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Abstract

Wood is used for many applications because of its excellent mechanical properties, relative
abundance and as it is a renewable resource. However, its wider utilization as an engineering
material is limited because it swells and shrinks upon moisture changes and is susceptible to
degradation by microorganisms and/or insects. Chemical modifications of wood have been
shown to improve dimensional stability, water repellence and/or durability, thus increasing
potential service-life of wood materials. However current treatments are limited because it is
difficult to introduce and fix such modifications deep inside the tissue and cell wall. Within
the scope of this thesis, novel chemical modification methods of wood cell walls were
developed to improve both dimensional stability and water repellence of wood material.
These methods were partly inspired by the heartwood formation in living trees, a process, that
for some species results in an insertion of hydrophobic chemical substances into the cell walls
of already dead wood cells,

In the first part of this thesis a chemistry to modify wood cell walls was used, which was
inspired by the natural process of heartwood formation. Commercially available hydrophobic
flavonoid molecules were effectively inserted in the cell walls of spruce, a softwood species
with low natural durability, after a tosylation treatment to obtain “artificial heartwood”.
Flavonoid inserted cell walls show a reduced moisture absorption, resulting in better
dimensional stability, water repellency and increased hardness. This approach was quite
different compared to established modifications which mainly address hydroxyl groups of cell
wall polymers with hydrophilic substances. In the second part of the work in-situ styrene
polymerization inside the tosylated cell walls was studied. It is known that there is a weak
adhesion between hydrophobic polymers and hydrophilic cell wall components. The
hydrophobic styrene monomers were inserted into the tosylated wood cell walls for further
polymerization to form polystyrene in the cell walls, which increased the dimensional
stability of the bulk wood material and reduced water uptake of the cell walls considerably
when compared to controls. In the third part of the work, grafting of another hydrophobic and
also biodegradable polymer, poly(e-caprolactone) in the wood cell walls by ring opening
polymerization of e-caprolactone was studied at mild temperatures. Results indicated that
polycaprolactone attached into the cell walls, caused permanent swelling of the cell walls up
to 5%. Dimensional stability of the bulk wood material increased 40% and water absorption

reduced more than 35%. A fully biodegradable and hydrophobized wood material was
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obtained with this method which reduces disposal problem of the modified wood materials
and has improved properties to extend the material’s service-life.

Starting from a bio-inspired approach which showed great promise as an alternative to
standard cell wall modifications we showed the possibility of inserting hydrophobic
molecules in the cell walls and supported this fact with in-situ styrene and e-caprolactone
polymerization into the cell walls. It was shown in this thesis that despite the extensive
knowledge and long history of using wood as a material there is still room for novel chemical

modifications which could have a high impact on improving wood properties.
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Zusammenfassung

Der nachwachsende Rohstoff Holz wird aufgrund seiner guten mechanischen Eigenschaften
und der leichten Verfiigbarkeit fiir viele Anwendungszwecke genutzt. Quellen und
Schrumpfen bei Feuchtigkeitsinderungen des hygroskopischen Werkstoffs Holz limitieren
jedoch die Einsatzmdglichkeiten. Ein weiteres Problem stellt der mitunter leichte Abbau —
u.a. bei feuchtem Holz - durch Mikroorganismen und/oder Insekten dar. Durch chemische
Modifizierungen konnen die Dimensionsstabilitit, die Hydrophobizitit und die
Dauerhaftigkeit verbessert und damit die potentielle Lebensdauer des Werkstoffes erhoht
werden. Dabei ist die dauerhafte Modifikation der Zellwand nur duBlerst schwer realisierbar.
Inspiriert von der Kernholzbildung in lebenden Baumen, ein zellwandverdandernder Prozess,
der Jahre nach der Holzbildung erfolgt, wurden im Rahmen dieser Arbeit neue Ansétze zur
chemischen Modifizierung der Zellwdnde entwickelt, um die Dimensionsstabilitit und
Hydrophobizitit zu erhdhen.

Der erste Teil der Arbeit ist stark vom Prozess der Kernholzbildung inspiriert, eine abgeleitete
Chemie wurde verwendet, um die Zellwidnde von Fichte, einem Nadelholz von geringer
natiirlicher Dauerhaftigkeit, zu modifizieren. Kommerziell verfiigbare hydrophobe Flavonoide
wurden nach einem Tosylierungsschritt erfolgreich in die Zellwand eingebracht, um so
sartifizielles Kernholz* zu erzeugen. Die modifizierten Holzproben zeigten eine verringerte
Wasseraufnahme, die zu erhOhter Dimensionsstabilitit und Hérte fithrte. Dieser Ansatz
unterscheidet sich grundlegend von bereits etablierten Modifikationen, die hauptsédchlich
hypdrophile Substanzen an die Hydroxylgruppen der Zellwand anlagern. Der zweite Teil der
Arbeit beschéftigt sich mit der Polymerisation von Styren in tosylierten Zellwdnden. Es ist
bekannt, dass es nur eine schwache Adhésion zwischen den hydrophoben Polymeren und den
hydrophilen Zellwandkomponenten gibt. Die hydrophoben Styren-Monomere wurden in die
tosylierte Zellwand eingebracht und zu Polystyren polymerisiert. Wie bei der Modifikation
mit Flavonoiden konnte eine erhdhte Dimensionsstabilitit und reduzierte Wasseraufnahme
der Zellwédnde beobachtet werden. Im dritten Teil der Arbeit wurde das biologisch abbaubare,
hydrophobe poly(e-caprolacton) in der Zellwand aufpolymerisiert. Die Ergebnisse deuten
darauf hin, dass Polycaprolacton in der Zellwand gebunden ist und zu einer permanenten
Quellung fiihrt (bis zu 5 %). Die Dimensionsstabilitit nahm um 40 % zu und die
Wasseraufnahmerate konnte um mehr als 35 % reduziert werden. Mit dieser Methode kann
nicht nur dimensionsstabileres Holz realisiert werden, auch biologische Abbaubarkeit und

damit eine einfache Entsorgung sind gewéhrleistest.
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Chapter 1. Introduction

Motivation and Objectives

As a raw material wood is attracting more and more attention in modern societies because it is
a material which is entirely derived from a renewable resource' and might become highly
sustainable with an efficient forestry.” > The environmental benefits (low energy consumption
and low carbon impact) of using wood rather than man-made materials are attracting
increasing public interest™® and have been documented in numerous peer reviewed papers.”
Wood has excellent properties such as a good strength to weight ratio, it is easy to process, it
is environmentally safe, and has an aesthetic appearance, etc.”> Wood products can be
processed to different extents. Minimally processed logs are often used in construction of
houses or bridges, as alternative, to steel, which is heavy and more expensive. Highly
processed and engineered wood composites can be manufactured for furniture, flooring,
decking, wood structural panels, boards, joints, etc.’ However, certain disadvantages limit

1415 Dye to the structure and

wood usage such as dimensional instability and low durability.
chemistry of the cell wall, wood adsorbs and desorbs humidity/water with changing
environmental conditions.'® This leads to dimensional changes and may cause crack
formation.'” Besides, a high moisture content provides the environment for degradation by

microorganisms. A summary of advantages and disadvantages can be found in Table 1-1.

Table 1-1. Some of the advantages and disadvantages of wood.

low cost and low energy need for production susceptible to bio-degradation (fungi, insects, etc.)

environmentally friendly and a renewable resource large biological variability

low thermal conductivity and no electrical conductivity low flame retardency

low thermal conductivity provides good mechanical thermal and electrical conductivity strongly dependent on the
performance during fires moisture content

most woods are non-toxic modifications, preservatives, coatings etc. generally create difficulties

to recycling of wood

transport and disposal of wood are very low costs among other  tropical woods are generally expensive and some of them are toxic
engineering materials

has a very high specific strength dimensionally unstable and its strength decreases in wet conditions

good fracture properties time-dependent deformations such as creep and viscoelasticity occur

To eliminate or reduce humidity/water absorption of the cell wall and to obtain dimensional
stability of the material various chemical modification treatments have been applied so far. 14,
151821 The term “chemical modification of wood” was first used by Tarkow et al. (1946) who

worked on acetylation of wood. However, the chemical modification to reduce swelling and
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shrinking of cell walls is very difficult to achieve. In contrast, Nature has its own solution to
improve durability of trees by inserting mainly phenolic substances into the cell walls. This
natural process is called heartwood formation which often leads to a different color of the
inner part of a tree trunk.”* * Years after sapwood formation, the cell walls of some tree
species are modified.***” During this process, some phenolic materials (extractives) are
synthesized at the transition of sapwood to heartwood and are accumulated in the cell walls.**
The durability of heartwood is strongly dependent on the tree species, e.g. many tropical
hardwood trees are known for their highly durable heartwood such as mahogany(Swietenia
macrophylla)®®, teak (Tectona grandis)® or jatoba (Hymenaea courbaril)*®.

However, in the long term, deforestation of tropical trees creates a depletion risk of rain
forests which also increases prices of qualitative hardwood timber every year.'* 3'2?
Sustainability of tropical hardwood trees is essential for the life on earth in terms of oxygen
production and variability of species.”* Meanwhile a sustainable forestation of softwoods has
been developed but the heartwood of many softwoods is less durable. Therefore with an
environmental consciousness, obtaining dimensionally stable and durable wood timber by
chemical modification of softwood is necessary.

This work is inspired by the heartwood formation and aims to develop routines for alternative
modifications of spruce wood cell walls (Picea abies — a softwood species) to decrease water
absorption and to increase dimensional stability of the wood material and then to test such

chemical modifications using physical and advanced chemical characterization methods.
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Wood structure, Chemical Composition and Reactivity

Wood structure

Tree

(347

Molecular structure

- Primary Outer

4 <~
wall layer
nm , (51)
(\j = Lignin )v = Hemicellulose
I = cellulose nanofibrils Middle lamella

*Macrofibril structure(lignin, hemicellulose, cellulose) shown in the

figure is a representative drawing and does not refer the exact

structure

Figure 1-1. Cell wall polymers’ structure in trees from tree to molecules. (a) A tree with an elongated
stem with supporting branches (b) Transverse section of a softwood tree indicating heartwood, sapwood
and bark (c) Left: Birch, a hardwood tree and light microscope image of its cellular structure with vessels.
Right: Spruce (Picea abies) a softwood tree and light microscope image of the wood tissue indicating
growth rings, earlywood and latewood cells (d) SEM image of several latewood cell walls of spruce wood
in micron range (e) Structure of a single cell wall including primary and secondary cell wall layers (f)
Microfibril structure of crystalline cellulose bundles surrounded with lignin and hemicellulose matrices
(g) Molecular structures of cellulose, hemicellulose and lignin polymers.

Wood transverse 3 = Cellular structure
section 9 : iy

Inner
layer (53)

Middle
layer (52) Secondary

wall

Trees are perennial woody plants with an elongated main trunk, branches and roots.'® The
roots are subterranean structures for providing water and minerals from soil, providing
biochemical storage and mechanical support to the trunk.'® The trunk is the part of a tree that
connects leaves to roots to carry and transport water and nutrients (Figure 1-1a). The trunk is
the part where wood is obtained for utilization. Figure 1-1b shows the transverse section of a
trunk.

The bark on the outside protects the tree from weather, fire, insects or mechanical injury.”,
followed by the phloem a thin layer of living cells for nutrient transport. Adjacent is the thin
layer of vascular cambium, the living tissue which produces new phloem cells to the outside

and xylem cells to the inside. Typically the xylem (wood) is the largest part of the trunk and
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for some trees a distinction between sapwood and heartwood can be made (Figure 1-1b).
Sapwood (the outer part) still contains some living cells while in heartwood even the
parenchymatic tissue has died. Often heartwood is darker than sapwood. When we look closer
to the cross-section of xylem annual growth rings consisting of earlywood (EW) and latewood
(LW) can easily be seen as shown in Figure 1-1¢. Latewood tissue of softwoods is denser
than earlywood. This may not be the case in hardwoods. The cells of latewood which formed
late in the growth season have very thick walls with small cell cavities (lumen) (Figure 1-1d),
while those formed first in the season have thinner cell walls with large lumina. At this point,
it is essential to mention the difference of hardwood and softwood trees (Figure 1-1¢). The
terms ‘hardwood’ and ‘softwood’ does not mean hardness or softness of wood. In fact, some
softwood species are harder and heavier than hardwoods. For example, a well-known balsa
tree is a hardwood and it is softer than any commercial softwood. The main differences
between hardwoods, which belong to the angiosperms (flowering plants) and softwoods
(gymnosperms) are related to the microstructure. The cells of the evolutionary younger
hardwoods are more specialized. Softwood trees (e.g. pine (Pinus) or spruce (Picea) have
generally evergreen needle-like leaves. ' '° Basic structural differences between hardwoods
and softwoods are shown in Figure 1-1c.

As one can see in Figure 1-1d the cells are held together by the highly lignified middle
lamella. The cell walls themselves (Figure 1-1e) consist of primary cell walls and secondary
cells walls.'® One of the building blocks of the wood cell wall is the cellulose microfibril. It
consists of bundles of cellulose polymer chains in partly highly ordered crystalline lattices
oriented with an angle to the longitudinal cell axis which is called microfibril angle (MFA).*®
Those partly crystalline cellulose fibrils are embedded in an amorphous lignin and
hemicellulose matrix (Figure 1-1f).'%>"*® The primary cell wall is the first layer to be formed
after the cell division and is composed of less oriented microfibrils that allow expansion of
the cell. *> ** The subsequently formed layer is the secondary cell wall having sub-layers
exhibiting different patterns in the orientation of microfibrils with a helical winding pattern
(S1, S2, S3) (Figure 1-1e).*" ** S1 is a thin layer with microfibril angles between 50-70
degrees.'® The S2 layer has the largest volume of the wall with microfibril angles between ~5-
45 degrees. Thus the S2 layer has the greatest influence on the wood properties (i.e.
mechanical, stability). The S3 layer is very thin and has a microfibril angle similar to the S1
layer. Micro- or nano-pores are also present in cell walls which are accessible under certain
conditions. The cell wall polymers: cellulose, hemicellulose and lignin and their

interrelations are described in the next section.
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Chemical composition

Cellulose, hemicellulose and lignin are the three major polymeric materials that make up the
heterogeneous structure of the cell walls. All the other wood components which are also
known as non-structural cell wall components are called extractives.

Cellulose. Cellulose is a polymer of D-glucopyranose units. These monomeric units
(anhydroglucose units, AGU) are alternately inverted in the plane of the ring. AGU are linked
together by B(1—4) glycosidic bonds forming the linear polymer cellulose. The average
degree of polymerization (DP) of cellulose in native wood is about 10.000.'® The cellulose
content of wood varies from about 40% to 50%.'° Cellulose molecules form intra- and
intermolecular hydrogen bonds which results in the formation of microfibrils which are
reinforcing the cell wall structure. As the density of cellulose microfibrils increases,
crystalline regions are formed. Wood derived cellulose generally contains about 65%
crystalline regions.'®

Hemicellulose. Hemicelluloses are heterogeneous polymers constructed with C5 and C6
sugars (such as xylose, arabinose, glucose, galactose, mannose, etc.) as shown in Figure 1-1g
and besides cellulose, hemicellulose is one of the most abundant components of biomass.** *
The chemical structure and the amount of hemicelluloses vary between species and type of
the cells.*® Hemicelluloses are thought to be the links between cellulose and lignin, '% %% 4647
Lignin. Lignin is an amorphous phenolic polymer with intermediate molecular weight (see
Figure 1-1g). It is responsible for providing additional stiffness to the cell wall and also
functions to bond individual cells together in the middle lamella region. There is a wide
variation of lignin structures within different wood species. The lignin content of hardwoods
is usually in the range of 18-25%, whereas in softwoods its content varies between 25-35%.
Lignin is associated by covalent bonding (ester and ether) with hemicelluloses forming lignin-
carbohydrate complexes. There is no evidence that lignin is associated with cellulose but
hydrogen bonds and even covalent bonds are established with hemicelluloses.**

Extractives. These small molecular weight organic materials (nonstructural wood
components) can be extracted with neutral solvents. The amount of extractives varies between
species up to 0,5-20%. Tropical woods can have relatively high amounts of extractives. Some
extractives contribute to some wood characteristics such as color, durability, etc.”® Aromatic
(phenolic) compounds (e.g. flavonoids), terpenes, aliphatic acids, alcohols, inorganic

substances are some examples to extractive materials.'®
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Reactivity of components

Because of the intermolecular hydrogen bonds cellulose forms a compact structure. For this
reason reactants can hardly reach the crystalline regions of cellulose polymer, which
decreases its reactivity. Hemicelluloses on the other hand contain side chains which hinder the
formation of intermolecular hydrogen bonds and the stacking conformation. Therefore
hemicelluloses are more reactive compared to cellulose. Although lignin is a randomly
branched polymer, it has limited reactivity due to aromatic groups in its structure. The

possibility to form intramolecular hydrogen bonds increases the stability even further.

Chemical modification of wood cell walls

State of the art
Chemical modification of wood includes various techniques to reduce water absorption of
wood material, in order to increase durability and dimensional stability. These techniques can

be classified via the method in which chemicals are introduced into the wood structure. ' >

4939 There are several possibilities as shown in Figure 1-2. Establishing single covalent
bonds with one — OH group or cross-linking between two or more -OH groups of cell wall
polymers is one of those techniques (e.g. esterification, etherification or silylation).'* !> 2!
Chemicals that have been used and covalently bonded to wood hydroxyl groups include
anhydrides, acid chlorides, carboxylic acids, isocyanates, aldehydes, alkyl chlorides, lactones,
nitriles, or epoxides. In those approaches highly active chemicals (e.g. anhydrides) can
penetrate the cell walls and react with hydroxyl groups of the cell wall components

(hemicellulose, lignin, cellulose)57'60

and consequently wood products may have good
dimensional stability.'* ®' Shielding hydroxyl groups with those reagents provides an
additional mass inside the cell wall (bulking) and creates a hydrophobic surface in the cell
walls that increases water repellence.'® ' %2 In addition, the filling of micro- and nanopores in
the cell walls prevents entrance of the water, thus hindering attack by micro-organisms.'*?'

Another technique which has been used so far is generally called impregnation modification
which is based on impregnation of various monomers into wood and further polymerization.
These monomers can either enter the cell wall if they are hydrophilic
(dimethyloldihydroxyethyleneurea (DMDHEU), furfuryl alcohol)'* '° or can only polymerize
in the lumen area. Hydrophilic monomers can either homopolymerize inside the cell wall or

1415 In the case of lumen

can react and cross link through hydroxyl groups of the cell walls.
modifications hydrophobic monomers are used such as acrylic monomers or styrene (Figure

1-2, lumen modification). 2° Hydrophobicity of those monomers hinders their migration into
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the cell wall meaning polymerization takes place only in the lumen. In this technique, water
repellency of the final material improves with increasing polymer content. Such
modifications, however still have little effect on dimensional stability of the wood material
due to the absence of additional polymer in the cell walls.'> ® The last chemical modification
technique is impregnation of hydrophilic polymers or molecules inside the cell wall (e.g.

Polyethylene glycol (PEG)*, and some flavonoids®>

) which make a bulking effect inside
the cell walls and improves some properties such as dimensional stability (Figure 1-2, cell
wall bulking). However, wood should be sealed by coatings afterwards in those cases because

inserted materials are still water soluble and can be removed by washing.

Untreated cell wall Lumen modification

Cell wall polymers
F&[/ [ ‘|
Modified cell wall Cell wall bu!kmg'

o] [l o

Substution of OH-groups by Cross linking
reactive reagents

[~ Hydroxyl groups

Figure 1-2. Cell and sub-cell level illustration of different chemical treatments for wood modification.

To make an efficient modification in terms of water repellence and dimensional stability, it is
essential that the solvent or chemicals used for modification are able to swell wood to provide
penetration of the reactive reagents into the cell walls." ®” The substitution or polymerization
reactions should take place under neutral or mild alkaline conditions at temperatures below
120°C." Otherwise, the structure of the cell walls might be altered due to chemical
deformations of cell wall polymers. The consequence of modifications applied at high
temperature or high acidic/basic conditions are reduced mechanical properties. Another issue
is to fix chemicals inside the cell walls so that they cannot be removed by water. This requires
either a reaction with hydroxyl groups to establish stable chemical bonds or the filling of cell
wall nanovoids with hydrophobic molecules.'* Avoiding byproducts is a further demand for
wood modification and the modified wood should still possess the aesthetic appearance of

untreated wood.
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Today, although some restrictions are applied based on environmental consciousness, in fact
there are still wood preserving treatments in use by impregnating toxic chemicals (such as
chromated copper arsenate (CCA), oils, ammonia or metal compounds) into the cell walls of
the wood to improve durability of bulk wood material. Many of those substances are filling
the voids but do not change the main chemistry of the wood. Inhospitable environments
created by toxic chemicals repulse the unwanted organisms, such as fungi or insects.
However, the toxicity of such products has environmental influence, both during the service-
life of the wood and for its safe disposal. Additionally, those treatments don’t have positive
contributions to other critical properties of wood such as dimensional stability or water
absorption.

By contrast, several chemical modification methods allow for producing both durable and
dimensionally stable wood timber by using non-toxic chemicals and are highly recyclable.
Those methods have already been industrialized in the last decade: Acetylation (e.g. Accoya),
DMDHEU (e.g. Belmadur), and Furfurylation (e.g. Kebony) are on the market.'* Melamine
resin and silocone/silane treatments are also promising methods which may soon be used for
mass production.'*

Currently successful products on the market are produced at comparably low cost. The
marketing of those products is based on their improved properties (dimensional stability,
water repellency and durability) and environmental issues (safety, renewability, sustainability,
etc.). Also, chemically modified materials can be disposed of as untreated wood or recycled
as it is done with WPCs (DMDHEU treatment).'* But the best strategy would be to develop a
materials cascade. Cascading is the optimal use of all components of the materials, including
multiple usages of chemical resources, before they are used to generate power at the end of
their life cycles. An example is the use of lignocellulosics: Wood material used to produce
fibreboard, can be followed by chemical use in the pulp and paper industry and finally the
fibres can be burnt for energy. This is also essential for chemically modified wood because
carbon and improved properties of cell walls can still be carried on to different products such
as fiberboards. Thus, disposal problem and toxicity (of both wood and by-products) should be
considered during the invention of chemical method for wood modifications. Furthermore, the
chemicals during manufacturing should be “green” which means environmentally safe. In that
context, “Green” modifications would be increasingly an important concept in the future for
this bioresource derived material. On the other hand, with improving technology, targeted

products could be produced for high-tech purposes such as electric conducting wood
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materials®®, or organic-inorganic hybrid wood materials by nanomaterial insertion into or

69-71

nanomaterial formation inside the wood or cell walls, etc.
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Chapter 2. Characterization methods

In this session a brief introduction will be given about some of the characterization methods
which are specifically important and were used for the purpose of this thesis. Apart from the
below mentioned analysis methods, Scanning Electron Microscopy (SEM), Attenuated Total
Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR), powder X-Ray
Diffraction and Differential Scanning Calorimetry (DSC) were used.

Raman Imaging and Spectroscopy

Spectrometer
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Figure 2-1. (a) Typical set up of a confocal Raman microscope (b) Diagrammatic representation of an
energy transfer model of Rayleigh scattering, Stokes Raman and anti-Stokes Raman scattering (c) Typical
Raman spectrum of wood cell wall and cell corner derived from image c. (c) Raman image of spruce cell
walls integration from 250-3100 cm.

Raman spectroscopy measures basically the excitation of molecular vibrations. The Raman
effect is based on an inelastic scattering of a photon from a laser light source with the
molecule excited to a higher vibrational energy level.”” When the light interacts with the
molecule and distorts (polarizes) the electron cloud, a short-lived ‘virtual state’ is formed. The
photons will be scattered with small frequency changes if electron cloud distortion is involved

in scattering.”” This elastic scattering process is the dominant process and called Rayleigh

scattering. However, the light photons may lose or gain energy during the scattering process if
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the energy is transferred from the incident photon to the molecule, it is called Stokes
scattering or if the energy may be transferred from the molecule to the scattered photon which
is called Anti-Stokes scattering(see Figure 2-1b).”* The Raman-shift is the energy difference
of the scattered photon and that of the incident photon which depends on the polarizability
changes due to molecular vibrations. Additionally, water gives only weak Raman scattering
which makes the Raman technique very suitable for in-situ studies of biological material.
Raman microscopy is the combination of a Raman spectrometer with a standard optical
microscope, allowing high magnified visualization of a sample and Raman analysis with a
microscopic laser spot. A typical confocal Raman microscope setup is shown in Figure 2-
1a.” The excitation laser is focused via an optical fibre and a microscope objective onto the
sample. The backscattered light is coupled out into a fibre, which acts as a pinhole. After
passing the spectrometer the signal is detected by a CCD camera. For visual inspection of the
sample usually a white light source and for picture capturing a camera is used. A piezo-driven
XY- stage and a Z-stage is used scanning and mapping the salmple.73

Raman microscopy is a chemical imaging technique that has been used for analysis of several
materials including biomaterials.””*® These imaging techniques provide spatially resolved
chemical information without destructing the material. In this thesis Raman imaging was used
for detailed chemical characterization of the modified wood cell walls, because of its high
spatial resolution (< 0.5 pm). Raman imaging is an established technique for generating
detailed chemical images based on a set of Raman spectra (Figure 2-1¢).*"% A set of spectra
is acquired at each pixel of the image, and then implemented to generate false color images

based on material composition and structure (Figure 2-1d).**

Nanoindentation

Nanoindentation is used for mechanical characterization of different materials at small length
scales. It has also been used to study mechanical properties of wood cell walls for several
years. “7*® A probe tip, in this case a three-sided, pyramid-shaped Berkovich indenter, is
pushed into the cell wall at a given speed until a defined maximum force is reached. Two
materials parameters can be extracted from such experiments, the Hardness and (indentation)
modulus. Hardness (H) is the measure of the resistance of a material to indentation because of
a constant compression load from a sharp object with a known shape. The indentation
modulus is related to the Young’s modulus and gives information about the resistance of a

material to elastic (recoverable) deformation under load.®’
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S = dP/dh
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Figure 2-2. (a)Hystron nanoindeter (b) Wood sample for nanoindentation embedded in agar resin (c)
Image of a nanoindented and deformed wood surface (d) Load-Displacement curve.

The load—displacement data from the nanoindentation tests were used to calculate hardness

and elastic modulus. The hardness (H) of the samples for an indentation depth (h) can be
calculated from the following equation: H = %, where P, refers to the load measured at a

maximum depth of penetration (h) in an indentation cycle, while 4 refers to the projected area

of contact between the indenter and sample at P,,,,. The reduced indentation modulus (E;) was

determined from the following expression®* **: E, = 21\/% \/% , where S (dP/dh) is the slope of

the line in tangent to the initial unloading curve in the load—displacement plot (Figure 2-2d).

Equilibrium Moisture Content (EMC)

Moisture content of the wood depends on the relative humidity and temperature of the
surrounding environment. The equilibrium moisture content (EMC) is the moisture content at
which the wood is neither gaining nor losing moisture.

Moisture content (EMC) at equilibrium is calculated as follows: EMC = W , where m
od

is the mass of the wood (with moisture) and my is the oven-dry mass of wood (i.e. no

moisture).

Anti-swelling Efficiency (ASE)

The ASE (anti-swelling efficiency) is the most known and straightforward method for

evaluation of dimensional stability of modified wood. Dimensions of the wood blocks are
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measured after water immersion and oven-drying cycle. First the swelling percentage of the

wood is calculated: (%) = % x 100 , where S(%): volumetric swelling; V;i: wood volume

after wetting with liquid water; V;i: wood volume of oven-dried sample before wetting.

ASE(%) = Su;nﬁ X 100 , where ASE(%): antishrinking/antiswelling efficiency resulting

um

from the modification; S,,: modified volumetric swelling coefficient; S,,: unmodified

volumetric swelling coefficient.
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Abstract

Wood has an excellent mechanical performance, but wider utilization of this renewable
resource as an engineering material is limited by unfavorable properties such as low
dimensional stability upon moisture changes and a low durability. However, some wood
species are known to produce a wood of higher quality by inserting mainly phenolic
substances in the already formed cell walls — a process so called heartwood formation. In the
present study, we used the heartwood formation in black locust (Robinia pseudoacacia) as a
source of bioinspiration and transferred principles of the modification in order to improve
spruce wood properties (Picea abies) by a chemical treatment with commercially available
flavonoids. We were able to effectively insert hydrophobic flavonoids in the cell wall after a
tosylation treatment for activation. The chemical treatment reduced the water uptake of the
wood cell walls and increased the dimensional stability of the bulk spruce wood. Further
analysis of the chemical interaction of the flavonoid with the structural cell wall components
revealed the basic principle of this bioinspired modification. Contrary to established
modification treatments, which mainly address the hydroxyl groups of the carbohydrates with
hydrophilic substances, the hydrophobic flavonoids are effective by a physical bulking in the

cell wall most probably stabilized by m—n interactions. A biomimetic transfer of the
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underlying principle may lead to alternative cell wall modification procedures and improve

the performance of wood as an engineering material.

Introduction

Wood is known for its excellent mechanical properties in view of a low density. However,
wood also possesses some intrinsic features such as a low dimensional stability and durability
that restrict its wider utilization in common applications.'” The relevant structural unit which
strongly determines the property profile of wood is the cell wall of the wood fibers. Wood cell
walls are naturally fiber composites consisting of parallel aligned cellulose fibrils embedded
in a matrix made of hemicelluloses and lignin.** Because of the hygroscopic nature of
amorphous cellulose and hemicelluloses wood cell walls shrink or swell upon changes in
relative humidity which can lead to substantial deformations of construction elements.’
Application of unprotected wood in the presence of high moisture almost inevitably results in
degradation of cell walls by fungi and in consequence in a low durability.

Accordingly, there is a long history of research activities aiming at producing durable and
stable wood timber by cell wall modification. Several reactive chemicals have been used so
far such as; anhydrides, carboxylic acids, acid chlorides, isocyanides, epoxides, aldehydes,
silicon-containing compounds, etc.'*®’ These chemical applications are mainly targeting to
establish a single covalent bond with the hydroxyl groups of cell wall polymers or cross-links
between several hydroxyl groups. The reduced availability of hydroxyl groups increases wood
repellency against water and therefore such modifying treatments usually reduce equilibrium
moisture content and increase dimensional stability. Besides this mode of action, an
alternative treatment is to bulk the cell wall, i.e., to fill microvoids within the cell wall by
incorporating materials, which may interact with cell wall components via weak hydrogen
bonding or other physical interactions.'

Interestingly some tree species invented a process to subsequently modify the cell walls of
dead wood fibers after they have been in function in the wood body for a few years. This so-
called heartwood formation is a natural process that is driven by a variety of metabolic
alterations in parenchyma cells at the sapwood—heartwood transition zone which lead to an
insertion of heartwood substances into the cell walls.* '* Characteristics of heartwood tissue
are determined by greater content of various organic substances classified as extractives, '
thereof a major group are phenolic compounds.® Flavonoids belong to this class of phenolic
compounds and can considerably affect wood quality and characteristics, such as durability

and color in the course of heartwood formation. °'""'> A central-European wood species with
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a heartwood of high durability is black locust (Robinia pseudoacia) due to the insertion of
flavonoids such as dihydrorobinetin, robinetin, etc.'” Although the biochemical pathways that
play a role during formation of flavonoids from storage materials such as starch have been
investigated,'*™'* it is still not fully understood how flavonoids are deposited into the cell wall
and how they interact with the cell wall components. "’

In this study, we are using the heartwood formation in black locust as source of bioinspiration
in order to improve the property profile of spruce wood (Picea abies), an extensively utilized
wood species, which possesses a low dimensional stability and durability. By insertion of
commercially available flavonoids into the cell walls we aimed at producing “artificial
heartwood” with improved dimensional stability and at unraveling the basic principles of
chemical and physical polymer interactions in order to derive general principles of bioinspired
wood modification processes. A similar wood modification approach has been reported with

different molecules such as simple or polycyclic phenolic compounds.'®™"

Using natural
hydrophilic extractives (hematoxylin and catechin) Sakai and co-workers found that the

dimensional stabilizing effect was hardly improved.'®

Experimental Section

Para toluene sulfonyl chloride, dry pyridine, 3-hydroxy flavone (3-HF), organosolvent lignin,
D-xylose, acetone (dried with 3-A molecular sieves) were bought from Sigma-Aldrich and
used as received. Cellulose fibers kindly provided by Borregaard company were used as
received. Norway spruce wood samples (Picea abies) were cut parallel to grain direction and
sawn into blocks of 1.0 x 0.5 x 0.5 cm’ (tangential x radial x longitudinal).

Tosylation Reaction of Spruce Cell Walls. The Norway spruce (Picea abies) sapwood
blocks were dried at 60 °C for 1 day and kept under vacuum for 1 more day in a round-bottom
flask. Samples were weighed (0,78 g, 4,33 mmol, calculated as a glucopyranose equivalent).
40 mL of dry pyridine was added to the samples in the flask for swelling for 1 day. The flask
was stored in an ice bath with the reactants. p-Toluenesulfonyl chloride (0,82 g, 4,33 mmol)
was added to the solution and reacted for 1 day at 5 °C.

Impregnation of 3-Hydroxyflavone in the Cell Wall. Tosylated spruce wood blocks were
washed with dry pyridine for 3h to get rid of unreacted tosylates. 3-Hydroxyflavone (1,03 g,
4.33 mmol) dissolved in minimum amount of dry acetone (40 mL, dried over 3-A molecular
sieves) was added dropwise to the swollen and tosylated samples. Acetone was evaporated
slowly by heating the flask to 45 °C to keep and precipitate the dissolved flavonoid molecules

inside the cell wall. This temperature was used in order to avoid wood cell wall damage due



Chapter 3. Flavonoid Insertion into Cell Walls Improves Wood Properties |24

to too high temperatures. After evaporation of acetone, samples were washed in a flask with
distilled water while stirring to get rid of pyridine and flavonoid molecules that had not been
impregnated in the cell walls but precipitated in the lumen.

Tosylation of Cellulose Fibers. Previously dried cellulose fibers (60 °C, 24 h) (0.23 g, 3.64
mmol of active OH-groups) were dispersed in 20 mL of dry pyridine and 2.35 g of p-toluene
sulfonyl chloride (12.33 mmol, 3 equiv.) was added. The reaction mixture was stirred
overnight at 5 °C. The reaction was stopped by the addition of an acetone/H20 mixture (20
mL, 1:1), and the product was washed thoroughly with distilled water. Raman spectroscopy
was used for characterization and band assignments of tosylated fibers (Figure 3-4A).
Tosylation of Lignin. Organosolvent lignin (0,5 g, 2,78 mmol — calculated as a coniferyl
alcohol equivalent) was dispersed in 40 mL of dry pyridine and 1.06 g p-toluene sulfonic acid
chloride (5,56 mmol, 2 equiv) was added. The reaction mixture was stirred overnight at 5 °C,
stopped with 40 mL and washed with distilled water. ATR FT-IR spectroscopy was used for
characterization and band assignments of tosylated lignin (Figure 3-4B).

Tosylation of D-Xylopyranoside. D-Xylose was methylated anomericly and tosylated as
reported elsewhere.”” Methyl B-Dxylopyranoside was prepared by refluxing D-xylose in
anhydrous methanol, in the presence of acidic ion-exchange resin. The pure B-anomer was
obtained by recrystallization in ethanol. Tosylation of the secondary hydroxyl groups in
pyridine at 5 °C give the tritosylate. Raman spectrometry was used for characterization
(Figure 3-4C).

Reaction of 3-HF and Individual Tosylated Cell Wall Polymers. Tosylated cellulose
fibers, organosolvent lignin and D-xylopyranoside were reacted with 3-HF (1:1 ratio) in dry
acetone at 45°C in separate flasks. Isolated reaction products were characterized by Raman
and ATR FTIR spectroscopies (Figure 3-4A-C).

Raman Spectroscopy and Imaging. For sample preparation (reference, tosylated, and
modified spruce wood blocks), 40 um thick slices were cut on a rotary microtome (LEICA
RM2255, Germany) and kept between microscope slide and coverslip with a drop of water to
maintain cell walls in wet condition. The modified spruce cell wall assembly was analyzed
using confocal Raman microscopy. Spectra were acquired with a confocal Raman microscope
(alpha300, WITec GmbH, Ulm, Germany) equipped with an objective (60X, NA = 0.8, 0.17
mm coverslip correction from Nikon Instruments, Amstelveen, The Netherlands). A 532 nm
laser with k = 532 nm (Crysta Laser, Reno, NV, USA) was focused with a diffraction limited
spot size of 0.61 A/NA and the Raman light detected with an air cooled backilluminated CCD
(DV401-BV, Andor, Belfast, North Ireland) behind a spectrograph (UHTS 300, WITec) with
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a spectral resolution of 1 cm'. For mapping, an integration time of 0.2 s was chosen and
every pixel corresponded to one scan and a spectrum (scan) acquired every 0.5 pm. Two-
dimensional chemical images were measured by WitecProject software using the “basis
analysis function”. The algorithm of basis function fits each spectrum of the multispectral
data set with a linear combination of the basis single spectra (four reference spectra; cellulose
fibers, lignin, 3-hydroxyflavone, tosyl chloride) using the least-squares method. To solve the
problem of variations in fluorescence background in various parts of the sample, the first
derivative of both multispectral data set and basis single spectra was calculated and the
distribution of various components (cellulose fibers, lignin, flavonoids, tosylated components)
obtained from Raman spectral features were plotted.

Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy (ATR FT-IR).
To record attenuated total reflection (ATR) FT-IR spectra a FT-IR microscope (Hyperion
2000, Bruker Optics, Germany) equipped with a liquid nitrogen cooled MCT detector and
connected to a Vertex 70 FT-IR spectrometer (Bruker GmbH, Germany) was used. The IR
beam was focused to the sample surface through an ATR objective (Bruker Optics, Germany)
characterized by the Ge internal reflection element with tip of 100 pm.

Thermal Analysis. Differential scanning calorimetry (DSC) was carried out on 10 mg
samples using a Setaram TG/DSC Sensys Evo thermobalance equipment in the range 20—600
°C, with the temperature being increased at a rate of 5 °C/min.

XRD Analysis. The powder XRD patterns of all samples were measured in reflection mode
(CuKa radiation) on a Bruker D8 diffractometer equipped with a scintillation counter.
Equilibrium Moisture Content (EMC). The modified and reference samples were
equilibrated in a sealed system with a relative humidity (~80%) obtained with saturated
solution of NaCl at room temperature. For the reference and each treatment 5 samples were
measured. Weight equilibrium of the samples was recorded by weighing samples until
constant weight. Afterward samples were ovendried at 103 £ 2 °C and reweighed to
determine final moisture content.

Cell Wall Shrinkage. Microtomed slices with a 40 pm thickness were observed under a
Leica fluorescence microscope and photographed at wet (swollen) and dried (at room
temperature for 1 day) conditions. Mean shrinkage of tangential cell walls was calculated by
measuring radial dimensions of the same 40 cell walls (see Figure 3-S2 in the Supporting

Information).
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Nanoindentation. The mechanical characterization of tracheid cell walls was carried out on a
Dimension DI-3100 atomic force microscope (Digital Instruments, Veeco Metrology Group,
Santa Barbara, CA) equipped with a Hysitron add-on force transducer for nanoindentation
(Surface, Hueckelhoven, Germany). For this purpose, samples were dried overnight in an
oven at 60 °C and subsequently immersed in AGAR resin (AGAR low viscosity resin kit,
AGAR Scientific Ltd., Stansted, UK) to enable the resin to penetrate the wood samples. The
impregnated specimens were glued onto metal discs (15 mm AFM specimen discs).
Specimens impregnated with the embedding resin cured overnight in an oven at 60 °C. Then
the samples surface was smoothed by polishing. Quasi-static indentation tests were performed
in a force-controlled mode, the indenter tip (Berkovich-type triangular pyramid, radius of
curvature ~150 nm) was loaded to a peak force of 250 uN at a loading rate of 100 uN/s, held
at constant load for 15 s, and unloaded at a rate of 100 uN/s.*' Middle regions of secondary
cell walls of reference, activated (tosylated), and modified samples were chosen for
nanoindentation (see Figure 3-S3 in the Supporting Information). A minimum of 20 indents

were made on a group of cell walls.

Results and Discussion

Flavonoid Loading of Spruce Cell Walls

Small spruce wood samples were first activated by tosylation and then impregnated by 3-
hydroxyflavone (3-HF) (see methods part). To gain detailed understanding of possible
changes in the chemical structure after modification of spruce wood blocks, we applied
confocal Raman imaging® on cross-sections of cell walls. Images A and B in Figure 3-1
highlight the distribution of cellulose and lignin in the cell wall and further show that the
chemical treatments did not result in cell wall degradation. Apart from the fiber-to-fiber
interfaces, a homogeneous distribution of cellulose can be found (Figure 3-1A). In Figure 3-
1B, cell corners (CC) and compound middle lamella (CML) are visible in brighter red color
representing highly lignified regions.” The distribution of 3-hydroxyflavone impregnated into
the cell walls is shown in the Figure 3-1C. Clearly this process takes place from the lumen
side of the cells because the inner cell wall region shows the major 3-hydroxyflavone loading.
Careful analysis of Raman spectra indicates no reaction or impregnation in CC and CML

regions. Interestingly impregnated flavonoid molecules were found exactly in the same region
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Figure 3-1. Confocal Raman microscopic images (100 x 70 um2) of of latewood cell wall tissue. (A-D) Plotted by
fitting multispectral Raman data set with reference spectra of (A) cellulose fibers, (B) lignin, (C) flavonoid, and (D)
tosyl chloride. (E) Basis analysis error indicating parts of the sample where the set of reference spectra was
unsuccessful to fit original data set. (F) Water distribution (calculated by integrating from 3135 to 3735 cm-! which
is specific for hydroxyl stretching mode).

of tosylated tissue (Figure 3-1D). Figure 3-1E shows the error from the basis analysis of the
fitting procedure. Normally the basis analysis error should be almost constant for all analyzed
regions. However, in this case, remarkable errors can be found in the impregnated regions
suggesting spectral shifts due to chemical bonding and interactions in treated samples in
comparison to reference spectra. Figure 3-1F shows a water distribution image which was
extracted by integrating the hydroxyl stretching band (from 3135 to 3735 cm ). The darker
region in the image is the modified region which coincides with the modified regions in
Figure 3-1C. The image displays intensity difference in hydroxyl stretching band between
modified and unmodified regions in the same cell wall. Comparison of average spectra proved
that the intensity of the water band decreases in modified regions (see Figure 3-S1 in the

Supporting Information).

Improved Wood Performance

To quantify changes in the wood property profile due to the insertion of flavonoids, we
conducted a variety of tests on the bulk material (Figure 3-2). The equilibrium moisture
content (EMC) at 20 °C/80% relative humidity of flavonoid impregnated samples was around
11.7 = 0.6% and of activated (tosylated) samples around 14.0 + 0.2%, whereas the unmodified
(reference) samples had an EMC of 16.9 + 0.4%. Hence, the equilibrium moisture content of
the modified spruce wood was only about 70% of the unmodified wood, whereas for simple
activation (tosylation) it was about 83% of the reference (Figure 3-2C). The anisotropic

shrinkage of wood cell walls is the result of the cell wall contraction with the removal of
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water from the cell wall cavities. In our study we measured the tangential cell walls of the
cross sections of wood fibers in unmodified, activated and modified cell walls before (wet)
and after drying (dry) (see Figure 3-S2 in the Supporting Information). In all cases, cell walls
shrank by drying (Figure 3-2D). However, although shrinkage of the unmodified and
activated cell walls was about 28 and 25% respectively, the shrinkage of the modified cell
walls was found to be around 15%, which represents a significant improvement in

dimensional stability (shrinkage values decreased of about 45% between untreated wood and

modified wood).
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Figure 3-2. Physical properties of cell walls. (A, B) Unmodified and modified spruce blocks under 254 nm UV light.
(C) EMC of unmodified, activated (tosylated), and modified samples. (D) Cell wall shrinkage of unmodified, activated
(tosylated), and modified samples. (E , F) Hardness and indentation modulus of unmodified, activated (tosylated),

and modified cell walls.

Hardness and indentation modulus of reference, activated and modified cell walls were
determined by nanoindentation (Figure 3-2E, F). Both, hardness and indentation modulus
showed a significant (P < 0.001, U-test) increase of about 10% from unmodified cell walls to
flavonoid loaded cell walls, which indicates an improvement of mechanical properties due to
flavonoid insertion. Interestingly, the tosylated (activated) samples show the highest hardness
and indentation modulus.

The weight percentage gain (calculation based on the weight difference between untreated
and modified wood samples) is a good indicator of an efficient impregnation (i.e., chemical
bonding or interaction between the introduced chemical and wood cell wall polymers).'

Activation by reaction of tosyl chloride with cell wall components increased weight of the
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samples by 19%. Subsequent flavonol impregnation increased the total weight percentage
gain (WPG) to 23%. The flavonoids alone are therefore accountable for a 4% weight increase
(data not shown). This nonleachable weight gain was interpreted as the result of a stable

interaction between cell wall polymers and flavonoids..

Polymer Interactions in the Cell Wall

Raman spectroscopy demonstrated the ability of 3-HF to interact both with aromatic groups
from lignin and tosyl groups inserted into the cell wall. The necessity of the activation
reaction with tosyl chloride becomes obvious when comparing the results obtained on
activated cell wall, with the impregnation of 3-HF without activation (Figure 3-3A-D).
Interestingly, although 3-HF enters the cell wall of nonactivated samples (i.e., reference
wood) using scrupulously identical conditions, the flavonoids content loaded in the cell wall

is lower, and the molecules are more easily washed away (with most solvents, including

water, Figure 3-3C, D), failing to establish any durable interaction with the cell walls.

Figure 3-3. Confocal Raman microscopic images of impregnation of 3-hydroxy flavone in the cavities of
nonactivated cell walls. (A, B) Raman images (100 x 70 pm?) of latewood and earlywood cell wall regions that
were calculated by integrating from 200 to 3600 cm-1. (C, D) Raman images (100 x 70 pm?2) of flavonoid
distribution after water leaching of cell walls that were calculated by integrating of flavonoid band between 665

and 685 cm-! from the multispectral data set.
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To derive the basic principle of the modification process it was essential to understand how
flavonoids interact with wood cell wall polymers and affect wood properties. As shown by
Raman imaging (Figure 3-1C, F), there is a clear colocalization of tosyl groups and 3-HF in
the secondary cell wall (S2). Although these results may immediately suggest a covalent
bonding of 3-HF to cell wall polymers via a nucleophilic substitution reaction with the tosyl

group, the evidence of an ether linkage formation is not trivial.
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Figure 3-4. (A) Raman spectrum of cellulose fibers, tosylated cellulose fibers, tosylated cellulose fibers after 3-HF
reaction and tosyl chloride. (B) ATR-FTIR spectrum of 3-hydroxy flavone, tosyl chloride, tosylated lignin after
reaction, tosylated lignin, organosolv. lignin. (C) Raman spectrum of D-xylose, methylated xylose, tosyl chloride,

tosylated methyl xylose, and tosylated methyl xylose after reaction.

Indeed, vibrational spectroscopy of lignocellulosic materials yields spectra characterized by
many overlapping signals from the main cell wall constituents (lignin, cellulose, and
hemicellulose). ** Therefore, we checked whether 3-HF can form ether bonds with individual
cell wall polymers activated by tosylation. After reactions, Raman and IR spectra of modified
polymers (cellulose, organosolv. lignin, and xylose (hemicelluloses)) clearly show the

absence of characteristic 3-HF peaks (Figure 3-4).
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The Raman spectrum of tosylated cellulose shows asymmetric stretching of sulfonyl group
(vas SO?) at 1372 em ', and symmetric stretching of sulfonyl group (vs SO») at 1176 cm™'
(Figure 3-4A).” The C—H stretching band of aromatic ring at 3073 cm ' also belongs to tosyl
group covalently bonded to the cellulose. Same bands can be observed in the Raman spectrum
of tritosylated xylose with the fingerprints of xylose at 800—1500 cm ™' region (Figure 3-4C).
Tosylated lignin which has additional IR bands from tosyl group can clearly identified at (v,
SO,) 1372 cmfl, (Vs SOz) 1178 cmfl, 856-815 cm ' C—Harom symmetric and asymmetric
bending (Figure 3-4B).*°
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Figure 3-5. Raman spectroscopy and imaging measurements after acetone leaching. (A) Spectral band from 300 to
3600 cm~! of acetone leached flavonoid inserted (modified) cell walls (1); tosylated cell walls (2); tosyl chloride (3);
and 3-hydroxy flavone (4). (B) Raman image (50 x 35 pm?) of 3-HF distribution in secondary cell walls after acetone
leaching (calculated by integration of flavonoid band, 665-685 cm-1). (C) Raman image (50 x 35 um2) of tosyl group

distribution in secondary cell walls after acetone leaching (calculated by integration of tosyl band, 795-810 cm-1).

Further, leaching tests performed on modified cell walls showed that 3-HF is easily washed
out of the cell wall region (See Figure 3-5) using aprotic solvents (which are good solvents
for 3-HF, such as acetone or acetonitrile), whereas it is hardly removed when using highly
polar protic solvents such as methanol or water as shown in Figure 3-1C. This can be seen in
Figure 3-5A where spectrum 1 belongs to acetone leached cell walls, whereas spectrum 2
represents the tosylated cell walls. In spectrum 1 Raman bands of tosyl groups can be found
without any intensity decrease (compare to tosyl chloride (spectrum 3)), but no Raman band
being characteristic for 3-HF can be found in the spectrum (compare to 3-hydroxy flavone

(spectrum 4)). Raman spectra shown in this figure confirm that leached wood has a similar
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Raman signature when compared to activated wood. These results confirm that tosylation is
unaffected by leaching, and that 3-HF is not covalently attached to wood (it is easily washed
out of wood using acetone as solvent). This finding is also supported by Raman images B and
C in Figure 3-5.

These results indicate the absence of covalent bonds between the cell wall polymers and 3-HF
which could be a consequence of the mild reaction conditions which were chosen to avoid
cell wall polymer destruction and cell wall deformation. This suggests that flavonoids most
likely interact with aromatic groups present in the cell wall, i.e. lignin or tosyl groups linked
to cell wall polymers. Hence the concomitant presence of flavonoid molecules and tosyl
groups in the S2 region (Figure 3-1C, D) has to be based on other types of interactions.
Previous studies on the crystal structure of 3-HF demonstrated the presence of intramolecular
H-bonding between the hydroxyl group and the ketone, and intermolecular interactions
including stacking of conjugated aromatic rings, and H-bonding in between neighboring
stacks.””** Given the ability of 3-HF to enter the cell wall, and to form intra- and
intermolecular associations via weak hydrogen bonding and n-stacking, the occurrence of
such interactions with lignin polymers and tosylated cell wall polymers in the treated spruce

samples is highly probable.
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Figure 3-6. Chemical characterization of cell walls with Raman spectroscopy. (A) Spectral band from 1500 to 1730

cm-1 (aromatic region) of (1) untreated cell walls, (2) activated (tosylated) cell walls, (3) modified cell walls, (4) 3-
hydroxy flavone. (B) Spectral band from 3000 to 3100 cm-! (aromatic C-H stretching of tosyl group?2¢) of (1)
modified region of cell walls, (2) tosylated cell walls, (3) tosylated cellulose fibers, (4) tosyl chloride. (C) Raman
spectrum of (1) modified region, (2) untreated cell walls. Schematic drawings on the right sight of the spectra show

binding of the tosyl chloride to the cell wall hydroxyl groups and structural drawing of 3-hydroxyflavone.

Evidence of m-stacking can be found in Raman spectra frequency shifts of the aromatic
systems which were observed in the modified cell wall (Figure 3-6A). The Raman spectra
provide information on aromatic vibration bands of 3-HF, and lignin (spectral region from
1500 to 1700 cm ', Figure 3-6A). Indeed, the most intense and not-overlapped Raman band
of 3-HF, which belongs to C2=C3 and C=0 conjugated stretching vibrations,” can be
observed at 1569 cm . Upon impregnation of 3-HF in the activated cell wall, we observed a
slight blue shift of the flavonol band (Figure 3-6A, Spectra 3 and 4, 1569 to 1571 cm_l),
whereas the lignin aromatic bands red-shifted from 1660 to 1656 cm ' (Figure 3-6A, spectra
1 and 3).

Considering a possible interaction between lignin and 3-HF conjugated systems, such an
opposite frequency shift is characteristic of a donor—acceptor interaction®® and is therefore

supporting the existence of weak bonding via n—n stacking. It is interesting to note that the
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lignin band is solely affected by the flavonol addition (with weak interactions), and not by the
reaction with tosyl chloride. The effects of tosylation can be observed in the higher frequency
spectral region where the band assigned to the aromatic C—H stretching of tosyl groups can be
found (Figure 3-6A).”° There is a clear red shift after reaction with the cell wall and addition
of 3-HF (Figure 3-6B, spectra 1, 2, and 3). In the case of tosyl groups, characterized by the
presence of both donor and acceptor substituents on the aromatic ring, the type of
intermolecular interactions is more difficult to discern. The Raman shift observed may be

caused by a CH or OH...w interaction or n—= interactions with 3-HF.
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Figure 3-7. (A) Differential scanning calorimetry analysis data of modified and reference spruce samples. (B) X-ray

powder diffraction profiles: modified, activated, and reference samples.

Another important aspect of the assembly and interaction of cell wall constituents in the
modified wood is whether 3-HF can built crystalline domains in the cell walls. This issue was
addressed by differential scanning calorimetry and X-ray powder diffraction (Figure 3-7). In
case of modified cell wall, DSC revealed an endotherm at 166 °C (Figure 3-7A),
corresponding to the melting of 3-HF. Therefore, it appears that the flavonol crystallized
within small domains in the cell wall. This is confirmed by X-ray powder diffraction analysis
as diffraction peaks of relevant crystalline 3-HF®' can be observed in the modified sample
(Figure 3-7B). Although 3-HF is known to form intermolecular interactions quite easily, to
the point of forming polymer like structures,”* it is surprising to observe crystallization in
such confined domains.

In line with our results, we propose that the aromatic groups provided by activation with tosyl
chloride acts as a nucleation center for the growth of 3-HF crystals within the cell wall. In the

case of nonactivated wood, the possibilities of weak interactions of such nature are present
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(with lignin), but considerably reduced, and explain the inability of 3-HF to stay in the cell
wall in a durable manner.

In contrast to prior studies,16’17

we used a rather hydrophobic flavonol in our study. In the
cited studies, flavonoid molecules comprise up to five hydroxyl groups, explaining the easier
impregnation of the cell wall. As shown here, loading of 3-HF in nonactivated cell wall was
low, but tosylation (i.e., modification of OH groups) renders the cell wall slightly more
hydrophobic, hence favoring the initial insertion of 3-HF into activated cell walls. Hence,
inserting hydrophobic molecules into wood cell walls following a tosylation pretreatment
provides an alternative and well-suited way to significantly reduce the water uptake of cell

walls and improve the dimensional stability of wood.

Conclusions

We established a new method to facilitate cell wall insertion of hydrophobic polycyclic
compounds via a pretreatment with tosyl chloride. The lesson to be learnt from nature is that
it could be beneficial to impregnate wood cell walls with hydrophobic substances rather using
treatments with hydrophilic flavonol compounds. The combined effects of hydrophobicity
increase, and improved accessibility of aromatic moieties provided by the tosylation,
contribute to a significant enhancement of the insertion and stability of flavonoids in the cell
wall. Hence by overcoming the challenge of establishing the hydrophobic substances in an
essentially hydrophilic environment of the cell wall, we were able to improve the dimensional
stability of wood considerably at the expenses of a relatively small amount of the modifying

flavonoid.
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Figure 3-S1. Comparison of water band intensity on the same cell wall of modified (al-2 ,b) and un-treated

cell walls (a3-4, c). a. (spectral range: 350-3650cm 1) Raman spectra of 1. Modified region selected on the
modified cell walls (middle of the cell wall). 2. Non-modified region selected on the modified cell walls (edge
of the cell wall). 3. Middle of selected un-treated cell wall. 4. Edge of selected un-treated cell wall b. Raman
image of modified cell walls by integration between 300-3650 cm'. c. Raman image of un-treated cell walls by

integration between 300-3650 cm!

Comparison of water band intensity and the water distribution in the cell walls (Figure 3-1F)
indicate a reduced water uptake of the cell walls. Two points on the same cell wall (middle cell
wall and cell wall edge) were analyzed by using Witec Software. Cross sections of cell walls are
filled with water during Raman measurements in all cases and water band intensity ratios show
an intensity decrease in the same cell walls. Raman bands of un-treated cell walls are not changed
at various points on the cell walls (See Figure 3-S1A. Spectrum 3-4, Figure 3-S1C) whereas an
intensity decrease can be observed for the modified sample (Figure S1A. Spectrum 1-2, Figure 3-
S1B).
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Figure 3-S2. Light microscope images of cross sections of wet (2a, 2c, 2e) and dry (2b, 2d, 2f) fibres: 2a & 2b

are reference cell walls, 2c & 2d are activated (tosylated) cell walls and 2e & 2f are modified cell walls.

Cell wall swelling/shrinkage behavior was calculated on the same cell walls from micrographs

taken in dry and wet conditions shown above.
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Figure 3-S3. AFM gradient images of nano-indented cell walls of un-treated(a), activated (b), modified (c) cell

walls.
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Abstract

As an engineering material derived from renewable resources, wood possesses excellent
mechanical properties in view of its light weight but also has some disadvantages such as low
dimensional stability upon moisture changes and low durability against biological attack.
Polymerization of hydrophobic monomers in the cell wall is one of the potential approaches to
improve the dimensional stability of wood. A major challenge is to insert hydrophobic monomers
into the hydrophilic environment of the cell walls, without increasing the bulk density of the
material due to lumen filling. Here, we report on an innovative and simple method to insert
styrene monomers into tosylated cell walls (i.e. -OH groups from natural wood polymers are
reacted with tosyl chloride) and carry out free radical polymerization under relatively mild
conditions, generating low wood weight gains. In-depth SEM and confocal Raman microscopy
analysis are applied to reveal the distribution of the polystyrene in the cell walls and the lumen.
The embedding of polystyrene in wood results in reduced water uptake by the wood cell walls, a
significant increase in dimensional stability, as well as slightly improved mechanical properties

measured by nanoindentation.
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Introduction

Wood has been an essential engineering material for humankind since ancient times due to its
global abundance, light weight, excellent mechanical properties, and processability. In modern
societies, wood still has a significant impact because of its sustainability, with increasing
utilization as an indoor and outdoor construction material. However, due to its hygroscopic
nature, wood swells and shrinks by absorbing and desorbing water upon humidity changes, which
makes it dimensionally instable.'”

The quest for solutions against this major disadvantage has led to a number of studies with the
aim to modify wood and further improve its quality. Increasing demand for high quality products,
environmental awareness of societies, increasing prices and concerns about use of tropical
hardwoods accelerated research activities in the field.*”

Various esterifications and etherifications,” " silyla‘[ions,sf7 and polymerization reactions have
been tried so far. However, none of these approaches entirely fulfilled the required product
properties (e.g. long-term dimensional stability, increased or retained mechanical properties,
moderate increases in density, absence of by-products, reasonable commercialization prizes,
minimized or no environmental/health risk, etc.). To date, only a few modification methods have
been introduced to the market, such as acetylation,™ or furfurylation,* mainly because of
limitations in up-scaling and product costs.

The wood treatments can be classified according to the targeted wood components and the type
of interactions created within the wood structure. Hydrophilic reactants are known to penetrate
the hygroscopic wood cell walls easily and can be used to establish covalent bonds addressing
functional hydroxyl groups of the natural polymers (lignin, cellulose, and hemicellulose).
Another approach consists in bulking the micro- and nano-voids in the cell walls with reagents
that can be locked in wood and provide permanent dimensional stability and water repellence.””
4,10

One possibility to lock new material in wood is to introduce monomers with low molecular
weight and convert them into polymer chains in situ. Several publications report on the
modification of wood by polymerizing monomers impregnated in wood blocks."' " Among the
hydrophobic monomers studied, styrene has several advantages related to up-scale possibilities
and easy polymerization at mild temperatures. Styrene itself is highly hydrophobic and has very

limited penetration into the cell wall. In some studies, minor amounts of hydrophilic solvents
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(methanol or ethanol) were used with styrene, which resulted in an improvement of dimensional
stability with very high weight gains only,’ most probably due to the absence of polymer within
the cell walls.

Indeed, it is well known that the addition of new material inside the lumen of the wood cells only
has little effect on the hygroscopic nature of wood.”*'*!” In order to improve the treatment
efficiency, it is of high importance to load cell walls rather than lumen. By doing this, a limited
weight gain upon modification is possible and wood's light weight advantages can be retained.
Polymerization of hydrophobic molecules does not take place in the cell wall without pre-
treatment.'® In a previous study, our group has introduced “activation” of cell walls by a pre-
treatment which allows for further impregnation by hydrophobic molecules (flavonoids) and
resulted in a reduction of moisture uptake up to 31%.%° In short, the “activation” of the cell walls
consists in reacting some of the —OH groups from the wood polymer network with tosyl chloride
moieties. This chemical pre-treatment was shown to hydrophobize wood cell walls, hence
improving the penetration of hydrophobic molecules in a second stage.”’ The mild conditions
used for this two-step modification treatment are suitable for wood, and avoid significant losses
in natural properties, as opposed to other techniques. Following this preceding work with
flavonoids, here we aim at successfully inserting hydrophobic polymers within spruce cell walls
for a further modification development. Polystyrene chains entangled within the cell wall
structure would yield a more durable treatment and enhanced bulking in the wood micro- and
nano-voids with affordable starting materials.

Hence, we postulate that the tosylation technique could be advantageously used with hydrophobic
monomers to prepare wood—polymer materials. Here we demonstrate that polystyrene chains are
present in the cell walls, which means that they contribute to the improvement of the dimensional

stability of spruce wood (Picea abies) without dominant densification.

Experimental

Materials

para-Toluene sulfonyl chloride (TsCl), dry pyridine (Py), dimethyl formamide (DMF), styrene
(St), azobisisobutyronitrile (AIBN), and acetone were bought from Sigma-Aldrich and used as
received.

Chemical modification of wood cubes
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Wood sampling. Norway spruce (Picea abies) wood cubes (1 cm x 1 cm x 0.5 cm; radial x
tangential x longitudinal) were cut along the grain, and dried in oven (see ESI Figure 4-S17). For
each of the different treatments, fifteen cubes were used and assigned as follows: reference wood
(Ref — unmodified), tosylated wood (Ts1 — low weight gain tosylation, Ts2 — high weight gain
tosylation), modified wood (St — in situ styrene polymerization without pre-treatment, St1 — pre-
treated with low WPG tosylation followed by in situ styrene polymerization, St2 and St3 — pre-
treated with high WPG tosylation followed by in situ styrene polymerization). After the
treatments, ten cubes from each group were used for physical characterization (i.e. swelling,
water uptake, anti-swelling efficiency, and equilibrium moisture content tests). Five cubes from
each set were used for structural and chemical analysis. A detailed description of the
experimental workflow is given in ESI (Figure 4-S1t), and the sample nomenclature is clarified
in Figure 4-1.

Step 1: tosylation of wood cubes. The tosylation conditions used in this work are reported
elsewhere.”” The wood cubes were dried at 60°C for one day, and their weight was measured
(oven dry weight). Cubes were placed in 40 ml of dry pyridine. After one day of swelling, the
reaction flask was cooled down in an ice bath before adding para-toluene sulfonyl chloride
(TsCIl). We immersed wood blocks in pyridine for 24 h before starting tosylation reaction as
mentioned (St1 sample set was directly put into pyridine—tosyl chloride solution). The amount of
TsCl added was calculated as one equivalent of TsCl per OH functionality in wood (n(OH),
calculated as anhydrous glucopyranose equivalent, AGU, MW = 162 g mol™). Tosylated wood
was produced with a low weight gain (Ts1) and a high weight gain (Ts2). The wood and TsCl
were allowed to react at 5°C for one day. After reaction completion, the control cubes were
washed with acetone and the other samples were cleaned with pyridine before step two.

Step 2: styrene impregnation and polymerization. After washing of the tosylated wood cubes
to get rid of unreacted tosyl groups, a styrene solution in DMF or pyridine (St : Py — 50 : 50 v/v
for St and St2, St : DMF — 60/40 v/v for St3), containing 1% of AIBN as initiator was added to
the wood blocks. The cubes were stored in this solution for one day, in order to maximize
monomer impregnation in wood cell walls before starting the polymerization. Prior to reaction,
the solution was degassed by bubbling argon for 30 minutes to get rid of oxygen. The reaction
flasks were heated at 75 °C overnight to polymerize styrene. After reaction completion, the cubes
were washed with several volumes of acetone, then with water, and finally dried in the oven at 65

°C for 24 h.
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Characterization

Swelling coefficient (S), anti-swelling efficiency (ASE), and water uptake (WU). Initial
weights and dimensions of all three sets of cubes (5 x unmodified, 5 x control, 5 x modified)
were measured. Then the cubes were placed into deionized water in separate flasks and stirred for
5 days with moderate shaking. Weights and dimensions were measured after 5 days and then the
cubes were stored in an oven at 103 °C for drying (first cycle). Weights and dimensions of the
dry cubes were measured and samples were placed again in deionized water for the second water-
soaking and drying cycle (second cycle). The degree of dimensional stability was obtained by
calculating swelling coefficient (S) and anti-shrinking/anti-swelling efficiency (ASE) as
reported.”’ The water repellence efficiency was given by the water uptake calculations. The

equations for S, ASE, and water uptake calculations are given in ESI (Figure 4-S27).

Initial First step Final products
Unmodified wood Tosylation Styrene polymerization
N st

Meodified wood
(No pretreatment - 50:50 v/v St/Py)

Ts1* _ St1
Tosylated wood Medified wood
Ref (low weight percent gain ~5%) (Pretreated - 50:50 viv St/Py)

Unmeodified wood

: St2
Modified wood
Ts2 (Pretreated - 50:50 viv. St/Py)
Tosylated wood
(high weight percent gain ~15%) - St3

Modified wood
(Pretreated - 60:40 viv StYDMF)

* In this case, dry woced is directly soaked in a TsCI/Py solution

Figure 4-1 Nomenclature for the reaction of spruce wood cubes with different steps and
conditions.

Equilibrium moisture content (EMC). Reference, tosylated, and modified samples were
equilibrated in a sealed container at a relative humidity of 75% obtained with a saturated solution
of NaCl at room temperature. Weight equilibrium of the samples was recorded by weighing
samples until constant weight. Afterwards, samples were oven-dried at 103 + 2 °C and weighed
again to determine final moisture content. For each treatment 5 samples were measured. Equation

for the EMC calculation is given in the ESI (Figure 4-S37).
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Volume change and weight percentage gain (WPG). Dimensions and weights of the wood
cubes were measured before and after treatments in order to determine volume and weight
changes caused by chemicals introduced.

Raman imaging and spectroscopy. 40 mm thick cross-section slices were cut on a rotary
microtome (LEICA RM2255, Germany) and kept between glass slides with a drop of water to
retain cell walls in wet condition. The cross-section of modified spruce wood was analysed using
confocal Raman microscopy. Spectra were acquired with a confocal Raman microscope
(alpha300, WITec GmbH, Ulm, Germany) equipped with an objective (60x, NA = 0.8, 0.17 mm
coverslip correction, from Nikon Instruments, Amstelveen, The Netherlands). A 532 nm laser
with A = 532 nm (Crysta Laser, Reno, NV, USA) is focused with a diffraction limited spot size of
0.61A/NA and the Raman signal detected with an air cooled, back illuminated CCD camera
(DV401-BV, Andor, Belfast, North Ireland) behind a spectrograph (UHTS 300, WITec) with a
spectral resolution of 3 cm™. For mapping, an integration time of 0.4 s was chosen, every pixel
corresponding to one spectrum acquired every 0.5 mm. Two-dimensional chemical images of
cellulose, lignin, and tosylated tissues were compiled by Witec Project software using the
integration filter. A classical integration method could not be used to generate polystyrene image,
due to the weak intensity of the polystyrene band at 1005 cm™. The Raman images of polystyrene
distribution were obtained using the “advance fitting” option of the Witec Plus software. The
polystyrene band at 1005 cm™ was fitted to multispectral data set by a Gaussian function yielding
an image showing the distribution of this specific band from the data set (for detailed information
please see Figure 4-S4 in the ESIf). The intensity profiles of polystyrene, cellulose, and lignin
were obtained along the marked line on the Raman image by plotting the intensity of selected
bands assigned to the different components (lignin, cellulose, polystyrene).

Scanning electron microscopy (SEM). The morphologies of the modified and reference wood
samples were documented via imaging cross-sections using an (E)SEM device (FEI FEG-ESEM
Quanta 600, FEI Company, Hillsboro, OR, USA) with a backscattered electron (BSE) detector
operated at 7.5-10 kV with a 10 mm sample-detector distance, 4.0/5.0 nm spot size, and 0.75 torr
pressure.

Nanoindentation. The mechanical characterization of tracheid cell walls was carried out on a
Dimension DI-3100 atomic force microscope (Digital Instruments, Veeco Metrology Group,
Santa Barbara, CA) equipped with a Hysitron add-on force transducer for nanoindentation

(Surface, Hueckelhoven, Germany). For this purpose, samples were dried overnight in an oven at
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60 °C and subsequently embedded in AGAR resin (AGAR low viscosity resin kit, AGAR
Scientific Ltd., Stansted, UK). Specimens were impregnated with the embedding resin and cured
overnight in an oven at 60 °C. 2 mm thick slices were cut from the resin block. The embedded
specimens were glued onto metal discs (15 mm AFM specimen discs), and the surface was
smoothed with a Leica Ultracut-R ultramicrotome equipped with a Diatome Histo diamond knife.
Quasi-static indentation tests were performed in a force-controlled mode; the indenter tip
(Berkovich-type triangular pyramid) was loaded to a peak force of 250 mN at a loading rate of
100 mN s'l, held at constant load for 15 s, and unloaded at a rate of 100 mN s

Results and discussion

Loading of spruce wood with polystyrene

Wood modification process. In the first step, our aim was to address the —OH groups of the cell
wall components (lignin, cellulose, and hemicellulose), via a covalent reaction with tosyl
chloride. In a previous study, it was shown that such a treatment is effective in reducing the
hydrophilicity of wood, and facilitates the penetration of hydrophobic chemicals in the second
treatment step.”® In the second step, wood was impregnated with a solution of styrene containing
an azoinitiator (AIBN). Since styrene is a hydrophobic molecule, it was dissolved in a good
solvent for wood such as DMF or pyridine to maximize cell wall penetration.”” The free radical

polymerization of styrene was then conducted for 18 hours at 75 °C (Figure 4-2).
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Figure 4-2 Schematic representation of the modification route: functionalization of cell wall -OH groups with
tosyl groups, followed by in situ polymerization of styrene monomer.

Prior to in depth characterization of cell walls, we can already collect important information on

the success of the wood modification by the weight gains and the dimensional changes
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immediately after reaction. The weight gains determined after tosylation (step 1), polymerization
(step 2), and after full treatment (cumulative) are respectively named WPG1, WPG2, and WPG,
and are given in Table 4-1. For the tosylation pre-treatment, WPG1 directly relates to the number
of hydroxyl groups reacted with tosyl chloride. As we reported before, the amount of tosyl in
wood after the first step has a critical influence on the insertion of hydrophobic compounds in
wood. By reacting the —OH groups with TsCl, the hydrophilic nature of the cell wall is changed
to a more hydrophobic environment, hence improving penetration of non-polar molecules such as
styrene. The total weight gains after full treatment, i.e. after washing with a good solvent for
polystyrene, show that in all experiments a significant amount of polymer was retained in the

wood structure.

Table 4-1. Summary of weight percent gains and volume changes of spruce wood blocks after
tosylation and polymerization reactions with various TsCl/St compositions.

Tosylation Polymerization Total
Exp. ID WPG1 (%) Vol. change (%) WPG2 (%) WPG (%) Vol. change (%)
St N/A N/A 38.8 38.8 -1.2
Stl 3.1-Tsl -0.6 —Tsl 35.7 40.0 -1.7
St2 14.2 - Ts2 0.9 -Ts2 19.7 36.3 1.6
St3 16.7 —Ts2 1.7 -Ts2 30.2 52.0 4.0

Table 4-1 also provides information on the dimensional changes of the wood cubes upon
treatment. A positive change in volume (i.e. the wood cubes are slightly swollen after treatment)
rejects the presence of material in the cell wall, via a bulking effect (experiment St2 and St3).
Theoretically, filling up only the wood lumen with materials should result in a constant volume.
The shrinkage (negative volume change observed for St and St1 sample series) is most likely due
the release of internal stresses due to rearrangements of cell wall polymers during the solvent
treatment.

The results given in Table 4-1 suggest that in the case of modification treatments without
tosylation (St experiment) or with very little tosyl groups in cell wall (St1), the polymer added in
step 2 does not enter cell wall. On the contrary, it seems that when a significant amount of tosyl
group functionalizes wood, the polymer is present in the cell wall to some extent (St2 and St3).
Understanding the polymer distribution in wood is of high importance. It has already been shown
that the location of a polymer or any other added material in wood has a strong influence on the

overall properties of the modified wood.”** If the added material sits in the lumina area, then
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properties such as dimensional stability (which is directly related to cell wall deformation) or
biodegradability will hardly be changed.

In order to affect such properties, the added material (a polymer in our case) should be located
within the wood cell wall. In the next part, we carefully studied the chemical composition,
morphology and structure of the wood after full treatment using Scanning Electron Microscopy
(SEM) as well as confocal Raman imaging and spectroscopy. Results of a semiquantitative

method which was developed to estimate polymer content in the cell walls will also be discussed.

Polymer location using Raman spectroscopy. Confocal Raman microscopy is a powerful

technique for the detailed analysis of plant cell walls in general.”>%’

With this technique, the
chemical signatures of the different cell wall constituents of wood as well as the polystyrene can
be singled out within the complex spectra obtained. Typical spectra of reference, tosylated, and
modified cell walls, as well as pure polystyrene are presented in Figure 4-3. For polystyrene the
band at 1005 cm™, which belongs to ring breathing of benzenes, was used for integration.”® The
Raman bands of tosyl groups on tosylated and modified cell walls can be assigned to asymmetric
stretching of sulfonyl group (vas SO5) at 1372 cm™, and symmetric stretching of sulfonyl group
(vs SO2) at 1176 cm™ (Figure 4-3d).”’ The C—H stretching band of aromatic ring at 3073 cm’
also belongs to tosyl groups covalently bonded to the cell wall polymers. The Raman images
shown in Figure 4-3 were obtained via scanning of a latewood cross-section from fully treated

wood (St3), followed by integration of relevant peaks for wood constituents, tosyl groups, and

polystyrene
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(see methods part). Figure 4-3a and b represent the CH-groups and lignin distributions and help

to visualize the cell wall structure. Integration of the CH-groups clearly depicts the secondary cell
wall regions (bright turquoise zones), while the lignin intensity is higher in the cell interstitial
space, cell corners (CC) and compound middle lamella (CML) (bright red zones). The tosyl
groups distribution indicates that functionalization took place deep within the secondary cell wall
(Figure 4-3c), and the high intensity regions suggest that the chemicals diffused from the lumen
interface towards inner cell wall regions. Figure 4-3d represents the polystyrene distribution,
which was generated by using a Gaussian fitting as explained in methods part (see also ESI
Figure 4-S47). This image clearly shows that styrene polymerized in the lumen area of some
cells. Regions with weak intensity (orange zones in Figure 4-3d) also reveal the presence of
polymer in the secondary cell wall. However, the strong contrast between pure polymer in the
lumen, and polystyrene enriched regions of the cell wall makes it difficult to interpret these

images.
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Figure 4-4 (A) Raman image from C-H stretching integration and visualization of the profile line and
measurement points. (B) Intensity profiles of cellulose, lignin, and polystyrene in cell walls and lumen along
the line shown in (A). (C) Raman spectra of the 10 points shown in (A), compared to polystyrene and
reference cell wall spectra.

In order to get a better understanding of the distribution of polystyrene in cell walls, Raman
intensity profiles of a specific band from polystyrene (1005 cm™) were recorded along a line
drawn across two latewood cells, as shown in Figure 4-4A. The intensity profiles of cellulose
and lignin recorded along the line and superimposed with the polystyrene profile were used to
assess the presence of polymer in the cell wall (Figure 4-4B). The null intensity regions
correspond to the empty lumen area, and are immediately framed by high intensity regions
representing the cell walls. Besides the characteristic distribution patterns of cellulose and lignin,
the plot clearly shows an overlap with polystyrene in the cell wall regions. These profiles indicate
that polystyrene chains can be found in cell wall, up to 2-3 mm below the lumen interfacial area
(reflected in the schematic illustration in Figure 4-2). Along the polystyrene profile, the peak
around 31 mm corresponds to polymer present in the lumen, which was observed in Figure 4-3d.
The Raman spectra associated to the points shown on Figure 4-4A are given in Figure 4-4C.
These spectra can be compared with the reference wood spectrum and the pure polystyrene
spectrum, and show that the peak at 1005 cm™ can be used as a clear marker for the presence or

absence of polystyrene in wood.
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Figure 4-5 SEM images of microtomed cross-sections. (A) and (B): fully modified wood (St3). (C) and (D):
unmodified, reference spruce wood.

Polymer location and content studied with SEM. To support findings from Raman
spectroscopy, and propose an estimation of polymer content in the different wood regions, a
series of SEM pictures of cube cross sections was performed (Figure 4-5). In order to have an
idea of the polymer distribution within the cubes, the images were taken from cross sections 0.5
to 1 mm below the initial cube surfaces. SEM images of unmodified cell walls are provided as
reference (Figure 4-5C and D). During the reaction process, wood cubes are soaked in the
reaction solution; therefore polymerization in the cell lumen cannot be avoided. Although a large
amount of unbound polymer chains is extracted upon washes with acetone, SEM images show
that some cells are still partially or fully filled with polymer residues (Figure 4-5A and B).

The repartition of polystyrene between cell wall and lumen area could be estimated through a
semi-quantitative method based on SEM image analysis and measured polymer weight gain.
Details about the calculation are given in the ESI (Figure 4-S57). Based on the assumption that
polymerization does not take place in the cell walls of the polystyrene samples without
pretreatment (St), we calculated the following cell wall loading for the other experiments: Stl

1.3%, St2 17.6%, and St3 22.7%.
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These results correlate well with the initial tosyl content in wood (WPGI), and support our
hypothesis that tosylation enhances penetration of styrene in the second step of the modification,
and consequently allows for higher polymer loading. Besides the presence of polymer within cell
lumina, SEM pictures reveal that the modification process does not damage the overall wood

structure, leaving well defined cells, without noticeable destruction.

Improved wood properties

Water uptake and swelling upon water sorption were measured using the water-soaking method
developed by Rowell et al.>! This method is based on subsequent cycles of drying and wetting,
and is particularly efficient to assess the stability of the treatment, to estimate the water
repellence (or water uptake), and to measure the dimensional change of wood in response to
water sorption.

Water repellence. The results (after the first and second cycles) in Figure 4-6 show that for all
modification treatments (i.e. Tsl, Ts2, St, Stl, St2, and St3) the water uptake was reduced to
some extent when compared to reference wood. As expected, the tosylation step already makes
wood more hydrophobic, and the water repellence efficiency correlates with the degree of
hydroxyl functionalization (a trend illustrated by the water uptakes for Ts1 and Ts2 experiments).
According to the graph, all treatments with polystyrene have enhanced hydrophobic properties
when compared to both unmodified and tosylated wood: after five days in water, unmodified
wood gained about 160% water, while all wood—polystyrene composites only gain about 70%.
Wood samples with polystyrene in lumen only (St experiment) also show a clear reduction in

water uptake similar to St3 in the first water-soaking cycle. It is well known that lumen
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Figure 4-6 Left: water uptake values for unmodified wood (Ref), tosylated wood (Ts1, Ts2), and modified
wood (St, St1, St2, and St3). Right: equilibrium moisture content (EMC) values of reference, tosylated, and
modified samples.
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filling by polymers decreases the space available for water, blocks cell cavities and consequently

. . 32
retards or avoids water entrance into the cell walls.>*>

Interestingly, after the first drying cycle
better results are achieved with wood samples combining activation with tosyl and subsequent
polymerization (namely Stl, St2, and St3 experiments): those samples have higher polymer
contents in the cell walls, which further reduces the space available for water molecules. The
significant differences of water uptake between cycle 1 and cycle 2 for pre-treated and
polymerized samples (Stl, St2, and St3) may be explained by a re-organization of the polystyrene
chains inside the cell walls during the first drying in a way that polymers further occupy the
nanovoids (Figure 4-6). As stated in the experimental part, wood cubes were dried at 65 °C after
the chemical treatment, but at 103 °C during the water uptake experiments. The glass transition
temperature (Tg) of pure polystyrene is around 100 °C (depending on the molecular weight).™
Therefore, during the drying step for the water uptake measurements, polystyrene chains may
flow freely within the wood cell wall and re-organization and additional filling of nanovoids can
take place.

Equilibrium moisture content (EMC) measurements of tosylated and modified samples at room
temperature and at a relative humidity of 75% also reject the improved hydrophobic character of
treated samples (Figure 4-6). In such conditions, reference wood had an EMC of 14.3%. All
modified samples adsorb less moisture with a minimum of 9.9% and 8.8% for St2 and St3
experiments respectively, which means that humidity adsorption of St3 is almost 40% reduced
(and 31% for St2).

Dimensional stability. We looked at the swelling and shrinkage behaviour of the wood cubes
upon soaking—drying cycles, from which we can calculate volumetric swelling coefficient (S) and
anti-swelling efficiency (ASE) according to the equations given in ESI (Figure 4-S27). Swelling
and antiswelling efficiency are basic quantities that reject improvements in terms of dimensional
stability of wood based materials. The average volumetric swelling values of the different
treatments after the water-soaking cycles, and the anti-swelling efficiency values can be seen in
Figure 4-7. The swelling coefficient is directly related to volume changes during water uptake—

drying cycles: a low swelling value corresponds to high dimensional stability.
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ASE compares the swelling of untreated wood to the swelling of modified samples: a high ASE
value means high dimensional stability (see ESIT for equations). In accordance with the water
uptake results, the tosylation step (Ts2) already provides some anti-swelling efficiency (Figure 4-
7). The samples of experiment Ts2 (high WPG1) show ASE values around 15%, whereas Tsl
(low WPGI) samples present negative values (-15%). This negative value may be explained by
the rearrangements of the cell wall polymer during the solvent impregnation, which make the cell
wall more accessible to water, and which is not compensated by the reduction of the —OH
functionalities. The shrinkage of the Ts1 samples directly after reaction reported in Table 1 also
supports this hypothesis.

The best ASE was observed with St3 samples (which have the highest WPG, and presented the
most significant bulking effect after treatment) with values around 25% after first water
immersion cycle, which represents a significant improvement. Cell wall modifications that
exclusively lead to cell lumen filling and fail in modifying the cell wall itself have limited
efficiency. This is clearly shown by the negative ASE value observed for the St sample set, where
the polymer is found in lumen only. The difference between the ASE values of St2 and St3
suggests that the total polymer content in the cell wall plays an important role on the final
properties.

Nanomechanical properties of cell walls. Mechanical properties of reference, tosylated (Ts2)
and modified (St3) cell walls were investigated by nanoindentation. Both hardness and
indentation modulus showed a significant (P < 0.001, U-test) increase of about 17% and 12%
respectively from the unmodified cell walls to modified cell walls (Figure 4-8). Further, the
tosylated cell walls show the highest increase in hardness and indentation modulus, with values
of about 30% and 13%, respectively. However, we assume that this could be a result of

embedding material diffusion inside the cell walls.
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Figure 4-8 (a) Hardness and (b) indentation modulus of unmodified, tosylated (Ts2), and modified cell
walls (St3). (c) AFM images of indented cell walls (from top bottom: reference, tosylated, and modified
cell walls).

Conclusions

In this work, a series of composites of spruce bulk wood and polystyrene were produced with
different pre-treatments (no tosylation, low weight gain tosylation and high weight gain
tosylation). We demonstrated that the diffusion of hydrophobic monomers into the cell walls and
their polymerization was significantly enhanced with the pre-functionalization of hydroxyl
groups, resulting in an efficient cell wall bulking. The method uses mild conditions (i.e. the wood
retains its mechanical properties) and yields new wood materials with limited weight gain and
improved properties: both dimensional stability and hydrophobicity are increased. Such
improvements are highly desirable and will help promoting the use of wood as a material from

renewable resources with more reliable properties.
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Figure 4-S1. Left: wood sampling: fifteen (1x1x0.5 cma) wood cubes for each set cut from spruce, in the longitudinal
direction. Right: schematic representation of experimental flow. Ts1 (tosylation — low WPG), Ts2 (tosylation — high
WPG), St (Styrene polymerization without tosylation pre-treatment), Stl (low WPG tosylation + styrene
polymerization), St2 (high WPG tosylation + styrene polymerization), St3 (high WPG tosylation + styrene
polymerization).

V; — Vi Sym — S Wi — Wi
i — Vi) x 100 ASE(%) = %"' X 100 WU(%) = (i = wi)

il um i

S(%) = X 100

where S(%): volumetric swelling;  where ASE(%): antishrinking/antiswelling ~ where WU(%): percentage of

V,: wood volume after wetting efficiency resultin from the modification;  water uptake of the samples; w;:
with liquid water; V,;: wood S,.: modified volumetric swelling initial weight of the sample; w;;:
volume of oven-dried samples coefficient; S,,: unmodified volumetric wet weight of the sample after
before wetting swelling coefficient. water-soaking

Figure 4-S2. Equations for Swelling (S), Anti-swelling efficiency (ASE), and Water Uptake (WU)
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Figure 4-S3. Equation for Equilibrium Moisture Content (EMC).

Raman imaging and spectroscopy - Advanced Fitting tool:

The tool for advanced fitting (WitecPlus software) allows spectra to be fitted with Gaussian curve
function. First dataset was background subtracted, and used to fit polystyrene curve at 1005 cm™ to the
data set by keeping the width of the curve constant.

(a) pei 05Xy
y=yo+ ), dmpe
i=0

w,=s5,V8In(2)
A;=Amp;s;N 21

n = Number of Gauss Functions
Vo = Offset

%, = Center

s, = Width ( Standard Deviation)
Amp, = Amplitude

w, = Width (FWHM )

A, = Area

/§

940

rel. liem

Figure 4-S4: (a) Gaussian function and nomenclature of parameters used in the function. (b) parameter values to
obtain related polystyrene image. (c) Gaussian fit of polystyrene curve at 1005 cm™ in the data set.
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WPG% / Area Fraction Analysis:

(e)

Image area Filled area Cell wallarea Cell wallarea Polymer area M (untreated M (PSt M (PSt)in M (PStinthe % of PStin the

WPG (%)

(mm?2) (mm?) (%) (mm3) (mm?2) wood) (g) added) (g) lumen(g) cellwall)(g) cell wall (%)
St 1,712 1,368 37,13 0,636 0,732 38,8 10,00 3,88 3,88 0,00 0,0
Stl 1,712 1,27 35,33 0,605 0,665 357 10,00 3,57 3,52 0,05 1,3
5t2 1:712 0,959 38,11 0,652 0,307 19,7 10,00 1,97 1,62 0,35 17,6
st3 1,712 1,003 381 0652 0,441 302 1000 30 234 068 227

Figure 4-S5: SEM images of (a) St, (b) St1, (c) St2, and (d) St3 samples used for semi-quantitative polymer WPG%
determination in the cell walls. (e) WPG% and area values to calculate polymer content in cell walls.

From the SEM pictures, we can determine the area occupied by the cell wall material (Cell wall area), and
the area occupied by the polymer in the lumen (Polymer area).

(Polymer area) = (Filled area)-(Cell wall area)

From the total weight percent gain determined after full modification, we know exactly how much
polymer (in grams) was added to the wood. Assuming that for experiment St (no pretreatment), the
polymer added is only located in the lumen part (which is consistent with literature), we can calculate
the amount of polymer located in the lumen of other experiments (M (PSt) in lumen) as a function of the
area occupied by the polymer on the SEM picture.

(M (PSt) in lumen) = (Polymer area of St1)/ (Polymer area of St) x (M (PSt) in lumen for St)

Once we have the weight of polymer in the lumen, we can get to the weight of polymer in the cell wall
since we know the total amount of polymer:

M(PSt in the cell wall) = M (PSt added) — M(PSt in the lumen)

% of Pst in the cell wall = M (Pst in the cell wall)/ M (Pst added) x 100



Chapter 5. Fully biodegradable modification of wood for improvement of dimensional stability and water
absorption properties by poly(e-caprolactone) grafting into the cell walls |65

Chapter 5. Fully biodegradable modification of wood for
improvement of dimensional stability and water absorption

properties by poly(g-caprolactone) grafting into the cell walls

Mahmut A. Ermeydan,”” Etienne Cabane,”” Philipp Hass, *” Joachim Koetz? and Ingo Burgert*”"

“ Max Planck Institute of Colloids and Interfaces, Department of Biomaterials, Potsdam, Germany.

Y ETH Zurich, Institute for Building Materials, Zurich, Switzerland.

“ Empa - Swiss Federal Laboratories for Material Testing and Research, Applied Wood Research
Laboratory, Diibendorf, Switzerland.

¢ University of Potsdam, Institute of Chemistry, Potsdam, Germany.

This article is published in Green Chemistry, 2014. DOI: 10.1039/C4GC00194J
Reproduced by permission of The Royal Society of Chemistry

Abstract

Materials derived from renewable resources are highly desirable in view of more sustainable
manufacturing. Among the available natural materials, wood is one of the key candidates,
because of its excellent mechanical properties. However, wood and wood-based materials in
engineering applications suffer from various restraints, such as dimensional instability upon
humidity changes. Several wood modification treatments increase water repellence, but the
insertion of hydrophobic polymers can result in a composite material which cannot be considered
as renewable anymore. In this study, we report on the grafting of the fully biodegradable poly(e-
caprolactone) (PCL) inside the wood cell walls by Sn(Oct)2 -catalysed ring-opening
polymerization (ROP). The presence of polyester chains within the wood cell wall structure is
monitored by confocal Raman imaging and spectroscopy as well as scanning electron
microscopy. Physical tests reveal that the modified wood is more hydrophobic due to the bulking
of the cell wall structure with the polyester chains, which results in a novel fully biodegradable

wood material with improved dimensional stability.
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Introduction

Wood has been known and used as a renewable raw and engineering material for thousands of
years and is still nowadays an essential building material due to desirable features such as light
weight, processability, good mechanical properties, sustainability, and aesthetic appearance.'™ A
further strong argument in view of the development towards more sustainable societies is that
wood is suitable for energetic recovery at the end of its service time, after an ideally long-lasting
carbon storage in a high value application.

However, wood has some drawbacks, related to the cell wall hydrophilic nature, which limit its
long term usage as an engineering material. Wood cell walls are composed of longitudinally
oriented cellulose fibrils embedded within an amorphous hemicellulose and lignin matrix,* and as
such, they can absorb large amounts of water from the environment. Water absorption and
desorption cycles due to humidity changes cause swelling and shrinking of the cell walls, leading
to dimensional instability that can result in severe deformation or crack initiation and failure of
the wood material.' > In addition, the presence of water in the cell wall provides an appropriate
environment for fungal attack resulting in the biodegradation of wood.'~*

Research in the field of wood modification focuses mainly on decreasing the water uptake of cell
walls, in order to increase wood dimensional stability. It is well known that chemicals have to
penetrate into the cell wall structure and have to be locked inside in order to have a strong impact
on wood properties.'*® As an example, the formation of covalent bonds between —OH groups of
cell wall polymers and small reactive molecules is a well-documented approach.””® Another
option is in situ grafting polymerization of monomers."*'® Various challenges have to be
considered when modifying wood cell walls, for example, the use of mild conditions to avoid
degradation of the cell wall structure during modification reactions, or the elimination of harmful
by-products. In addition, the hygroscopic nature of the cell walls is a severe barrier to the
introduction of hydrophobic materials, and impedes the insertion of small molecules solubilized
in polar solvents. There are several studies on in situ polymerization of hydrophobic monomers
inside wood, but very few of them report on the successful insertion of polymers inside the cell
wall structure, and as a result, on an efficient improvement of dimensional stability.'' " Recently,
our group reported on a wood pre-treatment enhancing the introduction of hydrophobic

molecules within the cell wall.'® We successfully inserted hydrophobic flavonoid molecules
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inside the cell walls, yielding a wood material with reduced water uptake as well as increased
dimensional stability.

In addition to the research on improving wood properties, the development of novel wood based
engineering materials is also driven by ecological concerns (sustainability, ecoefficiency, and
recyclability of the products). In the field of wood modification with synthetic polymers, the
commonly used chemicals yield wood-polymer composite materials that have to be considered as
plastics when it comes to recycling.'” To overcome this drawback, it is preferable to utilize
biodegradable polymers for modification and develop waste-free materials.'® The main strategies
to eliminate the disposal problem of materials are the utilization of polymeric materials derived
from renewable resources (e.g. wood flour, starch, cellulose, and chitin) and the production of
composites with biodegradable synthetic materials (such as polyesters including poly(e-
caprolactone), poly(lactic acid), poly(3-hydroxybutyrate), and poly(glycolic acid))."®** Poly(e-
caprolactone) (PCL) is one of the most widely evaluated and systematically studied
biodegradable synthetic polymers.'®" It is a semi-crystalline hydrophobic polyester that can be
polymerized by ring opening polymerization initiated by alcohols. The combination of PCL with
wood derived products has been investigated previously, mainly for the development of
biodegradable materials based on wood particles or components (such as wood flour and PCL
blends, or grafting of caprolactone from cellulose).”> >

In view of the abovementioned advantages of PCL, we regarded caprolactone as an interesting
candidate for in situ polymerization of wood and we report here on the first attempt to graft solid
wood with poly(caprolactone) chains. For that purpose, we prepared a fully biodegradable
material obtained by the ROP of caprolactone monomer initiated by —OH groups from cell wall
components. Dimensional stability and water repellence of the modified wood are significantly
improved, while the natural attributes of wood are retained, which shows that the new material

can potentially be used as a fully green material.

Experimental

Materials
g-Caprolactone (CL), tin(Il) 2-ethylhexanoate (Sn(oct)2), dry dimethyl formamide (DMF), dry

toluene, and acetone were bought from Sigma-Aldrich and used as received.
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Chemical modification of wood cubes

Wood sampling. Sixty Norway spruce (Picea abies) sapwood cubes (1 cm %X 1 cm % 0.5 cm;

radial x tangential % longitudinal, respectively) were cut along the grain, and dried in an oven at

63 °C overnight. The cubes were divided into four sets of fifteen cubes: one set as reference

wood (i.e. untreated), one set as controls (i.e. placed under the reaction conditions without the

reactive compounds), and two sets for full modification. After treatment, ten cubes from each set

were used for physical characterization (i.e. leaching, swelling (S), water uptake (WU), anti-

swelling efficiency (ASE) tests, equilibrium moisture content (EMC), and contact angle

measurement). The rest of the cubes were used for structural, chemical, and mechanical analysis.

A detailed description of the experimental workflow is given in ESI (Figure 5-S17), and the

reaction scheme and sample nomenclature are summarized in Figure 5-1.
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Figure 5-1 (a) Schematic illustration and
reaction route of polycaprolactone
grafting on the cell wall polymers (CML:
compound middle lamella, CC: cell
corner, CW: cell wall). (b) Nomenclature
for the treatment of spruce wood blocks
under different conditions.
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Impregnation and in situ ring opening polymerization of PCL. The wood cubes were dried at
63 °C for one day to reach a nearly dry wood cube with estimated moisture content around 1%.
Cubes were placed in 50 ml of anhydrous DMF or toluene. After one day of swelling, the cubes
were placed in flasks containing a solution of e-caprolactone (20 g) with 2% (w/w) of Sn(Oct), as
the initiator. The cubes were stored in this solution for one day in order to maximize monomer
impregnation in wood cell walls before polymerization. Prior to the reaction, 20 ml of dry DMF
or toluene were added to the flask and the solution was degassed by bubbling argon for 30
minutes. The reaction flasks were heated to 95 °C for 18 hours to polymerize e-caprolactone.
After reaction completion, the wood cubes were washed with several volumes of acetone
(approx. 4 hours), then with water (24 hours), and finally dried in the oven at 63 °C for 24 hours.
Additional acetone washing was carried out by Soxhlet extraction for 96 hours to estimate how
much polycaprolactone is chemically grafted on cell wall polymers. All solvents used for
polymerization reactions and washing steps (DMF, toluene, acetone) are good solvents for both

the e-caprolactone monomer and the poly(caprolactone) polymer.

Characterization

Raman spectroscopy and imaging. 30 um thick cross sections were cut on a rotary microtome
(LEICA RM2255, Germany) in a region 0.5-1 mm below the surface of the wood cubes and
placed between the glass microscope slide and the coverslip with a drop of water to maintain cell
walls under wet conditions. Spectra were acquired with a confocal Raman microscope (alpha300,
WITec GmbH, Ulm, Germany) equipped with an objective (60x, NA = 0.8, 0.17 mm coverslip
correction from Nikon Instruments, Amstelveen, The Netherlands). A 532 nm laser (Crysta
Laser, Reno, NV, USA) was focused with a diffraction limited spot size of 0.61 A/NA and the
Raman signal was detected with an air cooled back illuminated CCD camera (DV401-BV,
Andor, Belfast, North Ireland) behind the spectrograph (UHTS 300, WITec) with a spectral
resolution of 3 cm'. For mapping, an integration time of 0.4 s was chosen, and every pixel
corresponds to one spectrum acquired every 0.5 um. Two-dimensional chemical images of the
wood components and added polyester were compiled using WitecProject software with the
integration filter.

Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis.
Structural details of the treated and untreated wood samples were analysed using an (E)SEM

device (FEI FEG-ESEM Quanta 600, FEI Company, Hillsboro, OR, USA) with a backscattered
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electron (BSE) detector operated at 7.5 kV with a 10 mm sample—detector distance, 4.0 nm spot
size, and 0.75 Torr pressure. EDX analysis was performed using the INCA Energy 300 system
(Oxford Instruments, UK) with an X-Max 80-Detector. Samples were coated with platinum
before analysis.

Volume change and weight percentage gain (WPG). Dimensions and weights of the wood
cubes were measured before and after all treatments (polymerization, water immersion, and
drying) in order to determine the volume and weight changes caused by the chemical treatment.
Swelling coefficient (S), anti-swelling efficiency (ASE), and water uptake (WU). The
reference, control and treated cubes were immersed in deionized water for five days with
moderate shaking (soak cycle 1). Then cubes were placed in an oven at 103 °C overnight for
drying (drying cycle 1). Samples were immersed again in deionized water for the second water
soaking and subsequent drying cycles. The degree of dimensional stability of the modified wood
cubes was obtained by calculating the S and the ASE as reported.”® The equations for swelling,
anti-swelling efficiency, and WU calculations are given in ESI (Figure 5-S2%). The water
repellence is given by the WU calculations. Equilibrium moisture content (EMC). Wood exposed
to a constant relative humidity with a constant temperature absorbs or releases water and reaches
a constant moisture content called the EMC. Reference, control, and PCL-grafted samples were
equilibrated in a sealed system with a relative humidity of 75% (obtained with a saturated
solution of NaCl) at room temperature. When the samples reached equilibrium (i.e. constant
weight), samples were oven-dried at 103 °C and weight differences were calculated to determine
the final moisture content. For each set, five samples were used for the measurements. The
equation for the EMC calculation is given in the ESI (Figure 5-S3+).

Contact angle measurements. Contact angle measurements were performed on a cross-section
(RT-plane) of five samples per set (reference, control, W-g-PCL(D), and W-g-PCL(T)). All
samples are acclimatized in normal climate (20 °C and 65% relative humidity) until equilibrium.
To avoid any surface aging effects on the measurement, the cross-section was smoothened with a
sledge microtome GSL 1 (WSL, Birmensdorf, Switzerland) less than 24 h before the
measurement. A standard contact angle measuring device (SCA 20, dataphysics) was used to
apply 11 ul droplets of distilled water (LiChrosolv ®) on the smoothened cross-section and to
record its evolution by taking images with an appropriate frame rate, which lay between 0.5 and
25 frames per second. Besides the comparison of the different treatments with the untreated wood

samples, the procedure was repeated on plastic sheets to estimate the amount of water evaporated
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during the experiment. The determination of the contact angles was done using the software
included in the SCA 20 contact angle measuring device. For the comparison of the different
surfaces, the evolution of the contact angle was fitted using a linear function and its first
parameter (climax) was used. When possible, the fitting procedure started after the droplet was
stabilized on the surface.

Nanoindentation. The mechanical characterization of tracheid cell walls was carried out as
reported elsewhere,'® on a Hysitron Triboscan UBI-1 nanoindentation system (Minneapolis,
MN). For this purpose, samples were dried overnight at 63 °C and subsequently embedded in
AGAR resin (AGAR low viscosity resin kit, AGAR Scientific Ltd, Stansted, UK). Specimens
were immersed into the embedding resin and cured overnight at 60 °C. 2 mm thick slices were
cut from the resin blocks. The embedded specimens were glued onto metal discs (15 mm AFM
specimen discs). Surfaces were smoothed by polishing. Quasi-static indentation tests were
performed in a force-controlled mode, the indenter tip (Berkovich-type triangular pyramid) was

1

loaded to a peak force of 250 uN at a loading rate of 100 uN s °, held at constant load for 15 s,

and unloaded at a rate of 100 uN s

Results and discussion

Poly(caprolactone) grafting inside the cell walls
Poly(caprolactone) can be prepared by catalyzed ring-opening polymerization of e-caprolactone,

mainly using metal based catalysts (poor metals such as aluminum and tin based catalysts,
alkaline earth metals, transition metals, and rare earth meta.ls),”f30 but also enzymatic or organic
catalytic systems.”’ The hydroxyl groups present in the reaction media act as coinitiators, and the
polymerization proceeds through the activated stannous alkoxide species formed in situ.**** The
—OH groups of carbohydrates (such as cellulose) were already used as initiators for the ROP of

34-38 kg1 .
Within wood, our aim was to use

caprolactone, yielding cellulose grafted with PCL chains.
the abundant —OH groups present on the cell wall polymers (cellulose, lignin, and hemicellulose)
to initiate the polymerization of e-caprolactone and obtain wood grafted with polyester chains.
The penetration of caprolactone in the cell wall structure is a critical step in the modification. As
reported in the literature, a preferred solvent for the e-caprolactone ROP is toluene.’***
However, it is known that the wood swelling potential of toluene is limited in comparison to

DMEF, which swells wood to a greater extent.*' Since ROP of caprolactone was reported to take



Chapter 5. Fully biodegradable modification of wood for improvement of dimensional stability and water
absorption properties by poly(e-caprolactone) grafting into the cell walls |72

place in different solvents, including DMF %> we ran the experiments with both solvents (W-g-
PCL(D) for DMF and W-g-PCL(T) for toluene). One set of wood cubes was placed in the same
reaction conditions as the experiment W-g-PCL(D), but without the monomer. These samples
(control(DMF)) were used for comparison with the fully treated samples. The WPG and
dimensional changes resulting from the different treatments are summarized in Table 5-1.

The weight percent gain (WPG %) and volume change which were determined after ring opening
polymerization provide a first indication of the success of the modification. W-g-PCL(D) showed
the highest WPG and permanent volume change after polymer modification. The positive
dimensional changes of W-g-PCL(D) and W-g-PCL(T) samples can be related to the presence of
polymers within the wood cell wall: it has been shown already that a permanent volume change
after a successful modification is mainly due to cell wall bulking with new material.**** The
values in Table 5-1 reported for control samples indicate a slight weight loss and a permanent
volume reduction of about 7%. These observations may be explained by the leaching of some cell
wall components, mainly extractives, and the DMF treatment resulted in a re-organization of the
cell wall polymers (especially in the amorphous lignin/hemicellulose matrix). The WPG
reduction after additional acetone washing by Soxhlet extraction reveals that homopolymers that
were not attached to the cell wall polymers were removed which also resulted in a reduction of
the cell wall bulking effect.

Residual tin was determined after the first washing step and was found in small amounts with a
homogeneous distribution across the cell wall by EDX analysis (estimation based on EDX

calculation: ~1% (w/w)) (Figure 5-S47).

Table 5-1 Summary of weight percent gains and volume changes of spruce wood cubes after ring opening

polymerization reactions with DMF and toluene, and control conditions: after initial washing and Soxhlet

extraction.

Initial washing Soxhlet extraction
Exp. ID WPG (%) Vol. change (%) WPG (%) Vol. change (%)
W-g-PCL(DMF) 17,9 5,5 11,2 3,6
W-g-PCL(Toluene) 11,2 2,4 5,2 1,8

Control (DMF) -1,1 -7,3 N/A N/A
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Distribution of polymer in wood
To determine the spatial distribution of poly(caprolactone) after polymer modification at the cell

and tissue levels, a series of SEM pictures of cube cross sections was performed. SEM images of
unmodified reference cell walls are shown in Figure 5-2a and b. Figure 5-2¢ and d show that no
noticeable cell wall deformations were observed for the control, which indicates that the
modification process in DMF did not affect the wood tissue microstructure.

During the reaction process, wood cubes were completely immersed in the reaction solution, and
it is highly expected that polymerization takes place also in the cell lumina due to trace amounts
of water molecules in the solution, which can compete with cell wall —-OH groups for the
initiation of caprolactone ROP. However, the PCL free chains in solution were washed away with
acetone after modification, and as a result, Figure 5-2e and f reveal that the cell wall lumina are
essentially empty for the W-g-PCL(D) samples. This result indicates that the weight gain of W-g-
PCL(D) samples is mostly due to polymer bulking in the cell walls.

Figure 5-2 SEM images of microtomed cross-sections: (a-b) untreated cell walls; (c-d) control cell walls (i.e.
treated with DMF + Sn(oct)2 at 95 °C); (e-f) in situ polycaprolactone grafted cell walls in DMF, and (g-h) in
situ polycaprolactone grafted cell walls in toluene.

Although the samples modified in toluene (W-g-PCL(T)) were submitted to the same washing
steps, some unbound polymer chains remain in the cell lumina and completely fill the micropores
in the latewood regions (Figure 5-2g and h). This might be due to differences in the solvent
system which affect the degree of polymerization. Toluene is one of the most favourable solvents

for
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efficient e-caprolactone polymerizations under homogeneous conditions, which results in a high
degree of polymerization.*” However, toluene has limited wood swelling capabilities, which
hinders the penetration of monomer into the cell wall, and therefore, one observes only little
polymer in the cell wall, and some lumen filling with high molecular weight chains, when toluene
is used as a solvent. In contrast, it is reported that e-caprolactone polymerization with metal
initiators in DMF can hinder the polymerization,*® which may lead to shorter polymer chains that
can in turn be more easily washed away and thus explain the absence of polyester in the cell
lumina. Additionally, the excellent swelling properties of DMF allow for a more widespread
polymerization inside the cell wall.

In addition to SEM analysis, we investigated chemical changes in the modified spruce cell wall
structure to determine whether poly(caprolactone) was polymerized within the cell walls. In this
regard, confocal Raman microscopy is a powerful technique for the detailed analysis of plant cell
walls which provides spectroscopic analysis of cell wall constituents and can be used to construct
chemical imaging of the desired components.*’*

Typical Raman spectra of W-g-PCL(D), W-g-PCL(T), reference, and poly(caprolactone) polymer
are shown in Figure 5-3. The spectra recorded for polymer grafted cell walls display the specific

wood bands.*#°
—\W-g-PCL (D) Figure 5-3 Raman spectrum of poly
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In addition to the wood Raman bands, important changes were observed in the 1400-1500 cm '
and 1700-1750 cm ' regions. As shown in Figure 5-3, poly(caprolactone) has strong bands
between 1400 and 1500 cm ™' which belong to 5(CH2) vibrations and a strong band at 1725 cm™'
which belongs to v(C=0) vibration.”' In the Raman spectra of polymer grafted cell walls, we

observed a clear signal related to the presence of -CH2— groups from PCL. In addition, the C=0
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bond of the polyester can be easily visualized after modification. From the intensity distribution
of the new peaks, it is clear that the modification in DMF resulted in higher PCL cell wall
contents. These polyester peaks were clearly absent in the reference wood samples. In the Raman
spectrum shown in Figure 5-3, the Raman bands of e-caprolactone monomer at 695 and 735
cm ' (assigned to breathing motion vibrations in the seven member ring structure) cannot be
found, which indicates that the modified cell walls contain only polymerized caprolactone.

The Raman images shown in Figure 5-4 were obtained via scanning of a latewood cross-section
from poly(caprolactone) grafted cell walls, and integration of the relevant peaks for wood

constituents and poly(caprolactone) found in the spectra (see characterization).
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Figure 5-4 Raman images (a-c: 70 x 70 um?2 and d-f: 60 x 70 pum?) of the latewood cell wall tissue. Images
were plotted by integration of Raman bands from the spectral data set: (a, d) C-H stretching groups (mainly
cellulose) (2850-3010 cm™1), (b, e) lignin (1555-1660 cm1), and (c, f ) polycaprolactone carbonyl group
(1715-1735 cm-1).

In Figure 5-4, images a and d represent the CH groups (from cellulose) and the lignin
distributions are shown in images b and e, depicting the overall cell wall structure. The
distribution of cellulose highlights the secondary cell wall regions (bright turquoise zones),
whereas the lignin has higher intensity in the cell corners and compound middle lamella (bright

yellow zones). The poly(caprolactone) distribution of polymer grafted cell walls (W-g-PCL(D) in
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Figure 5-4¢, W-g-PCL(T) in Figure 5-4f) indicates that polymerization took place in the cell
walls for both experiments (green zones). In the W-g-PCL(D) cell walls, the poly(caprolactone)
polymers are rather homogeneously distributed across almost the whole secondary cell wall, in
contrast to the toluene experiment W-g-PCL(T), where poly(caprolactone) is predominantly
located in a cell wall region close to the lumen. In both cases, brighter regions represent higher
intensity of the related components, and the images clearly show that the penetration of the
monomer (consequently the polymer) inside the cell wall is more efficient when a good solvent

for wood such as DMF is used.

Improved wood properties
To evaluate improvements in dimensional stability and WU (water uptake) behaviour of the

polyester grafted wood, we used the water-soaking method developed by Rowell et al.?® This
method based on subsequent cycles of drying and wetting is a common measurement protocol to
assess the efficiency of wood modification treatments by the determination of changes in WU

and dimensional stability as a response to water sorption/desorption.

Stability of polymers in wood and water repellence

Wood eventually loses weight during repeated soaking—drying cycles due to the removal of
extractives and non-bound modifying compounds. The mass losses recorded for the different
samples are given in Figure 5-5a. The significant difference between the mass loss of reference
wood and treated samples may be explained as follows: the untreated wood loses extractives
during the soaking—drying cycles, but for the other samples, those substances were most likely
removed during the various modification steps. Samples containing poly(caprolactone) (W-g-
PCL(D) and W-g-PCL(T)) show only little weight loss, indicating that the added material in the
modified wood is locked within the wood structure. The increase in weight loss of W-g-PCL(D)
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Figure 5-5 (a) Determination of cumulative mass loss due to leaching of unbound material after the cubes
were immersed for five days in water (1st cycle) and after another five days of immersion in water (2nd
cycle). (b) WU values for reference wood, polymerized wood (W-g-PCL(D), W-g-PCL(T)), and control(DMF).
(c) EMC results at 75% relative humidity for reference wood, polymerized wood (W-g-PCL(D), W-g-PCL(T)),
and control (DMF).

during the second cycle may be explained by removal of the shorter polymer chains from the cell
lumen. The WU ability of the samples (after the first and second water immersion cycles) is
shown in Figure 5-5b. After five days in water (1st cycle), the unmodified (reference) wood
sample gains about 160% water, while wood-PCL composites gain about 100%. The trend is
similar after the second immersion period. As expected, the grafted hydrophobic
poly(caprolactone) chains provide some degree of protection against water uptake: the treated
samples in DMF show at least 30% reduction in WU when compared to unmodified wood.

Another way to evaluate the affinity of the wood samples for water is to calculate the EMC. In
this case, the samples were placed in a climate chamber with standard temperature (20 °C) and a
relative humidity of 75%, to examine the WU exclusively at the cell wall level. Under these
conditions, reference (unmodified) wood has an EMC of about 14%, as shown in Figure 5-5c.
This value is slightly lower than literature values reported for Norway spruce (14.4%), and can be
explained by the natural variability of wood.”? The polymer grafted samples show less moisture
adsorption. The highest hydrophobization is shown for the W-g-PCL(D) samples with an EMC of
about 10%, which represents a 30% reduction of moisture content when compared to reference

samples, and correlates well with the WU experiment.

Dimensional stability of polymer grafted wood

In order to evaluate the improvement of dimensional stability of modified wood, we observed the
swelling and shrinkage behavior of the wood cubes upon water soaking—drying cycles.
Calculations of volumetric S and ASE were made according to the equations given in ESI

(Figure 5-S27). The volumetric S values of the polymer grafted samples (W-g-PCL(D) and W-g-
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PCL(T)) were compared with the reference (unmodified) and control (DMF) samples after each
water-soaking and drying cycle (Figure 5-6).
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Figure 5-6 Left: average volume swelling values from the immersion and drying cycles. Right: ASE values for
treated wood cubes (W-g-PCL(D), W-g-PCL(T), control(DMF)).

The wood volume changes upon water soaking and drying cycles are a result of swelling and
shrinking of the wood cell walls. The volume of native wood typically swells 15 to 20%,
depending on species, tissue type and environmental conditions. When hydrophobic material
bulks the cell wall, the water affinity for wood is decreased, and less space is available for the
water molecules to enter the cell wall, resulting in decreased swelling. A lower swelling value
corresponds to a higher dimensional stability. As shown in Figure 5-6, the swelling of the W-g-
PCL(D) samples is reduced to about 8%, while the reference wood samples swell to about 16%.
The ASE compares the swelling of unmodified wood with the swelling of treated wood. A high
ASE value corresponds to high dimensional stability (see Figure 5-S2% for equations). The
negative ASE of control samples may be explained by the removal of extractives and the re-
arrangement of cell wall polymers (lignin/hemicelluloses), both phenomena contributing to a
better water penetration in wood, and hence enhanced swelling. In contrast, the ASE values
observed for W-g-PCL(D) samples, with values above 40% after each water immersion and
drying cycle, indicate that the treatment strongly increases the dimensional stability of wood. The
lower ASE values observed for the W-g-PCL(T) samples can be directly correlated with the
amount of PCL located in the cell wall shown in Figure 5-4c—f, and confirm that the choice of
solvent for the modification largely influences the final polymer content in the cell wall.

Contact angle measurements
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The bulk wood modification also results in new surface properties. In Figure 5-7, we show
representative curves for the evolution of the contact angle on different surfaces. The evolution of
the contact angle on a plastic sheet (for comparison), the W-g-PCL(T), and W-g-PCL(D) treated
surfaces fit to the applied linear function. The untreated and DMF treated surfaces absorbed the
water droplet in less than 2 s and less than 0.5 s, respectively. Due to the lack of droplet
stabilization, the fitting was performed using all available data points. The fast water absorption
in the control samples is also reflected in the mean values for the contact angle changes which
was about six times faster after the pure DMF treatment (mean climax reference: —62.45° s ';
control: —374.7° s™'). The comparison of the curves shows that both modification methods
increase the hydrophobicity of the wood surface. After the W-g-PCL(D) treatment the contact
angle decreased about 200 times more slowly than without the treatment (W-g-PCL(D): —0.335°
s—1). Although the total weight percent gain was higher for the modification with DMF and the
spatial distribution showed a higher concentration in the cell wall for this method, the
modification with toluene (W-g-PCL(T)) even led to a contact angle decrease that was again 10
times slower than that for W-g-PCL(D) (climax W-g-PCL(T): —0.034° s™'). Since the
measurements were performed on cross sections with cut open cells, this behavior is probably
due to the partially filled cell lumina, as was seen in Figure 2, which was not visible for W-g-
PCL(D). However, the comparison with the plastic sheet (—0.0097° s™) shows that there is still a

considerable amount of water that is absorbed into the wood substrate.
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Figure 5-7 Contact angle measurements of reference, control(DMF), W-g- PCL(D), W-g-PCL(T), and plastic
sheet.
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Figure 5-8 (a) Indentation modulus and (b) hardness of reference, polycaprolactone grafted, and DMF treated
cell walls. (c) SPM (Scanning Probe Microscopy) images of nano-indented cell walls. Left-to-right: reference,
control(DMF), W-g-PCL(D), W-g-PCL(T).

Nanomechanical properties of cell walls

The mechanical properties of reference, control(DMF) and poly(caprolactone) grafted cell walls
were investigated by nanoindentation (Figure 5-8). The indentation modulus of modified cell
walls and references were not significantly different (P > 0.05, U-test). PCL grafted cell walls
show a slight (P < 0.05, U-test) increase in hardness when compared to the unmodified cell walls.
The nanoindentation analysis essentially shows that the modification did not alter the mechanical

properties of the cell walls.

Conclusions

We reported here a first attempt at grafting of polyesters within wood cell walls. The hydroxyl
functionalities present in cell wall polymers were used to initiate the ring opening polymerization
of caprolactone. Based on the solvent utilized in the process, different amounts of polymer could
be introduced in the cell wall, yielding materials with different properties. The wood samples
modified in DMF show the most significant improvements, both in terms of hydrophobic
properties and dimensional stability, and this without altering the mechanical properties of the
wood. Using a fully biodegradable synthetic polymer like poly(caprolactone), we were able to
produce a novel wood product with improved performance, while preserving the advantage of an
environmentally friendly material, which can be easily disposed or is eligible for energetic

recovery. Since a wider utilization of wood-based materials is often hindered by intrinsic
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drawbacks and/or recycling issues, we believe that this new approach will help in enhancing the

implementation of wood in given and novel applications.
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Supporting information Figure 5-S1. On the left side: Fifteen (10x10x5 mm) wood cubes for each set which were cut
perpendicular to the same longitudinal axis and categorized as shown. On the right side: Schematic representation of reaction
flow. W-g-PCL(D) (ring opening polymerization of e-caprolactone in DMF), W-g-PCL(T) (ring opening polymerization of e-

caprolactone in Toluene), Control (DMF) (Control reaction of wood with DMF and initiator).

Equations for swelling coefficient (S), anti-swelling efficiency (ASE), and water uptake (WU):

( tr I) X 100
W

A

WU(%) =

where WU(%): percentage of
water uptake of the samples; w;:
initial weight of the sample; w;;:
wet weight of the sample after
water-soaking

Supporting information Figure 5-S2.

Equation for equilibrium moisture content (EMC):

Supporting information Figure 5-S3.
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Supporting information Figure 5-S4. EDX analysis of the W-g-PCL(D) demonstrates the existence of Tin(Sn) inside the wood cell

walls.
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Chapter 6. General Discussion and Conclusions

The main goal of the thesis was to prepare and characterize novel chemically modified wood
materials to create more efficient alternatives to current methods. The previous chapters have
presented the results from the last three years in the form of three manuscripts (Chapters 3 to 5).

As the papers presented in this cumulative thesis already discussed the results individually, this
general discussion section rather focuses on i) a general understanding and correlation of the
three manuscripts ii) conclusions, new directions for research inspired by the outcome of the

thesis and, iii) application potential of the work (outlook).

Chemistry of Modifications.

Chemical modification of wood cell walls

Insertion of

hydrophobic
molecules/monomer
1.st ste
; | 7 ] .
Pre-treatment: w—&ap%ﬁmﬁa geigr erization
Tosylation into wood cell walls :

2.nd step

Flavonoid
insertion into

Styrene
polymerization into

hydrophobized
cell walls

hydrophobized cell
walls

Figure 6-1. Schematic illustration of pathways of three projects:: flavonoid, polystyrene and epsilon-
caprolactone modifications.

The idea of the first manuscript (Chapter 3) emerged by inspiration of heartwood formation in the
black locust tree (Robinia pseudoacacia). Heartwood is a natural occurrence in tree stem which is
formed at the end of a variety of metabolic processes at the sapwood—heartwood transition zone.
During heartwood formation, some phenolic substances (extractives) are inserted into the cell
walls.”> Heartwood phenolics are responsible for several wood features such as an increased
durability of wood. There are a few reports on biomimetic wood modifications that mainly focus

on inserting rather hydrophilic flavonoids or phenolics into wood.®> °*®  The basic problem of
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inserting hydrophilic flavonoids into wood is the water solubility of inserted molecules which can
limit their exterior and long term usage. In addition, flavonoid existence in the cell walls after
modification wasn’t proved using spectroscopic tools but only by physical analysis such as
vibrational properties, equilibrium moisture content(EMC) or anti-swelling efficieny(ASE),*> %
% 1t was reported that heartwood extractives impregnated into the cell wall are more effective

than those in the cell lumen in terms of durability,”® *'

thus the final location of impregnated
material is critical for the modification processes. One of the reported works on biomimetic
modification showed that the moisture uptake is only slightly reduced (up to 8%) with high

weight percentage gains®

with insertion of some phenolics extracted from Brazilwood
(Caesalpinia echinata) which indicates that the impregnated substances were mainly inserted in the
lumen part instead of cell walls. Another study by the same research group showed that
improvement of ASE was only observed for water soluble simple phenolics, but samples which
were impregnated with natural polycyclic molecules (flavonoids) dissolved in methanol didn’t
show an improved ASE.®* Learning from reported biomimetic modifications and in contrast to
the previous studies, it was decided to insert hydrophobic flavonoids into the cell walls instead of
hydrophilic ones to be able to increase efficiency of moisture repellency and to avoid removal of
the inserted material by water washing. However, after some unsuccessful experimental work
based on pH or solvent exchange (data not shown), soon it became clear that the insertion of
hydrophobic molecules into the cell wall required a pre-treatment of the cell wall and the idea of
cell wall tosylation (activation) emerged at that point. Tosylation is generally used in organic and
polymer chemistry to further make Sx2 reactions’” because tosyl groups attached to the hydroxyl
groups become better leaving groups for further displacement reactions.”® Tosyl chloride is a very
active reagent against hydroxyl groups and can react under mild conditions.*® One of the criteria
for efficient wood modification is that chemical reactions should not alter the cell wall structure.
It was found that nano-mechanical properties of tosylated cell walls were even better than the
untreated samples (Chapter 3) which shows tosylation has no damaging effect on cell walls.
Finally, insertion of hydrophobic 3-hydroxy flavone into the already swollen wood cell walls (by
pyridine) was achieved by diffusion with a solution of flavonoid dissolved in acetone. It was
proven by Raman investigations that the success of insertion depends on pre-treatment.
Consequently, the targeted improvements (i.e. better water repellency, better dimensional

stability) were obtained with this treatment.
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As mentioned in the flavonoid manuscript (Chapter 3), the flavonoids should remain in the cell
wall for long periods; nevertheless it was intended to develop even more stable cell wall
modification. Based on the successful results of the first project, hydrophobic styrene monomers
were polymerized inside the cell walls. This allowed us to verify the tosylation process by
introducing the styrene monomers and the possibility of polymerization reaction that took place
in wood cell walls was proved. Also due to the low cost of the styrene monomer, it would be a
good candidate for an industrial perspective instead of using rather expensive commercial
flavonoids. In the past, several studies were performed using polystyrene for wood modification.
So far polystyrene could only be found in the lumina after polymerization '* '°, because styrene
itself is hydrophobic and does not have the ability to swell the wood cell wall and penetrate it."”
Even though lumen modifications can increase water repellency because polymers formed in the
lumen repel water, block entry of voids and retard water access in the cell walls'?, there are many
reported studies on such modifications which fail to increase dimensional stability of the wood
because hydrophobic monomers cannot penetrate cell walls.'* '> A few of the early reported
studies mention achievement of cell wall penetration to some extent but they suffer from the
methods used which cause cell wall alteration or largely densified wood material.'* > **+%7
However, in this study it could be shown that pre-treated and further in-situ styrene polymerized
wood samples in a monomer(1:1)solvent solution have much better dimensional stability and
water repellency properties than untreated reference samples.

In the final part of the thesis wood was modified in a way that the final product is fully
biodegradable. In contrast to the first two projects no pre-treatment (tosylation) was used. Again
a hydrophobic monomer was diffused into the cell walls and polymerized in-situ, in a one-step
reaction (Figure 6-1). By establishing covalent bonds with hydroxyl groups of the cell wall
polymers, polycaprolactone provided a stable and successful modification (Chapter 5).

The mechanisms of cell wall modification are quite challenging and need further investigations
due to the complex structure and content of the cell walls. However, some interpretations and
guesses can be made by comparing the experimental facts. As it is known, styrene type vinyl
monomers cannot enter the hygroscopic cell wall due to their hydrophobic and non-polar
character, but there is no literature discussing diffusion or polymerization of e-caprolactone
inside the cell walls. Apart from styrene modification, the ability of making graft polymerization

of e-caprolactone initiated by hydroxyl groups of cell wall polymers may lead to simultaneous
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hydrophobization of the cell wall during the reaction and further in-situ polymerization becomes
possible.

All three modification methods were solution based, that means wood was impregnated in
solutions of chemicals/monomers for insertion and further polymerization reactions. Utilization
of solvents was quite important for our purpose because swelling of cell walls can increase with
appropriate solvents.”® It was reported that swelling differences by organic solvents are related to
basicity of the swelling reagent that’s why solvents which are electron donors such as amines are
generally excellent wood swelling agents.”® Swelled cell walls have increased volume which
essentially influences the amount of impregnated chemicals. We proofed this fact especially in
the polycaprolactone project. Contrary to toluene, utilization of DMF doubled the amount of

polycaprolactone grafted in the cell walls.

Table 6-1. Weight gain and volume change of modified samples after chemical treatments in Chapter 1, 2,
and 3. Abbreviations used in the table are same abbreviations used in Chapter 3, 4, and 5 and will be further
used in discussion part. Mod.Ch3: Chapter 3, modified samples with flavonoid insertion. St(1-3).Ch4:
Chapter 4, styrene inserted and in-situ polymerized samples. W-g-PCL(D,T).Ch5 and Control(DMF).Ch5:
Chapter 5, caprolactone inserted and in-situ polymerized samples in DMF or toluene and control sample in
DMEF. There is also a color code for results from each chapter. Chapter 3: black, Chapter 4: red, Chapter 5:
blue.

WPG 1 (%) Vol.change (%) WPG 2* (%) WPG (%) Vol. change (%)

Favonoid Project | | | [ | |

19,0 N/A 4,0 23,0 N/A

| Polystyrene Project | I R

N/A N/A 38,8 38,8 1,2
St1.cha 3,1 0,6 35,7 40,0 1,7

St2.Ch4 14,2 0,9 19,7 36,3 1,6
St3.Ch4 16,7 1,7 30,2 52,0 4,0

N/A N/A 17,9 17,9 5,5
N/A N/A 11,2 11,2 2,4
N/A N/A -1,1 -1,1 -7,3

After the modification treatments the weight percentage gains (WPG) and permanent volume
changes of wood samples were measured (Table 6-1). WPG and volume changes are good and
quick indicators to show effectiveness of the modification method. From an engineering point of
view, low WPG increases are preferred for wood modifications to avoid densification of the

material.'"* Permanent volume increases after modifications can be interpreted due to the
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impregnation of polymers into the cell walls which consequently may reduce the water uptake
and the degree of swelling. Polystyrene inserted samples have the highest WPG values due to
partial lumen filling by polystyrene homopolymers (Figure 4-5). The most favorable values
belong to samples of polycaprolactone project which has large volume changes with small WPG

(~17%).

Distribution of inserted materials in the wood cell walls.

To analyze the distribution of modifying agents in the cell walls after modifications, up to now

94, 95, 99

researchers have mainly used energy-dispersive X-ray analysis (EDX) , autoradiography”*

190 VL' EDX is not suitable for our purpose since the

and in a few cases Raman microscopy.
inserted chemicals consist of C, H, O atoms which are the same as the cell wall components and
can therefore be not detected. Such analysis needs so-called labelled chemicals for visualization

93 9 chloroacetic anhydride%)].

[halogenated derivatives of the reagents (i.e. bromostyrene,
Autoradiography requires tritium-labelled derivatives of modifying agents which limits use of the
method. However for confocal Raman imaging analysis there is no need for special reagents or
labelling techniques.'** '*?

In the past, Raman imaging was successfully used on wood to determine distribution of cell wall

81, 104-106 102, 107

polymers or to get both quantitative and qualitative information about components.
Raman microscopy was also used to detect inserted chemicals into cell walls; however in those
studies chemical images were not presented.'®” '°! We used Raman microscopy and spectroscopy
to make a very detailed investigation of the chemically modified wood cell walls. Chemical
images showing spatial distribution and spectroscopic information of inserted materials and cell
wall polymers were provided in this thesis. As shown in Figure 6-2 (Raman micrographs) in all
three modification methods diffusion of molecules/monomers takes place from the lumen side of
the cells towards inner cell wall. In addition the Raman spectra indicate less or no

reaction/impregnation in the cell corners and compound middle lamella regions for all

modifications which means modifications only took place in secondary cell walls.
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Reference Polystyrene Polycaprolactone
;‘ . . - : e :‘, ._ L ;

. -

20 7. 20 UM gre A 10 pm - 10 pm

Figure é-Z.VRaman images of (Left-to-Rigt): C-H stretching distribution showing chemical image ofsevral
cell walls as a reference image for modified cell walls-Flavonoid distribution into the cell walls-Polystyrene
distribution into the cell walls and in the lumen-Polycaprolactone distribution into the cell walls.

One of the critical observations in flavonoid and polystyrene modification was the correlation
between the distribution of tosyl groups and inserted materials. In both cases impregnated
flavonoid molecules and in-situ synthesized polystyrene were found exactly in the region of tosyl
groups. Additionally, non-covalent interactions of tosyl groups with impregnated flavonoids were
also found by Raman spectroscopy. It was concluded that the covalently bonded tosyl groups
increased the hydrophobicity of the cell wall and provided a convenient environment for further
insertion/impregnation of hydrophobic materials.

A water distribution image of a flavonoid modified sample, which was extracted by integrating
the hydroxyl stretching band (from 3135-3735 cm™), is shown in Figure 3-1F. Unfortunately
water distribution after modification could not be visualized for the two other modifications
because the higher temperatures used for polymerization reactions probably increased
fluorescence emission by lignin and thus Raman images for the hydroxyl stretching band could

not be generated appropriately (data not shown).

Improvement of Material Properties
Water repellency.

The EMC (Equilibrium moisture content) was measured for water repellency determination in all
three projects at a relative humidity around 80% and room temperature. In addition to EMC test,
in the polystyrene and polycaprolactone projects, a water uptake test was applied. In all cases the
EMC of the modified samples were reduced considerably as shown in Figure 6-3. In the

flavonoid project (Chapter 3), it was reported that the EMC of flavonoid inserted wood was
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reduced about 30% compared to the references. EMC of polystyrene inserted wood (St3) and
polycaprolactone grafted wood (W-g-PCL(D)) showed a reduction of 40% and 30% respectively
(Chapter 4 and 5) against references. Among all three modifications, the best reduction of
moisture uptake (the lowest EMC) belongs to effective polystyrene modification (St3 sample)
where DMF was used as solvent. However, it also must be highlighted that the tosylation reaction
also contributes to the reduction of EMC (~16-17%) which was observed in the flavonoid project.
Taking this into consideration the pure effect of polystyrene could be smaller than the effect of
polycaprolactone modification which is a one-step process (Figure 6-1). EMC of references are
different as shown in Figure 6-3. This is because of differences in relative humidity in the
chamber which differed between 80% (Chapter 3) and 75% (Chapters 4 and 5). Another reason

of having different EMCs for reference samples could be the natural variability within the

species.
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Figure 6-3. Left: Equilibrium moisture content result for reference samples in Chapter 3,4,and 5. Right:
Reduction of moisture content (%) after treatments when compared to references in Chapter 3,4, and 5.

Effectiveness of novel modification methods may be understood better when they are compared
to current commercial methods (acetylation, furfurylation, DMDHEU treatment). EMC values of
acetylated pinewood were reported with a reduction of about 65% on average WPGs (around
20%)." %" EMC of furfurylated wood was found with a reduction of about 30-50% with varying
WPGs.''" "2 DMDHEU treated wood showed with a reduced EMC of 33% at about 24% WPG
at 80% humidity.'"” In terms of EMC analysis, our modification methods suggest an EMC
reduction more than 30% and this value is similar or better than some of those commercial

methods (except acetylation). Especially polycaprolactone project promises good performance
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having a reduced EMC of above 30% with 17% WPG. The potential of our methods become
quite clear since the literature values are based on well-established and optimized processes
whereas no optimization steps could yet be performed for our methods.

In the polystyrene and polycaprolactone project, the best reduction values of water uptake
against references were reported as being 62,5% for polystyrene inserted wood (St3) and 37,5%
for polycaprolactone inserted wood (W-g-PCL(D)) as shown in Figure 6-3. As expected, the
tosylation already reduced water uptake to some extent (Ts2) due to the hydrophobization of the
cell walls. Water uptake of references for both studies has similar values of around 160%. In all

modifications water uptake was reduced further in the second water immersion cycle as shown in

Figure 6-4.
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Figure 6-4. Left: Water uptake results of references for Chapter 4 and 5. Right: Reduction of water
absorption(%) after treatments when compared to references in Chapter 4 and 5.

Dimensional stability.

Under varying humidity conditions wood shows anisotropic swelling and shrinking which causes
internal stresses and eventually may give rise to cracks in the structure.*® ''* However, when cell
walls are filled with small molecules, less swelling and shrinking is observed (i.e. heartwood)*®
which reflects improved dimensional stability. In order to evaluate the improvement of
dimensional stability of modified wood, swelling and shrinkage behavior was observed. In
Chapter 3, dimensional stability was determined at the cell wall level by calculating mean

shrinkage of cell walls. Shrinkage of cell walls was calculated by measuring radial dimensions of
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cell walls in wet and dry conditions. In Chapters 4 and 5, to determine dimensional stability, a
more established method in wood science was used, which is the anti-swelling efficiency (ASE)
calculation. The best ASE value belongs to W-g-PCL(D) samples in Chapter 5 as shown in
Figure 6-5. It was stated in Chapters 4 and 5 that negative ASE values are mainly due to the
solvent effect which most probably removes some wood extractives and re-organizes cell wall
polymers (lignin and hemicelluloses). But efficient modifications compensate negative effect of

solvents and improve ASE.
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Figure 6-5. Anti-swelling efficieny values of treated samples after first immersion cycle in Chapter 2 and 3.

In the literature, acetylation has been reported to have around 55% ASE with around 15%
WPG." Furfurylation method suggests a 40% ASE and around 50% WPG.'"” Dimethylol
dihydroxyl ethylene urea (DMDHEU) has typical ASE value in the range of 30-40% at 20%
WPG.'"® "7 Anti-swelling efficiency of 40% of W-g-PCL(D) samples are even comparable to
commercial methods (acetylation, furfurylation, DMDHEU treatment) because it shows such an

improvement with low weight gain (around 17%).

Mechanical properties.

The goal of the novel modifications was to increase dimensional stability and durability of wood
for certain applications. Since the mechanical properties play a crucial role for many applications
the influence of the modifications on cell wall mechanics has been also studied by using

nanoindentation.
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The values of indentation modulus observed for reference cell walls in this thesis are similar to
those reported for other spruce wood samples in the literature but hardness values are similar or
lower than earlier works (Indentation modulus: 15-20 GPa, Hardness: 0,30-0,60 GPa).“S'IZO The
reason for the differences between reported values in this thesis as shown in Figure 6-6 and
former studies may be due to the natural variability of spruce wood samples. The difference of
embedding material which was epoxy resin for earlier works and agar resin for our case may not

cause severe differences as reported and well explained by Wagner et al 2014.'*°
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Figure 6-6. Left: Hardness and Right: Indentation modulus of modified cell walls in Chapter 1, 2, and 3.

In terms of improvement of mechanical properties among those modifications introduced in this
thesis, polystyrene modification results in increased values. Both hardness and indentation
modulus showed a significant (P < 0.001, U-test) increase of about 17% and 12% respectively
(Chapter 4). For the flavonoid modification hardness and indentation modulus both showed a
significant (P < 0.001, U-test) increase of about 10% from unmodified cell walls to flavonoid
loaded cell walls (Chapter 3). Interestingly, in both modifications (Chapter 3-4) the tosylated
(activated) samples show the highest hardness and indentation modulus. We suppose that this
could be due to the diffusion of embedding material inside the cell walls during embedding
process which also shows impact of tosylation. However, polycaprolactone modification
provided no significant improvement of indentation modulus (P >= 0.05, U- test) and PCL
grafted cell walls possess only a slight increase in hardness (P < 0.05, U-Test). The
nanoindentation analysis essentially shows that all applied modification treatments did not reduce

hardness and indentation modulus of the cell walls.
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Conclusions

In this thesis three novel methods for chemical modification of wood were developed which are
bio-inspired flavonoid impregnation, in-situ styrene polymerization and in-situ e-caprolactone
polymerization. Improvements in wood properties (dimensional stability and water repellency)
are very dependent on inserting chemicals into the cell walls. From the beginning of this study,
the aim was to target cell walls instead of the cell lumen, even for polymerization of vinyl
monomer (e.g. styrene project) which has been known as a classical lumen modifier. That’s why
Nature’s path of heartwood formation which provides durability to the tree by inserting phenolic
substances into cell walls was taken as a source of inspiration.

The consequence of our studies is striking because the stated three methods not only considerably
improve wood properties (e.g. dimensional stability, water repellency) but also may create an
impact in the wood modification field and open a new page for further studies on use of
hydrophobic molecules/monomers for wood modifications. A common feature of the three
studies is the use of hydrophobic substances to modify cell walls. All three approaches have their
own importance in different aspects. In the first project, the increased hydrophobicity by pre-
treatment provided improved accessibility of the cell walls by aromatic flavonoids and enhanced
stability of flavonoids in the cell wall. In the second project, a series of wood-polystyrene
composites of spruce wood were produced with different degree of pre-treatments (no tosylation,
low weight gain tosylation and high weight gain tosylation). It was observed that the diffusion of
hydrophobic monomers into the cell walls have close correlation between degree and distribution
of tosyl-groups. With this study it was demonstrated that the diffusion of hydrophobic monomers
into the cell walls and their polymerization is possible and results in an efficient cell wall bulking
which provides dimensional stability to the wood material. Such polymer inserted wood materials
are highly desirable due to their long-service life and will help to promote the use of wood as a
material from renewable resources with more reliable properties. The studies were finalized
based on the experience from the first two projects, in a one step process of epsilon-caprolactone
polymerization. We reported the first attempt of polyester grafting on wood cell wall polymers.
The hydroxyl groups on cell wall polymers were used as macroinitiators for the ring opening
polymerization of caprolactone. It was demonstrated that the choice of solvent with different
swelling properties is critical for the amount of polymer which could be introduced in the cell

wall for changing properties of final product. Most significant improvements in terms of water
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repellency and dimensional stability were observed when treating samples with DMF which has
excellent swelling potential of wood. We produced a novel fully biodegradable wood product
with improved performance and with minimalized disposal problems.

All three methods were successful in improving both moisture uptake and dimensional stability.
Especially polycaprolactone project promises for scale-up trials with its success on wood
properties, proposing fully biodegradable wood material and having a one-step reaction. More
arguments on industrialization potential of novel methods will be discussed in the outlook
section.

In this thesis, confocal Raman imaging and Raman spectroscopy were extensively used to
characterize chemically modified wood cell walls and were found to be an effective and easy
spectroscopic technique. High resolution imaging (about 0.5 microns) helped us to localize and
visualize inserted chemicals inside the cell walls. Detailed investigations by Raman spectroscopy
revealed that even intermolecular interactions between inserted chemicals (e.g. flavonoids) and
cell wall polymers in wood cell wall could be detected.

The three methods introduced in the thesis used mild reaction conditions (i.e. the wood retains its
mechanical properties) and each study yielded new wood materials with limited weight gain and

improved properties: both dimensional stability and hydrophobicity are increased.



Chapter 6. General Discussion and Conclusions |99

Outlook

In order to commercialize these newly developed methods for utilization, further research is
needed to optimize methods and to test success of modification for larger scales. The flavonoid
project has rather limited application potential due to having a two-step procedure and relatively
high costs of flavonoids, but the tosylation step is useful. Several advantages of tosylation were
reported in this thesis, but tosyl chloride can be changed with another effective reactive reagent to
decrease the price of the initial process. Also, flavonoids can be substituted by cheaper
hydrophobic small molecules that do not have environmental risks.

The second project promises a better application potential due to water repellency ability of the
polystyrene impregnated wood composites and low cost of polystyrene, although it is based on a
two-step procedure. Water repellency is critical to increase the durability of wood material and
affects essentially service-life. Up to now wood-polymer composites are produced by hot-
pressing of dry-blends of wood particles/flour and polymers (around 50/50, w/w), however bulk
wood was not considered to be modified with those polymers (e.g. PVC, PP, PE, styrene) at an
industrial scale. This is because wood-polymer composites are much more effective in terms of
water repellency and dimensional stability when high amount of polymers are blended with wood
particles/flour. However bulk wood materials treated with polymers do not have improved
dimensional stability without very large densification which is undesirable. With the introduced
approach, use of bulk material and preparation of polymer impregnated wood materials with
excellent properties becomes possible. Production of such improved bulk wood materials may be
an alternative for current WPC products (panels, floorings, etc.), thus waste energy would be
conserved due to the several processes to produce current WPCs (blending, extrusion, hot-
pressing, etc.) and less polymer will be used which is critical for environmental aspects. The
disposal problem of novel wood-polystyrene composites could be solved by grinding down and
using it for the production of WPCs which makes the material more sustainable. As we
mentioned above, the tosylation process can be changed with a cheaper or better reactive
chemical which provides same or increased effectiveness. Also, polystyrene can be changed with
other polymers of choice (PVC, PP, PE, etc.).

We found the best method convenient for commercialization among those three projects is
polycaprolactone insertion into the cell walls because the method relies on a one step reaction

which is highly feasible and favorable for industry and the products have excellent dimensional
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stability as well as water repellency. In addition, the product is fully biodegradable means wood
will have minimal disposal problems like untreated wood.

We used organic solvents (DMF or Pyridine) for all three methods. In the chemical industry,
large amounts of organic solvents are used as a raw material for product syntheses or as reaction
media for a range of products (paints, coatings, adhesives, etc.). In an ecological perspective use
of solvents are not favorable due to possible toxic effects on humans at the production or service
level. Fortunately, with increasing technology, recycling of solvents used in the processes
becomes possible and closed-systems eliminate human contact to solvents. As discussed in the
“chemistry of modifications” chapter, solvents like DMF are essential to swell wood cell walls if
one uses hydrophobic chemicals which cannot swell cell walls. One solution may be use of green
solvents such as ionic liquids which swell wood very well; however those solvents are very
expensive which makes utilization unfeasible. In any case, solvent emission of the products
should be investigated at some stage before industrial production to be sure that wood emits
minimal or no DMF after processes. Indeed, additional mechanical, physical, and biodegradation
tests need to be performed on larger test specimens in order to fully evaluate potential of these

methods for potential end use applications.
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