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Thermoplastic arabinoxylan derivatives
A study of their structure and dynamics

RATCHAWIT JANEWITHAYAPUN

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

The structure and dynamics of polymers at the molecular and nanometer scale
controls how the material responds to stimuli such as heat and strain. To
advance the development of polysaccharide-based thermoplastics require that
we also further our understanding of their molecular scale properties and how
these are altered by modification processes. This thesis aims to understand
the mechanisms that allow for a flexible thermoplastic polysaccharide material
to be produced via oxidation-reduction and etherification modification of
arabinoxylan (AX). The effect of these modifications on the structure and
dynamics of linear polysaccharides, such as cellulose and alginate, have been
studied but with few experimental measurements of changes at the molecular
scale. Characterization of modifications on branched polysaccharides such as
AX are even more limited.

AX studied in this work, is a polysaccharide consisting of §-(1—4)-D-
xylopyranosyl repeating units partially substituted with «a-L-arabinofuranosyl
units, and is a major hemicellulose component in wheat bran. To understand the
changes in structure, we utilize small and wide-angle X-ray scattering techniques
to characterize solid films and water dispersions. To study the dynamics, we
combine thermomechanical characterization, NMR and quasielastic neutron
scattering techniques to obtain information across different timescales.

A higher degree of arabinose substitution in AX was correlated with a
more extended chain conformation when dispersed in water, and the absence of
ordered crystalline regions in the solid films. Oxidation-reduction that results
in the ring-opening of the AX does not significantly alter the conformation
in water, however, increased chain mobility was observed in the ring-opened
solid materials, specifically at the modified positions of the carbohydrate ring.
Etherification leads to nanoscale phase separation in the system’s structure, and
adds sub-glass transitions to the dynamics. Lastly, when combining oxidation-
reduction with etherification, we observed synergistic effects from the mobility
of the ring-opened AX chain and the additional motions provided by the side
chains.

Keywords

Polysaccharide, hemicellulose, small-angle scattering, solid-state NMR, polymer
conformation, quasielastic neutron scattering
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ASL

Araf

AX

A /X ratio
Ay

BGE

CP
CP/MAS
DAX
DiolAX
DMA

DO

DS

FWS
HPAEC
Ly

M,

NMR

q

QENS

Ry
SAXS
SANS

SEC-MALS

TFA
TlpH
Tcu
Ty
WAXS
WISE
XRD
Xylp

v

Acid soluble lignin
Arabinofuranose
Arabinoxylan
Arabinose:xylose ratio
Second virial coefficient
Butyl glycidyl ether
Cross-polarization
Cross-polarization with magic-angle spinning
Dialdehyde arabinoxylan
Dialcohol arabinoxylan
Dynamic mechanical analysis
Degree of oxidation (%)
Degree of substitution

Fixed window scan

High-performance anion-exchange chromatography

Persistence length

Weight averaged molar mass

Nuclear magnetic resonance

Scattering vector, also momentum transfer
Quasielastic neutron scattering

Radius of gyration

Small-angle X-ray scattering

Small-angle neutron scattering

Size exclusion chromatography with multi-angle
light scattering

Trifluoracetic acid

Proton relaxation time in the rotating frame
Cross-polarization time constant

Glass transition temperature

Wide-angle X-ray scattering
Wideline-separation

X-ray diffraction

Xylopyranose

Flory exponent
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Summary






Chapter 1

Introduction

Arabinoxylans (AX) are a subtype of xylan-based polysaccharides, with a
backbone of (-(1—4)-D-xylopyranosyl units, partially substituted by «-L-
arabinofuranosyl units on O-3 and/or O-2 of the xylose units [1]. AX constitutes
the main hemicellulose component in cereals such as wheat, rye, barley and
rice [2]. Wheat being a particularly essential agriculture plant, with global
production of 808 million tonnes in 2025 [3], of which around 15 % w/w is
wheat bran. The content of AX in wheat bran is between 10 - 30 % w/w [4-7],
and as bran is typically removed prior to consumption, wheat bran is a major
side-stream of the agricultural industry, thus making AX a viable source of
natural polymers.

Processing and manufacturing of components from fossil fuel-based polymers
involves significant softening of the polymers by heat and shear, i.e. melt-
processing. As with most natural polymers, AX cannot be melt-processed in
its native state due to their decomposition temperature being lower than their
glass transition temperature (Ty) or melting temperature [8, 9]. Additional
modifications or treatment of the natural polymers are required to overcome
this gap between decomposition and softening temperatures, with chemical
modification being one of the main approaches.

Through a sequence of oxidation-reduction-etherification reactions, it has
been shown that a thermoplastic modified AX could be produced with com-
pression moldability at 140 °C, and ductility above 100 % strain [8, 10].
Interestingly, similar melt-processability and ductility could not be obtained
with only an etherification of AX [8, 10|, or requires a larger degree of eth-
erification or esterification of the polysaccharide materials [11]. Therefore,
questions remain on the exact role and contributions of each modification
step in the achieved thermoplasticity. On one hand, tuning or improvement
of polysaccharide material mechanical properties, such as by controlling the
extent of the oxidation-reduction, could be useful for applications. But also, if
any of the modification steps could be optimized or removed, the energy and
resource efficiency of the production process could be significantly improved.

In the context given above, the research questions investigated in this thesis
are as follows:
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: Do different composition of AX materials, hence starting material properties
influence those of the modified material? Here, the hypothesis is that
different AX, with their variety of branching degrees behave differently
and will impact the properties of the modified materials. (Papers I and
V)

: How does oxidation-reduction and etherification affect the structure of
AX at the atomic to nanometer length scale, and what roles do these
structural changes have on the material properties? The hypothesis is
that oxidation-reduction of AX chain reduces the persistence length of
AX. Subsequent etherification introduces mobile segments or domains

to the modified materials which may further alter the nanostructure.
(Papers I, IT and IV)

: Do the modification steps above change the molecular dynamics of the
AX material, and what are the mechanisms behind these changes? The
hypothesis being that oxidation-reduction and etherification increases
molecular motion in the modified AX material, which contributes to their
improved macromolecular thermo-mechanical properties. (Papers 11T and

V)



Chapter 2

Background

This chapter presents a background of the materials, modifications, and relevant
theoretical aspects of the methods used in this thesis.

2.1 Arabinoxylan

As mentioned in the introduction, the AX content in wheat bran is high,
between 10 - 30 % w/w, comparable to for example, the cellulose content (10 %
w/w) [7, 12]. AX constitutes of a xylan backbone (/-(1—4)-D-xylopyranosyl
units) [13], with partial substitution of a-L-arabinofuranosyl units on the O-3
and/or O-2 of xylose units. In wheat AX, mono-substitution occurs primarily
on the O-3 and O-2 substitution is typically only found when the xylose unit
is di-substituted on both O-8 and O-2 [14, 15]. Other substituents such as
glucuronic acids, ferulic acid and other monosaccharides such as galactose may
also be present in smaller amounts [2, 14]. Ferulic acid content is however low
for alkali extracted AX, owing to cleavage of the ester bond [16]. Figures 2.1a-b
show the symbol representation and the chemical structure of AX, respectively.

a)

b) ] Reducing end group

0. OH
OH 0

H

o
O
O,
9
o}
(o)
o

L-O OH

Figure 2.1: a) IUPAC symbol representation of AX. Arabinose groups (green

star) are substituted onto a xylan backbone (orange stars), and b) chemical
structure representation of AX (aliphatic protons not shown).
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The subtitution pattern, in terms of the amount of arabinose, other side-
groups, and the complexity of the substitution patterns vary depending on the
location or layer of wheat bran [14]. For example, the outer beeswing layer of
bran contains an arabinose to xylose ratio (A/X) of ~ 1 [17], while the more
inner aleurone layer has a lower A /X of ~ 0.3 [18]. The lower A /X fractions
has been shown to consist mainly of arabinose substitutions on O-3 of the
xylose units. The substitution pattern of the higher A/X fractions can be more
complex, consisting of both mono- and di-substitutions. Furthermore, larger
content of non-terminal arabinose and xylose residues have been measured,
meaning that dimeric substitutions of arabinose, xylose and other sugars occur
[14].

As a result of the variations in substitution in AX, the water solubility of
AX can vary between high solubility to near insolubility [19-21], furthermore,
there have been discussions that the chain conformation in water may vary as
well [20-22]. Debate still remain, however, on the extent of variation of the
conformation with A/X [15, 23], perhaps due to the challenges in determining
the chain conformation parameters, whether with light scattering [24] or with
X-ray/neutron scattering [25]. In the solid form, the A/X ratio has been shown
to affect the mechanical properties of AX films [26, 27], as AX can form ordered
regions at lower A/X due to intermolecular interactions of the xylan backbone
[27].

2.2 Oxidation, reduction and etherification of
arabinoxylan

The overall aim of the chemical modifications studied in this work is to obtain
improved melt processability and mechanical properties in the polysaccharide
material. In general, a good material candidate would be processable by
methods such as compression molding or extrusion, and exhibit ductility in
mechanical testing. The chemical structure of the different derivatives is shown
in Figure 2.2, with the carbon numbering of the carbohydrate rings and of
some derivative functional groups.

Periodate oxidation

First reported by Louis Malaprade in 1926 [28], periodate oxidation using a
periodate salt, such as sodium metaperiodate (NalO,), allows for selective
cleaving of the C2-C3 bond in AX and other (8-(1—4) polysaccharides (Figure
2.2a-b). The reaction proceeds via a cyclic periodate ester intermediate which
decomposes to give a dialdehyde group as the final product [29-31]. In AX,
the viccinal diol on C2-C3 is the main functional group that can be oxidized
by this reaction mechanism, barring side reactions involving radicals [32]. To
reduce the extent of the side reactions, periodate oxidation is performed away
from light, and with addition radical scavenger such as isopropanol [32]. In
this thesis, periodate oxidized AX containing dialdehyde groups are referred to

as dialdehyde AX (DAX).
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Borohydride reduction

Dialdehyde derivatives of celluose, xylan, and by extension AX, are reported
to exist as a mixture of free aldehyde, hydrated aldehyde, intra-chain and
inter-chain hemialdal, and hemiacetal functionalities [33-35], shown in red
in the second structure in Figure 2.2b. For oxidized xylan, there only minor
presence of free aldehyde groups was reported [34]. In the presence of water
and heat, the various aldehyde-derived functionalities can be converted back
to free aldehyde groups [36]. To avoid cross-linking of polysaccharide chains
in dialdehyde derivatives, a reduction with sodium borohydride (NaBH,) into
more chemically stable dialcohol groups [8, 32, 37], or further derivatization can
be performed [38-40]. The reduction route with NaBH, to produce dialcohol
AX (DiolAX) is studied in this thesis (Figure 2.2b).

Together, periodate oxidation and borohydride reduction results in a stable
ring-opened derivative of polysaccharides [8, 32, 37]. These derivatives are
of interest to the research community because it has been shown that ring-
opening of the rigid polysaccharides results in an increase of the chain flexibility
[41-43], which can lead to a lowering of the glass transition temperature
(Tg). For example, through size exclusion chromatography with multi-angle
light scattering (SEC-MALS), the Flory exponent was shown to decrease for
dialdehyde cellulose [44], and the persistence length to decrease for oxidized
alginate [45] and chitosan [46], all of which indicate lower stiffness in the
oxidized chains after modification. Thermo-mechanically, dialcohol celluloses
are more ductile [37, 47], have lower T than their unmodified counterparts
[43], and can be thermally processed with water as a plasticizing agent [48].
A lowered T, with oxidation has also been observed in dialdehyde xylan by
dynamic mechanical analysis [42]. On the contrary, previous work on DAX
showed neither a decrease in persistence length in SEC-MALS, nor a lowering
of T, in DMA [42].

Etherification with butyl glycidyl ether

Nucleophilic substitution with a butyl glycidyl ether (BGE) was used as the
main etherification reaction in this thesis. It has been shown that further
derivatization of DiolAX with BGE (Figure 2.2d) resulted in a material with 7}
below 0 °C, that can be processed by compression molding, and exhibits film
stretchability above 100% [49-51]. The combination of oxidation-reduction and
etherification resulted in improved material ductility and melt processability
compared to the etherification only process. At a degree of oxidation (DO)
of 20 % BGE-DiolAX exhibited three to five times higher ductility compared
to un-oxidized BGE-AX [8]. DiolAX etherified with BGE is referred to as
BGE-DiolAX in this work. Any control samples with only substitution of BGE
onto AX (skipping any ring-opening steps) will be referred to as BGE-AX.
Grafting of side chains to polysaccharide based materials has been performed
before, in cellulose [52], chitosan [53], glucomannan [54] and xylan [11], for
example. Fundador et al. [11] studied esterified xylans at the maximum
theoretical degree of substitution (2 mol side chain per xylose unit), but did
not test their melt-processability or their relaxation behavior by dynamic
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mechanical analysis (DMA). The solvent casted films were stretchable up to
40% strain, but not to the same extent as the BGE-diolAX films [50]. The
glucomannan esters studied by Enomoto-Rogers et al. [54] could act as an
interesting comparison with BGE-DiolAX. The esterified glucomannans had
high molecular weight (M), could be compression molded, and had good film
ductility above 100% strain. The degree of substitution used were between 1.5
and 2.0.
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Figure 2.2: Schematic representation of the chemical structure of AX, dialde-
hyde AX, and dialcohol AX. Numbering of the carbons of the carbohydrate
ring and of parts of the BGE side chain are also shown.
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2.3 Structures of arabinoxylan materials

Figure 2.3 shows the approximate lengthscales of the structures investigated in
this thesis, as well as the methods used to probe them. The structures of AX
materials have been investigated in both solution/dispersion and solid-state.
Solution in this work referring to AX chains dispersed as individual chains in
solvent. When aggregation occurs the term dispersion is used instead. Those
observed in solution are shown at the top of Figure 2.3, those observable in
both states, such as the bond lengths, are in the middle, lastly, those observed
in the solid-state are shown at the bottom of the figure.

L,=4.5nm

Solution and dispersion Aggregates

,,,/ L& \30 nm -5 um
Monomer repeating (/I o *e N
distance / o V| g
510A  Chai -secti b | o88
Bond lengths ain grc;%sAsec ion ! . e
by ‘ , :. :. b _—
P on v o, i
a /
" Radius of gyration
n R . 10-50 nm
Tl Dt Larger ordered regions
Crystalline/ordired planes Contour length =116 nm 1-10 mm
3-6
Inter-chain distance 3 3
a2 W as _\i ‘%\ and/or
. A VAR oV Nano-| hase se aration 1 .
Solid W ONEE S, ERT P
i P P /{ J\ s, i ] =
A nm pm mm
1 1 1
atomic nano mlcroscopic macroscopic
XRD
WAXS
SAXS/SANS
Light scattering

Optical microscopy

Figure 2.3: Schematic representation of the lengthscale of structures investigated
in this thesis, as well as the methods used to probe them. X-ray diffraction
(XRD), wide-angle X-ray scattering (WAXS), small-angle X-ray scattering
(SAXS), persistence length (Lp,). The image of the cellulose crystalline plane has
been used to represent possible ordered structures exhibited by polysaccharides:
”Cellulose IT AC plane”, licensed under CC BY-SA 4.0. Source: Wikimedia

Commons.

Structures in solution and dispersion

The first hypothesis relates to evaluating the changes to the chain flexibility of
AX. The investigation of said hypothesis involves measurement of the chain
conformation of AX in solution or, in cases of incomplete solubility, in dispersion
before and after chemical modification. We study as well, the changes in the
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inter-molecular interactions of the materials by measuring the conformation at
different concentrations.

A polymer’s conformation in solution is described by its chain persistence
length (L), the chain length or radius of gyration (Rg), and the chains’
conformation statistics, often described with the Flory exponent (v). For
water-soluble AX, the chain conformation is typically described in literature
as a semi-flexible chain [21, 23, 25, 55]. However, the exact rigidity of the
AX chain has been an area where different values have been presented. A
range of L, values have been reported for AX, from 2 nm to 8 nm [21-24].
Earlier results have been based on measurements by SEC-MALS, where the
L, can be obtained through different approaches. The analysis is nontrivial
and the obtained L, vary depending on choice of model [24]. For example,
Dervilly-Pinel, Thibault and Saulnier [23] calculated with a geometric formulae,
obtaining values of 6 nm to 8 nm for the L, of wheat flour. With the same
dataset, Picout and Ross-Murphy [24] [24] obtained values of 3 nm to 5 nm for
the L, using the Burchard-Stockmayer-Fixman method. Also for wheat flour
AX, Pitkénen et al. [22] reported L, values close to 2 nm using the Bohdanecky
model. While some variations in the results for L is expected, an AX chain
with L, of 2 nm, thus number of Kuhn segments per chain quite certainly
greater than 10, can essentially be considered a Gaussian chain [24]. L, values
of 5 nm to 8 nm would describe AX as a semi-flexible polysaccharide similar
to, for example, xyloglucan (~ 8 nm) [56].

Small-angle scattering experiments, with neutrons (SANS) or with X-rays
(SAXS) can be used to probe the L, more directly. The L, is correlated to
the crossover of the momentum transfer (q) between the regime in the high ¢
region where the scattering intensity has a decay of ~ ¢=! (1D object), and the
regime in intermediate q region where the scattering is driven by the solvent
interactions which follows a ¢~1-67 *© =3 scaling [57-59]. The transition between
the two regions can be analyzed by a model-independent approach [57], or by
fitting with polymer chain models [60] (Figure 2.4) to obtain a value for the
L,. Petermann et al. [25] obtained a fitting of wheat flour AX to a worm-like
chain model with an L, of 4.5 nm. Similar values were obtained from SAXS
and SANS study of AX from Plantago ovata seed [61].

Kuhn Length, b=2 Lp —2R+—

a—Lp —»

Contour Length =L

Figure 2.4: A description of a flexible cylinder chain model, showing
the chain length, L, and the chain cross-section radius (R). Modified
(for consistent symbol nomenclature) from the SasView documentation, ht-
tps://www.sasview.org/docs/user/models /flexible_cylinder. Licensed under the
BSD Three-Clause License.
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While the studies with SAXS/SANS have helped shed light on the conform-
ation of AX in solution, some challenges and knowledge gaps remain. One,
a systematic study across different A/X ratios has not been performed. It is
possible, as discussed in section 2.1, that variation of A/X ratio and subsitution
patterns may affect the conformation. Two, AX, like other polysaccharides [56]
have tendencies to aggregate in solution. And the complete form factor can
be obscured by contributions from the aggregates [25]. Lastly, to be certain
that the form factor is probed, the fitting should be done for samples in the
dilute regime. It would also be ideal if the structure factor, describing changes
when chains interact at higher concentrations, is also described. Structure
factors that can be used to model polymer chains in good solvents have been
developed by Pedersen and Schurtenberger [62], from which one can assess
the solvent quality by fitting the polymer’s second virial coefficient (As) [62].
This allows assessment on whether modifications result in a change of the AX
intermolecular interactions.

Structures in the solid-state

When studying atomic structures of AX (and other polysaccharide materials)
in the solid-state such as by X-ray diffraction (XRD), one first observes the

correlation length between covalent bonds at the highest ¢, around 3 A" or
26 of 40° with wavelength A of 1.54 A (real space distance around 2 A) [63].
This is then followed by a second peak representing interchain correlations,

associated with larger distances (~ 5 A), thus lower ¢, at around 1.4 AT
(20 = 20°). For xylan, or low A/X ratio AX, ordered regions can occur (Figure
2.5), giving crystalline peaks that can be attributed to a repeating unit cell
[27, 64-68]. For both xylan and AX, the structure was a left-handed threefold
screw helix structure with two chains per unit cell stabilized by water [64, 68].
Highly substituted AX is mostly amorphous [27] while AX with substitution
degrees below 0.3 are semi-crystalline, with assigned degrees of crystallinity
between 10 - 20 % [27, 69].

When longer side groups are present in polymers such as through grafting
of alkyl chains of length 5 to 10 carbons [70], an additional peak is observed in
the 0.1 to 0.6 A~! region. An example is shown from a study on poly(n-alkyl
methacrylates) (PnMMA) (Figure 2.6), with the chemical structure in Figure
2.6b [70, 71]. The correlation peak occurs due to immiscibility between the side
chains and the backbone leading to nanoscale separation (1 to 5 nm) (dy in
Figure 2.6¢). The structure described is shown in Figure 2.6¢c. Lastly, a power
law slope is typically observed at the lowest ¢ in XRD, which is reflective of
defects, pores or larger scale phase separation in the solid material [72].
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Figure 2.5: XRD data of AX with varying degrees of arabinose debranching
(bottom to top) correlated with increasing intensity of crystalline peaks. With

A = 1.54 A, 20 conversion to ¢ is as follows: 10° = 0.7 A~", 20° =1.4 A~",

30°=2.1 A" Figure reproduced with permission from Heikkinen, S. L. et al.,
Carbohydrate Polymers, 2013. Copyright 2025 Elsevier.
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Figure 2.6: a) X-ray scattering data for different poly(n-alkyl methacrylates)
(PnMMA), the number of carbon atoms in the alkyl side chain is indicated
in the figure, b) chemical structure of (PnMMA), c) illustration of nanoscale
phase separation in the system according to Beiner and Huth [70]. Figure
reproduced from Beiner, M.; Huth, H., Nature materials, 2003 with permission
from Springer Nature.
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2.4 Dynamics of arabinoxylan materials

Dynamics observed by dynamic mechanical analysis

Dynamic mechanical analysis (DMA) measures the viscoelastic properties of
materials, providing information on the dynamics of the system on the ms to
second timescale. Although the accessible timescale can be expanded by a few
orders of magnitude through superposition of data at different temperatures.
A DMA measurement of a polymer involves imposing a sinusoidal force, typic-
ally strain, to the measured sample (within elastic deformation limits), and
measuring the amplitude and phase shift of the response, here as measured
stress. The response of an ideal elastic material, such as a metal, is in phase
with the applied strain, while that of an ideal viscous material, such as water,
is 90°out of phase.

A polymer/polysaccharide is a viscoelastic material, with the elastic com-
ponent of the behavior described by the storage modulus and the viscous
component by the loss modulus. In a temperature sweep experiment, changes
in the storage and loss moduli provides information on the thermal relaxations
occurring in the material, as in the example shown in Figure 2.7 for a polyester
material [73]. For this material, the glass transition is the denoted as (3, and
the sub-glass transition as y. The glass transition is marked by a sharp drop
in the storage modulus (here G'), or a peak in the loss modulus (here G”).

0.5

log G"and log G"'(GPa)

200 -150 -100 -50 0 50
T (°C)

Figure 2.7: Shear storage G’ and loss moduli G” as a function of temperature
for a polyester. Figure reproduced with permission from Gedde, U. W. et al.,
2021. Copyright 2025 Springer Nature.

Dynamics observed by solid-state NMR

Dynamics with faster correlation times can be studied with NMR, in several
cases, solid-state NMR can link the bulk properties of materials to their
properties at the molecular scale [74]. A summary of the NMR methods and
the correlation time they probe is shown in Figure 2.8 [74]. In this thesis, I
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have focused on measurement of the proton relaxation time in the rotating
frame (T1om) and of the dipolar lineshape, both of which probe dynamics at
the kHz (10~% s) scale. The kHz timescale should be sensitive to segmental
motions of the chains in the AX materials. These have been chosen over the
relaxation rates T} and Ts, which are more likely to be influenced by bond
rotations [74, 75|, although 77 and T» measurements could be considered in
the future as they provide complementary information on fast motions.

For the other techniques not studied in this work, 2H relies on deuterium
labeled polymers but has the advantage in that 2H relaxation is affected by fewer
parameters [74]. 2D exchange NMR is sensitive to changes in conformation (e.g.
trans to gauche transitions) and other slower processes such as crystalline to
amorphous exchange [74]. Chemical shift anisotropy (CSA) measures similarly
slow changes in conformation, and relies on motions changing the orientation
of polymer conformation relative to the magnetic field resulting in changes to
the measured lineshape [74].

Relaxation Rates

T,, T, NOE Tip
' ] ]

C

Lineshapes

Dipolar Lineshape
]

CSA Lineshape
(-

2H Lineshape

2D Exchange
2D Exchange
| P
10772 1010 108 10% 10% 102 100 102
Correlation Time (s)

Figure 2.8: Schematic showing different correlation times probed by different
solid-state NMR techniques. Figure reproduced with permission from Mirau,
P. A., 2004. Copyright 2025 Springer Nature.

T1pu from CP/MAS NMR

Cross polarization (CP) is used to transfer magnetization from an abundant
nuclei to a less abundant nuclei. In this thesis, the nuclei probed are 'H and
13C, respectively. CP was developed to enhance the signal of low abundance
and low sensitivity nuclei such as *C [76, 77]. The transfer of magnetization
occurs via heteronuclear dipolar interactions, which are affected by the mobility
and proton environment of the nuclei [74]. The intensity of the magnetization
at CP time (t) is given by
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T T
Meq 1—e (1+Tlcp}151 _T1C:)Ié) T(;H e TltpH
M(t) = - - (2.1)
R

With the general assumptions 7'1,g >> T'cg and the carbon relaxation
time T'1,c >> TcH, the intensity at contact time ¢ can be simplified to

M(t) = Mog(1 — e~/ Tenye=t/Tion (2.2)

where M (t) is the measured intensity at CP contact time ¢, and the equi-
librium intensity is Meq (or M) [78]. The intensity increases as a result of
polarization transfer from the protons to the carbons, with the transfer effi-
ciency represented by the CP time constant T'¢y, while the decay in intensity
occurs as a result of T'y,y relaxation [78].
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Figure 2.9: Dependence of T7 and T on the correlation time 7. Figure
reproduced with permission from Khashami, F., 2024. Copyright 2025 Springer
Nature.

In analyzing T'i,m, it is important to note that similar to 77, 71, has a
hyperbolic shape with a minima at a certain correlation time 7 (Figure 2.9).
For Ty, the minima occurs at wor = 0.6, and for 71,1 at w17 = 0.5 [80], where
wp is the nuclei resonance frequency, and w; is the product of the gyromagnetic
ratio v and the radiofrequency field B;, giving w; = vB; [80, 81]. When
measured by CP/MAS, the minima for T',5 is in the range of the inverse of
the spin-lock frequency [74]. We can gain knowledge of whether the molecular
dynamics fall into the slow or fast regime by measuring at two temperatures or
here, at two moisture contents, where water acts as a plasticizer for the AX
materials. An increase or decrease in T'j, can then be correlated to changes
in dynamics after modification of the AX material. Another important point
is that T'1,n is affected by spin diffusion, hence the nuclei in the same chain



2.4. DYNAMICS OF ARABINOXYLAN MATERIALS 17

segment may not have their relaxation times differentiated, and an average
mobility of the chain is probed instead [74].

Proton dipolar linewidth from 2D NMR

The proton dipolar linewidth provides information on the extent of large-
amplitude motions faster than dipolar coupling (50 kHz) which is correlated to
a reduction of the proton dipolar line width [82]. A 2D heteronuclear version of
the proton experiment was developed by Schmidt-Rohr, Clauss and Spiess [82]
where a proton wideline spectrum is obtained for every 3C resonance. The
NMR experiment is called the Wideline-Separation (WISE) experiment [82].

The original WISE experiment by Schmidt-Rohr, Clauss and Spiess [82]
was used to study a block copolymer of a ’rigid’ polymer (polystyrene - PS)
and a 'mobile’ polymer (polydimethylsiloxane - PDMS). The WISE experiment
can be performed with just the proton linewidth detection, followed by CP
to 3C, or with an additional mixing time (¢,,) before CP that allows for spin
diffusion of the protons. Using the first version, the narrow proton linewidth of
the mobile PDMS and a broad linewidth of the PS can be clearly observed as
in Figure 2.10a. With the second version, spin diffusion results in the mixing
of the proton magnetization (and of the ¢; modulation), thus the rigid region
shows components of the mobile region, and vice-versa (Figure 2.10b-c). What
one obtains from the second version of the experiment is an estimation of the
distance of the spatial separation between the rigid and mobile components
based on the evolution of the linewidth with mixing time [82].

Radloff, Boeffel and Spiess [83] later used the WISE experiment to study the
water environment around cellulose. At t,, = 0 ms, only broad peaks from the
rigid cellulose chains are observed. Then, at t,, = 5 ms, mobile contributions
from water protons begin to appear due to spin diffusion. From their WISE
experiments, the authors estimated the water-cellulose distance as 1 nm or
below. In this thesis, the WISE experiment was used with the interpretation
that when t,, ~ 0 ms, the individual proton linewidth of each carbon nuclei
in AX should be observable, which would allow observation of an increase in
mobility at a specific site from the modification reactions.

Dynamics observed by quasielastic neutron scattering

Quasielastic neutron scattering (QENS) is another characterization method
that is sensitive to the dynamics of materials, but on the shorter timescale,
typically on the order of picoseconds to nanoseconds. QENS is also a (neutron)
scattering method, sharing similarities with SAXS and SANS, where momentum
transfer between the incident wavevector (k;) and final scattered wavevector
(kt) are measured. The scattering function S(q,w) contains information on both
the scattering vector ¢ and energy transfer w. In diffraction and small-angle
scattering, it is the position of scattering objects that is of interest, and the
assumption is made that all scattering events are elastic; the incident and
final wavevectors do not change (k; = k¢). In a QENS experiment, both the
scattering vector and energy transfer is measured, allowing for the study of
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Figure 2.10: WISE-NMR spectra of PS-0-PDMS for a series of mixing times
a) t;m = 0 ms, b) t,, = 20 ms, ¢) t, = 200 ms. Figure reproduced with
permission from Schmidt-Rohr, K.; Clauss, J.; Spiess, H. W., Macromolecules,
1992. Copyright 2025 American Chemical Society.

the lengthscale (from ¢) and timescale (from w) of dynamics occurring in the
sample.

A QENS spectra from poly(hexylene oxide) (PHO) reproduced from Gerstl
et al. [84] is shown in Figure 2.11. The region at zero energy transfer S(q,w = 0)
is the elastic peak, where neutrons are scattered without energy exchange. The
broad feature centered within approximately +1 meV is referred to as the
quasielastic region, and arises from processes such as rotational or diffusive
motions in the polymer [85]. Qualitatively, the decrease in the elastic peak
at 310 K compared to 175 K indicates a clear increase in the mobility of
the polymer system, as is expected when above the T, of PHO (205 K) [84].
Compared to the instrumental resolution (black lines in Figure 2.11), the width
of the quasielastic region at 175 K is relatively ¢ independent, while relative
contribution changes with ¢. This is indicative of localized motions. At 310
K, the width of the quasielastic region is strongly ¢ dependent, indicating
contributions from diffusive motions [84, 86].

In addition to measuring the full QENS spectra at a set temperature, it
is also possible to perform a scan at only a fixed energy, e.g. w = 0 peV,
or w = 3 neV. This is known as a fixed-window scan (FWS), and provides
information similar to that offered by differential scanning calorimetry (DSC),
with additional information in the ¢ dimension. Especially in the case of
inelastic FWS (E # 0), the ¢ dependence allows for localized motions to be
distinguished from diffusive motions as discussed for the full QENS spectra.
An example of an elastic FWS is shown in Figure 2.12 from polypropylene [87].
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Figure 2.11: QENS data for polyhexylene oxide at different ¢ values, a) in the
glassy state (T = 175 K), and b) in melt (7" = 310 K). Figure reproduced
with permission from Gerstl, C. et al., Macromolecules, 2012. Copyright 2025
American Chemical Society.

The decrease in elastic intensity between 2K < T' < 100K is attributed to the
Debye-Waller factor, then, at 100 K < T" < 266 K the motions of CH; bonds
are observable. Finally, above the T, at 266 K, a large decrease in the elastic
intensity occurs due to the onset of segmental motions [87].

An example of an inelastic FWS with £ = 1 peV and 3 peV is shown in
Figure 2.13a, here of proton rotation in KB,. The maxima of the inelastic
FWS peaks is similar at the different g values, indicating the localized character
of the motion. Another example from a mixture of glycerol/water is shown
in Figure 2.13b, where the maxima of the inelastic FWS is ¢ dependent as a
result of the motions being diffusive in character [88].
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Figure 2.12: Elastic FWS of polypropylene at different ¢ values. Figure
reproduced with permission from Arrighi, V. et al., Physica B: Condensed
Matter, 2001. Copyright 2025 Elsevier.
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Figure 2.13: a) Elastic and inelastic FWS of KB,, and b) of glycerol /water
mixture at different ¢ values. Figure reproduced with permission from Frick,
B.; Combet, J.; van Eijck, L., Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, 2012. Copyright 2025 Elsevier.



Chapter 3

Materials and methods

3.1 Extraction of arabinoxylan

AX was isolated from wheat bran on a 1 kg scale through alkaline extraction,
described in more detail in paper IV. Briefly, milled wheat bran was pretreated in
acid, delignified with NaClOs and AX was extracted under alkaline conditions
with Na,S,0, as a reducing agent. The hemicellulose-rich liquid fraction
was separated from cellulose by centrifugation. The extracted hemicellulose
dispersion containing AX was concentrated to half-volume and precipitated
in increasing concentration of ethanol (20, 40, 60 and 80% v/v) in order to
obtain AX fractions with different A/X ratios based on their water solubility.
The precipitate was then recovered by centrifugation and dialyzed against DI
water through a dialysis membrane with cutoff of 3.5 kDa. A summary of the
different AX fractions used in this work, as well as further derivatization routes
is shown in Figure 3.1. The AX fractions are named after their respective A/X
ratios.

3.2 Chemical modification of arabinoxylan

The extracted AX with varying A/X ratios were subsequently modified by
periodate oxidation, borohydride reduction and etherification.

Periodate oxidation

Details on the reaction conditions can be found in papers II, IIT and IV. In
general an aqueous solution of AX at a concentration of 20 mg - mL™" was
heated until dissolution of AX was achieved. Then, isopropanol was added as
a radical scavenger [32] followed by an amount of NalO, corresponding to the
desired degree of oxidation (between 0.25 and 0.50 mol equiv.) The reaction
flask was covered with aluminium foil to protect from light and stirred at room
temperature until no further changes were observed in the NalO, concentration
measured using UV-vis spectroscopy. The reaction mixture with DAX was

21
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used as is for the next reaction step, or isolated by dialysis and subsequent
freeze drying.

Borohydride reduction

NaBH, and NaH,PO, was dissolved in DI water, then added to the DAX
dispersion. The reduction was performed with stirring for 4 h at room tem-
perature. The samples were then purified through dialysis against DI water.
The reaction mixture containing DiolAX was used for the next reaction step,
or freeze dried to obtain DiolAX.

Etherification with butyl glycidyl ether

The DiolAX solution from the previous step was concentrated in a rotary
evaporator, resulting in a concentration of ca. 4% DiolAX in water. The
DiolAX dispersion was added to a three-necked round-bottom flask equipped
with a reflux condenser and nitrogen inlet. Then, NaOH was added, stirred
for 1 h, after which BGE was slowly added to the solution through a needle
over 30 min. The mixture was stirred overnight at 45 °C. After the reaction,
the solutions were neutralized with 1 M H,SO, and dialyzed against DI water.
The BGE-DiolAX was recovered by centrifugation and dried in a convection
oven at 30 °C.

Paper I Paper 11 Paper III Paper IV

AXO0.85 AXO0.85 AX0.9 AX0.9
Fractions Fractions
based on AX0.57 l Oxidation J Oxidation AXO0.5 based on
A/X ratio A/X ratio

AX0.39 DAX DAX23 AX0.3

Reduction |j
DiolAX21 DiolAX25 Oxidation

Reduction

Reduction Etherification w/ BGE

DiolAX33
BGE-DiolAX0.9
BGE-DiolAX0.5
BGE-DiolAX0.3

Figure 3.1: AX fractions used in this work, as well as the different derivatives
produced from them. Colors indicate shared material fractions across the
different papers/manuscripts.

3.3 X-ray scattering

In paper I, SAXS experiments were performed at the CoSAXS beamline at
MAX IV laboratory. An X-ray wavelength (\) of 1.0 A was used, detection was
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done simultaneously on the SAXS detector Eiger2 4M (Dectris AG, Switzer-
land) and the WAXS detector Pilatus3 2M (Dectris AG, Switzerland). The
detectors were positioned at distances of 10.12 m (SAXS) and 0.57 m (WAXS)

from the sample, covering a ¢ range from 0.0013 A 10094 A" Samples
were injected into a flow capillary system with a BioSAXS autoloader. Data
reduction is carried out using the python implementation of MatFRAIA [89]
for radial integration. The integrated data are normalized to the X-ray beam
transmittance and averaged, following data rejection using correlation maps
to exclude any effects of radiation damage or inhomogeneities in the sample.
Background subtraction and scaling to water absolute intensities were carried
out using Python scripts in Jupyter Notebook.

Complimentary SAXS measurements were performed on a Xeuss 2.0 instru-
ment (Xenocs, France). A Cu « source with A of 1.54 A was used, collection
was done with an Pilatus3 detector (Dectris AG, Switzerland), and two sample
to detector distances of 2490 mm, with a collimated beam size of 0.5 mm x 0.5
mm, and 340 mm, with a collimated beam size of 0.8 mm x 0.8 mm were used

to cover a ¢ range of 0.0045 A t01.8 A7, The scattering signals from the
empty beam, empty capillary, and dark field were measured separately, and
subtracted.

In paper 11, the same configuration as for paper I was used for isolated
samples measured with the BioSAXS autoloader. For the time-resolved exper-
iment, detectors were positioned at distances of 2.16 m (SAXS) and 0.57 m

(WAXS), covering a g range from 0.0052 A7 t0 0.94 A", For the isolated
samples, detector distances were 10.12 m (SAXS) and 0.57 m (WAXS), covering

a q range from 0.0013 A7 t00.94 A™". For the time-resolved experiment,
averaging was performed manually with a Python script. Otherwise, data
reduction, averaging, scaling and subtraction were performed as in paper I,
with small modifications to the background subtraction script in Python.

In paper IV, SAXS and WAXS data were collected on a SAXSLAB
Mat:Nordic (SAXSLAB, Denmark) benchtop instrument with a Cu Ka ra-

diation source, covering a ¢ range from 0.01 A" t0 2.7 A", The detector
distance was 477 mm and 126 mm for SAXS and WAXS, respectively. g¢-
calibration was performed using silver behenate powder. Compression molded
BGE-DiolAX films were sandwiched between two Kapton films and clamped to
a solid sample holder, while the AX0.9 sample was solvent casted and measured
as a self-standing film. The direct beam intensity was measured to determine
the absolute intensity of the measured scattering patterns. Data reduction was
done with the SAXSGUI software (version 2.27.03). Thickness correction and
subtraction of the Kapton background were done using Matlab scripts.

3.4 Models describing the scattering of poly-
mers in solution

Two polymer chain models were used to describe SAXS data of AX and
derivatives in solution. The first is the flexible cylinder model which contains



24 CHAPTER 3. MATERIALS AND METHODS

terms describing the chain contour length, Kuhn length and the cross-section
radius (Rys) [60, 62]. The flexible cylinder model has been derived for chains
in good solvent conditions (positive excluded volume), and that of chains in
theta solvent conditions (zero excluded volume) [60], hence its limitations for
chains in poor solvent conditions.

The second is the more general polymer with excluded volume model,
which contains terms describing the Ry, and the exponent that can be in-
terpreted as the inverse of the Flory exponent when applied to polymer
conformational statistics [90]. This model is more general as it applies to
polymer chains with exponent between 5/3 to 3. It does not, however, de-
scribe the Kuhn length, R, and does not provide a relation between R, and
the chain contour length. The version implemented in SasView was used
(https://www.sasview.org/docs /user/models /polymer_ezcl_volume).

In paper I, the flexible cylinder model was modified to better account for
different structural features at low ¢ and high ¢q. An additional power law
structure factor was added to account for aggregate contributions at low gq.
A and n are fitting constants describing the power law background, and the
factor of 0.01 was added for numerical stability reasons. At high ¢, to account
for molecular scattering from the arabinose or xylose units at high ¢ [91, 92], a
Gaussian chain function [93], with radius of gyration Rg mo1 and scale factor
B, was added. Pg. is the single chain form factor, given by the scattering
functions of excluded volume chains, Pepain(q) and Proq(q), with interpolation
and correction factors x(q, L,b) and I'(q, L, b) (Equation 3.3). Sgs is the cross
section scattering function representing the flexible cylinder model, where Rxgs
is the cylinder cross section radius and Bj(x) is the Bessel function of first kind
and first order[62]. Lastly, bkg is the g-independent background.

10 = PeloSule) (144 (%))
w3 (HED 2T p @S] +bhg (3)
Z = (qRg, mo1)” (32)
PSC(q) = [Pchain(q>(1 - X(q, L, b)) + Prod(Q)X(Q7 L: b)]F(Qa La b) (33)
2
Srala) = [%} (3.4

To describe the scaling of the scattering intensity with increasing concen-
tration according to polymer scaling laws [62], we use the polymer reference
interaction site model (PRISM) model described by Pedersen and Schurten-
berger [62]. A rod form factor was used for the screening correlation function
¢(q, Lprism) with rod length Lpgrisy. The PRISM model scaling is applied
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to the first and second terms describing the flexible cylinder and power law
background in Equation 3.1, the remaining terms are unchanged. The I(q) is
then given as

Iprisnm(q) = IoPsc(q)Szs(q) (1 +A (OT;H)”) n

_ Psc<q>sxs<q>) Lok (35)

B =2M Asc (3.6)

where A, is the second virial coefficient, M is the molar mass and c¢ is the
polymer concentration.

The second model; polymer chains with excluded volume ( Poy., was modified
to include the power law structure factor describing the low ¢ aggregate
contributions. The other terms and the concentration dependent structure
factor were not added. This model was used to describe AX dispersions which
were in poor solvent conditions and did not display prominent features from
R, or Kuhn length. The model then takes the form

1(g) = scale - Pu(q) (1 +4 (é) n) + bhg (3.7)

3.5 NMR spectroscopy

In papers I and II, NMR measurements were performed on an Oxford 800
MHz magnet, with the Bruker Avance III HD spectrometer equipped with
a 5 mm TXO cryoprobe at 45 °C. 13C spectra were collected using the zgig
sequence with 192 scans, and a D1 delay of 5 sec. Phasing and background
subtraction was performed on Topspin 4.3.0.

In paper 111, freeze dried samples were stored for over 48 hour either in a
low humidity environment or at 53% relative humidity (RH). For the former,
a glass jar filled with silica gel was used (< 20% RH), and for the latter a
glass jar filled with saturated Mg(NOs), solution was used. Solid-state MAS
experiments were performed in a 16.4 T magnetic field on the Bruker Avance III
HD spectrometer equipped with a 4 mm HXY MAS probe operating in *H/13C
double-resonance mode at a MAS rate of 4 kHz. Carbon spectra (1H-3C CP)
were acquired with 512 scans, a relaxation delay of 3 s and an acquisition time
of 6 ms. The 'H 90° pulse was 3.03 ps. The CP mixing time was between 25
ps and 10 ms and employed 80-100% ramp on the 'H channel at 42 kHz rf
field strength, and with rf field strength of 38 kHz on the *C channel. The
SPINAL-64 program was used for 'H decoupling during acquisition with a field
strength of 100 kHz. Phasing and baseline correction was performed in Topspin
4.3.0. '3C intensities were integrated and fitted to the model in Equation 2.2
to obtain the 'H Ty, and Tcy with a Python script.



26 CHAPTER 3. MATERIALS AND METHODS

2D 'H-13C HETCOR experiments were recorded with 64 scans, a 114 ps
acquisition (32 points) in the indirect 'H dimension and a 300 ps CP contact
time with the same CP conditions as mentioned above. 2D 'H-13C WISE
experiments were conducted with the same settings as the HETCOR with the
'H spin diffusion period varied between 10 ps and 10 ms.

3.6 Quasielastic neutron scattering

Quasielastic neutron scattering (QENS) experiments were performed on three
different instruments, each with a different energy resolution and energy transfer
range. The instruments were OSIRIS at the ISIS neutron and muon source,
and IN16b and SHARPER, at the Institute Laue Langevin (ILL). To reduce
the contributions from H nuclei in water but still have the same conditions
as in the NMR experiments, AX and DiolAX films were dried in a vacuum
oven at 50 °C overnight, and equilibrated in a humidity jar with saturated
Mg(NO;), in D,O solution.

Measurements on OSIRIS were performed with the pyrolitic graphite (002)
setup, giving an energy resolution of 25.4 peV and energy transfer range
—0.57 < w < 0.69 meV. Solvent casted films (for AX, DiolAX) or compression
molded films (BGE-AX, BGE-DiolAX) with dimensions I x w x ¢ of 40x40x0.17
mm were placed in flat aluminum sample holders with thickness 0.2 mm or 0.3
mm and sealed with indium wire. The spectra of vanadium was used for the
resolution function.

Measurements on IN16b, Si(111) monochromaters and analyzers were used,
providing an incident neutron wavelength of 6.271 A, energy resolution of 0.75
peV, and energy transfer range —0.031 < w < 0.031 meV. Elastic (energy
transfer w ~ 0) and inelastic (w = 3 peV) fixed window scans (FWS) were
measured as a function of temperature between 2 K and 360 K. The spectra of
the sample at 2 K was used for the resolution function.

Measurements on SHARPER used an incident wavelength of 6 A, giving
an energy resolution of 55 peV and energy transfer range of approximately
—5 < w <1 meV. The spectra of the sample at 2 K was used for the resolution
function. On both ILL spectrometers, films of the sample were placed in
aluminium foil satchels and rolled into cylindrical cans of diameter 15 mm.
The cans were then sealed with lead wire.



Chapter 4

Results and discussion

An assessment of the evolution of AX structure with modification requires that
a good understanding of their structure is known prior to modification. Another
variable to take into consideration is that atomic and nano-scale structure of
AX may vary with their A/X ratio and substitution patterns. AX fractions
from wheat bran each with different A /X ratio were successfully obtained by
solvent fractionation and were then studied to answer the proposed hypotheses.

The monosaccharide composition characterization by HPAEC were con-
sistent across two different hydrolysis procedures, H,SO, and trifluoroacetic
acid (TFA), and were in agreement with those estimated from 3C NMR. The
compositions of the main fractions AX used in this work are shown in Table
4.1.

Table 4.1: Monosaccharide composition, galacturonic acid (GalA), glucuronic
acid (GlcA), acid soluble lignin (ASL) and insolubles, as determined using
H,SO, and trifluoroacetic acid (TFA) hydrolysis procedures and characterized
by HPAEC. The arabinose/xylose (A/X) ratio calculated '3C NMR of non-
hydrolyzed samples are also shown. Adapted from Janewithayapun, R. et al.,
Carbohydrate Polymers, 2025 under the CC-BY license. n.d. means that this
component was not detected. *Determined using retention time rather than
MALS

AX0.39 AXO0.57 AX0.85 AXO0.9
Component (wt%)
H,SO, TFA H,SO, TFA H,S0, TFA H,S0,
Arabinose 28 26 29 33 42 43 41
Rhamnose n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Galactose n.d. 2 3 4 4 4 3
Glucose n.d. 3 8 6 n.d. 1 3
Xylose 62 67 53 56 46 50 44
Mannose n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Insolubles 6 - 4 - 5 - 5
ASL 3 - 3 - 4 - 4
GalA - 0 - 1 - 1 -
GlcA - 2 - 1 - 1 -
A /X ratio 0.45 0.39 0.55 0.58 0.90 0.86 0.93
A/X ratio from 3C NMR 0.34 0.57 0.80

M,, from DMSO SEC-MALS 120 kg -mol™" 170 kg -mol™' 220 kg - mol™*  *330 kg - mol™*

27
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4.1 Chain conformation of arabinoxylan in wa-
ter dispersion

Conformation of arabinoxylan under dilute conditions

SAXS data of AX0.39, AX0.57 and AX0.85 water dispersions at concentrations
representing dilute conditions (1 and 4 mg-mL™!) are presented in Figure 4.1,
with fits to models described below. The scattering profile of the AX dispersions
at 1 mg-mL™! indicate dispersed AX chains, with minor contributions from
larger aggregates for all three A /X ratios.

At the highest g values, we observe scattering from the AX chains’ cross-

section [56], then, at around ¢ = 0.2 A™" there is a cross-over to a ~ g~ ! scaling

characteristic of scattering from a rod-like object [56, 57]. The length of the
¢! region (towards lower ¢) is indicative of different the L, in the three AX
materials. Through fitting of the flexible cylinder model described in Equation
3.1 and Figure 2.4, the L, of AX0.85 was obtained as 4.5 nm. AX0.57 and
AXO0.39 could not be fitted with a polymer model that has L, parameters, as
these models have been developed for chains in theta or good solvent conditions
[60], while AX0.57 and AX0.39 behave as compact chains under poor solvent
conditions, described in more detail below. The L, was therefore, estimated
roughly from the transition point of the ¢~! scaling to intermediate g region
scaling. The relation is then L, = 6/mq [57, 95|, giving L, values of 3.8 nm for
AXO0.57 and 1.5 nm for AXO0.39.

In the intermediate g region between 0.009 < g < 0.06 A7 for AX0.85 and

AXO0.57, and 0.009 < ¢ < 0.1 A for AXO0.39, the AX conformation statistics
are probed. The exponent of the ¢ decay in this region represents (q_l/ Yy,
where v is the Flory exponent describing the interactions between AX chain
and the solvent [56, 59]. AX0.85 has a scattering intensity that scales with ¢~ -7
(v = 0.59) - indicating that AX0.85 behaves as an extended chain in a good
solvent environment. The AX0.57 and AX0.39 have a scaling of ¢=23 t¢ =25
from fitting to Equation 3.7, which is indicative of a more compact structure,
and therefore, poor AX-water interactions in comparison to AX0.85.

At lower ¢ values (¢ < 0.009 A_l) the scattering intensity begins to level
out into the Guinier region, where the radius of gyration (Rg) of a chain is
probed. In this g-range, we also observe contributions from larger aggregates

in all samples (g < 0.003 A ™).

AX with higher A/X ratios adopt more extended conformations in water
dispersions. Variations were observed in both the L,, and the statistical
conformation of the chains. Higher degree of substitutions of arabinose on the
xylose backbone have been discussed to reduce inter-molecular interactions in
AX [20, 21], thereby allowing AX to interact more favorably with the solvent.
This explanation is in agreement with SAXS results obtained in this study.
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Figure 4.1: SAXS data from dispersions at 1 mg-mL™" in water for AX0.39
(green), AX0.57 (black), AX0.85 (blue). Data scaled by factors of 1, 50, and
1000 for AX0.39, AX0.57, AX0.85 respectively for readability. Lines for AX0.85
and AXO0.39 show fit to the models described. Adapted from Janewithayapun,
R. et al., Carbohydrate Polymers, 2025 under the CC-BY license.

Structure factor and the solvent interactions of arabinoxylan

The scattering intensity of AX0.85 as a function of concentration shows scaling
behavior similar to those of polymer solutions in a good solvent [96]. This occurs
as the polymer chains begin to entangle and interact at concentrations in the
semi-dilute regime. In this regime, the polymer chain is not fully extended and
forms regions of correlation blobs, leading to a low ¢ scattering intensity that
decreases relative to concentration (Figure 4.2a) [96]. Following the approach of
Pedersen and Schurtenberger [62], we added the polymer reference interaction
site model (PRISM) as a structure factor (Equation 3.5), allowing us to describe
the scattering intensity of AX0.85 over the different concentrations.

The Kuhn length and contour length were fixed to the value obtained at
the most dilute concentration of 0.25 mg-mL!, and the other parameters were
fitted (1(0), Rys, aggregate parameters, molecular scattering parameters and
B). The model follows the trend of the concentration dependent behavior well
(Figure 4.2a). The fitted 8 was plotted against the true relative concentration,
which was obtained from normalization of each concentration to the same
high ¢ intensity (Figure 4.2b). From the slope of the plot = 2M Asc, we
obtain Ay = 54.4M (with ¢ in units of g - mL™"). Using M = 220000 g-mol™*
obtained from SEC-MALS of AX0.85, we obtain Ay = 0.00025 mol-mL-g~2.
The obtained positive As is expected from a polymer chain in good solvent
conditions [97].

Both AX0.57 and AX0.39 did not disperse as well as AX0.85 did, instead
showing trends towards forming larger structures at higher concentrations,
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Figure 4.2: a) SAXS data of AX0.85 in water at different concentrations, and
b) plot of 5 against concentration obtained from the scale factor. The red line
is a linear fit where the slope = 2M A5. Adapted from Janewithayapun, R.
et al., Carbohydrate Polymers, 2025 under the CC-BY license.

observed as an increase in intensity at low ¢ relative to concentration (Figure
4.3a-b). For AX0.57 at 20 mg-mL!, the intermediate ¢ exponent is ~ g2,

and the shoulder around ¢ = 0.01 A s weakly observed. Then, when diluted
to concentrations of 10, 4 and 1 mg-mL™!, the intermediate g exponent decreases
to ¢~2'3, with no significant concentration dependence between the three lower
concentrations.

For AX0.39 we observed steeper ¢ decays of ¢ in the intermediate ¢
region for the 20 mg-mL™! and 7.5 mg-mL™! sample, than at 1 mg-mL™" where
a decay of ¢=2-°Y was observed (Figure 4.3b). The shoulder at ¢ = 0.01 A s
also less pronounced at 20 mg-mL' and stretches to lower ¢ with a ¢=2 decay.
The fact that lower chain compactness was observed only after dilution to 1
mg-mL suggests that AX0.39 show the strongest tendency for aggregation of
all three AX fractions.

—2.75

The concentration dependent behavior of AX is strongly correlated to their
substitution pattern. Highly branched AX scale similarly to polymer chains in
good solvent environments, having repulsive interactions with other chains at
higher concentrations. While those with more intermediate to low substitution
show stronger tendency to aggregate. These behaviors are also in-line with the
explanation of branching arabinose groups reducing inter-molecular interactions
between AX chains [20, 21].
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Figure 4.3: SAXS data from water dispersions of a) AX0.57, and b) of AX0.39 at
different concentrations. Adapted from Janewithayapun, R. et al., Carbohydrate
Polymers, 2025 under the CC-BY license.

4.2 Arabinoxylan conformation during and after
ring-opening modification

In paper II, AX0.85 used in paper I was oxidized to produce dialdehyde AX
(DAX) and dialcohol AX (DiolAX). The main objective of the experiments were
to determine whether the chain conformation of AX changes after ring-opening
modification. AX0.85 was chosen for this study because of their good solvent
interaction with water as described in 4.1.

In-situ oxidation and time-resolved SAXS

SAXS data collected during in-situ periodate oxidation of AX to DAX is shown
in Figure 4.4. An initial lower scattering intensity was observed for the first
time point (reaction time, ¢t = 0 min). This is due to the residual water in the
tubing diluting AX at earlier measurement times.

The scattering features signficantly change with reaction time in the low ¢
region, 0.005 < g < 0.02 AT Taking the start of the reaction mixture arriving
to the beam at ¢ = 0 min, an increase in the steepness and intensity of the low
q region was already observed at ¢ = 6 min. The largest change in steepness
and intensity at low ¢ occurred between ¢ = 6 min and t = 9 min, after which
the increase of both parameters became more gradual. Given the lowest ¢

measured in the time-resolved SAXS setup was 0.007 A_l, the lack of any
observable Guinier plateau means that structures larger than 15 nm form with
increasing reaction time (estimated from ¢Rg < 1. Inter-molecular hemiacetal
bonds can form from oxidized dialdehyde groups [35, 98], as such, the rate of
the increasing contribution of the low ¢ slope is reflective of the rate of the
inter-chain cross-linking reactions during the oxidation of AX.

. . . -1 .
In the intermediate ¢ region between 0.02 < ¢ < 0.1 A~ ", the scattering
intensity is sensitive to changes in the chain conformation statistics such as the
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Figure 4.4: Time-resolved SAXS data of AX0.85 at a concentration of 20
mg - mL~! in water during periodate oxidation with 0.5 equiv. of NalO,.
SAXS scans were obtained from reaction time t = 0 min to ¢ = 66 min at 3
min intervals.

Flory exponent (v), as well as the L,. At the concentration used in this in-situ
experiment (~ 20 mg - mL_l), AX is in the semi-dilute regime, and the chain
conformation is affected by concentration, however, large variations in behavior
should still be observable and assessed qualitatively. For instance, a decrease
in L, from 15 nm to 5 nm as in alginate [45], or a transition from an extended
coil to a partially collapsed coil as in cellulose [44], should produce significantly
different features in the SAXS data of AX. For AX, we find instead that the
intermediate ¢ region remains unchanged throughout the reaction.

The absence of changes in the intermediate ¢ region means that no large
changes in chain compactness or L;, occured during this oxidation of AX with
0.5 equiv. NalO,, which is close to the maximum obtainable DO for this
branched AX.

Lastly, the high g (¢ > 0.2 A_l) features of the time-resolve scattering data
exhibit increasing background level with time. We associate this to changes in
solvent intensity variations coming from a NalO, concentration gradient in the
tubing.

Changes in the chemical structure of arabinoxylan with
modification

The DO of the DiolAX reacted with 0.25 equiv. NalO, was 21%, and the
DO of the DiolAX with 0.5 equiv. NalO, was 33%. These values were also
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Figure 4.5: 13C NMR spectra of DiolAX33 (orange), DiolAX21 (yellow) and
AX (black) dissolved in DMSO-d6.

confirmed by solution state 3C NMR in DMSO-d6. More details can be found
in paper II. These samples will therefore be named DiolAX21 and DiolAX33,
respectively. It is interesting to note that as NalO, oxidation requires a viccinal
diol for the reaction, only unsubstituted arabinose (Araf) or xylose (Xylp)
monosaccharide residues can be oxidized. These would include t-Araf, t-Xylp
and 4-Xylp, accounting for a theoretical maximum DO of 48 mol% based on
glycosidic linkage results (shown in the supplementary information of paper I,
and in paper II).

The Xylp C1 region and the Araf C1 region can be assigned as shown in
Figure 4.5. The Araf C1 region contains three sharp peaks: at 107.7 ppm,
108.4 ppm and 109.4 ppm. The 107.7 ppm peak is assigned to mono-substituted
0-3 Araf C1, 108.4 ppm to di-substituted O-3 Araf C1, and 109.4 ppm to a
di-substituted O-2 Araf C1 [99, 100]. The main Xylp C1 peak is centered at
102.0 ppm, with another broad peak at 99.8 ppm. The latter is assigned to the
Xylp C1 of a di-substituted Xylp unit (2,3,4-Xylp) [99].

In the '3C spectra of DiolAX21, there is a significant decrease in intensity
of the di-substituted O-2 Araf C1 signal at 109.4 ppm, along with a smaller
decrease in intensity of the di-substituted O-3 Araf C1 (108.4 ppm) signal.
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The mono-substituted O-3 Araf C1 (107.7 ppm) and the Xylp C1 (102.0 ppm)
signals remains unaffected. Hence, it appears that the periodate oxidation
happens more predominantly on di-substituted Araf groups. In addition to
decreases in signal intensities, a new signal developed at 104.0 ppm, which we
assign to ring-opened Araf C1 units.

With increasing DO to DiolAX33, all three Araf C1 signals decrease even
further (Figure 4.5). No sharp peaks are observable in the 105 ppm to 110
ppm range. The evolution of the C1 region of the spectra across both DiolAX
samples show that Araf groups are oxidized most preferrably on di-substituted
0-2 Araf units, followed by di-substituted O-3 Araf, and lastly the mono-
substituted O-3 Araf. Any Araf units that can be oxidized are likely already
ring-opened at this DO, therefore we assign the residual broad signals in this
region to non-terminal Araf residues (e.g. 2-Araf or 2,5-Araf) which would
lack the vicinal diol groups required for periodate oxidation. For DiolAX33,
there is also a small decrease in the Xylp C1 signal at 102.0 ppm, and a new
signal at 103.0 ppm, assigned to ring-opened Xylp C1. The changes in the
Xylp signals, therefore indicate oxidation of Xylp units as well at higher DO.
Due to the more complex substitution pattern in high A/X ratio AX, there
may be Xylp units on the side groups that are oxidized as well, which would
collaborate with smaller changes in A/X ratio for the highly branched AX after
oxidation in paper IV.

Conformation of dialcohol arabinoxylan (DiolAX)

Dialcohol arabinoxylan (DiolAX), were prepared from the same AX0.85 batch.
By adding a reduction step with NaBH,, any dialdehyde groups in DAX,
including the cross-linked functionalities are converted to dialcohol groups.
DiolAX samples at degree of modification of 21% and 33% (DiolAX21 and
DiolAX33) were studied to see whether larger alterations to the conformation
can be observed close to the theoretical modification limit. We did not go
above a DO of 15% for DAX as the amount of indispersible aggregates was
already high at this DO.

The scattering features for both DiolAX21 and DiolAX33 were similar to
each other, and to AX, as shown in Figure 4.6a-d. The main difference being
the exponent and scale of the low ¢ power law region.

Utilizing the same flexible cylinder model as for AX, the fitted L, were
obtained as 4.0 nm and 3.9 nm for DiolAX21 and DiolAX33, respectively. There-
fore, the reduction in L, was approximately 10% between AX and DiolAX33.

The fitted value for the contour length and the intensity at zero ¢, 1(0)
were similar between AX, DiolAX21 and DiolAX33 (+12%), suggesting that
no major M, decrease has occurred in these samples. Typically, in oxidation-
reduction, a decrease in M,, is to be expected as a result of chain scission
side reactions during oxidation [32] and elimination reactions during reduction
[101]. This could be largely affected by the purification of DiolAX samples
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through dialysis with a 3.5 kDa membrane cutoff, which would have removed
any degraded short chains.
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Figure 4.6: a) DiolAX21, and b) DiolAX33 at concentrations of 1 mg-mL ™", 4
mg - mL~" and 20 mg- mL ™!, with lines showing fit to a flexible cylinder model.
c¢) Comparisons of AX (black), DiolAX21 (yellow) and DiolAX33 (orange) at 1
mg - mL ™', d) DiolAX21 data was shifted by a factor of 5, and DiolAX33 by a
factor of 25 for ease of viewing.

From analysis of the concentration series for DiolAX, the structure factor
and its fitted parameter 5 was obtained for DiolAX21 and DiolAX33 (Figure
4.7). The slope of the plot of § against concentration gives 2M As, assuming
similar M for all three materials, As of DiolAX21 would be similar to AX,
and lower for DiolAX33, indicating lower solvent quality for the DiolAX33,
although all three materials are still in the good solvent regime. The decrease
in solvent quality at the highest degree of oxidation could be a result of a
lowered steric hindrance for chain interactions that is provided by arabinose
side groups [21].
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Figure 4.7: Fitted values of 5 against concentration for AX (black), DiolAX21
(yellow) and DiolAX33 (orange), where = 2M Asc. Dashed lines show the
linear fit of the data points.

Summary of the investigation of arabinoxylan
and derivatives in solution and dispersion

AX with higher A/X ratios adopt more extended conformations in water.
Variations were observed in both the L, and the statistical conformation of
the chains. From the investigation on the structural changes of AX, DAX
and DiolAX in solution and dispersion, we conclude that ring-opening of the
soluble highly branched AX0.85 results in small changes on L, (on the order of
+10%), chain conformation statistics, and scaling with concentration. Based
on chemical characterizations of the DiolAX, we see that ring-opening happens
faster, and with preferrence for the arabinose sidegroups. It therefore follows,
that backbone modification which would have the largest impact on the chain
conformation, had not occurred to a large extent, compared to, for example,
more linear polysaccharides such as cellulose or alginate [44, 102].

4.3 Structures of arabinoxylan in the solid-state

The structure of solid AX films with high and low A /X was studied, so that
the effects of butyl glycidyl ether (BGE) etherification on the nano-structure
of AX can be studied. The resulting WAXS intensity data is shown in Figure
4.8. Different fractions of high and low A/X were used here than in paper I
and II, the AX fractions used in paper IV are referred to as AX0.9, AX0.5 and
AX0.3, in order of high to low A/X.
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AXO0.9 exhibits amorphous peaks, consisting of a broad peak above 2 A_l,
associated to intra-chain correlation lengths [63], followed by peaks at around
1.4 A" and 0.7 A™'. These latter two should represent monomer-monomer
distances, and or inter-chain distances. Similar amorphous peaks can be
observed in AX0.3, with a peak at 0.9 A" instead of 0.7 A~". This supports
the assignment of the lowest ¢ peak of the WAXS data to that of inter-chain
distances, which would be larger for a more highly branched AX. In addition to
amorphous peaks, AX0.3 showed sharper contributions from crystalline regions
matching with those of xylan crystallite diffraction planes ¢ values of 0.89 A
(20 = 12.4°, 101 & 011), and at a g value of 1.38 A (20 = 19.1°, 110) [27].
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Figure 4.8: WAXS data of AX0.9 (black), AX0.3 (green) and DiolAX25 made
from AXO0.9 (yellow)

Structure of modified AX derivatives

The WAXS intensity of AX0.9 and its DiolAX25 (degree of modification 23%)

is shown in Figure 4.8. The amorphous peak around 1.4 A" shifts slightly to
higher ¢ in DiolAX which may be indicative of changes in monomer repeating
distances as a result of the ring-opening, but overall there were no large changes
in the observed atomic-scale structure.

The structure of butyl glycidyl etherified derivatives showed larger differ-
ences in the WAXS scattering intensity features, shown in Figure 4.9a. At low ¢
(<0.1 A_l), g-decays of ¢=2 for BGE-DiolAX0.3, and ¢—3 for BGE-DiolAX0.9
and 0.5 were observed. The ¢~2 decay could be from defects and voids on a
nanoscale occurring from the melt-compression of films [72, 103, 104], while
the shift to a ¢=2 decay in the BGE-DiolAX0.3 film is expected to be a result
of larger structure inhomogeneities. At high ¢, amorphous peaks representing
atomic scale distances were present at similar ¢ to AX and DiolAX. A new

feature in all BGE-DiolAX films is the prominent peak at ~ 0.2 A™". For BGE-
DiolAX0.3 and BGE-DiolAX0.90, the peak is centered at 0.18 A_l, and for

BGE-DiolAX0.5 at 0.23 A™'. These peaks correspond to real space distances
of 35 A and 27 A, respectively. The hypothesis is that the space distances
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originate from aggregation and formation nano-sized domains consisting of side
chain rich regions on one side, and of AX backbone rich regions on the other.
No clear trend could be drawn between the nano-domain size and AX branch
density of the materials however, BGE-DiolAX0.5 had a smaller nano-domain
size, while BGE-DiolAX0.9 and BGE-DiolAX0.3 had similar nano-domain size
despite being the two most different AX, composition wise.

BGE-DiolAX0.3, shows further sharp peaks at 1.50 A and 012 A7 in
the WAXS curve, and at 1.70 A" in XRD measurements (Figure 4.9b), these
peaks do not match with those of a xylan crystallite [27]. It was also observed
that the peak at 0.12 A™" becomes more pronounced upon melt compression

and disappears when heated above 80 °C. The peak at 1.70 A corresponds
to a real space distance of 3.7 A and could represent small degrees of lateral
crystallization within the BGE side chains. The peak centered at 0.12 A7 has
a real space distance of 52 A, and is affected by temperature, hence we assign
it to ordered regions on the length scale of the nano-domains.
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Figure 4.9: a) Combined SAXS and WAXS data for BGE-DiolAX0.3 (green),
BGE-DiolAX0.5 (black), BGE-DiolAX0.9 (blue), and AX0.9 (open symbol,
black), b) XRD data for BGE-DiolAX0.3. Adapted from Janewithayapun, R.
et al., Carbohydrate Polymers, 2024 under the CC-BY license.

On the microscopic and macroscopic scale, differences in structures were
also observed between the films. When BGE-DiolAX0.3, 0.5 and 0.9 were
compression molded into films of 0.1 mm thickness, BGE-DiolAX0.3 showed
microscopic birefringent regions, indicating the presence of larger ordered
structures, while films of BGE-DiolAX0.5 and 0.9 did not contain birefringent
regions (Figure 4.10). Similarly, on the macroscopic scale inhomogeneities were
observed as opaque clusters on the BGE-DiolAX0.3 film (Figure 4.11a), while
the films of BGE-DiolAX0.5 and BGE-DiolAX0.9 were clear and transparent
(Figure 4.11b-c), indicating homogeneity on the macroscale for the latter two.
When heated to around 85 °C on a Kofler bench (long heating plate with
temperature gradient), the large opaque clusters on BGE-DiolAX0.3 disappear
almost completely, but the film still has an inhomogeneous, macroscopically



4.3. STRUCTURES OF ARABINOXYLAN IN THE SOLID-STATE 39

phase separated appearance. It should be noted that the textures observed on
all films are a result of patterns on the Teflon sheet used during compression
molding.

Figure 4.10: Polarized light microscope images of compression molded films
from a) BGE-DiolAX0.3, and b) BGE-DiolAX0.9. Scale bars show 100 pm.

Figure 4.11: Images of compression molded films from; a) BGE-DiolAX0.3, b)
BGE-DiolAX0.5, and ¢) BGE-DiolAX0.9, with thickness of 0.1 mm. Repro-
duced from Janewithayapun, R. et al., Carbohydrate Polymers, 2024 under the
CC-BY license.

In branched nanophase separated poly(n-alkyl acrylates), the alkyl domains
are flexible and also serve as a form of internal plasticization, lowering T} ,
of the chain [105]. On the other hand, the stiffer main chains separating the
mobile alkyl domains contribute rigidity to the material when below T .

We reason that the same behavior extends to BGE-DiolAX, the BGE do-
mains are flexible, and separates the AX backbone, reducing the intermolecular
interactions between AX chains, both of which contribute increased mobility
in the system. We see from the solution state experiments that the AX chains
are stiff, even when oxidized to DiolAX. Hence, they act as the rigid spacers
between BGE domains.

A separate case can be considered for AX0.39 (paper I), and the similar
AXO0.3 (paper IV), both of which have similar A /X ratio. AX0.39 had a shorter
persistence length (L;) in solution and showed strong aggregation tendencies.
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The behavior is similar for AX0.3 in the solid state, which formed crystalline
regions. The modification of these materials likely proceed differently, with
reactions occurring more on the surfaces of the aggregates. This may have
resulted in the ordered structural features in BGE-DiolAXO0.3, and through that,
affect their macromolecular properties. These ordered structures are suggested
as explanations for the higher Young’s modulus, as the ordered structures can
hinder the mobility and sliding of the chains under strain (Figure 4.12). The
ordered structures can also act as fracture initiation points, leading to the low
strain at break observed in tensile testing. Similar results were observed in
studies on alkyl celluloses, where lowered ductility was observed when ordered
structures were found in the side chains [52].
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Figure 4.12: Tensile testing stress strain curves of BGE-DiolAX0.3 (green),

BGE-DiolAX0.5 (black), and BGE-DiolAX0.9 (blue). Reproduced from Jane-
withayapun, R. et al., Carbohydrate Polymers, 2024 under the CC-BY license.

4.4 Dynamics of arabinoxylan

Unmodified AX does not soften to a large extent when heated, hence, it cannot
be compression molded. A solvent casted film of AX0.9 does display some
relaxation behavior in DMA with temperature: at approximately 0 °C, 50 °C
and 100 °C (Figure 4.13), but the storage modulus (E£’) remains high at around
800 MPa at 125 °C. When measured with dynamic scanning calorimetry
(DSC) , no transitions were observable up to 125 °C [10]. This is in agreement
with previous work by Bérjesson et al. [42], showing that AX does not soften
considerably until above 200 °C, when E’ falls to around 100 MPa. However,
thermogravimetric measurements show that AX begin to degrade at 200 °C
under N, flow [10], thus melt processing is not possible for unmodified AX.
Borjesson et al. [42] further showed that no large changes in DMA results
were observed for oxidized AX either, therefore, in this thesis, characterization
methods that may be more sensitive to faster dynamics at the molecular scale
such as NMR and neutron spectroscopy were used.
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Figure 4.13: E’, E” and tan delta of a solvent casted AX0.9 film collected at
a frequency of 1 Hz, amplitude of 8 nm (approximately 0.05% strain), and

heating rate of 3 °C - min~".

4.5 Dynamics of arabinoxylan after ring-opening
modification

CP/MAS with variable contact time experiments

The dynamics of AX0.9, and its derivatives dialdehyde AX (DAX23) and
dialcohol AX (DiolAX25) were studied with solid-state NMR in manuscript
III. During cross-polarization, the intensity at contact time ¢ can be written as
shown in Equation 2.2. By measuring the '3C integral intensity as a function of
contact time, the mobility of protons in the vicinity of the carbon environment
can be studied. A plot showing the decay in intensity such as in Figure 4.14
can be made and from the data, the proton relaxation in the rotating frame
T'1ou and the CP time constant T'cy can be fitted. Considering data from side
chain grafted BGE-DiolAX, which is discussed in a later section, we conclude
that dynamics of the AX main chain falls into the slow regime shown in Figure
2.9, hence a decrease in T,y indicates more and/or faster molecular motions.
While that of the BGE side chains fall into the fast regime where the opposite
occurs.

For the samples stored at 53% RH, the moisture uptake measured by
DVS were 10% wt., 11% wt. and 11% wt. for AX, DAX23 and DiolAX25,
respectively. The integral of all carbon environments in DiolAX25 show faster
decay in intensity compared to AX (Figure 4.14). For C1, the T, of DiolAX25
was lower by a factor of 2 - 2.3 compared to AX. The T';1,4 of DAX23 was
larger than that of AX for all carbon signals by a factor of 1.3 to 1.5, likely due
to cross-linking (Figure 4.14b). As the choice of NMR sequence did not allow
for good resolution of the initial build-up, the errors for the fitted T cymay be
large, and detailed interpretation was not done on it.

Such large differences in 7T'; i were not observed in the sample stored at 20
% RH. The decay of the C1 integrals show a similar decay rate for AX, DAX23
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and DiolAX25 (Manuscript 3, Figure S3, supplementary information). The
value of T'i,p fitted for AX were larger by factors 1.4 to 1.5. For DiolAX25,
T1ou was larger by factors of 2 to 2.4. Interestingly, the T';,un of DAX23 were
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not significantly changed, in fact, the fitted 7T';,u were slightly lower for the
samples stored at 20 % RH.

The lower T';,n of DiolAX25 indicates that there is an increase in molecular
motions compared to AX and DAX23, with correlation time in the range 10
kHz to 100 kHz (100 ps to 10 us) [74, 75]. Furthermore, as seen from the larger
T1pn for DiolAX25 20 % RH, these motions are reduced at lower moisture
contents, demonstrating the plasticization effect of water on these two mater-
ials. Interestingly, DAX23 was not affected, possibly due to the cross-linked
functionalities formed from the dialdehyde groups. Plasticization has been
shown to increase free volume in polymer chains, and disrupts intermolecular
hydrogen bonding, both of which facilitate bond rotation and chain mobility
[106]. Therefore, it can be reasoned that the ring-opened sections in DiolAX25
are indeed more mobile than AX or DAX23, but mobility is hindered until
plasticized at a certain moisture content. 11,5 is affected by spin diffusion
[74], hence all carbon signals in DiolAX25 share similar T';,5 and we cannot
individually analyze their dynamics from T',5.

2D 'H-13C wideline-separation NMR experiments

The mobility of the different carbon environments of AX and derivatives were
further studied with the 2D WISE experiment. Large-amplitude motions faster
than the dipolar coupling (50 kHz) lead to a reduction of the proton dipolar
line width [82], allowing a qualitative comparison of mobility to be made by
comparing the proton linewidth associated with each carbon resonance. Radloff,
Boeffel and Spiess [83] showed that sharp water signals were not detected in
the linewidth of cellulose at short mixing times (mixing time of 0 ms and CP
time of 2 ms), as there was insufficient time for spin diffusion between water
protons and cellulose aliphatic protons. Only at a mixing time of 5 ms were
water signals observed. Therefore, in our WISE experiment with a CP time
of 0.3 ms, and a mixing time of 0.01 ms, the spectra should be dominated by
signals from the CH and CH, groups [83].

The WISE 2D plots for the shortest mixing time experiments for the three
materials stored at 53% RH are shown in Figure 4.15a-c. The linewidth of
AX and DAX23 are broader than DiolAX25, with full width at half maximum
(FWHM) of 44-49 kHz and 36-37 kHz respectively. The broader signals agree
with measurements on cellulose [83] and shows that the polymer backbone of
AX and DAX23 are immobile. On the other hand, the spectra of DiolAX25
show a sharper peak in the C5/C2p,0q/C3mo4q region (56 - 66.5 ppm) with a
FWHM of 17 kHz. The other peaks in DiolAX25 are broader, with FWHM
of around 25 kHz to 26 kHz. The narrower linewidth of C5/C2,04/C3mod
point towards a higher prevalence of motions associated with these carbon
environments in DiolAX25, which is in agreement with the larger value of
T cu obtained from the CP/MAS experiments. We would also reason that the
motions are more likely associated to the ring-opened C2,,q and C3,,,4, rather
than the unmodified C5. With increasing mixing time to 1 ms and 2.5 ms, AX
and DAX23 exhibited a narrowing of the linewidth as a result of spin diffusion
from mobile water, similar to that observed in cellulose [83]. The linewidth of
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DiolAX25 showed some narrowing, but to a much smaller extent (Manuscript
IT1, Figure 6). The mobility observed in DiolAX25 at a mixing time of 0.01
ms can therefore be safely attributed to an actual increased mobility in the
DiolAX25 polymer chain.

For the samples stored at 20 % RH, the linewidth of DiolAX25 in the
C5/C2mod/C3mod region broadens (Figure 4.15d), with similar linewidths to
AX or DAX23 at 53% RH in Figure 4.15a-b. These results are in agreement
with the larger T'1,n and T oy from CP/MAS, and show that the increased
mobility in DiolAX25 are not observed at low moisture contents.

a) b)

Figure 4.15: 2D WISE NMR spectra with CP time = 0.3 ms, mixing time =
0.01 ms, of a) AX 53% RH, b) DAX23 53% RH, c) DiolAX25 53% RH, and d)
DiolAX25 at 20 % RH.

Quasielastic neutron scattering fixed window scans

Measurements of FWS intensities by QENS provide an overview of the changes
in dynamics of the system [88]. The elastic intensity shown in Figure 4.16,
decreases more steeply for DiolAX compared to AX above ~ 280 K and is
accompanied by a steeper increase in the inelastic intensity at 3 peV. Note
that the bump in the elastic intensity of DiolAX25 at 230 K is attributed to
a measurement artifact. Motions within the sample lead to energy transfer
between the probe neutrons and the sample, resulting in a decrease in the elastic
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intensity and an increase in the inelastic intensity. An energy transfer of 3 peV
corresponds to motions on the ns timescale [88]. Above 280 K, contributions
mainly come from the motions of the polysaccharide chains, rather than any
residual water in the sample which have much faster correlation times [107].
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Figure 4.16: Elastic fixed window scan data collected from IN16b for AX0.9
(black) and DiolAX25 (orange) stored at 53% RH D,O.

In summary, increased molecular motions were observed when AX was
oxidized and reduced to the ring-opened DiolAX25 with a DO of 25%. This was
seen through a two- to three-fold decrease in T'1,u obtained from a CP/MAS
experiment with variable contact time, for DiolAX25 compared to AX and DAX.
The mobility was observed only in the DiolAX25 stored at 53% RH (moisture
content of 10.8 wt.%), showing the significant role of water as a plasticizer.
Through the WISE experiments, we were able identify narrow proton linewidths
for DiolAX25 at 53% RH in the C5/C2.,04/C3mod region, whereas broader
peaks were observed for all other carbon signals and samples. As narrowing of
the proton linewidth can be linked to increased molecular motion, the observed
narrow linewidths point specifically towards higher mobility in the ring-opened
C2m0d,C3moa of DiolAX25. QENS FWS data corroborate the findings from
solid-state NMR, showing increased dynamics in DiolAX compared to AX.

4.6 Dynamics of etherified arabinoxylan and
dialcohol arabinoxylan

CP/MAS with variable contact time experiments

The last step in the modification sequence consists of an etherification of DiolAX
with butyl glycidyl ether (BGE). The same solid-state NMR experiments as
in the section above were performed for BGE-DiolAX0.9. The material has a
degree of BGE substitution (DS) of 1.1 by 'H NMR of the acid hydrolysate
[10]. The CP/MAS relaxation behavior is shown in Figure 4.17. Some overlap
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occurs between C2-4 of the DiolAX and the BGE signals coming from more
deshielded carbon environments where the glycidyl groups were, and is taken
into consideration during data analysis. From Figure 2.9, it is apparent that
the BGE signals at 14.6 ppm, 19.9 ppm and 32.3 ppm decay much slower than
those of the DiolAX signals at higher ppm with CP contact time, indicating
different correlation times for the side chain and main chain motions. In the
motion regimes described in Figure 2.9, the BGE side chain is expected to be in
the fast regime, therefore, when 7T';,n and T'cy was fitted, larger values were
obtained compared to DiolAX. The fitted T';,n for the DiolAX C1 component
of BGE-DiolAX0.9 is similar to that of DiolAX25, indicating that the mobility
of the DiolAX segment from ring-opening is still in effect after etherification.
The moisture uptake of BGE-DiolAX0.9 was lower (6% wt.) than DiolAX25
(11% wt.), which may have contributed to the difference.

oLx
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Figure 4.17: 3D plot of 3C intensity as a function of CP contact time for
BGE-DiolAX0.9 at 53% RH.

When BGE-DiolAX0.9 was equilibrated at low humidity, 7';,u increased
for the DiolAX signals, and decreased for the BGE side chain signals. This
behavior is logical and support our assignment of DiolAX chain segments
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to be in the slow motion regime, and BGE side chains in the fast motion
regime. At low moisture content, all motions are slower, hence T'1,5 should
increase for motions in the slow regime and decrease for those in the fast regime
Additionally, this shows that the BGE-DiolAX0.9 chains are still plasticized by
water despite its increased hydrophobicity.
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Figure 4.18: T1,n for '3C signals in BGE-DiolAX0.9 at 53% RH (blue) and at
20 % RH (red).

Comparisons between BGE-DiolAX and BGE-AX

In order to assess the effect of ring-opening on etherified AX materials as
well, a control material from etherified AX0.9, without ring-opening was made:
BGE-AX0.9. Another batch of BGE-DiolAX0.9 was also synthesized, to have
a similar degree of substitution (DS) to the control. The solution 'H NMR
spectra of both materials are shown in Figure 4.19. The two spectra have
been scaled to be similar in intensity in the AX region (3 ppm to 5 ppm) and
qualitatively, we assess that the two materials share a comparable DS. As the
intensities of the BGE signals in the shaded region are lower compared to the
'H NMR spectra of previous materials, we also know that the DS is below 1.
A quantitative integration is difficult due to overlapping peaks between AX
and BGE in the polysaccharide spectra, and a better comparison can be made
by NMR of acid hydrolysates after all experiments have finished.

The two materials; BGE-DiolAX0.9 and BGE-AX0.9 were studied with
QENS on three different instruments to have a wider energy transfer range.
The elastic FWS and inelastic FWS (w = 3 neV) scans are analyzed first, as
they provide a quick overview of the system. From Figure 4.20, materials with
BGE show two clear transitions, one centered around 200 K, and another that
has an onset at 260 K but does not show a peak in the measured temperature
range (up to 360 K). The transition at lower temperature originates from the
BGE side chains, and contributes to a larger decrease in the elastic intensity for
BGE-DiolAX0.9 than BGE-AX0.9. Also interesting, is the slope of the higher
temperature transition. The increase in inelastic intensity of DiolAX25 and
BGE-DiolAX0.9 share very similar slopes above 260 K. Furthermore, AX0.9
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Figure 4.19: 'H NMR spectra of BGE-DiolAX0.9 (orange) and BGE-AX0.9
(blue) in DMSO-d6. BGE CH; (0.9 ppm) and CH, groups (1.5 ppm and 1.3
ppm) are indicated by the gray area.

and BGE-AXO0.9 also match well in slope for inelastic intensity above 260 K.
The FWS provides a good estimate for the number of different dynamics in
the system [88], and also imply that the ring-opened AX retains similar main
chain motions even after etherification.
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Figure 4.20: Plot of the elastic intensity and inelastic intensity at 3 peV as a
function of temperature for AX0.9 (black) and DiolAX25 (orange), BGE-AX0.9
(purple) and BGE-DiolAXO0.9 (red) kept at 53% RH (D,0). Shaded region
highlights the different motion onsets discussed. The data was summed over
all ¢ ranges and normalized by the elastic intensity at 2 K.
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QENS spectra at 360 K (¢ = 0.95 A_l) measured on IN16b for the four
materials are shown in Figure 4.21. From the data the two BGE containing
samples show more broadening than the DiolAX25 or AX0.9. Note that the flat
background has higher contributions in BGE-AX0.9 than BGE-DiolAX0.9 due
to samples transmission differences, hence care must be taken when qualitatively
comparing them. In the region closer to the elastic line (w < 5 peV), as shown
in Figure 4.21b, there is a higer intensity of the broadening close to the
elastic line for BGE-DiolAX0.9, indicating a larger contribution from slower
motions, matching with what was observed in the FWS data. Data collected on
SHARPER and OSIRIS are shown in Figures 4.21c-d and show other motions
present with higher energy transfers (and therefore correlation times). Future
fitting of the collected data should provide more insights into the activation
energy, confinement and intensity of the motions.
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Figure 4.21: a) QENS spectra from IN16b at ¢ = 0.95 A_l, normalized to the
elastic value for AX0.9 (black) and DiolAX25 (orange), BGE-AX0.9 (purple)
and BGE-DiolAX0.9 kept at 53% RH (D,0), and b) zoomed in data around
the elastic line. ¢) shows data treated the same way for SHARPER at ¢ = 0.98

A_l, and d) for OSIRIS at ¢ = 1.08 A", The grey spectra shows the resolution
function, and errors have been omitted for visibility.
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Dynamics at longer time-scales

DMA data at a frequency of 1 Hz for a compression molded BGE-DiolAX0.9
film is shown in Figure 4.22, adapted from data in paper IV. From the data,
three different transitions were observed. We refer to them in order of increasing
temperature as the vy, 3 and « transitions. The vy transition occurred at ca.
-90 °C, the (3 transition at ca. -50 °C and the « at approx. 70 °C. After the 3
transition, E’ decreased by more than one order of magnitude. Beyond the «
transition at 70 °C, both E' and E” decreases even further, at which point it
was possible to compression mold the sample. Compared to unmodified AX in
Figure 4.13, the E’ of BGE-DiolAX0.9 at 100 °C is lower by about two orders
of magnitude.

The results reported in this work, and in previous work by Deralia et al.
[108], indicate that the addition of BGE creates transitions below 0 °C. The
3 transition is therefore likely attributed to the relaxation of the side chains,
this is in agreement with works on cellulose esters [52] and glucomannan esters
[54] where a relaxation around -60 °C was observed. The presence of a y
transition in our systems also suggests that BGE-DiolAX sidechains contribute
with additional modes of movement. Lastly, the « transition is attributed to
relaxations of the AX main chain.
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Figure 4.22: E’', E"” and tan delta of a compression molded BGE-DiolAX0.9
film collected at a frequency of 1 Hz, amplitude of 8 pm (approximately 0.05%
strain), and heating rate of 3 °C - min~'. Adapted from Janewithayapun, R.
et al., Carbohydrate Polymers, 2024 under the CC-BY license.

For comparison, DMA was measured under the same conditions for BGE-
AXO0.9, shown in Figure 4.23 (lowest test temperature slightly higher due to
chiller limitations). In comparison to BGE-DiolAX0.9, we observe a smaller
decrease in E’ from -50 °C upwards, and no clear peaks in either E” or tan
delta could be observed. It is only when the main chain « transition is reached
that the material softens by more than one order of magnitude. The onset of
the o transition is also shifted upwards to 100 °C compared to approximately
70 °C for BGE-DiolAX0.9. The observations by DMA corroborates well with
the FWS data from QENS. The side chain dynamics do not contribute as much
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to chain mobility in BGE-AX0.9, and the main chain dynamics are not as
prominent until a higher temperature.
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Figure 4.23: E’, E” and tan delta of a compression molded BGE-AXO0.9 film
collected at a frequency of 1 Hz, amplitude of 0.05 % strain, and heating rate
of 3°C-min~!.

Etherification contributes strongly to thermoplasticity in AX by adding
subglass transition dynamics that increase the mobility of the material. We
observe from both QENS and DMA that prior ring-opening of AX, despite
modifying mainly the arabinose units, result in higher mobility of not only the
DiolAX main chain, but also of the added BGE ether segments.

4.7 Processability of etherified ring-opened ara-
binoxylan materials

This section is a short summary of the knowledge and insights gained on the
processability of AX derivatives during my PhD. The processing aspect has
not been a major focus of my project and the results here are presented in case
some of the observations prove useful to other researchers.

From results in Section 4.6, the most straightforward method to produce a
melt processable AX material would be to perform an etherification directly
on the material. Due to the effects of A/X ratio on AX properties, it is likely
that a highly branched AX such as AX0.9 would perform better. This is
because these fractions are more water soluble, as shown in paper I, hence
the etherification is expected to be more effective. In paper 1V, it was also
shown that AXO0.9 resulted in the material with the lowest E’ as a function of
temperature. Compared to a material that is both ring-opened and etherified
such as BGE-DiolAX0.9, a BGE-AXO0.9 will however, be less flexible at room
temperature, which we attribute to differences in the dynamics on the molecular
scale.
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The compression molding temperature window of a BGE-DiolAX material
(BGE-DiolAX0.3 from paper IV) has also been investigated. The material was
cut into small pieces and compression molded at different temperatures. At
approximately 60 °C, the pieces were not melted during the process (Figure
4.24a), while above the « transition (Figure 4.22), here at 90 °C, a complete
film was formed (Figure 4.24b).

While all tested BGE-DiolAX materials begin to show degradation at 200
°C under N, atmosphere, when heated in air, discoloration occurs around 150
°C. This provides a rough estimate of the upper limit of the processing window
for these materials. Processing above this temperature has been attempted
during extrusion.

The second batch of BGE-DiolAX0.9 had a lower BGE DS than 1, based
on 'H NMR comparisons. This material was compression moldable with the
same conditions at 140 °C, showing that the BGE content required for melt
processability is lower than DS 1.0. Calculating based on the molar mass
of BGE (130 g - mol™') and that of one AX monomer repeating unit (132
g- mol_l), this BGE-DiolAX0.9 consists of more than 50% polysaccharide by
mass, signifying a step towards a more commercially viable modified natural
polymer material.

Figure 4.24: BGE-DiolAX0.3 melt compressed at 60 °C a) and 90 °C b), both
were compression molded at 50 kN force for 3 min. ¢) Extruded filament of
BGE-DiolAX

Experiments with melt extrusion show that it is indeed possible to extrude
BGE-DiolAX materials. A 10 g batch of BGE-DiolAX with DO of 30% and BGE
DS of 1.2 was prepared and sent to collaborators where extrusion was performed
at 160 °C with a microcompounder (Figure 4.24c). The extruded filaments
were brown in color, likely a mix of the material’s original color (slightly brown
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when thickness above 1 mm) and of discoloration from degradation during
processing.
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Chapter 5

Concluding remarks and
outlook

The overarching goal of thesis has been to further our understanding of the
mechanisms by which chemical modification of polysaccharides improve their
melt processability and bulk properties, so that future development of modific-
ation routes can be better predicted.

In the structural aspect of the materials, the conformation of AX in water
dispersions vary with their chemical composition. More substituted AX having a
longer persistence length and interacting more favorably with water. When AX
is modified with periodate oxidation and borohydride reduction to achieve ring-
opening of the polysaccharide, the conformation of dialcohol AX in dispersion
does not significantly change. The chain persistence length of the most modified
dialcohol AX is 10% lower than AX, a negligible decrease compared to the 300%
reduction observed in alginate [45]. It is instead the inter-molecular interactions
that vary, first becoming increasingly attractive with periodate oxidation to
dialdehyde AX, and subsequently reverting to being repulsive after reduction to
dialcohol AX. It was revealed that it is predominantly the arabinose side-groups
that are modified by ring-opening modification. The xylan backbone of AX
was therefore, not modified to the same extent as would occur when oxidizing
linear polysaccharides. This explains why the conformation changes observed
in oxidized cellulose or alginate, are less pronounced in AX.

On the other hand, we observed changes in the dynamics of the ring-opened
materials at 10% wt. moisture content. The chain mobility of ring-opened
arabinoxylan was shown to increase and we could further assign the increased
motions to the ring-opened C2 and C3 sites. Moreover, the dynamics in
ring-opened dialcohol AX is more strongly plasticized by water than AX or
dialdehyde AX.

The last step of the modification route studied in this thesis was the
etherification with BGE. The addition of the BGE side chains result in nano-
phase separation of the system into side chain rich and DiolAX/AX domains.
The size of the nano-domains are affected by the chemical composition of
the starting AX material and by the crystallinity in AX, which occurs at low
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substitution ratios. The properties of the AX starting material also affects the
stiffness and ductility of the derivatized BGE-DiolAX material.

As a result of the nano-phase separation, the BGE-DiolAX material exhibits
two glass transition temperatures (7y), a side chain 7, and a main chain Tj «.
In BGE-DiolAX, the main chain, i.e. the DiolAX segment, behaves similarly
to that of DiolAX, while the BGE side chains have motions at even faster
correlation times. The BGE-DiolAX was also compared with BGE-AX, which
was etherified without prior ring-opening. The overall number of motions in
the two materials as a function of temperature were the same, consisting of
side chain motions with onset below 0 °C, and a main chain motion with
onset above 0 °C. However, both motions in BGE-DiolAX contributed to
larger changes in stiffness with temperature. The relaxations of both the side
chain and main chain appears less intense or occurs at higher temperatures for
BGE-AX. The comparison indicates therefore, a benefit on the mobility of the
main chain and the BGE side chain from the ring-opening modification steps
prior to etherification.

For future work, investigations should focus on the impact of the ring-
opening of the arabinose side-groups on the molecular motions of the chain. It
would also be interesting to confirm the hypothesis that ring-opening results in
higher mobility of the grafted BGE side chains. Lastly, it would be of larger
practical applicability if the conclusion made in this work could be tested in
other polysaccharides and with other chemical modification routes based on the
same principle. If softening the polysaccharide main chain prior to the addition
of flexible side chains does indeed provide a synergistic effect, the method could
be useful as a general blueprint for designing thermoplastic polysaccharide
materials.
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