a molecule the different spins do not precess independently. There are two types of
couplings between spins; scalar and dipolar couplings. Scalar couplings or J-couplings
are mediated through the bonds. If the nuclei are up to three bonds away from each
other they may affect each other’s effective magnetic field. Dipolar coupling are me-
diated through space with strength 1/ with a distance, 7, between the interacting
nuclei. Both the scalar and dipolar couplings can occur between the same kind of
nuclei (homonuclear coupling) or between two different kinds of nuclei (heteronuc-
lear coupling). Natural '3C systems are magnetically dilute so homonuclear couplings
pose little problem (still a problem in 'H spectra). Heteronuclear decoupling schemes
are available to use during signal acquisition. Typically C-H couplings are in the range
0f 125 Hz and C-C couplings are in the range of 33 Hz.

A very useful application in NMR experiments is the Magic Angle Spinning (MAS).
The sample is spinning at the magic angle, 6, of approximately 54.74° with respect to
the direction of the external magnetic field. By using MAS one can modify the spectra
to get better resolution. The MAS supresses chemical shift anisotropy, homonuclear
and heternuclear dipolar couplings.
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Polarization Transfer solid state NMR (PTssNMR)

The Polarization Transfer solid-state NMR technique (PTssNMR) is a high-resolution
solid-state NMR method that can be used to enhance the signals intensities in cases
where the nuclei of interest have low inherent sensitivity due to low natural abundance
or gyromagnetic ratio. A signal enhancement can be achieved by transferring the po-
larization from an abundant spin (in our case IH) to the rare spin (in our case 13C)
which is of interest. In their newly developed PTssNMR methodology, Nowacka et al
[10, 60] have shown that successive measurements of the '>C direct polarization tech-
nique (DP), the cross polarization technique (CP) and the insensitive nuclei enhanced
by polarization transfer (INEPT) is a powerful scheme to study complex materials con-
taining solid, liquid, and liquid crystalline domains.

They have developed a theoretical model[10, 60] for their method that predicts the
signal intensities, see Figure 8d. The CP and the INEPT signal intensities is expressed
as a function of the generalized CH-bond orientational order parameter (Scg) which
is a measure of anisotropy in the system and the CH-bond re-orientational correlation
time (7¢g) which describes the motion or the reorientation of the molecule.

The '3C DP NMR technique gives information about all the '3C atoms present in the
system. It is, with sufficiently long recycle delays compared to the T, quantitative and
proportional to the number of 3C nuclei giving rise to a peak. It may be viewed as
a reference to CP and INEPT. The peak widths depend on the T, the magnetic field
homogeneity, the MAS rate and 'H decoupling. The '*C signal is acquired during
high-power 'H decoupling and MAS. In the CP measurements the polarization transfer
occurs through dipolar coupling, an interaction through space.

In INEPT the polarization transfer occurs through the scalar couplings, an interactions
through the bonds. The signal acquired will be a result of the dynamic state a specific
segment is in. While CP is a typical method used of signal enhancement of more rigid
segments, INEPT is used for signal enhancement of more liquid-like segments.

The signals acquired in CP and INEPT are compared to DP and chemical shifts gives
information about molecular structure, conformation, and packing and the signal in-
tensities from the CP[61] and INEPT[62] gives information about molecular dynam-
ics.

The model in Figure 8d by Nowacka et al [10, 60] predicts that solids, with 7. > 0.1
ms, give CP >> INEPT = 0. Isotropic liquids, with 7, < 1 ns and Scy < 0.01, yield
INEPT >> CP = 0. For anisotropic liquids, there is a gradual increase in the CP-
to-INEPT ratio when increasing Scy in the range from 0.01 to 0.5. At Scg ~ 0.1,
the two techniques give equal signal intensities. In the intermediate dynamical regime,
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Figure 8: Polarization transfer solid state NMR (PTssNMR) pulse sequences (a—c). DP (grey) from direct polarization
of 1°C, while CP (blue) and INEPT (red) involve polarization transfer from 'H to '>C, all with acquisition of '*C signal
during "H decoupling and magic-angle spinning (MAS). Narrow and broad vertical lines indicate 90° and 180° radi-
ofrequency pulses, respectively. Figure (d) Theoretical signal intensity enhancement vs. the CH-bond orientational
order parameter Scy and reorientational correlation time 7. for CP and INEPT. Isotropic liquids are visualized with
only INEPT, anisotropic liquids with both INEPT and CP, and solids with only CP. The white area indicates where
neither CP and INEPT is present.

Te = 1 ps, neither CP nor INEPT are present.

Since its development the method has been successful in investigating amphiphilic sys-
tems which are difficult to characterize due to their wide range of solid and liquid
crystalline phases, and co-existence phases between them. The PTssNMR technique
has been used on hydrated surfactants,[10, 60] lipid biomembranes,[63] lipid-amyloid
fibril aggregates,[64] and intact stratum corneum,[65-67] and cellulose dissolution[68,

69].
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Pulsed Field gradient NMR

Pulsed field gradient (PFG) NMR is an experimental
technique which is used to investigate the mobil-
ity/transport of liquid or liquid-like substances. PFG
NMR uses the strength of the magnetic field to mark the
spins with a position by applying a magnetic field gradi-
ent and measure the displacement after the spins have
undergone Brownian motion. There are two main pulse
sequences PFG spin echo (PFGSE) and PFG stimulated
spin echo (PFGSTE). The former is limited by 77 relaxa-
tion and the latter mainly by 77 relaxation. For water-
poor systems with solid-like properties, where 75«77,
PFGSTE is the method of choice. Figure 9 illustrates the
PFGSTE pulse sequence. The self diffusion coefficient
Dy can be estimated from the NMR-signal, echo atten-

T1 ., T2 T1
Hieg T Ta %w
- <« g
A

Figure 9: The NMR diffuseometry
pulsed field gradient stimulated echo
experiment. The three narrow ver-
tical lines indicate the 90° radiofre-
quency pulses. The gradients with
amplitude G during time ¢ are loc-
ated after the first and third 90° ra-
diofrequency pulses. The diffusion
time A between starting edges of the
gradient blocks, with an effective dif-
fusion time of A-§/3.

uation £, by fitting the experimental data to the Stejskal-Tanner equation[70]

E(b) = Ey exp(—bDgelf)

0

where & = ¥25°G*(A — §/3). An important fact to keep in mind when performing
NMR diffusion measurements on hydrated carbohydrate systems is that there can be
cross-relaxation effects occuring between the solid and the liquid pools. If that is the
case, Equation (1) has to be modified with a cross-relaxation term.[71]

2.3 Powder X-ray diffraction (PXRD)

A common technique to use for structure determination is Powder X-ray diffraction
(PXRD). It allows us to investigates the sample on the Angstrém lengthscale (nm).
When X-rays are scattered by the electron clouds of the atoms in the sample, a charac-
teristic diffraction pattern is produced as a function of the scattering angle (26). Every
observed reflection in the diffraction pattern satisfies Braggs' law

n\ = 2dsin (0) 2)

where n is the order of diffraction, X is the wavelength of the X-ray source, and 4 is the
interplanar distance.
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Crystallographic information files (cif) from the Cambridge Structural Data (CSD)
base was transformed into theoretical diffraction patterns.[72-74] The experimental
data was compared to the theoretical pattern to identify the crystalline phases in the
samples.

2.4 Dynamic Sorption Balance

Dynamic Sorption Balance is a gravimetric technique that is used to measure vapour
sorption isotherms. The determination of the amount and speed of adsorption is very
important in many industrial areas like pharmaceutics, foods, hygiene products, con-
struction material, fuel cells.

Most common are water sorption isotherms. The sample’s mass change is measured
on a microbalance at constant temperature during a step-wise increasing/ or decreasing
ramp of hydration level. The amount of water is often expressed as relative humidity
(RH) which is related to the water activity 4,, through

RH

1
RT1n <100> = RTIn (ﬂw) = A]lw == _%Hosm (3)

where I1ogp, is the osmotic pressure, 7'is the temperature and V, is the volume of water.

2.5 'Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a technique frequently used in science for charac-
terization of materials and determining physical and chemical properties. By following
the weight-change of a material as a function of controlled heating, or isothermally over
time, in a controlled atmosphere one can follow phase transitions due to dehydration,
oxidation or decomposition.[75]

17



3 Main results of the research papers

Paper 1 Equilibrium and non-equilibrium phases of alkylglycoside #-tetradecyl-3-D-

maltoside in the water-poor regime

In this study the phase behaviour of the C14G2/H,O system is investigated. Focusing
on the structure and molecular dynamics of the different solid phases. A series of solid
phases were prepared according to the protocols of Ericsson et al[8]. The structures
were verified with X-ray diffraction data by comparison with previously published res-
ults from [8]. The solid structures were exposed to moisture through equilibration in
contact with saturated salt solutions with varying RH at 25°C and the water content
was determined gravimetrically. The '*C PTssNMR method[10, 60] was used to follow
the structures with respect to hydration level and temperature.

Ericsson et al[8] have proposed structures of the solid C14G2/H,O phases, see Fig-
ure 10. All the solid phases have a lamellar structure with alternating alkyl-chain and
maltoside layers. However, they differ in water content and in the packing of the hy-
drophilic and hydrophobic parts of the molecule. The liquid crystalline (L) and glass
(Lg) phases have disordered alkyl-chains while the other structures have interdigitated
alkyl-chains with all-trans conformation. The alkyl-chains are tilted with respect to
the layer normal for the ordered lamellar phase (Lg), the anhydrous low-temperature
crystalline phase (AHI), and the hemihydrate crystalline phase (HH). A new phase
was found and verified gravimetrically to be a dihydrate (DH). A phase diagram was
constructed on the basis of structure of starting material, RH, and temperature.

As discussed in the experimental section, the experimental observables in PTssNMR
are the chemical shifts, linewidths, and amplitudes of the 13C resonance lines. The
values of the chemical shifts and peak amplitudes give information on molecular con-
formation and dynamics, both factors being determined by the molecular organization
and packing in the phases. The DP spectra is indicated with grey, CP with blue, and
INEPT with red traces. CP or INEPT signal intensities indicate solids or isotropic
liquids, respectively. The presence of both CP and INEPT signal intensities, with
comparable amplitudes, indicates an anisotropic liquid state of the molecular segment,
and is visualised in purple colour. Figure 10 summarises all the observed structures of
C14G2/H,0 in the water-poor region. The carbon labelling is given in the molecular
structure of C14G, drawn on top of Figure 10.
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Figure 10: *C PTssNMR spectra of all the C,4G,/H,0-phase observed in the water-poor regime. Spectra were ac-

quired at By=11.74 T with 5 kHz magic-angle spinning and 68 kHz TPPM 'H decoupling. DP (grey), CP (blue), and

INEPT (red) spectra are shown together with redrawn phase structures from the paper by Ericsson et al,[8]. The struc-
tures are color-coded with the observed CP(blue) and INEPT(red) signal intensities and the purple colour represents
the presence/ratio of CP and INEPT intensities when both are present. The *C peak assignment in spectrum (a) refers

to the carbon '*C labelling in the molecular structure of C,4G, drawn on top.
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In Figure 10a is a spectra of the anisotropic liquid crystalline L,, phase.
The 'C resonance lines were assigned with the help of literature
from Sjogren et al on the #-dodecyl-D-maltoside (C12G3) in acetate
buffer[76] and Nowacka et al on the #-octyl-D-maltoside (CgGy) L,
phase.[10] The 'C chemical shifts from the alkyl chain appears in the
range 10-40 ppm, and '*C chemical shifts from the head-group appear
in the range 55-110 ppm. Both CP and INEPT signals are present in
most of the peaks in approximately equal amounts, with a Scy around
0.1. In Cy3, Cy3, and Cy4 the INEPT dominates. These carbons seg-
ments are located at the end of the alkyl chain and they reorient nearly
isotropically. The long alkyl chain, C4_;;, has a peak at 30.5 ppm,

distribution of both #rans- and gauche conformers.[77]

The Ly phase is not so different from the L, phase when it comes to the
structure. It differs in the dynamics.[9, 10] The Ly is dominantly rep-
resented by CP and therefore in a solid state, see Figure 10b. However,
some INEPT signals are present. At the end of the alkyl chain, Ci4
and C;3, the segments reorient with 7. as low as nanoseconds. Walder-
haug et al [78] showed that the 7. and Scy in alkyl chains, in sur-
factant aggregates, gradually decreases with an increase in the distance
of the segment to the head-group. This smooth decrease in 7, can be
several orders of magnitude.[10] An increase in temperature of an Ly
phase leads to a gradually lower 7. and a continuous transition into a

Lamellar
liquid
crystalline

(L)

has liquid-like

Glassy
lamellar

(Ly)

L, phase.[10] The non resolved head-group peaks indicates that there is no organized

molecular packing of those segments in the Ly phase. As for the L, phase, the long

alkyl chain (C4_;;) has a peak at 30.5 ppm in accordance with a #rans- and gauche

conformation.
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No INEPT signal is present in the spectra in Figure 10c-g. These phases
are solid with molecular segments with 7. > 0.1ms. In contrast to
the L, and L, phases, the long alkyl chain (C4_;;) peak has shifted
from 30.5 ppm to 33.5 ppm. This is consistent with the alkyl chains
being in an all-trans conformations.[79] The phases in Figure 10c-g all
have well-ordered packing of molecules with finite number of possible
conformations yielding sharp CP resonance lines. All phases except the
ordered lamellar phase have resolved head-group peaks, see Figure 10c.
This indicates a well ordered molecular arrangement in the head-group.

The spectra for DH and HH phases, see Figure 10d and 10e show signs
of two non-equivalent sites being present in the crystal unit cell in
the doubling of the resonance lines. The anhydrous high-temperature
(AH2) sample show signs of contamination with an amorphous phase.
If more than one phase is present there will be a superposition of the
two phases.

PTssNMR gives characteristic spectra for the different phases, much
like a fingerprint. However, it is no possible to deduce more precise in-
formation about the crystal structure through PTssNMR but it is a good
complement to PXRD. The quality and purity can also be determined
from the 1*C resonance lines.

Ordered Crystallini
lamellar dihydrate
(Lp) (DH)

Low-
hemihydrate temperatur

Crystalline

anhydrate

Hr (AH1)

High-
temperature
anhydrate
(AH2)

The stability investigation was performed on the anhydrous Lg, Lg, AHI, and AH2
phases after equilibrating them for two weeks over supersaturated salt solutions at 25 °C

generating different RH. Gravimetric determination of water content was performed
and 1C PTssNMR was used for characterisation by using reference spectra from the
starting materials determined previously with PXRD (Figure 10). The temperature was

ramped from 2-58 °C after an initial measurement at 25 °C.

The AHI phase remains stable in our investigated RH and temperature range. Hydrat-

ing the Lg at surfactant concentrations below 96 wt% results in the formation of the
DH phase. As expected, Lg in the dry state gradually transforms into the L, phase. This
is in agreement with the calorimetric glass transition temperature (48 °C) determined

by Ericsson et al[8].

The glass transition appears higher in NMR than in DSC measurement, and above the

temperature range investigated here.[10] The only difference between the L, and L,

phases that we can detect is in the dynamics (not structure). Therefore, L, and Lg are

regarded as one in the following discussion. Upon heating the DH phase melts into

Lo/Lg.
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Hydrating the Lg phase at 25 °C leads to a formation of the DH at a surfactant con-
centration of 94 wt%. Lg in the dry state melts into L, /Lg at 39 °C compared with at
54 °C reported by Ericsson et al[8] in their DSC study. The sample can have absorbed
some more moisture during sample preparation for NMR measurements resulting in
a lower transition temperature. As expected, cooling the L,/L; phase gradually slows
down the dynamics and the Ly becomes more prominent and there is no reformation

of the L phase.

At a surfactant concentration of 95 wt% the Lg phase transitions into a two-phase re-
gion with L,/Lg and DH at temperatures above 39 °C. When cooling again the two-
phase system remains stable. The DH phase with 95 wt% surfactant concentration is
unaffected temperature. However, the DH phase with 90 wt% surfactant concentra-
tion partially melts into L,/Lg at 58 °C. Heating the AH2 phase in the dry state to
temperatures above 25 © there is a phase co-existence between the AH2 and L, /Lg. Hy-
drating the AH2 phase at 94 wt% surfactant concentration leads to a formation of the
DH phase. Upon heating a transition into the two-phase region with DH and L,/L,
occurs. AHL1 in the dry state and the DH phase with 94 wt% surfactant concentration
partially melt into L,/Lg at 25 and 39 °C, respectively. The two-phase DH+L,/Lg
system with 86 wt% surfactant concentration forms a pure L, /Ly phase at 48 °C.
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Figure 11: Phase diagram of the solid phases of C;4,G,/H,0O in the water-poor regime with respect to composition and
temperature. (a) Visualizes an equilibrium phase diagram with the lamellar liquid crystalline phase (L., ), anhydrous
low-temperature crystalline phase (AH1), anhydrous high-temperature crystalline phase (AH2), hemihydrate crystalline
phase (HH), and the dihydrate crystalline phase (DH). Dashed lines are given for approximated phase boundaries. (b)
Visualizes the regions of metastability of the non-equilibrium ordered lamellar phase (L 3) and glassy phase (L) within
the equilibrium phase diagram. The L. /L calorimetric glass transition temperature 7, and the Lg melting points 7,
are indicated by a circle and squares, respectively.

Combining the results from this study with previously reported data by Ericsson et
al,[8] enables us to construct an equilibrium phase diagram (Figure 11a), together with
the non-equilibrium phases that are at least metastable (Figure 11b). Starting with what
we know from previously reported data by Ericson et al TGA, PXRD and NMR ex-
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periments have shown that the anhydrous AHI phase precipitates at 22 °C from super-
saturated solutions. The Krafft point, the minimum temperature for micellization, of
the AH1 solution occurs at 32 °C. On the other hand, at 6 °C it is the HH phase that
precipitates. From this we conclude that we have a one phase region of HH at 98 wt%
and one at of AH1 at 100 wt%. Due to these facts we expect to have a phase boundary
between HH and AHI somewhere between 6 and 22 °C. Arbitrarily indicated with a
dashed line at 10 °C. Above the Krafft point of AH1, there is a co-existance region of the
DH phase together with either L, or AHI. The phase boundary between the pure L,
phase and the co-existence area of L,+DH was found to exist between approximately
40 °C at 85 wt% and 70 °C at 92.5 wt%, indicated with a smooth solid line.

Ericsson et al[8] reported on the anhydrous AH2 phase. With SAXS, PXRD and DSC
it was found to be stable between 95 and 105 °C, forming a one phase region of AH2
between these temperatures. A co-existance phase between AH2 and L,, is outlined in
the phase diagram from this study. NMR and gravimetric verifies the presence of the
DH phase, and the NMR data implies that it occurs somewhere above 58 °C.

The phase diagram of C;4G2/H,O at low water contents was determined in this study.
I3C PTssNMR is a powerful complement standard techniques such as PXRD, SAXS,
and TGA when characterizing complex organic solid/ and semi-solid systems at low
water contents.
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Paper 11 Effect of Water Activity on the Structure, Dynamics and Hydration of Crys-
talline a-, 3-, and y-Cyclodextrin

In paper 11 we investigated the influence of water activity on the stability of crystalline
hydrates of -, 8-, and 7y-cyclodextrin (CD) by using gravimetric techniques and X-ray
diffraction together with Polarization Transfer solid state Nuclear Magnetic Resonance
(PTssNMR) techniques.

~

n=6,7,8

Figure 12: Molecular structure of the repeat unit of cyclodextrin with '*C labelling. a-, 8- and v-CD consist of six,
seven and eight glucopyranose units.
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Figure 13: X-ray diffractograms at ambient temperature of «-CD starting material and equilibrated at increasing water
activity in units of relative humidity. The dashed red line indicates a solid-state phase transition.
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Figure 14: GVS data on a-CD, given as the number of water molecules per CD molecule, as a function of relative
humidity. The bar indicates the solid-state transition region indicated in the PXRD data in Figure 13.

a-CD

In Figure 13 are X-ray diffractograms of a-CD at different water activities ranging
between 0 and 97.3 %RH and the starting material at ambient temperature. Between
21.6 and 32.8 %RH a change is observed in the diffraction patterns indicating a solid
phase transition. Water sorption data close to this solid-solid transition range reveal a
sharp jump in the water adsorption isotherm, see Figure 14. The discrepancy between
the two techniques can probably be attributed to kinetic factors. In the PXRD meas-
urements the samples are equilibrated for several weeks and in the GVS the isotherm
was recorded over a shorter time scale of a couple of days and hence, the “overshoot” in
the GVS data. Recrystallization is not an instantaneous process. At 4 water molecules
per CD molecule there is an inflection point. One hypothesis is that this corresponds
to the amount of water that can fit into the CD cavity and that additional water in-
duces structural changes driven by the necessity to accommodate the additional water
molecules into the interstices in the crystal lattice. Going up to higher water activity
the adsorption isotherm eventually levels out at 6 water molecules per CD molecule.
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Figure 15: TGA data on a-CD equilibrated at 11.3 %RH (LiCl). The initial mass loss of 9.90 % corresponds to 5.93
water molecules per CD molecule.

TGA data confirm this level of hydration on material equilibrated at 11.3 %RH (LiCl),

see Figure 15. The amount of water also agrees with the «CD-6H,0O hydrate that has
previously been characterised by Klar et al[31, 72-74].
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Figure 16: Solid-state '>C PTssNMR spectra of «-CD at different temperatures equilibrated under dry conditions (a)
and at 6 %RH (b). Spectra acquired at By=11.74 T with 5 kHz magic-angle spinning and 68 kHz TPPM 'H decoupling.
DP, CP, and INEPT spectra are shown with grey, blue, and red traces, respectively. '*C labelling as shown in Figure
12, » = 6. The dashed red lines indicate transitions between different solid forms.

Polarization solid-state NMR data in Figure 16 gives information on structure and dy-
namics of a-CD in the solid state. The DP(grey) spectra gives qualitative information
in the CD molecule while the CP(grey) gives information about more rigid segments of
the CD molecule. INEPT(red) indicates more mobile segments in the CD molecule.
The lack of INEPT signal is a strong indication that the CD molecules can be regarded
as rigid. PTssNMR can be used as a “fingerprint” to easily identify solid-solid phase
transitions. For the dry form of a-CD, the PTssNMR data reveal a phase transition
between two polymorphs between 65 and 75 °C. For a-CD equilibrated at 6% RH,
on the other hand, the transition to the high-temperature polymorph occurs between
35 and 45 °C. From this, we conclude that the thermal behaviour of CD polymorphs

is extremely sensitive to water activity.



3-CD

X-ray diffractograms of $-CD at different water activities are shown in Figure 17. A
solid-solid transition occurs at a water activity of 11.3-21.6 %RH which is lower than
for @-CD and with the PXRD showing a less dramatic change.

The water adsorption isotherm of 8-CD in Figure 14 show three distinct regimes: one
initial regime at low water activity, an intermediate regime, and a regime at a water
activity above 30 %RH. At low water activity the increase with respect to water activity
is small. In the intermediate regime there is a dramatic change in the isotherm due
to a re-crystallisation which is in agreement with PXRD data indicating a solid-state
structure transition. At high water activity, the adsorption isotherm reaches a saturation
level at 11 waters per CD molecule. The TGA data on the fully hydrated form is in
agreement with this level of hydration, see Figure 19. It agrees with the SCD-9H,0
previously reported by Damodharan et al.[72-74, 80]

PTssNMR on 3-CD in the temperature range 5-75 °C in Figure 20 indicate that the
13C segments in the solid 3-CD hydrates are rigid. Only CP (blue) signal intensity is
present. No temperature-induced polymorphic transitions are observed. However, the
polymorph after equilibrating at 6 %RH, and the one obtained at 53 %RH are easier
to distinguish with the PTssNMR than PXRD.
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Figure 17: X-ray diffractograms at ambient temperature
of 3-CD starting material and equilibrated at increasing
water activity in units of relative humidity. The dashed
red line indicates a solid-state transition.
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water molecules per CD molecule, as a function of relat-
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Figure 19: TGA data on 5-CD equilibrated at 11.3 %RH
(LiCl). The initial mass loss of 13.5 % corresponds to 9.80
water molecules per CD molecule.
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Figure 20: Solid-state '?C PTssNMR spectra of 3-CD at
different temperatures equilibrated under dry conditions
(a) and at 6 %RH (b). Spectra acquired at B,=11.74 T
with 5 kHz magic-angle spinning and 68 kHz TPPM 'H
decoupling. DP, CP, and INEPT spectra are shown with
gray, blue, and red traces, respectively. *C labelling as
shown in Figure 12, » = 7.
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~v-CD

~v-CD shows two solid-state transitions in the water activity range 0-97.3 %RH, see
Figure 21. The first transition occurs in the same RH range (11.3-21.6 %RH) as for
B-CD, and again only with small changes in the structure according to the PXRD.

The GVS data show the same trend as for the 3-CD case, see Figure 23. In the low
humidity range 5 water molecules are absorbed. At the water activity range 52.8-57.5
%RH, X-ray data indicate a structural change. The X-ray diffractogram for y-CD equi-
librated at 57.5 %RH shows clear evidence of substantial amorphisation as a (presum-
ably) transient part of the structural rearrangement. The number of water molecules per
CD increases from 7 to 15 in this transition. At even higher water activity 97.3 %RH
(K2SOy), the isotherm levels off at around 16 water molecules per CD molecule. This
is in agreement with the TGA data presented in Figure 23 and with the yCD-14H,O
previously reported by Harata et al[34, 72-74].

I3C PTssNMR spectra of the three different solid forms of y-CD are presented in
Figure 24. As previously observed for a- and 8-CD, no INEPT signal is present.
Indicating that the molecular segments are rigid in the CD molecules, regardless of the
level of hydration.

Summary

The TGA for all three CD systems (Figures 15, 19 and 23) agree well with data reported
for the fully hydrated CD forms. At water activities below full hydration the TGA
data disagreed with the GVS data and the fully hydrated forms were obtined instead.
The explanation for this must be sorption of water during sample loading. Also in
experimental parameter setup in the GVS was so that re-crystallisation could occur.
The GVS experiments with a duration of ca 12 hours is at least an order of magnitude
faster than that of the equilibration prior to PXRD experiments (weeks). In GVS,
PXRD and NMR data, there is more control over sample handeling/preparation and
data collection. The risk of unwanted water uptake is much lower. We are therefore
confident that our CDs are crystalline in the solid state, and have no water molecules
in their crystal lattice. To the best of our knowledge, this is first time evidence for
crystalline anhydrates of cyclodextrins.

The GVS data reveal that the moisture uptake at at low water activity is size dependent
and that the solid forms are stable. The adsorption isotherms for all the CDs is roughly
linear in the beginning, but with different slopes (Figures 14, 18 and 22) At15 %RH, the
a-, - and v-CD havde adsorbed 4.0, 1.6 and 2.2 water molecules per CD, respectively.
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This implies that the anhydrous a-CD should be considered to be more hydrophilic
than the anhydrates of 3-CD and y-CD. Also, the adsorption isotherm for a-CD
differs from that of 3-CD and -CD in that during the structural transition to another
polymorph the slope of the isotherm decreases. The opposite occurs in the adsorption
isotherms of 8- and ~-CD.

In the a-case, the inflection point in the adsorption isotherm occurs after adsorbing
4 water molecules per CD molecule. One hypothesis is that this corresponds to the
amount of water that can be accommodated in the CD cavity. Further water uptake
induces a structural change as a way to be able to host additional water molecules in
interstices in the crystal lattice. This hypothesis is not applicable on the case 8- and
~-CDs. Their polymorphic transitions start at water contents far below the amount
of water that could be accommodated in the CD cavity. For - and 7-CDs cases,
it could be hypothesised that the water occupies positions on the outside of the CD
cavity first. Here they would induce a polymorphic transition primarily so the CD
structure can accommodate water molecules in the cavity interior. However, this in
not in agreement with the c-case. This suggests that the driving forces behind the
water-induced structural changes are probably not directly related to the amount of
water that can be accommodated in the CD structure.

The PTssNMR is a good complement to the PXRD to determine structures. The PTss-
NMR data indicated a solid-like “rigid” character of all the moieties in the CDs carbo-
hydrate backbone. Surprisingly, it was affected by neither temperature nor hydration
level. The data does not support that the CDs structures should be regarded as dy-
namic. Only close to the actual phase transition where the structural re-arrangement
occurs.
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Paper 111 Polarization transfer solid-state NMR: a new method for studying cellulose
dissolution

In paper 11 we used Polarization Transfer solid state Nuclear Magnetic Resonance
(PTssNMR) techniques[10, 60], for a detailed molecular characterization of partially
dissolved cellulose, i.e. the dissolution medium with co-existence between solid and
dissolved cellulose. As discussed in the introduction, the PTssNMR '3C chemical shifts
gives information about molecular structure, conformation, and packing and the sig-
nal intensities from the CP[61] and INEPT[62] gives information about molecular
dynamics.

10wt% Cellulose
- 8wt% NaOH
82wt% H,0

10wt% Cellulose
36wWt% TBAH
54wt% H,0

Cellulose

120 110 100 ) 80 70 60 50
13C chemical shift / ppm

Figure 25: PTssNMR spectra of the starting material dry microcrystalline cellulose | (bottom), partially dissolved in
aqueous TBAH (middle), and dissolved in NaOH (top). The DP (grey) spectra can be seen as a reference. The CP
(blue) and INEPT (red) spectra can be seen as solid and dissolved cellulose peaks, respectively. '*>C assignment is
described in the structure formula of the cellulose repeat unit. The blue and red dashed lines represent literature data
for cellulose | in wood pulp fibers[81] and dissolved cellulose,[82] respectively. The TBAH peak is from the TBAT
ions and the CF peak originates from the Teflon spacer of the MAS rotor. The red arrows indicate TBA™ breakdown
products. The spectra was acquired at 25 °C and 125 MHz '>C Larmor frequency with 5 kHz MAS and 88 kHz TPPM
'H decoupling. Only the relevant spectral range is depicted here and the spectra have been magnified to facilitate the
viewing of the cellulose resonance lines.
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In Figure 25 are 13C PTssNMR sectra of cellulose at various stages of dissolution. The
13C chemical shifts of the cellulose peaks are compiled in Table 1. As discussed previ-
ously, the CP (blue) and INEPT (red) spectra visualises which segments that have slow
(CP) or fast (INEPT) molecular dynamics. The DP (grey) spectra is only included as
a reference. The bottom spectra on the dry cellulose yields intense CP peaks. As ex-
pected, for solid cellulose, the INEPT signal is absent. The observed CP 13C chemical
shifts agree with previously reported data on cellulose 1,[40, 83]. The shifts at 105.4
(C1), 89.1 (C4), 75.3/72.7 (C2,3,5), and 65.5 ppm (C6) agree particularly well with
data reported for wood pulp fibers[81] with low crystallinity.

The middle spectra represents cellulose dissolved in aqueous tetrabutylammonium hy-
droxide (TBAH). Both CP and INEPT signal is observed in the spectra indicating that
solid and liquid/dissolved components are present in the system. Several of the ob-
served CP peaks are in good agreement with the ones found for the starting material of
dry cellulose I (indicated with blue dotted lines), indicates that there is still undissolved
residues of cellulose 1 in the system. There are a multitude of INEPT peaks. The main
INEPT peak originates from the TBA™ ions four inequivalent carbons. Only one of
them is in view in the ppm range depicted here in Figure 25. The INEPT peaks assigned
to dissolved cellulose are indicated with red dotted lines. The chemical shifts agree
with literature data reported for ultra-centrifuged samples of regenerated cellulose dis-
solved in 10 wt% NaOH(aq): 104.7 (C1), 79.9 (C4), 76.4/75.0 (C2,3,5), and 61.9 (C6)
ppm.[82] The theoretical intensity calculations for the PTssNMR techniques[10, 60]
for cellulose implies that the CH-bonds in the molecule reorient on a time-scale faster
than 100 ns. This is a strong indication that the cellulose is indeed molecularly dis-
solved. Deconvolution calculations on the DP peaks from dissolved cellulose, TBA™,
and tributylamine yields a fraction of TBA™ breakdown of approximately 4.9 % and a
molar ratio between the tributylamine and the glucose units of the dissolved cellulose
of approximately 11 %. The remaining INEPT peaks are assigned to tributylamine and
1-butene which are formed from the TBA™ ions by Hofmann elimination.[84]

Table 1: Chemical shifts of partially dissolved cellulose”

Carbon atom

Sample  Fraction Cl C4 C2,3,5 C6 Comment

Dry Solid 105.1 88.8 74.6,72.1 65.0 Cellulosel

TBAH Solid 105.1 88.7 74.4,71.5 65.1 Cellulosel
Dissolved 104.7 79.8 76.4,74.5 61.7

NaOH Solid 107.1 85.6 75.8,74.6 61.5 Cellulose II

Dissolved 104.3 79.6 76.0,74.5 61.3

“ Shifts calibrated with respect to a-glycine at 176.03ppm as external standard with a
precision of £0.2ppm given by the acquisition time.
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The top spectra represents the NaOH(aq) cellulose solution. Both CP and INEPT
intensity signals are present in the spectra. The CP signals agree with chemical shifts
reported for cellulose 11 or regenerated cellulose.[40, 85] No chemical shifts agree with
the ones observed for the starting material cellulose I. Hense, all the original cellulose 1
has been dissolved and that some of it has then precipitated out as cellulose II. The IN-
EPT peaks are similar to the chemical shifts for the dissolved cellulose in the TBAH(aq)
sample.

In conclusion, PTssNMR can be used to detect/investigate both solid and the dis-
solved cellulose in different steps of the dissolution process. The results presented here
have been the basis for future studies of the mechanisms of cellulose dissolution with

PTssNMR.[69]
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Paper 1v Structure-Property Correlations of Ion-Containing Polymers for Fuel Cell
Applications

In paper 1v the self diffusion of water was investigated in ETFE-g-PSSA membranes
with different grafting levels. The crosslinked membranes with a fixed grafting level of
25%, and a varying crosslinking level (corresponding to 0, 10 and 20 vol% (with respect
to total monomer) of DiPB in the grafting solution). The self diffusion of water was
investigated as a function of temperature and relative humidity.
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Figure 26: Diffusion coefficients of water in the systems a) ETFE-g-PSSA for different GL and b) ETFE-g-P(SSA-co-
DiPB) at a fixed GL of 25 % and various crosslinking content.

At low temperature, 20 °C, the grafting level of the membranes have little influence on
the self diffusion coefficient of water (Dg,0) in the membranes, see Figure 26a. How-
ever, at higher temperature, 80 °C, there is a significant change. Comparing with the
self diffusion of pure water 221072 m?s~ ' ac 21 °C and 6.0-10~2 m?s~! at 80 °C[86].
The apparent water diffusion activation energy was estimated to between 18-25 kJ/mol
through the Arrhenius equation. The relative humidity (RH) and the temperatures
affect the conductivity of the membranes more than the level of grafting.

The effect of the anisotropy of the base material on the diffusion coefficient by was
analysed in ETFE-g-P(SSA-co-DiPB) membranes with a GL of 25 % with a crosslink-
ing content of 10 vol% (wrt. total monomer). In the transverse direction (TD) the
diffusion coeflicient appears to be 1.5 times higher than in the machining direction
(MD). (TD: 1.83-1071% m?s~!; MD: 1.21-107!% m?s™!). The transport property or
water mobility in the membrane is not superior in MD to TD. Intuitively it should

be the other way around considering that the base polymer chains are preferentially
oriented in MD.

36



[V]
o

- 0167 o WD ° S o MD
Sootaqd ° ™ Pt € o TD
@ ®» 0074 )
3 0124 N o °
2 0.10] £ 0.064
o . =
=) 5] °
2 008 2 o00sd .
8 g
2 0087 é 0.04
= 0.044 4 5]
& g o 0031
£ 002 ° £
0 20 40 60 80 002+ T T p %
GL/wt% Vol% DiPB

Figure 27: Conductivity of liquid water swollen membranes for MD and TD at 25 °C. a) ETFE-g-PSSA membranes
with different grafting levels. b) ETFE-g-P(SSA-co-DiPB) membranes with different crosslinking levels at a fixed GL of
25 %.

In-plane proton conductivity agree with the diffusometry measurements on the im-
portance of the anisotropy of the base film. Regarding properties associated with the
grafted polymer TD is favoured over MD. At lower GL, the relative difference of MD
and TD is up to 30 %. Upon increased GL this difference decreases, see Figure 27a.
For a GL of 67 % this difference is still about 8 %. A high GL does not result in a
completely uniform proton transport. For a crosslinked system with the same GL, the
observed difference in MD and TD is even more pronounced, reaching almost 40 %,
see Figure 27b.
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Figure 28: Dimensional change upon grafting for MD and TD of an ETFE film.

The dimensional change of the base film upon grafting was investigated on a macro-
scopic length scale. When a new polymer is grafted to the base polymer film it the base
“swells” and becomes diluted. The dimensional change in TD and MD as a function
of GL can be seen if Figure (28). Two different regimes are suggested. At low GL,
the growth in MD is higher than in TD. At higher GL this changes and MD growth

reaches what looks like a saturation level. Growth in TD continues to increase.
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In all the techniques used in this study, TD stands out on the importance of anisotropy.
The structure of the polymer film after fabrication is expected to be similar to TD.
Regarding the function of the polymer membrane in the fuel cell this could be an
advantage.

38



4 Conclusions

PTssNMR is a powerful technique that can be used as a complement to the more con-
ventional solid state techniques used in characterizing solid, semi-solid, liquid phases,
and co-existence regions of both natural and synthetic materials at low water contents.
It provides information on molecular structure and dynamics (Papers 1,11, and 111). In
paper 1 the equilibrium phase diagram of the C;14G2/H,0O system was determined at
low water contents and the regions of metastability of the non-equilibrium phases was
reported. A new crystalline phase, the dihydrate (DH), was reported. In paper 11
the influence of water activity on the stability of crystalline hydrates of a-, 8-, and
v-cyclodextrin was determined. It was found that v-CD crystallizes in three distinct

structures and a- and 3-CD both crystallized in two different structures in the range
0-97.3 %RH.

In paper 111 we showed how PTssNMR can be used to investigate and estimate fractions
of the solid and the dissolved cellulose components in aqueous dissolution medium.
The molecular conformation and the molecular interactions can be followed through
the chemical shifts. Also impurities can be detected. When considering the importance
of hydrophobic interactions in the cellulose systems,[45] is is important to account for
the effects from possible hydrophobic or amphiphilic co-solutes.

In paper 1v we reported on the use of pulsed field gradient diffusion NMR to follow
water diffusion in polymer electrolyte membranes with respect to grafting level, tem-
perature, hydration level and anisotropy. In the transverse direction (TD) the diffusion
coefhicient appears to be 1.5 times higher than in the machining direction (MD). The
grafting level of the membranes have little influence on the self diffusion coefficient
of water at low temperatures. However, at higher temperature there is a significant
change. The relative humidity (RH) and the temperatures affect the conductivity of
the membranes more than the level of grafting does.
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