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Abstract

Wood is an important material for mankind, not only because of its profound impact on the industry
and everyday life, but also for its enormous potential for providing sustainable solutions to
futuristic, advanced materials. One crucial characteristic of wood is the strong hygroscopicity.
When subjected to moisture, a series of mechanical and physical phenomena are induced, such as
swelling, weakening and shape memory effect, the fundamental mechanisms of which are still not
clear. The difficulty originates from the limited resolution of current imaging methods and the
intrinsic perplexing hierarchical nanoscale ultrastructure of wood. The ideal way to tackle these
Issues is to resort to numerical modeling that enables fast prototyping of material configurations
with the knowledge of atomistic interactions. Therefore this study proposes a framework
combining molecular dynamics and finite element method, where the microscopic mechanisms of
various hygromechanical phenomena are elucidated at atomistic scale, and the crucial mechanical
properties as functions of moisture extracted from molecular simulations are incorporated into
finite element model that reducing the modeling complexity while retaining essential mechanisms.

Softwood cell wall S2 layer is a representative system of wood mechanics, containing various
hydrophilic biopolymers as well as their interfaces that are intensely affected by hydration. There
is considerable interest in characterizing the mechanical performance of the components of the S2
layer. Arabinoglucuronoxylan is modeled using molecular simulation presenting a general picture
of the thermodynamic and mechanical response of hydrophilic biopolymer upon moisture
adsorption. The heat of adsorption, heat capacity, thermal expansion and elastic moduli, all as
functions of moisture, are found to approach the value of pure water and moreover show a crossover
occurring around m ~ 0.3. The saturation of the first layer of adsorption and the subsequent fast
growth of the second layer of adsorption is asserted to be the main mechanisms underneath the
crossover. Another biopolymer, i.e. uncondensed lignin, is used as a prototype to probe the
mechanisms of moisture-induced swelling and weakening effect. The microscopic motion of
polymer chain segments, or more precisely the local stiffness which is the ratio of temperature to
caging size, nearly perfectly relates to macroscopic stiffness of the material. As an extension, the
similarity and difference of the impacts of heat and moisture on biopolymer mechanics are also
discussed. The time-temperature-moisture superposition is only valid phenomenologically,
whereas mechanistically heat and moisture are different as revealed by dynamics and energetics
analyses.

Succeed in the investigation of bulk material, another aspect as important is the interfaces.
Cellulose fibers feature superior tensile strength reinforcing the compliant matrix of the S2 layer.
However, the overall mechanical performance of the composite is predominantly determined by
the mechanics of the interfaces either between fibers or between fiber and matrix. Cellulose crystal
interfaces display interfacial stick-slip behavior, where regardless of the various loading conditions,
interfacial stress, shear velocity and interaction energy correlate with the density of interfacial
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hydrogen bonds. Moisture excessively concentrates at the interface and reduces the strength by
several times, which can be seen as a mechanism for the molecular switch. The moisture dependent
properties are then transferred to finite element models. A series of composite models of different
material arrangements and boundary conditions are examined, and a possible mechanism of
moisture-induced shape memory emerges. Contrary to the conventional glass transition or
(re)crystallization hypotheses, a mechanism dominated by the stick-slip behavior of the interface
is proposed: first, the breakage and reformation of hydrogen bonding at the fiber-matrix interface
serve as the molecular switch responsible for shape fixation and recovery; second, the elastic
energy stored in the fibril serves as the driving force of shape recovery.

Following the exhibition of the hygromechanics of the basic components of the S2 layer, i.e.
individual materials, matrices and interfaces, a state-of-the-art atomistic model softwood cell wall
S2 layer complying with the most advanced experimental indications is proposed. The swelling
coefficient, elastic moduli, and Poisson’s ratio show good agreement with experiments.
Comprehensive rule of mixture analysis is carried out on the rich compilation of wood polymer
hygromechanical data, elucidating the mechanical roles of interphase, different components of cell
wall material, etc.

In summary, this thesis presents a computational framework investigating the mechanics of a
nanoscale fiber-reinforced composite, softwood cell wall S2 layer. The moisture dependent
mechanical properties and mechanisms of moisture-induced swelling, weakening and shape
memory effects are elucidated, filling the gap of experimental study and extends the understanding
of the moisture effect on the fascinating natural material, wood.
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Zusammenfassung

Holz ist ein wichtiges Material fur die Menschheit, nicht nur wegen seiner tiefgreifenden
Auswirkungen auf die Industrie und den Alltag, sondern auch aufgrund seines enormen Potentials,
nachhaltige Lo6sungen fur futuristische, fortschrittliche Materialien bereitzustellen. Ein
entscheidendes Merkmal von Holz ist die starke Hygroskopizitat. Wenn es Feuchtigkeit ausgesetzt
wird, treten verschiedene mechanische und physikalische Phdnomene auf wie Schwellungs-,
Schwéchungs- und Formgedéchtniseffekte deren zu Grunde liegende Mechanismen noch ungeklart
sind. Schwierigkeiten in der Erklarung dieser Effekte ergeben sich aus der begrenzten Auflésung
aktueller, bildgebender Verfahren und der intrinsisch verkomplizierenden, hierarchischen Nano-
Ultrastruktur von Holz. Losungsansatze basieren auf numerischen Modellen, die ein schnelles
Prototyping von Materialkonfigurationen mit dem Wissen Uber atomistische Wechselwirkungen
ermoglichen. In dieser Arbeit wird ein Verfahren vorgeschlagen, das Molekulardynamik und
Finite-Elemente-Methoden kombiniert. Dabei werden die mikroskopischen Mechanismen
verschiedener hygromechanischer Phanomene auf atomarer Ebene aufgeklart und die
entscheidenden mechanischen Eigenschaften als Funktionen der aus molekularen Simulationen
extrahierten Feuchtigkeit in das Finite-Elemente-Modell einbezogen. Dies verringert die
Komplexitat der Modellierung unter Beibehaltung wesentlicher Mechanismen.

Die Weichholzzellwand S2-Schicht ist ein reprasentatives System der Holzmechanik, das
verschiedene hydrophile Biopolymere sowie deren Grenzflachen beinhaltet, welche stark von der
Hydratation beeinflusst werden. Dabei besteht ein erhebliches Interesse an der Charakterisierung
der mechanischen Leistung der Komponenten der S2-Schicht. Arabinoglucuronoxylan wird
mithilfe einer molekularen Simulation modelliert, die ein allgemeines Bild der thermodynamischen
und mechanischen Reaktion des hydrophilen Biopolymers auf die Feuchtigkeitsadsorption liefert.
Die Adsorptionswérme, die Warmekapazitat, die Wéarmeausdehnung und die Elastizitdtsmodule,
alle als Funktionen der Feuchtigkeit, ndhern sich dem Wert von reinem Wasser an und zeigen
dariiber hinaus einen charakteristischen Ubergang, der um m ~ 0,3 auftritt. Die Sattigung der ersten
Adsorptionsschicht und das anschliefende schnelle Wachstum der zweiten Adsorptionsschicht
werden hierbei als Hauptmechanismen unterhalb der Frequenzweiche identifiziert. Ein weiteres
Biopolymer, d. h. nicht kondensiertes Lignin, wird als Prototyp verwendet, um die Mechanismen
der feuchtigkeitsinduzierten Quell- und Schwéachungswirkung zu untersuchen. Die mikroskopische
Bewegung von Polymerkettensegmenten oder genauer die lokale Steifheit, die das Verhaltnis von
Temperatur zu KafiggroRe ist, korreliert nahezu perfekt mit der makroskopischen Steifheit des
Materials. Als Erweiterung werden auch die Ahnlichkeiten und Unterschiede der Auswirkungen
von Wérme und Feuchtigkeit auf die Biopolymermechanik diskutiert. Die Zeit-Temperatur-
Feuchtigkeits-Uberlagerung ist nur phanomenologisch giiltig, denn Warme und Feuchtigkeit
unterscheiden sich mechanistisch wie aus dynamischen und energetischen Analysen hervorgeht.

Ein weiterer wichtiger Aspekt bei der Untersuchung der Volumenmaterialien sind die
Schnittstellen. Cellulosefasern weisen eine tberlegene Zugfestigkeit auf, die die nachgiebige
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Matrix der S2-Schicht verstarkt. Die mechanische Gesamtleistung des Verbundwerkstoffs wird
jedoch hauptsachlich durch die Mechanik der Grenzflache zwischen verschiedenen Fasern oder
zwischen Faser und Matrix bestimmt. Cellulosekristallgrenzflachen zeigen ein Grenzflachen-
Stick-Slip-Verhalten, bei dem unabhéngig von den verschiedenen Belastungsbedingungen
Grenzflachenspannung, Schergeschwindigkeit und Wechselwirkungsenergie mit der Dichte der
Wasserstoffbriickenbindungen an der Grenzflache korrelieren. Feuchtigkeit konzentriert sich
ubermassig an der Grenzflache und verringert die Festigkeit um ein Vielfaches, welches als
Mechanismus fir den molekularen Schalter angesehen werden kann. Die feuchtigkeitsabh&ngigen
Eigenschaften werden dann auf Finite-Elemente-Modelle Ubertragen. Eine Reihe von
Verbundmodellen unterschiedlicher Materialanordnungen und Randbedingungen wird untersucht,
und ein moglicher Mechanismus des feuchtigkeitsinduzierten Formgedachtnisses ergibt sich. Im
Gegensatz zu den herkdmmlichen Hypothesen zum Glasubergang oder zur (Re-) Kristallisation
wird ein Mechanismus vorgeschlagen, der vom Stick-Slip-Verhalten der Grenzflache dominiert
wird: Erstens dienen der Bruch und die Reformation der Wasserstoffbindung an der Faser-Matrix-
Grenzflache als molekularer Schalter, der fir die Formfixierung und Wiederherstellung
verantwortlich ist; zweitens dient die in der Fibrille gespeicherte elastische Energie als treibende
Kraft fur die Formwiederherstellung.

Nach dem Aufzeigen der Hygromechanik der Grundkomponenten der S2-Schicht, d. h. einzelner
Materialien, Matrizen und Grenzflachen, wird eine aktuelle atomistische Modell-
Weichholzzellwand-S2-Schicht vorgeschlagen, die den fortschrittlichsten experimentellen
Angaben entspricht. Der Quellkoeffizient, die Elastizitaitsmodule und das Poisson-Verhaltnis
stimmen gut mit Experimenten Uberein. Eine umfassende Mischungsregelanalyse wird fir die
umfassende Zusammenstellung hygromechanischer Daten von Holzpolymeren durchgefuhrt,
wobei die mechanischen Rollen der Interphase, verschiedener Komponenten des
Zellwandmaterials etc. aufgeklart werden.

Zusammenfassend stellt diese Arbeit eine Methode zur computergestiitzten Untersuchung der
Mechanik eines nanoskaligen, faserverstarkten Verbundwerkstoffs der Weichholz Zellwand S2-
Schicht vor. Die feuchtigkeitsabhangigen, mechanischen Eigenschaften und die Mechanismen
feuchtigkeitsbedingter Quell-, Schwachungs- und Formgedéchtniseffekte werden aufgeklért,
wodurch die Licke der experimentellen Untersuchung geschlossen und das Verstandnis des
Feuchtigkeitseffekts auf das faszinierende  Naturmaterial Holz  erweitert  wird.
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Chapter 1 Introduction

1.1 Motivation and background

A versatile resource, wood has been employed over the ages as source of energy, material for
furniture and tools, in construction of structures and buildings, source of pulp for making paper
and so forth, covering vital aspects of the well-being of humans. Despite the availability of
numerous innovative synthesized and fabricated materials, wood remains highly used nowadays,
due to its many merits and advantages over counterparts. Firstly, wood is sustainable and eco-
friendly, with a natural production mounting up to billions of tons per year, capturing and storing
tons of the greenhouse gas CO», as such contributing to limit climate change. Wood is used as
biofuel, especially in developing countries for cooking and heating, but also in developed countries
as a renewable energy source, as it is considered to be carbon neutral over its total carbon cycle.
Secondly, wood has exceptional mechanical properties offering high stiffness with a high strength-
mass ratio, a value comparable to or better than steel. Wood is nowadays used for manufacturing
engineered wooden products by bonding together wood strands, veneers, lumber or other forms of
wood fiber with adhesives to form larger, more efficient composite structural units. Wood is also
used as a raw material for producing new materials, such as oriented strand board, hardboard and
medium-density fiberboard used in manifold applications. Moreover, wood fibers are more and
more used as reinforcement in new materials and composites. Thirdly, wood is made with various
biopolymers organized in sophisticated ultrastructures displaying great potential for modification
and functionalization, such as highly transparent wood (Zhu et al. 2016b) and stimuli-responsive
wood (Keplinger et al. 2016). The merits of wood go on further, justifying wood as a strong
candidate for innumerable applications and fields in the future.

In terms of material mechanics, wood is a porous fiber-reinforced composite material, actually, a
masterpiece of evolution, which has a multiscale hierarchical structure, ranging from meter-scale
all the way down to the nanometer scale. Taking softwood as an example, the cellular structure
consists of mostly longitudinal tracheid cells and ~ 5 % ray horizontal cells. The large internal
cavities of cells are referred to as lumens, enclosed by the cell walls which are multi-layer structures,
consisting of primary (P) and three secondary layers (S1, S2 and S3). The S2 layer is the thickest
and is the most important for the mechanical performance of wood. Cellulose fibers in S2
embedded in a hemicellulose and lignin matrix are at a small angle to the longitudinal axis of the
cells and, due to their crystallinity, contribute highly to the strength and stiffness of wood.

Wood is strongly hygroscopic. The adsorption of ambient moisture yields physical and mechanical
effects, such as anisotropic dimensional change due to swelling and shrinkage, non-linear
mechanical weakening with increasing moisture content, and even shape memory. These
hygromechanical behaviors are deemed to originate from the ultrastructure of cell wall material.
The cellulose fiber and the adjacent hemicelluloses compose the microfibrils which have an aspect
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ratio of ~ 50. The space between microfibrils is filled with other types of hemicelluloses and lignins.
One of the most intriguing hygromechanical behavior of wood is the moisture-induced shape
memory effect, where the deformed wood is fixed at an intermediate shape under the dry condition
and recovers its original shape when wetted again. Although it is possible to modify almost
permanently the shape of wood under different procedures, in certain cases, the recovery from the
dried deformed state to the original undeformed state during water sorption is possible and
undesirable. In other cases, full shape memory, i.e. full recovery from the deformed state, is wanted.
An understanding of the fundamental mechanism of this moisture-induced shape memory effect,
which is unfortunately still missing, may provide guidance on either recovery prevention or
invention of natural actuators made of wood tissues. For regaining its original configuration, the
system must shelter a mechanism that harbors the original shape. For wood, an interesting insight
comes from biology recent atomic force microscopy studies that have revealed that cellulose
microfibrils may merge into direct contact with each other, forming so-called “biomechanical
hotspot”, forming or playing a role in a fiber network that could maintain a history of the shape.
The validation and the explanation of the possible function of such material arrangement call for
nanoscale investigations with high spatiotemporal resolutions, which is beyond the capability of
contemporary instruments. To address these issues, a multiscale computational modeling study is
warranted.

1.2 Scope and objectives

Numerous studies exist on the topic of wood-moisture relations, most of which are macroscopic or
phenomenological on the timber or cellular scale. Recent experimental investigations, using atomic
force microscopy, X-ray tomography and others shed light on the micro- to nanometer-scale
structures, their behavior and impact on cell wall material. There remains still a dearth of
examination and elucidation of the microscopic mechanisms of the wood moisture-related behavior.

This thesis aims at revealing the microscopic mechanisms of a series of moisture-induced
phenomena of softwood cell wall S2 layer, including swelling, mechanical weakening and
moisture-induced shape memory effect. Softwood is specifically chosen, because it is the dominant
wood stock in the Northern Hemisphere (Rennel and Dillén 2001), within a belt covering Northern
Europe, Russia and North America. It is noted that the numerical framework of multiscale
modeling of softwood cell wall materials and structures proposed in this thesis is nevertheless
applicable to all wood species.

With the engineering goal of building a multiscale model, relying on both molecular dynamics
(MD) and finite element (FEM) computational methods of the softwood cell wall S2 layer, the
scope of this thesis is defined as follows. Several important components of the wood cell wall,
specifically arabinoglucuronoxylan and a condensed type of lignin, have not been fully
characterized experimentally due to the difficulty of extraction without altering their chemical
structure. Through molecular modeling, the thermodynamics and mechanical properties of these
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two materials will be presented to fill the gap in the literature. Meanwhile, these biopolymers will
be employed as prototypical molecules to investigate the fundamental impact of hydration on the
materials. Besides the bulk properties of components, relevant interfaces in S2 are also investigated,
as well as their dependency on moisture. Various components are used to build up the atomistic
model of the S2 layer under the most advanced structural assumptions from the literature. Atomistic
simulations provide particularly interesting microscopic information, including hydrogen bonding
and change of structure of polymers and their interfaces under hydration. With the harvested
hygromechanical properties of involved materials, interfaces and composites, the molecular
information is then used to implement a finite element model which permits much faster
prototyping of models for the S2 layer with different material arrangements at larger length scales,
and which facilitates the research on wood cell wall hygro-mechanics.

The main investigation efforts are placed into analyzing the topological, structural, dynamic and
energetic ramifications of moisture adsorption, establishing the link from microscopic state to
macroscopic mechanical performance and identifying the crucial factors in terms of
hygromechanics. The softwood cell wall S2 layer composite is a polymeric material. Therefore, it
is natural to relate the investigations with the established polymer research framework and
contribute to this field. The tool, molecular simulation, is based on statistical thermodynamics with
a rigorous physics basis and thus allows mechanistic discussion of the physics and mechanics of
bulk materials, biopolymer interfaces and composites that may impact fields beyond wood research,
such as polymers and composite materials.

In summary, the main scientific objectives of this thesis are to:

1. Advance the current understanding of hydration impact on biopolymer thermodynamics
and mechanics and to demonstrate the structural evolution of biopolymer upon sorption and
presenting the structure-property relation.

2. Provide a mechanistic elucidation and physical explanation of the moisture-induced
swelling and mechanical weakening, to identify the pivotal factors at play of these hygro-
mechanical phenomena.

3. Offer a complete dataset regarding hygro-mechanical properties of softwood biopolymers,
filling the gaps of experimental studies and rendering critical material data to modeling
studies of wood.

4. Characterize the influence of moisture on the prevailing interfaces of softwood cell wall
layer, namely fiber-fiber and fiber-matrix interfaces, and to reveal the origin of interface
stiffness and of its weakening upon moistening.

5. Present a methodological framework for the multiscale study of biopolymer composites
combining MD and FEM, where the atomistic interactions are vital, however, the system
size is exceedingly computationally expensive to be modeled fully atomistically so that
proper upscaling is necessary.



6. Improve the molecular level knowledge of wood cell wall layers and to demonstrate the
role of factors such as hydrogen bonds, interphase structure and different components in
wood cell wall hygromechanics.

7. Unravel the mechanism of the moisture-induced shape memory effect of wood cell wall
layers.

1.3 Outline of the thesis

This thesis comprises nine chapters where, as is habitual, the initial and final chapters are the
introduction, state of the art and conclusions. The main body is organized in the order of intricacy
of the modeled systems, i.e. from individual polymers (Chapter 3 xylan and Chapter 4 lignin),
interfaces (Chapter 5 cellulose-cellulose, Chapter 6 cellulose-matrix) to multi-component
composites (Chapter 7 surrogate model and Chapter 8 S2 model).

Chapter 1 is the introduction of the thesis, where the background and motivation are depicted and
the scope of the thesis is detailed with the aims defined.

Chapter 2 covers the state of the art of wood cell wall studies. The most recent literature on the
wood cell wall chemical composition and material arrangements is summarized, and the
undetermined issues are delineated. Experimental and computational studies of wood-moisture
relationships are documented with a focus on sorption induced mechanical phenomena, including
swelling, weakening and shape memory effects. The most advanced numerical modeling
methodologies of cell wall S2 layer are reviewed and the possible paths of improvement are
described.

Chapter 3 presents a general picture of the impact of moisture on a hydrophilic biopolymer,
arabinoglucuronoxylan. Several mechanical and thermodynamic properties, such as elastic
constants and heat capacity, are reported all as their dependency on moisture, where a moisture-
induced crossover behavior is identified. The mechanism of the crossover is attributed to the water
undergoing a layering in adsorption.

Chapter 4 concerns the microscopic mechanisms of moisture-induced swelling and weakening of
a second biopolymer, i.e. uncondensed type of lignin. A model relating a microscopic quantity,
referred to as local stiffness, to the macroscopic stiffness of the material is proposed, presenting a
long-time missing piece of information of the structure-property relationship. The similarity and
the differences between hydration and heating in terms of impact on mechanics are discussed.

Chapter 5 deals with the interfacial mechanics of cellulose crystals. The impacts of interfacial
moisture, misalignment, loading direction and surface type are systematically examined. A series
of findings are displayed, including stick-slip behavior, stiffness recovery after an irreversible slip,
different behavior along with opposite shearing directions and weakening effect by hydration
and/or misalignment, all of which can be explained by the density, orientation or distribution of the
interfacial hydrogen bonds.
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Chapter 6 tackles the mechanics of another type of interface, i.e. crystalline cellulose-amorphous
matrix interface. The composition and structure of a region near the crystalline phase, referred to
as the interphase, are documented, followed by the investigation of the combined roles of moisture
and interphase stiffness on the interfacial shear strength. Moisture is found to excessively adsorb
at the interface which significantly lowers the friction force, like what is found in the previous
chapter for the cellulose-cellulose interface.

Chapter 7 proposes a possible mechanism for the moisture-induced shape memory effect of wood
cell wall material, namely the molecular switch, with is a type of interface where the shear stress
is altered greatly by moisture, controlling lock and release of potential energy. The interface
mechanics extracted from molecular simulations in the previous two chapters are implemented into
three finite element models representing different configurations of the cell wall.

Chapter 8 offers a state-of-the-art softwood cell wall S2 layer atomistic model, of which chemical
composition and material arrangements comply with the most recent knowledge in this field. An
unprecedented compilation of wood polymer hygromechanical data is presented, based on which
a comprehensive mixture rule analysis is conducted trying to unravel the interactions between the
matrix polymers and between matrix and crystalline cellulose and their impact on the composite
behavior. Galactoglucomannan is found to play a critical role by forming strong connections with
both cellulose fiber and interfibril matrices. The interaction effect is found nontrivial and the
mixture rules taking the presence of an interphase into account show good agreement with atomistic
modeling measurement.

Chapter 9 summarizes the thesis with conclusions and contributions. The outlooks and perspectives
are depicted and possible future studies are envisaged.



Chapter 2 State of the Art

This chapter covers the state of the art of knowledge and research on the moisture behavior of the
S2 layer in wood cell wall. The chapter starts with reviewing the chemical composition and material
arrangement of a softwood cell wall S2 layer, then discusses moisture-induced mechanical
phenomena and finally addresses recent computational studies of wood hygromechanical behavior
with continuum and discrete approaches, namely finite element method (FEM) and molecular
dynamics (MD). Based on the state of the art, research gaps are identified.

2.1 Wood cell wall S2 layer chemical composition and material arrangement

This section summarizes the current status of the research on chemical composition and material
organization of wood cell wall, with the focus on its mechanical aspects. Wood is a hierarchical
porous material with different structural arrangements ranging from meter to nanometer scales, i.e.
going from timber, growth ring configuration, towards cellular and sub-cellular arrangements as
shown in Figure 2-1a. Growth rings are present in trees exposed to seasonal variations, e.g.
Northern Hemispere species display differences between spring (early) and summer (late) wood
structures. The cellular structure is different for softwood (evergreen) and hardwood (deciduous)
species, as hardwood displays also large conduits called vessels, in addition to tracheids and
parenchyma cells.

polymeric matrix components thickness

hemiceliuloses c[HcTL

lignins S3 -. 0.03 Hm
HC|L

so bl | 1.5- 10 pm
HC

o [CFCIL] 0,15 m

T " p 0.1 um
wood cells C [HC 1.1
a) b) M all

Figure 2-1 a) Hierarchical structure of wood, (Derome et al. 2012 with permission), ML middle
lamella, P primary layer, S secondary layer. b) Chemical composition in proportion and thickness
of different layers of wood cell walls, C cellulose, HC hemicelluloses, L lignins (Derome et al.
2012 with permission).

growth
/ring

]

O
-

2.1.1 Wood subcellular arrangement

Built as an exoskeleton to the living cell in the cambium, the wood cell wall is a layered composite
structure synthesized and deposited by the cell. The density of the wood cell wall is generally ~1.5
g/cm?, independently from species (Stamm 1938).
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Usually, wood cell walls possess three layers, i.e. middle lamella, primary and secondary cell wall
layers. These three layers are different in chemical composition and material arrangement. As
shown in Figure 2-1b, the three main categories of polymers, i.e. cellulose, hemicelluloses and
lignins, are present in all layers of the cell, with in proportion more cellulose in the secondary wall
layers and more lignins in the primary layer and the middle lamella. Figure 2-2a is an atomic force
microscopy (AFM) image of a poplar cell wall.

60 GPa

0 GPa

Figure 2-2 a) AFM image of the topography of a plant cell wall. b) Cartography of indentation
modulus obtained by AFM (Muraille et al. 2017 with permission).

The formation of the cell wall has many steps (Cosgrove 2005; Samuels et al. 2006). During cell
division, one cell is split into two due to the formation of a cell plate, which later turns into the
middle lamella, a layer functioning as intercellular adhesion. During growth, the primary cell wall
layer is a water-saturated composite, possessing 3~4 layers of randomly oriented cellulose
microfibrils. It is thin and abundant in flexible hemicellulose and pectin, and lacks lignin, and
therefore is relatively flexible. When the cell expansion approaches its limit, the secondary cell
wall forms against the inside of the primary cell wall, thickening the wood cell wall. The secondary
cell wall layer is, in contrast to the primary cell wall layer, rigid and thick (Figure 2-2) and is
usually organized into three sub-layers, i.e. S1, S2 and S3, each with a different orientation of
cellulose microfibrils. In the wood cell wall, the S2 layer is the thickest (as shown in Figure 2-2),
and forms more than 80% by the wood total mass (Fengel and Stoll 1973). The S2 layer is thus the
main contributor to the mechanical properties of wood. In this thesis, the focus is on the S2 layer
of softwood cell wall.

The detailed wood cell wall structure and chemistry have been subject of ongoing research for
decades. This knowledge is always pushed forward with new technological developments,
especially in microscopy and scattering techniques. There is a great variation in wood cell wall
structure. The chemistry and structure of wood cell wall not only vary among different wood
species, but they also differ between cell types and between earlywood and latewood within one
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specimen. These differences cause different physio-chemical behavior of wood material (Kim and
Daniel 2016). For example, the juvenile and mature wood possess respectively large and small
microfibril angles (MFA), the angle between the orientation of crystalline cellulose and the
longitudinal direction of wood. Juvenile wood cell wall needs to be flexible, hence the occurrence
of large MFA, to be able to bend to reduce the impact of wind load, whereas matured wood
withstands wind and gravitational load by stiffening its cell walls which requires a small MFA
value (Lindstrém et al. 1998; Bonham and Barnett 2001).

Softwood S2 layer generally consists of cellulose (C) (~45%, by mass), hemicelluloses (HC)
(~27%), and lignins (LGN) (~28%) (Agarwal 2006). In softwood, the hemicellulose types are
mainly galactoglucomannan (GGM) and arabinoglucuronoxylan (AGX) (Escalante et al. 2012;
Stevanic et al. 2014). Lignins are composed of condensed (cLGN) and uncondensed state (ULGN)
of lignin. The mass ratio of each substance is summarized in Table 2-1. The detailed chemical
structure of these molecules is introduced in the following sections.

Table 2-1 Chemical composition of softwood S2 layer.

component massratio  sub-component mass ratio of sub-component

cC 27.5% + 2% 1
C 45.0% + 6%

AC 17.6% + 8%1!

GGM 18.6% + 9% 2
HC 27.0% + 2%

AGX ~8.49% 23

cLGN ~12.6% 14
LGN 28.0% + 3%

uLGN ~15.4% 14

Pettersen 1984; 2Dinwoodie 2000; *Bergander and Salmén 2002; Agarwal 2006.

2.1.2 Cellulose

Cellulose is the most abundant natural polymer on Earth with an annual natural production of 75 ~
100 billion tons. Cellulose chain is a polymer of B-1-4 linked glucan organized in a 2-fold screw
conformation, i.e. the glucosyl unit inverts by 180" with respect to its neighbor. Its degree of
polymerization in wood is in the order of 10 It is generally accepted that there exist both
amorphous and crystalline celluloses in the cell wall, with the crystalline phase forming the bulk
of this phase.

Crystalline cellulose is the main load-bearing component of the wood cell wall in longitudinal
direction, giving wood its impressive mechanical performance. The crystalline cellulose chains
have one inter-chain and two intra-chain hydrogen bonds per monomer, as shown in Figure 2-3a
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(Gardner and Blackwell 1974). There exist multiple allomorphs for crystalline cellulose. The Ia
crystal is a one-chain triclinic structure and is the dominant allomorph for bacteria. The native
cellulose allomorph in higher plants, e.g. wood, is cellulose IB, a two-chain monoclinic structure
(Figure 2-3a), as identified by analysis based on near-infrared spectroscopy (Horikawa 2017).

;e 3 (1, 4)-glucan . Cellulose
3 ; chain " microfibril

CesA Rosette

— Cellulose
— microfibril

Cellulose chain

Polymerized lignin

\C>—\ Laccase / peroxidase

Exocitic 7 Transporter
"R R vesicle (D) O
/ \

: O cell |

Vesicle membrane
f —0
"
)
/5

Cellulose synthase
rosette

Microtubule

Lignin
monomer

O

; “—Enzyme

; E" Reticulum
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Figure 2-3 a) Hydrogen bonding at cellulose crystal (020) plane. Each glucose residue forms two
intrachain hydrogen bonds, i.e. O3-H...05” and 06...H-O2’, and one interchain hydrogen bond,
i.e. 06-H...03 (Gardner and Blackwell 1974 with permission). b) Schematic of cellulose synthase
complex, a rosette structure with six subunits composed of six cellulose synthase proteins (CesA)
(Doblin et al. 2002 with permission). ¢) Synthesis of cellulose, hemicellulose and lignin. Cellulose
is formed by the synthase protein CesA. Hemicellulose is produced in the Golgi apparatus and

Hemicellulose
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transported by vesicles. The processes of lignin transportation and polymerization are less clear
(Sorieul et al. 2016 with permission).

Cellulose biosynthesis occurs at the cellulose synthase complex, a rosette structure with six
subunits composed of six cellulose synthase proteins (Delmer 1999; Mutwil et al. 2008), as shown
in Figure 2-3b and c. As a rosette structure possesses 36 synthase proteins (Delmer 1999; Mutwil
et al. 2008), it is natural to assume that the elementary microfibril consists of 36 cellulose chains.
Nevertheless, models of 18 (Jarvis 2013; Newman et al. 2013; Nixon et al. 2016), 24 (Fernandes
et al. 2011) and 36 (Ding et al. 2014) chains had all been proposed according to various indirect
proofs (Newman et al. 2013). At this stage, it is reasonable to assume that there exist multiple
possible arrangements of crystalline cellulose, with various numbers of chains and diameters
(Tejado et al. 2012; Thomas et al. 2013; Nixon et al. 2016).

The cellulose crystals are of finite dimensions. The width and length of cellulose nanocrystals
depend on species. For softwood, it is reported that the width and length of cellulose nanocrystal
are 3~5 nm and 100~200 nm respectively (Araki et al. 1999; Brinkmann et al. 2016). There are
multiple models for the location of amorphous cellulose. It is currently widely acknowledged that
the amorphous regions are distributed along the fibril as kinks, formed by strain distortion and
twisting (Rowland and Roberts 1972; Fernandes et al. 2011; Ding et al. 2014), though the non-
Gaussian distribution of kink angles of cellulose fibril may suggest that the kinks would not be a
result of alternating amorphous and crystalline domains, but merely a result of mechanical
processing (Usov et al. 2015). Recent Raman spectroscopy results of never dried wood cell wall
speculatively indicate that native plant cell walls may not have crystalline cellulose, which in fact
would be formed during drying or processing (Agarwal et al. 2016).

2.1.3 Hemicelluloses

Hemicellulose, due to its bonding both to cellulose via hydrogen bonds and to lignin via hydrogen
and covalent bonds, is the necessary material that holds the wood cell wall components together.
Hemicelluloses are synthesized in the Golgi apparatus, and then transported by vesicles to the
growing cell wall (see Figure 2-3c). Hemicellulose has a degree of polymerization of ~200. The
chemical structure of hemicellulose is much more diverse than the one of cellulose, depending on
the botanical sources and tissues. The more abundant hemicellulose monomers of softwood include
mannose, Xylose, glucose, galactose and arabinose. For softwood secondary cell wall the major
hemicelluloses are galactoglucomannan (GGM) (Figure 2-4a) and arabinoglucuronoxylan (xylan)
(Figure 2-4b) (Gibson 2012).
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Figure 2-4 Chemical structure of a) galactoglucomannan and b) arabinoglucuronoxylan.

Galactoglucomannan is understood to be closely connected with crystalline cellulose (Akerholm
and Salmén 2001; Salmén and Burgert 2009) and consists in 18.6% * 9% of the mass of softwood.
GGM is generally a branched polymer, with the backbone of B-1-4 linked D-mannopyranose (Man)
and D-glucopyranose (Glc) substituted by D-galactopyranose (Gal). The ratio of Man:Glc:Gal has
been suggested to be 4:1:0.4 for Norway spruce (Xu et al. 2010). Spruce GGM can be produced on
large scale for applications such as coatings and the paper industry (Xu et al. 2010) and its
physiochemical properties have been thoroughly studied (Xu et al. 2008, 2010).

Xylan is the other main hemicellulose of softwood and is known to be closely associated with
lignin, two constituants of the matrix between cellulose microfibrils in wood cell walls (Salmén
and Burgert 2009). Representing 5~10 % of softwood by mass, it is one of the most abundant
hemicelluloses (Pettersen 1984). Arabinoglucuronoxylan (AGX), the common xylan of softwood,
consists of a backbone of B-1,4-linked B-D-xylopyranose units, which is partially substituted at O-
2 by 4-O-methyl-a-D-glucopyranosyluronic acid and at O-3 by a-L-arabinofuranose (Reid 1997).
The degree of substitution depends on botanic sources and extraction methods (Den Haan and Van
Zyl 2003). Softwood xylan possesses fewer acetyl groups than does hardwood xylan (Teleman et
al. 2000). Generally, AGX from softwood is highly substituted, while AGX from hardwood has
less arabinose (Luonteri et al. 1995). The detailed structure of AGX is still subject of on-going
research but its branched structure is known. In enzymatically derived oligosaccharides from sugi,
a softwood, AGX has regions consisting of eight contiguous unsubstituted D-xylopyranose units
(Yamasaki et al. 2011). Matrix-assisted laser desorption/ionization mass spectrometry analysis of
oligosaccharide mixtures of AGX from spruce, pine and larch, shows that, for most softwood AGX,
4-O-methyl-glucuronic acid residues are distributed every seventh or eighth xylopyranose residue
(Jacobs et al. 2001). Conifer xylan is found to be decorated with methyl-glucuronic acid residues
on every sixth xylosyl residue, while arabinose and methyl-glucuronic acid residues are located
two xylosyl residues apart (Busse-Wicher et al. 20163, b).

2.1.4 Lignins

In general, lignin is a randomly branched phenolic polymer, forming a complex 3D structure
without a well-defined primary structure. Lignin is relatively hydrophobic when compared to
amorphous cellulose and hemicelluloses. In land plants with limited access to water, lignin is seen
to mechanically support, seal the pores of the cell wall and protect polysaccharides from microbial
attacks.
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Softwood lignin residing in S2 consists mainly of guaiacyl units whose chemical structure is shown
in Figure 2-5. The C2, C5 and C6 positions of the monomer are free of substitution and the C3
position is substituted with a methoxyl group (Dorrestijn et al. 2000). The most common covalent
linkage is B-O-4 (40~60%) (shown in Figure 2-5), followed by B-5°, 5-5°, B-y, B- B’ and 4-O-5’
linkages (Akerholm and Salmén 2003; Higuchi 2014). There exist two main types of lignin, one is
more linear, majorly formed by B-O-4 linkages, referred to as uncondensed lignin, and the other
one is more cross-polymerized, referred to as condensed lignin. The condensed type of lignin is
understood to be more closely related to GGM and cellulose fibril (Salmén and Burgert 2009).

HaCO 3 AU
foA
o) Z OH
Figure 2-5 Chemical structure of guaiacyl unit, the major lignin monomer in softwood.

The monolignol is biosynthesized in the cytoplasm (Higuchi 2014; Mottiar et al. 2016). Contrary
to most of the other biopolymers, lignin is synthesized in-situ by a radical polymerization reaction
instead of a condensation reaction happening at the enzyme (Wang et al. 2013). This radical
coupling path results in a randomly branched structure of lignin polymer. This occurs after the cell
wall is formed and after the crystalline cellulose and hemicelluloses are in place.

2.1.5 S2 material organization

A network of cellulose fibrils exists in the S2 layer with a low MFA, determining its mechanical
properties, i.e. stiffness, strength and toughness, of the cells, both alive or dead (Donaldson and Xu
2005; Burgert and Keplinger 2013). Cellulose microfibrils in S2 layer form aggregates, the
arrangement of which is yet to be fully characterized. Currently, the concentric lamella model is
the widely accepted model (Fahlén and Salmén 2002; Keplinger et al. 2014; Casdorff et al. 2018).
The cross-section perpendicular to the longitudinal direction of Norway spruce tracheid cell wall
imaged by AFM displays concentric lamellar structures are identified in Figure 2-6a and b by the
white arrows (Fahlén and Salmén 2002). These lamellae seem to be made of somewhat aligned
cellulose aggregates, which have a diameter of 20~25 nm. Keplinger et al. (2014) revealed a
segmented circumferential nanostructure of plant cell wall in both a softwood (spruce) and a
hardwood (beech) and proposed an image of the nanoscale texture of secondary cell wall (presented
in Figure 2-6¢). Besides the concentric model, radial (Sell and Zimmermann 1993, 1998) and
random models (Donaldson and Frankland 2004; Zimmermann et al. 2006) are also proposed.
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Figure 2-6 a) AFM images of different layers of Norway spruce tracheid wood cell wall are marked
by M, P, S1, S2, S3. The white arrows indicate the concentric lamellae in the S2 layer (Fahlén and
Salmén 2002 with permission); b) White arrow indicating the tangential direction of cell wall.
Several cellulose aggregates are highlighted (Fahlén and Salmén 2002 with permission); c)
Schematic of cell wall S2 layer with segmented lamellar structure, where cellulose fibrils and
matrix are shown in red and black (Keplinger et al. 2014 with permission).

2.1.5.1 Microfibril

Cellulose crystals are closely surrounded with a matrix composed of hemicellulose and lignin,
forming the smallest observable fiber referred to as microfibril (Salmén and Fahlén 2006; Gibson
2012). The microfibril extracted from wood has a length of 0.7~3um (Prakobna et al. 2015) and an
average diameter of 3~4nm (Keplinger et al. 2014). These microfibrils further combine into larger
aggregates (Giddings 1980). The role of hemicelluloses and lignins on the formation of the fibril
aggregates is not clear (Li et al. 2016a). The aggregates in the S2 layer of Norway spruce show
average sizes with slight differences, i.e. 18~20 nm, as revealed by transmitted electron microscopy
(TEM) (Bardage et al. 2007; Donaldson 2007). The spacing between fibrils or fibril aggregates is
in the range of 3~14 nm. From a 2D tangential plane point of view, fibrils are undulating along the
longitudinal direction, and the spaces between them are lenticular.

Fourier transform infra-red (IR) spectroscopy indicated the close connection of GGM to cellulose
(Salmén and Fahlén 2006), which is supported by the recent results obtained via quartz crystal
microbalance (Kumagai and Endo 2018). Chemical analysis indirectly indicates the association of
GGM to the condensed type of lignin (Lawoko et al. 2005). There is no demonstration of the
existence of covalent bonding between cellulose microfibril and its surrounding matrix
(hemicellulose or lignin) (Salmén and Burgert 2009). Various experimental and modeling studies
have suggested that hemicelluloses tend to form rather ordered structures aligned with cellulose
fibril axis (Akerholm and Salmén 2001; Stevanic and Salmén 2009). Similar to the observations of
hemicellulose being aligned along the cell axis, studies are showing that lignin also forms similarly
aligned ordered structures (Atalla and Agarwal 1985; Akerholm and Salmén 2003), although lignin
might have a relatively lower degree of orientation than hemicelluloses (Salmén et al. 2012).
Cellulosic components are inferred to be the template for the organization of lignin based on
photoconductivity experiments (Atalla 2009). The deformation of cellulose fibril in tensile loading
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is elastic, according to Raman spectroscopy showing a stretching of C-C and C-O-C bonds, as the
stretching almost fully recovers after rupture of the fibril (Gierlinger et al. 2006).

2.1.5.2 Matrix

TEM with immune labelling allows tracing the deposition of xylan, which is found to be closer to
the non-condensed type of lignin (Ruel and Joseleau 2005), a finding also supported by chemical
analysis (Lawoko et al. 2005). The interaction between hemicellulose and lignin in the matrix has
an important economical role in the delignification and bleaching process, the core treatments in
pulp and paper production. The presence of covalent bonds between hemicellulose and lignin is
confirmed, forming the so-called lignin-carbohydrate-complex (LCC) (Eriksson et al. 1980;
Meshitsuka et al. 1982; Lawoko et al. 2005), although it was also suggested that the lignin-
hemicellulose covalent bond is not stable and may not involve all lignins (Westbye et al. 2008).

The matrix fills the inter-fibril space, gluing the fibrils. The interaction between the matrix and
cellulose microfibril is still not clear, inducing various hypotheses. The widely accepted tethered
network model (Figure 2-7a) is proposed based on experimental hints, e.g. xyloglucan links
between microfibrils in the primary cell wall (Cosgrove and Jarvis 2012). In this model the two
ends of xyloglucan chain attach to two microfibrils through intermolecular interactions, bridging
between the two fibrils as a tether.

xyloglucan

Celluli)se

Figure 2-7 Two hypothetical models for the plant cell walls. a) tethered network model. b)
biomechanical hotspot model (Cosgrove and Jarvis 2012 with permission).

However, results contradicting the tethered network model are accumulating (Park and Cosgrove
2012a). An alternative is the so-called mechanical hotspot model, where cellulose microfibrils
make direct contacts (Xiao et al. 2016a) or contacts mediated by a monolayer of xyloglucan (Park
and Cosgrove 2012b; Zhang et al. 2014, 2016) as depicted in Figure 2-7b and Figure 2-8.
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Figure 2-8 AFM image of an area of the abaxial epidermal wall of onion. The white arrows indicate
the regions where cellulose fibrils come so close laterally to each other that mechanical hotspots
may form (Zhang et al. 2014 with permission).

Synchrotron X-ray under tensile loading on wet wood foils or single cells allowed the observation
of decrement of MFA happening together with sample stretching (Keckes et al. 2003; Burgert
2006), i.e. cellulose fibrils are continuously getting more and more aligned upon the cell axis. After
a certain level of straining, failure happens and the MFA increases again, i.e. partly recovers to the
original value, implying that the deformation of the matrix is partly elastic (Burgert 2006). This is
different from the deformation of cellulose microfibril which is suggested to be fully elastic.

2.1.6 Summary of wood chemical composition and material arrangement

In summary, thanks to the abundance of experimental analyses, a clear picture of the chemical
composition of the softwood S2 layer has emerged, although some uncertainties remain to be
clarified. Analytical chemistry provides the mass ratio and the chemical structure of each type of
polymer, though the detailed bonding structure of AGX and condensed lignin is still under debate.
However, the organization of different materials, i.e. fine structures of wood cell wall S2 layer at
the nanometer scale, is only roughly known due to the limitation of the resolution of imaging
technologies. Nevertheless, combining information and data from diverse sources and with
soundly-based hypotheses, a tentative picture of the molecular arrangement of the S2 layer can be
drawn and further probed. Multiscale computational modeling studies can also be utilized as will
be presented in this work.

2.2 Mechanical aspects of wood-moisture relationship

Wood is hygroscopic and the presence of moisture strongly influences the behavior and use of
wood. Focusing on the wood cell wall S2 layer, as this layer largely determines the mechanical
performance of wood, this section looks at the moisture-induced physical behavior of wood, i.e.
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sorption, swelling, mechanical weakening and shape memory effect, reporting mainly experimental
characterization.

2.2.1 Moisture sorption

Wood is highly hydrophilic, indicated by the differential heat of adsorption of 1100 kJ kg™ for dry
wood (Skaar 1988). At ambient conditions with changing relative humidity (RH), wood undergoes
adsorption and desorption with increasing and decreasing RH, respectively, showing hysteresis
between adsorption and desorption. The cell wall can adsorb water up to nearly half of its dry
volume. Unless otherwise mentioned, moisture content is in this thesis reported as mass of water
per mass of dry polymer.

Sorption is usually characterized by a sorption isotherm, a relationship between equilibrium
moisture content and relative humidity (RH). There are generally six types of sorption isotherm as
classified by ITUPAC (Sing 1985), and wood physiosorption isotherm is akin to type I, the so-
called sigmoidal curve (Figure 2-9).

Figure 2-9 Sorption isotherms of white spruce (Stamm and Woodruff 1941 with permission).

For wood at low moisture level, the adsorbed water mainly interacts with polymer surfaces,
especially the hydrophilic hydroxyl groups, replacing the polymer-polymer hydrogen bonds (HBs)
by polymer-water hydrogen bonds. As adsorption goes on, reaching higher moisture levels, the
sorption sites on polymer surface have been saturated with water molecules and therefore the newly
adsorbed water interacts more with the formerly adsorbed water molecules. For wood, it is
understood that the sorbed water leads to swelling which is due to relative displacement of the
polymeric chains and thus exposure of new hydroxyl sites due to polymer-polymer HB breakage.
Moisture adsorption and desorption in wood display a significant hysteresis. Recent work shows
that a nanoporous material having type Il isotherm like amorphous cellulose exhibits hysteresis
which is associated with the history-dependent hydrogen bonding and the coupling between
sorption and swelling (Chen et al. 2018). A large number of studies have measured sorption
isotherms of wood e.g. (Seborg and Stamm 1931; Stamm and Woodruff 1941; Zillig 2009), as well
as its individual components e.g. (Cousins 1978; Olsson and Salmen 2004; Beever and Valentine

16



2007). Figure 2-9 is an example of a sorption isotherm of white spruce at 20 'C with ad- and
desorption branches, showing the characteristic sigmoidal shape and hysteresis.

2.2.2 Moisture-induced deformation

Moisture sorption is accompanied by deformation, i.e. shrinking and swelling, which provides
drawbacks but also advantages in wood applications. As a positive example, ancient Egyptian
quarry workers harness the swelling pressure of wood to break stones (EI-Sehily 2016). However,
the lack of dimensional stability of wood exposed to the exterior environment is a concern in many
applications possibly leading to cracking and has been long characterized at macroscale.

Deformation of wood is anisotropic. For example, for Norway spruce, the tangential swelling strain
varies between 1.3 (latewood) ~ 3 (earlywood) and is larger than its radial swelling strain. The
longitudinal swelling strain is one order of magnitude lower than the ones in transverse directions
(Derome et al. 2011). Currently, it is recognized that swelling originates from the sub-cellular scale,
the composite cell wall. Additionally, macroscopic swelling of wood on the tangential direction is
found to be proportional to that of the cell wall (Murata and Masuda 2006). The swelling of the
wood cell wall is quite linear, except for the very low moisture content regime (Derome et al. 2018).
Initial adsorption introduces minimum or even negative swelling, as the initial dry pores that are
accessed by water molecules undergo almost zero (or even negative) swelling stress (Kulasinski et
al. 2014a). As the initial pores are filled, the adsorbed water molecules, occupying space, exert a
pressure on the wood cell constituents making the material swell. As the material is displaced,
polymer-polymer HBs are broken making new sorption sites accessible for additional water
molecules to be further adsorbed. The volume expansion equals the volume of water being
adsorbed (Derome et al. 2011; Patera et al. 2013). At the sub-cellular scale, the anisotropic swelling
of the wood cell wall S2 layer is experimentally observed (Rafsanjani et al. 2014), as shown in
Figure 2-10. The axial and transverse swelling coefficients of micropillars are reported to be
0.3~0.6 and 0.5~1.2 respectively (Rafsanjani et al. 2014).
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Figure 2-10 X-ray tomography of S2 micropillar under full sorption cycle (Rafsanjani et al. 2014
with permission). L, R and T denote longitudinal (axial), radial and tangential (transverse)
directions of wood cell wall.

The deformation of the cell wall material is far from being completed understood. For example,
the swelling coefficients of the individual cell wall components need to be measured. Currently
available swelling data is limited by sample preparation or processing and may differ from the
native material, as chemical extraction may modify the structure of molecules. Further, the swelling
behavior of the S2 composite material could be described in more details. Previous preliminary
work (Kulasinski et al. 2017; Chen et al. 2020) shows that composite mixture and interfaces may
play a significant role. This thesis attempts to fill these gaps with molecular simulation.

2.2.3 Moisture-induced mechanical weakening

Moisture has a strong influence on the mechanical properties of biopolymers, such as dimensional
stability, stiffness (Harper and Rao 1994) and glass transition (St. Lawrence et al. 2001). The
adsorption of moisture usually weakens wood, though at very low moisture content an increase of
stiffness with moisture adsorption has been observed. Elastic constants in the 0~30% moisture
content range are relevant since, due to its hygroscopic behavior, wood in use under ambient
varying RH conditions can actually visit this full range.

Due to the hierarchical ultrastructure of wood, the longitudinal mechanical stiffness of S2 is
majorly defined by crystalline cellulose and its orientation, i.e. MFA. However, for tangential and
radial directions, the contribution of the matrix polymers is not negligible. The impact of lignin
content on the mechanical properties of wood cell wall is visible when MFA is high (Ozparpucu et
al. 2017). Despite the important role of hemicelluloses and lignins on the mechanical properties of
S2, mechanical measurements of the individual polymers are still scarce. Moreover, the limited
reports need to be referred to with caution, as the extraction processes may alter the chemical
structure and material arrangement of such polymers, which may introduce deviation from material
properties in situ.
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The experimental mechanical characterization of the different layers of wood cell wall has just
arisen. The quantitative imaging mode of AFM, recording a force-distance curve in every pixel
(theoretical resolution limit 4 nm per pixel), has shown its potential in mechanically characterizing
the S2 layer of spruce (Muraille et al. 2017; Casdorff et al. 2017). AFM has been employed to test
the mechanical properties of the primary cell wall (Zhang et al. 2016). Peakforce quantitative
nanomechanics technique is applied to characterize the mechanical properties of bamboo cell wall
layers. Instead of a real cell wall, a bioinspired lignocellulosic film is fabricated and used to
understand the mechanics of lignified plant cell wall at the nanoscale (Muraille et al. 2017). Up to
now, these mechanical tests are all done under a single moisture condition which does not
document the weakening effect of water, but AFM with controlled RH is recently available (Coste
et al. 2020).

In addition to document the behavior of the composite structure, the mechanical properties of
individual materials, i.e. GGM, AGX, cLGN and uLGN, of S2 are also needed, because
applications, e.g. packaging, require the knowledge of their mechanical performance under moist
condition. Currently known experimental and modeling measurements on this topic are
summarized in Table 2-2, showing that a full moisture dependent behavior has still to be measured
and reported.

Table 2-2 Mechanical properties of cell wall materials.

Method Name  Value MC Reference
X-ray EL 134 0% (Sakurada et al. 1962)
theoretical EL 162 0% (Tashiro and Kobayashi 1991)
X-ray EL 138 0% (Nishino et al. 1995)
Raman EL 143 0% (Sturcova et al. 2005)
Raman EL 105 0% (Rusli and Eichhorn 2008)
MD EL 107~113 0% (Wu et al. 2014)
crystalline MD EL 150 0% (Kulasinski et al. 2014b)
cellulose MD Er 11.3/72.6 0% (Kulasinski et al. 2014b)
MD Er 6.5~24.4 0% (Wu et al. 2014)
theoretical Er 15.2/54.6 0% (Tashiro and Kobayashi 1991)
estimated Er 27.2 0% (Salmén 2004)
mechanical G 4.4 0% (Mark 1967)
mechanical v 0.1 0% (Mark 1967)
X-ray VLT 0.38 0% (Nakamura et al. 2004)
microcrystalline
cellulose Raman E 254 0% (Eichhorn 2001)
MD EL 33.5 0% (Kulasinski et al. 2014b)
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paracrystalline MD Er 3 0% (Kulasinski et al. 2014b)
MD K 13.2+£1.7 0% (Chen et al. 2004)
MD K 6.5 0% (Kulasinski et al. 2015a)
MD K 2.1 30% (Kulasinski et al. 2015a)
amorphous MD E 10.4+1.1 0% (Chen et al. 2004)
cellulose theoretical E ~1 0% (Pienaar et al. 1989)
MD E 5.6+2.8 0% (Kulasinski et al. 2014b)
MD G 6.0£0.7 0% (Chen et al. 2004)
MD Y 0.12+0.03 0% (Chen et al. 2004)
mechanical E 5+0.4 dry (Muraille et al. 2017)
mechanical E 4.7 0% (Kulasinski et al. 2016)
xylan mechanical E 5.4 3% (Kulasinski et al. 2016)
mechanical E 1.8 20% (Kulasinski et al. 2016)
mechanical E 2.74 moist  (Escalante et al. 2012)
mechanical E 2.9 moist (Hoije et al. 2005)
mechanical E 2.7 0% (Héardelin 2018)
Galactoglucoma- mechanical E 1.2+0.1 20%gly  (Srndovic 2011)
nnan mechanical E 0.4+0.1 30%gly (Srndovic 2011)
mechanical E 0.3+0.1 40%gly (Srndovic 2011)
mechanical E 0.7£0.22  40%gly (Mikkonen et al. 2012)
MD K 6.6 0% (Kulasinski et al. 2015d)
MD K 4 20% (Kulasinski et al. 2015d)
glucomannan mechanical  E 1.9+0.2 dry (Muraille et al. 2017)
mechanical E 4.3 0% (Kulasinski et al. 2016)
mechanical E 5.1 4.5% (Kulasinski et al. 2016)
mechanical E 2.5 20% (Kulasinski et al. 2016)
mechanical E 8 0~10% (Cousins 1978)
mechanical E 0.1 50% (Cousins 1978)
mechanical E 0.01 68% (Cousins 1978)
estimated EL 2 12% (Salmén 2004)
hemicellulose estimated EL 0.02 moist  (Salmén 2004)
(xylan & estimated Er 0.8 129%  (Salmén 2004)
glucomannan) estimated Ev 0.008 moist  (Salmén 2004)
estimated G 1 12% (Salmén 2004)
estimated G 0.01 moist (Salmén 2004)
estimated Y 0.2 12% (Salmén 2004)
estimated v 0.2 moist (Salmén 2004)
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estimated EL 2 12% (Salmén 2004)
estimated EL 2 moist (Salmén 2004)
estimated Er 1 12% (Salmén 2004)
estimated Er 1 moist (Salmén 2004)
mechanical E 3.3t0.4 3% (Cousins et al. 1975)
Lignin mechanical E 3.1 12% (Cousins 1976)
mechanical E 6.7 3.60%  (Cousins 1976)
(exact chemical mechanical E 5.7 0% (Cousins 1977)
composition mechanical E 6.6 3% (Cousins 1977)
rarely reported) ~ mechanical E 2.8 17% (Cousins 1977)
estimated G 0.6 12% (Salmén 2004)
estimated G 0.6 moist (Salmén 2004)
mechanical G 1.2 12% (Cousins 1976)
mechanical G 2.1 3.60%  (Cousins 1976)
estimated Y 0.3 12% (Salmén 2004)
estimated v 0.3 moist  (Salmén 2004)

The bulk and shear moduli are difficult to measure experimentally, as samples are usually prepared
in the form of thin films. Tensile elastic modulus of crosslinked lignin slices, prepared by removing
cellulose and hemicelluloses from Sugi tree wood sample retaining the in situ status of lignin, was
measured to be 2.8 GPa (Takeichi et al. 2013). This value is found to be independent of the MFA
of the original wood sample, suggesting that lignin is isotropic and may not form ordered structure
aligning with cellulose fibril. On the contrary, the tensile elastic moduli of crosslinked
polysaccharide slices prepared by removing lignin show MFA dependency (modulus decreases
with increment of MFA), a tendency which is widely accepted. The elastic moduli of periodate and
Klason lignins are measured under multiple moisture levels. The Young’s modulus of periodate
lignin drops from 7 GPa to 3 GPa when moisture content increases from 4% to 14%. At a similar

moisture content range, the Young’s modulus of Klason lignin drops from 4 GPa to 2.5 GPa
(Cousins 1976).

Young’s modulus of hemicellulose is measured to be 7 GPa (Cousins 1978) at dry and 2 GPa at
moist conditions (Cousins 1976). Norway spruce AGX, composed of arabinose, 4-O-methyl-
glucuronic acid and xylose in a ratio of 1:2:11 respectively, showed Young’s modulus of 2.735
GPa at 23°C and 50% RH (Escalante et al. 2012). A film made of arabinoxylan extracted by alkali
from barley husk at 23°C and 50% RH showed a Young’s modulus around 2.9 GPa (Hdéije et al.
2005). Free films based on glucuronoxylan, isolated from aspen wood, shows Young’s modulus of
1.6 GPaat 23°C and 50% RH and 20 wt.% plasticizer (Gréndahl et al. 2004). The reported Young’s
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moduli for xylan are unfortunately under only one moisture content condition, i.e. at equilibrium
with 50%RH.

The mechanism of moisture-induced weakening of material has been generalized to a so-called
“plasticization” (Tanner et al. 1991). From the intermolecular interaction point of view, the
moisture-induced weakening can be seen as a breakage of the original polymer-polymer hydrogen
bond network. From chain dynamic point of view, mechanical weakening can be seen as a
relaxation of chain segmental movements facilitated by water molecules (Zhang et al. 2018).

2.2.4 Moisture-induced shape memory effect

Shape memory effect is a characteristic of a family of smart materials where the deformation is
maintained even after the removal of the environmental stimuli, and the original shape can be
recovered spontaneously under certain conditions. One example of the shape memory effect is the
springback of compressed wood when being re-moistened and reheated (Navi and Heger 2004).
The recovery to the original shape of densified wood is not desirable, because the intermediate
state (compression loaded wood) presents the required properties.

The shape memory effect of wood can be observed at different length scales. On the cellular level,
Derome et al observed half-cell moisture-induced shape recovery, which is an indication that the
memory effect originates from cell wall material, but also observed recovery for full cells (Derome
et al. 2012). On the timber level, many researchers observed memory effect, which is attributed to
the multi-scale hierarchical structure of wood tissue (Ugolev 2014). In terms of inducing conditions,
there is temperature- (Ugolev 2014), moisture- (Ugolev 2014) and temperature-moisture-induced
shape memory (Navi and Heger 2004; Jakes et al. 2014). In terms of loading conditions, there is
stress memory and strain memory (Ugolev 2014). Figure 2-11 shows the shape memory effect
observed on a ash thin sample (Ugolev 2014).

a b ¢

3 ® @

Figure 2-11 Shape memory of ash veneer (Ugolev 2014 with permission): a) original shape, b)
bending, c¢) cooled under bending, d) unloaded, e) after heating the original shape is recovered.

Along with experimental reports of this phenomenon, researchers speculate on its different possible

mechanisms. Navi and Heger claimed that elastic-strain energy stored in the helical semi-

crystalline microfibrils is the main driving force of shape memory effect (Navi and Heger 2004).

Ugolev indicated frozen strain, the result of temporary reconstruction of wood nanostructure in

processes of drying or cooling, as the driving force of shape memory effect (Ugolev 2014). Plaza
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et al related the effect to the moisture-dependent glass transition of polymeric components of wood
(Plaza et al. 2013; Jakes et al. 2014). Derome et al advanced that interactions between sub-cellular
cell wall components may lead to shape recovery of cell assembly (Derome et al. 2012). However,
these mechanisms are mainly based on hypotheses, due to the difficulty of identifying or
characterizing the mechanisms at play. There is a lack of convincing investigations about the origin
of moisture-induced shape memory effect of wood. Recently, Cosgrove and colleagues reported
that microfibrils tend to form direct contacts, called mechanical hot-spots, with each other in onion
cell walls (Park and Cosgrove 2012b; Cosgrove 2014; Xiao et al. 2016a). This structural factor
could also play a role in the memory effect of wood cell wall composite material, but all
mechanisms listed above should still be considered in future studies.

2.2.5 Summary of mechanical aspect of wood-moisture relationship

The study of moisture and wood relationship is an ancient topic holding continuous attention to
this day. A better understanding of the impact of moisture on wood, this highly hygroscopic
composite material with hierarchical composite structure, may guide many applications.
Experimental studies have characterized wood cell wall mechanics, including moisture-induced
swelling, weakening and shape memory effect. However, a lot more remains to be unraveled, such
as the swelling of individual wood components, mechanical properties of wood components as
functions of moisture and the microscopic mechanism underlying moisture-induced shape memory
effect. As current experimental techniques cannot fulfill the demanding task of resolving these
issues, computational studies can well provide readily available means to fill the gap.

2.3 Computational study of S2 layer at wood cell wall scale

The computational studies of wood, given it is a hierarchical material, can be performed at different
scales. Continuum methods, i.e. micromechanics or poromechanics possibly implemented in and
solved by the finite element method, are more suited to simulate wood behavior at timber, growth
ring and cellular scales. Discrete methods, such as all-atom molecular simulations and coarse-
graining methods can adequately consider the sub-cellular scale. Amongst these scales, there is a
bracket of scales, looking at the subcellular components, where both continuum and discrete
methods are applicable. A major issue is the coupling of results between different scales, called
up- or downscaling leading to multiscale approaches (Hofstetter et al. 2005). The current status of
cell wall modeling studies, using continuum or discrete approaches, is summarized in this section.

2.3.1 Continuum methods: micromechanics and poromechanics

The plant cell wall is considered with the analogy of a fiber-reinforced material, i.e. with cellulose
microfibrils embedded in a matrix of hemicelluloses and lignins. This permits the application of
micromechanics, which intrinsically implies the modeling of composite materials based on the
information of individual components, such as the elastic constants and volume fractions of
components and their arrangement. Alternatively, poromechanics could also be employed to model
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the (poro)mechanical behavior wood cell wall S2 layer, fully coupling moisture and mechanical
behavior.

Continuum models of cell wall layer can be purely analytical, where the overall elastic behavior is
described through mathematical expressions containing physical and mechanical parameters
(Bergander and Salmén 2002; Hofstetter et al. 2005; Mishnaevsky and Qing 2008). Otherwise, the
finite element method can be applied, incorporating the constitutive behavior of a
material/composite with the discretization of bulk material (Naik and Fronk 2013; Zhao et al. 2017;
Rindler et al. 2017). It should be noted that the material properties used in almost all
micromechanical studies of wood are more or less the same, because there is only a limited number
of available experimental sources. The currently known mechanical properties of cell wall
materials are summarized in Table 2-2. Some of the physical properties of the cell wall materials
have unfortunately not been determined experimentally. This is at least one area where reliable
molecular simulation results are expected to fill in gaps.

All the models require certain levels of homogenization, according to which the models can be
categorized into three classes. Firstly, the cell wall layer is modeled as homogeneous continuum
containing the least structural details, referred to as a fully homogenized model. Secondly, the
matrix and cellulose microfibril can be distinguished, forming the so-called composite model. In
the third approach, the matrix is further divided into the different cell wall polymeric components.

2.3.1.1 Fully homogenized model

In the fully homogenized model, the different cell wall components, considered as micro-
heterogeneous continua, are homogenized into a macro-homogeneous continuum. The mechanical
properties at macroscale are obtained via homogenization (Harrington et al. 1998; Derome et al.
2013). The homogenization is based on the existance of a representative volume element (RVE),
the smallest volume representative of the medium with characteristic length. On one side, this
length has to be much larger than the typical size of inhomogeneities within RVE. On the other
side, the characteristic length of the RVE must be sufficiently smaller than the length over which
macroscopic variations in material properties occur. The proper definition of a characteristic length
allows the application of the principle of separation of scales between micro- and macroscale
allowing for homogenization. For periodic structures, the unit cell is usually taken as the RVE.

Astley et al. modeled micromechanically the softwood cell, reflecting the effects of cell wall
thickness, moisture content and MFA (Astley et al. 1997). Harrington et al. used a two-stage
analytic homogenization, treating the cell wall as a macro-homogeneous continuum (Harrington et
al. 1998). Faisal et al. (Faisal et al. 2013) modeled plant tissue with two orders of structural
hierarchy, i.e. cell wall and tissue. The mechanical properties of individual components are taken
from literature and the mechanical property of the composite is obtained from the rule of mixture
(RoM) considering the orientation of cellulose fibril. They show that the MFA, especially of S2,
governs the stiffness of the cell wall. Similarly, Qing and Mishnaevsky (Qing and Mishnaevsky
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2009, 2010) and Hofstetter el al. (Hofstetter et al. 2005) also model the layers of wood cell wall
using parameters taken from literature, such as layer thickness, MFA and volume fraction of
various polymers, stiffness of wood constituents, which are later homogenized using the self-
consistent and Mori-Tanaka schemes for respectively polymer matrix and cell wall material. Figure
2-12 illustrates the homogenization procedure of the wood cell wall as proposed by Hofstetter et
al. (2005b). This homogenization scheme is advantageous especially for upscaling across several
scales, i.e. in model spanning several orders of magnitude.
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Figure 2-12 Homogenization procedure for wood cell wall (Hofstetter et al. 2005 with permission).

2.3.1.2 Composite model

Unlike the fully homogenized model, another popular approach is to treat the cell wall as a
multilayer composite, where layers are idealized into unidirectional fibril reinforced composites
with straight and parallel microfibrils (Barber 1968; Cave 1972; Yamamoto and Kojima 2002;
Thuvander et al. 2002; Yamamoto 2004; Sun et al. 2014).

In Yamamoto and Kojima (2002), the cellulose fibrils and matrix are considered separate materials.
The deformation of the matrix is assumed to be equal to the deformation of the cellulose fibril
(equal strain assumption), expressed by the strain tensor in the local longitudinal-tangential-radial
coordinates. The longitudinal Young’s modulus and the Poisson’s ratio can be expressed by several
parameters, including thickness and elastic constants. Their model not only includes structural
factors but also environmental conditions, e.g. moisture content, because some of the mechanical
parameters are dependent on moisture content. The moisture dependency of the longitudinal
Young’s modulus of the wood predicted by the model (solid lines in Figure 2-13) agrees with the
experimental results (dots in Figure 2-13).
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Figure 2-13 Longitudinal Young’s modulus as a function of moisture content. Dots are the
experimental results for spruce (Kollmann and Krech 1960). Solid lines are the prediction of the
laminate fiber-reinforced composite model (Yamamoto and Kojima 2002 with permission).

Another approach of composite model of the cell wall considers the different wall layers as
concentric multiple orthotropic lamellae, each lamella consisting of various materials. For example,
Bergander and Salmen (Bergander and Salmén 2002) model the cell wall matrix as a mixture of
serially- and parallelly-aligned hemicellulose and lignin. The matrix and the fiber are coupled by
Halpin-Tsai equations (Affdl and Kardos 1976). Neagu and Gamstedt extended the stress function
approach (Davies and Bruce 1997) to include moisture-induced swelling (Neagu and Gamstedt
2007). The swelling behavior is described using a linear hygro-expansion coefficient and the
moisture content is not coupled with stress. This lack of coupling is unphysical, as the development
of local stress during swelling will affect the attained moisture content which, in return, affect the
swelling (Chen et al. 2018).

2.3.1.3 Poromechanics

To fully couple sorption and mechanical behavior, poromechanics should be employed (Biot 1941;
Coussy 2003). Carmeliet et al. developed a nonlinear poroelastic constitutive model for an
unsaturated porous material, e.g. wood, based on a higher-order formulation of free energy, where
the material properties can be determined from mechanical and swelling tests (Carmeliet et al.
2013). The framework is able to describe the mechano-sorptive effect (Kulasinski et al. 2015a) and
anisotropic swelling at the cellular scale (Rafsanjani et al. 2015).

Traditional poroelastic models use porosity and pore pressure as the basic variables. These
variables are not applicable to wood cell wall material, which is a nanoporous material. The pores
are not well defined at that scale and the pressure is simply a description for macroscopic scale
which is not applicable at the nanoscale. Kulasinski et al. (2015a) replaced porosity and pressure
with the molar concentration of water and chemical potential, formulating poroelastic constitutive
equations for the nanoporous material. They determined the parameters for such formalism from
MD simulation of adsorption, swelling at zero external stress and moisture-induced weakening of
bulk modulus. This model can predict the drained bulk modulus being stress-dependent, i.e. when

under tension loading the material is softer than at stress-free state (Kulasinski et al. 2015a).
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Rafsanjani et al. developed a double porosity poromechanical model to investigate the swelling of
wood cells. The model is capable of reproducing several phenomena in line with experiments. It
was found that the anisotropic swelling of cells partly originates from the cell wall material
anisotropic elastic property (Rafsanjani et al. 2015). Recently, a poromechanical model was
developed to reproduce the coupling between sorption and deformation of soft nanoporous material
observed in both experiments and molecular simulations. Three categories of parameters were
involved in such a model, i.e. mechanical stiffness, sorption and structural parameters. Varying
these parameters can greatly change the sorption and mechanical behavior of the material (Chen et
al. 2019).

2.3.2 Discrete method: atomistic and coarse-grain simulations

Discrete methods, including atomistic and coarse-grain simulations, provide a unique view on the
molecular-level interactions in the material. After decades of development, these discrete methods
have become prevalent tools for mechanical behavior investigation. Comparing with continuum
methods and current experimental methods, atomistic and coarse grain methods offer a finer
resolution, capturing information, such as explicit atoms dynamics and hydrogen bonding, which
is critical to the understanding of wood-moisture relationship. Comparing with the quantum
chemistry methods, such as Hartree-Fock and density function theory (DFT), molecular
simulations possess a better balance between physical accuracy and computation costs given the
sizes of the relevant systems. Most frequently, such quantum chemistry studies are applied to
systems of tens of atoms (Lee et al. 2015), a size too small for mechanically relevant investigations.
Instead, quantum chemistry methods majorly focus on the chemical reactions, e.g. pyrolysis (Choi
et al. 2016; Mar and Kulik 2017; Zhang et al. 2017). At the other spectrum of atomistic methods,
course grain methods bundle several atoms into one discrete unit, enabling modeling at micrometer
to millimeter scales. However, this approach has yet to resolve the proper consideration of
hydrogen bonding, a crucial actor in hygroscopic materials. In this thesis, MD is used as the main
tool of investigation. Therefore, the most relevant MD investigations performed on wood-inspired
systems are presented below.

2.3.2.1 Cellulose

Cellulose, in crystalline, paracrystalline and amorphous states, is extensively studied, due to its
important role in wood mechanics as well as its industrial relevance. The If cellulose crystal is the
dominant cellulose allomorph in softwood. Nevertheless, there exist eight stable cellulose crystal
structures as revealed by systematic molecular dynamic simulations (Kroon-Batenburg et al. 1996).
The decrystallization of cellulose crystalline fibril has been investigated. The deterministic factor
of decrystallization is the number of intra-layer neighbors and their affiliated hydrogen bonds
(Payne et al. 2011). MD simulations yielded elastic properties of cellulose microfibrils
corresponding to experimental results (Tanaka and Iwata 2006; Nishiyama 2009; Wu et al. 2013a;
Mazeau 2015). Hydrated cellulose crystal was investigated. A 20% hydration was found to
maximize the stiffness of cellulose crystal by water bridging cellulose monomers with hydrogen

bonding (Petridis et al. 2014). A coarse-grain model of crystalline cellulose was developed, able to
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maintain a stable structure in water that resembles I (Wohlert and Berglund 2011). Paracrystalline
cellulose was found to exhibit intermediate mechanical stiffness between amorphous and
crystalline cellulose (Kulasinski et al. 2014b). The impact of hydration on amorphous cellulose
was investigated (Mazeau 2015). Dynamical and mechanical properties of amorphous cellulose
show a noticeable change at 10% moisture content, which is explained by the occurrence of
percolation separating the adsorption process into two regimes (Kulasinski et al. 2014a). In addition
to mechanical behavior, the diffusion of water molecules in cellulose and hemicellulose polymers
was investigated. The motion of water exhibits a “stop and go” stepwise movement, where both
the bound time and frequency of such steps decrease with increasing moisture content (Kulasinski
et al. 2015b).

In addition to the mechanical behavior of cellulose crystals, their interface behavior is also relevant
to the mechanical performance of composites reinforced by cellulose. The traction-separation
behavior of an interface formed by two cellulose crystals was investigated. A stick-slip motion is
found to be dependent on the surface morphology and energy landscape. Interfacial water increases
the separation of energy through forming a capillary bridge (Sinko and Keten 2015). Adsorption
between microfibrils is carried out, showing that the direct interaction is more likely to occur
between polar surfaces and that limited direct adsorption happens between the non-polar surfaces
(Oehme et al. 2015). The role of hydrogen bonding and the presence of water on the strength of
the interface has yet to be elucidated.

2.3.2.2 Hemicellulose: glucomannan and xylan

The study of konjac glucomannan reveals that water stabilizes the structure through hydrogen
bonds (Wang et al. 2010; Jian et al. 2011). Molecular simulations show that GGM of arabidopsis
seed mucilage binds stably to cellulose microfibrils (Yu et al. 2018). MD simulation of oligo-
glucomannan and xylan shows that glucomannan backbone is stiffer than the backbone of xylan
(Berglund et al. 2016). The volumetric strain of GGM during sorption is found to be linearly related
to the porosity, indicating that the swelling is directly induced by the space created by the water
molecules. The decrease in the number of hydrogen bonds correlated with mechanical weakening
and swelling (Kulasinski et al. 2015d). In a study of GGM laid around a CC, an excess of water
adsorption is found at the crystalline-amorphous interface, explained by the lower energy penalty
at the interface than in the bulk material (Kulasinski et al. 2015c).

Several papers have reported MD studies of xylan, yet mainly focused on the xylan-cellulose
interaction. Mazeau and Charlier studied small xylan fragments, having five skeletal xylosyl
residues, in presence of crystalline cellulose by MD. These small chains preferentially orient
themselves to be parallel with the cellulose chain axis (Mazeau and Charlier 2012). The binding
pattern of xylan on cellulose suggested that xylan is stable on the hydrophilic faces of crystalline
cellulose fibrils (Busse-Wicher et al. 2014, 2016b). a-1,2-substitutions are shown to stabilize
xylan-cellulose interactions, regardless of the type of substitution (Pereira et al. 2017). Xylan
substituted by lauroyl side chains was investigated and the substitution showed a considerable
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effect on the polymer chain flexibility. Native xylan is semi-flexible whereas the modified xylan
behaves as a flexible coil (Mazeau et al. 2005). MD simulations of xylan-cellulose shows that the
xylan forms an extended conformation along the fibril axis (Falcoz-Vigne et al. 2017). The most
prevalent softwood xylan, namely AGX, still lacks physical and mechanical characterization.

2.3.2.3 Condensed and uncondensed lignins

Lignin is relatively less studied, compared to cellulose. The main obstacle is the complex 3D
linking structure of cross-polymerized lignin imposing great difficulty from a modeling point of
view. Lignin is found to associate with cellulose, especially the hydrophobic surface of the
crystalline phase, in aqueous solution, suggesting a supporting role of lignin to the recalcitrance of
crystalline cellulose to hydrolysis (Lindner et al. 2013; Vermaas et al. 2015). The dynamical
analysis of lignin shows that hydration and heating affect lignin in similar ways (Vural et al. 2018a,
b). Through ReaxFF, a correlation between lignin-cellulose coupling energy and Young’s modulus
of the lignin is found (L6pez-Albarréan et al. 2017). Lignin aggregates are simulated by MD and an
invariant surface fractal dimension is found under the scale ranging from 1 to 10° A. The extensive
water penetration is also revealed (Petridis et al. 2011a).

Recently, lignin topological libraries have been developed to simulate the various sizes and
linkages of isolated lignin samples (Yanez et al. 2016; Dellon et al. 2017). Very recently, a lignin
builder based on these libraries was developed, to transform the chemical structure into initial
configurations used for molecular simulations (Vermaas et al. 2019a). Together with the
optimization of the existing lignin force field (Vermaas et al. 2019b), these works make more
accessible the molecular modeling of heterogeneous lignins and lignocellulosic complex structures.
More investigations of complex crosslinked lignins can be expected in the near future.

2.3.2.4 Wood cell wall composite

MD investigations of S2 layer-inspired systems considered systems of increasing complexity and
undergoing different physical phenomena, mostly in dry state. In terms of composition and
geometry, simplification of the number of polymers and of their layout is usually performed,
mainly due to limited computation capacity and modeling difficulty.

Kulasinski et al. presented the currently most advanced molecular simulation of a wood cell wall
S2 layer, consisting of CC microfibrils embedded in GGM and surrounded with a low DP LGN
(Figure 2-14a). Hydration is shown to strongly impact various thermodynamic and mechanical
properties of the constructed system (Kulasinski et al. 2017). As adsorption and swelling proceed,
mechanical weakening of the composite is observed (Figure 2-14b). The anisotropy of the S2 layer
model is mainly attributed to the orientation of CC. Their atomistic model selected four square
crystals, one hemicellulose and a low DP condensed lignin.
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Figure 2-14 a) Wood cell wall S2 layer model. Grey, red and black color denote cellulose,
hemicellulose and lignin, respectively. b) Moisture-induced weakening of Young’s moduli of the
S2 layer (Kulasinski et al. 2017 with permission).

There are several studies performed on S2-inspired composite systems without consideration of
hydration. Assemblies of cellulose crystal/xyloglucan and cellulose crystal/lignin were studied
using MD simulations, where nonspecific bonding was observed between cellulose and
xyloglucan/lignin (Besombes and Mazeau 2005; Hanus and Mazeau 2006). Bamboo cell wall has
also inspired MD investigations. Bamboo possesses cellulose, hemicellulose and lignin, similar to
wood, while bamboo has higher content of small molecule components, e.g. alkaline extractives.
The normal and shear stresses are found to dominate the separation of hemicellulose and lignin,
respectively (Hao et al. 2018). A study of the interface of matrix-cellulose fibril was carried out
with different binding modes of hemicellulose chains between cellulose, i.e. bridge, loop and
random, the so-called “tethered model”. The contact area and hydrogen bonds are found to be
determining the strength of the interface (Zhang et al. 2015). Finally, a molecular model of bamboo
fiber consisting of lignin, hemicellulose, LCC and cellulose fibrils was developed. The particularity
of this work was the inclusion of an amorphous section along the cellulose microfibril. This
amorphous region along the cellulose fibril is found to have the weakest adhesive interaction
energy (Youssefian and Rahbar 2015).
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Figure 2-15 Adhesive interaction energy at the different interfaces of bamboo fiber (Youssefian
and Rahbar 2015 with permission).

S2 inspired systems were used to study the behavior under large deformation, until loss of integrity
of the systems. It is unclear how such studies actually relate to loading in wood, but they provide
interesting insight. Hence the effect of MFA on the deformation and failure behavior of wood cell
wall layer was studied. It was shown that the failure starts with fibril local buckling/kinking,
according to both experiments (Da Silva and Kyriakides 2007) (Figure 2-16a) and simulation
(Figure 2-16b), although it should be noted that the two systems were at totally different scales.
Water was shown to cast a strengthening effect on systems with low MFA (<35) (Deng et al. 2012).
An S2 cell wall interface model built by (Jin et al. 2015) was tested under shear loading. An initial
elastic deformation was followed by plastic deformation. The plastic regime consists of two sub-
regimes: yielding of the matrix and relative sliding of the matrix along with cellulose (Figure 2-17).

b)

Figure 2-16 Compression failure of wood cell wall composite a) experiment (Da Silva and
Kyriakides 2007 with permission), b) molecular simulation model with MFA=25 (Deng et al. 2012
with permission).

31



:M1: yiélding : MZ: s!idind of matrix'

40t 10f matrix 1 along ce‘rulos fibril

;“; il
S 150 I
a
2 100}
7]
© ~
1) C T
& so0f ]
2
0 i i 1 1
0 04 0.2 0.3 0.4 0.5

Shear strain

Figure 2-17 a) Cell wall composite model, b) stress-strain result under shear loading (Jin et al. 2015
with permission).

Finally, for the sake of completeness, the few works that have explored the use of coarse-graining
are presented here. A coarse grain model, also named “mesoscale model”, of wood cell wall,
consisting of cellulose microfibrils embedded in a polymer matrix of hemicelluloses and lignin,
was built (Tam and Lau 2016) based on the methodology developed by (Adler and Buehler 2013),
where the polymers were represented by beads with mass and the system total energy consists of
the axial strain energy, the bending energy and the weak interactions. This mesoscale model can
be seen as a mixture of coarse grain and micromechanical model, as thematerial mechanical
properties harvested from molecular simulations are included in the form of 27 mesoscopic
parameters in the total energy formulation.The polymer is represented as beads as large as 1 nm?,
Another study of such a mesoscale model is carried out in the same research group, where the
temperature effect on the polymer-wood interface is discussed (Tam et al. 2017). The next
challenge along this approach is the proper modeling of the effect of hydrogen bonds, especially
in hydration. In this thesis, this avenue was not explored but was deemed worthwhile to be briefly
mentioned.

2.4 Challenges and research needs

Computational studies of wood cell wall S2 layer has only recently achieved success in the
understanding of the mechanical behavior of this complex multiscale material. New insights at
molecular and nanometer scales are brought through atomistic modeling, including information on
hydrogen bonding, chain dynamics, etc. Larger scale continuum models also contribute to the
mechanical understanding of material arrangement, impact of wall thickness, elastic constants,
moisture content etc. This topic is still in its infancy and there are still many gaps to fill in the
future.
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For material engineering, as well as for continuum modeling, the mechanical properties of
individual wood cell wall components need to be known. Most of the available experimental
reports are based on the study of isolated wood polymers, which chemically and mechanically
differ from the ones in situ state. For example, one of the major hemicelluloses is softwood AGX,
which can be used in packaging applications (Escalante et al. 2012), however experimental reports
of its physical and mechanical properties are still rare. Molecular simulations can be expected to
provide the missing information.

The complex mechanical behavior of the secondary cell wall including viscoelasticity,
viscoplasticity and hygromechanical deformation, is speculated to originate from the matrix
behavior at lower scales (Cosgrove and Jarvis 2012). Contrary to cellulose fibrils, the mechanical
role of the cell wall matrix in such behavior is missing and there is a lack of structure-property
relationships (Burgert and Keplinger 2013).

In wood cell wall S2 layer, there exist interfaces formed between crystalline cellulose and the
amorphous materials (Kulasinski et al. 2015c), which are critical to the overall mechanical
performance of the cell wall composite. Currently, it is generally assumed that non-covalent
bonded intermolecular interactions, e.g. hydrogen bonding, dominate the cellulose fibril interface
(Esker et al. 2009). The behavior of the interface depends strongly on the number of hydrogen
bonds, which in nature shows fluctuations. Excess adsorption of moisture at the interface is shown
to emerge (Kulasinski et al. 2015c), which will fundamentally change the mechanical behavior of
the interface and compostie. The deformation and displacement happening at the interface still need
to be better characterized. Moreover, recent experimental observation shows the possibility that
cellulose fibrils form direct contacts, the so-called “mechanical hotspots” (Cosgrove 2014). The
possible role of this structural feature needs to be investigated and predicted. There are molecular
studies of wood cell wall composite material, yet most of them lack the discussion on moisture-
induced phenomena, or lack some major components of cell wall composite material, e.g. cross-
linked lignin (Mazeau and Heux 2003; Charlier and Mazeau 2012; Jin et al. 2015; Kulasinski et al.
2015c; Zhang et al. 2015).

There is a need to couple continuum and discrete models to form a multiscale modeling framework
to study specifically the hygromechanical behavior of components and of the cell wall. Discrete
models are limited by their computational costs. Continuum methods require reliable component
hygromechanical characterization. The combination of the discrete and continuum methods could
offer a possibility to offset their individual disadvantages and provide a powerful numerical
framework for the study of cell wall mechanical behavior. One example is the moisture-induced
shape memory effect. The mechanism of this effect remains mysterious, and modeling studies
trying to solve the puzzle require a good grasp of the mechanical properties of cell wall material as
functions of moisture content, which are at the moment mainly only accessible through MD
simulations. However, the scale of wood cells and growth rings is in the order of micro- and
millimeters meter scale and can only be modeled through continuum methods. The coupling of the
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continuum and discrete modeling is expected to open new gateways in multiscale modeling of
wood.

2.5 Conclusion

This chapter summarizes the state of the art research on wood cell wall hygromechanics, an
intriguing issue with many open questions. The most advanced structural information is presented,
though many aspects of the structure of wood cell wall, such as composition and shape of cellulose
crystalline fibril, distribution of different materials within the cell wall layer and lignin crosslink
bonding, remain to be clarified, most of which arise due to limitations in experimental techniques
resolution. Necessary hypotheses must be made based on experimental evidences.

The moisture-induced behavior of wood cell wall layer is reviewed, including the sorption,
deformation, weakening and shape memory effects. Being a hygroscopic nanoporous material, the
cell wall layer adsorbs water and shows a type Il sorption isotherm. Its sorption and deformation
are found strongly coupled. Critical issues such as the general picture of moisture sorption and the
mechanism for weakening and shape memory effect need to be elucidated. Better understanding of
these issues will not only benefit the wood research but also the general research on biopolymers
and their composites.

Experimental methods are of limited resolutions which are insufficient of dealing with the
nanoscale structures of wood cell wall. Moreover, wood material characterizations are normally
done after extraction from raw wood which inevitably introduce chemical alteration. All these
experimental difficulties call for numerical surrogates. This chapter reviews the computational
studies of wood cell wall, including continuum methods, such as homogenized model, composite
model and poromechanical model, and discrete methods, such as atomistic and coarse-graining
simulations. The various continuum methods demand micromechanical properties of wood
components which can, aptly, be extracted from molecular modeling, a research topic in its infancy.

This thesis strives to model the wood cell wall S2 layer using a multiscale computational
framework. Important individual components of softwood as well as composites and interfaces are
studied under the full hydration range with molecular modeling. The atomistic information is then
implemented into a continuum model, to study larger scale moisture-induced phenomenon, shape
memory effect. Finally, the fruitfulness of the discrete information of the S2 model, probed by rule
of mixture investigations, is beautifully exhibited. The endeavor starts with the exploration of the
hygromechanical behavior of the hemicellulose xylan in next chapter.
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Chapter 3 Moisture-Induced Crossover in the Thermodynamic and
Mechanical Response of a Hydrophilic Biopolymer: Softwood Xylan

This chapter focuses on the hygro-thermo-mechanical behavior of an important hemicellulose of
softwood, arabinoglucuronoxylan or AGX, which thermodynamic and mechanical properties lack
experimental characterization. Using a prototypical polymer material allows presenting a general
picture of the hydrophilic polymer-moisture relationships determined by molecular dynamics. The
results show that, as adsorption proceeds, the water molecules first create new spaces and surfaces
by separating the polymer chains and, after reaching a moisture content of 30 %, further insertions
of water mainly happen in water clusters in the hydrated material. This transition point is referred
to as the moisture-induced crossover point which is reflected in the thermodynamic and mechanical
properties of this prototypical biopolymer, such as the heat of adsorption, heat capacity, thermal
expansion and elastic moduli. Investigating the microscopic structure of the confined water
molecules and the polymer-water interfacial area, the molecular mechanism responsible for this
crossover is identified to be the formation of a double-layer adsorbed film along the amorphous
polymeric chains. In addition to this moisture-induced crossover, the properties of the hydrated
biopolymer are found to obey simple material models, based on which the properties of the two
layers of water can be derived. On top of elucidating the general picture of sorption induced
phenomena in hemicellulose and the microscopic mechanism at play, the results in this chapter will
be utilized as material parameter inputs for the composite models in later chapters.

The core content of this chapter is published in Zhang, C., Coasne, B., Guyer, R., Derome, D., &
Carmeliet, J. (2020). Moisture-induced crossover in the thermodynamic and mechanical response
of hydrophilic biopolymer. Cellulose, 27(1), 89-99.

3.1 Introduction

As introduced in Chapter 2, one of the main components of softwood that lacks investigation is
AGX which represents 5~10 % of softwood by mass and is known to be closely associated with
lignin. AGX and lignin constitute the matrix situated between cellulose microfibril aggregates in
wood cell walls (Salmén and Burgert 2009). AGX has diverse applications in a range of industries,
such as packaging of cosmetic or medicinal products (Escalante et al. 2012), biomedical products
(Li et al. 2011), plastic additives (Unlii et al. 2009) and in bio-refinery processes (Sedlmeyer 2011).
Despite its versatility and usage potential, its wide use is hindered since a number of important
material properties of xylan, such as adsorption heat, heat capacity, thermal expansion coefficient
and moisture-dependent elastic moduli are unknown, mainly due to the difficulty of isolating xylan
from biological sources without altering it chemically (Ahlgren and Goring 1971; Barakat et al.
2007; Stevanic et al. 2014). These properties need to be investigated as they correlate with the
stability and durability of this material. Mechanical properties of wood polymers are particularly
relevant to industry and elastic constants at lower moisture content (m < 0.3) are of special interest
since this hygroscopic range corresponds to the range of ambient conditions. Moisture has a strong
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influence on the mechanical properties of biopolymers, such as dimensional stability, stiffness
(Harper and Rao 1994), glass transition (St. Lawrence et al. 2001) and crystallinity (Tanner et al.
1991). Unfortunately, there is a dearth of measured water sorption related properties of AGX
(Escalante et al. 2012). This chapter will fill the gap through molecular simulations as the first
objective of this work is to determine the hydromechanical properties of AGX. Molecular
Dynamics (MD) has shown its capability of simulating cellulosic materials, such as cellulose and
xylan, in agreement with existing experimental studies (Zhao et al. 2014; Kulasinski et al. 2016,
2017; Derome et al. 2018; Chen et al. 2018) and to unravel the molecular mechanisms at play in
e.g. sorption hysteresis of deformable nanoporous materials (e.g. amorphous cellulose) (Chen et al.
2018). Such molecular simulations can provide detailed information about the state of water
molecules. Experimental work has led so far to the indirect determination of the water state, with
the use of a loose terminology, bound/unbound or free (Gezici-Kog et al. 2017) or
unfreezable/freezable water (Li et al. 1998). To access to the microscopic information
differentiating the states of water in hydrated polymer systems forms the second objective of this
chapter.

In this chapter, MD is employed to investigate the role of intermolecular interactions, i.e. hydrogen
bonds (HBs), explaining the microscopic mechanisms leading to the coupling between the polymer
mechanical and hygric behavior. Here AGX, one of the most abundant hemicelluloses of softwood
(Reid 1997), is chosen as a prototypical model of the hydrophilic biopolymers in wood. The work
consists of the systematic investigation of various mechanical and thermodynamic properties of
AGX at different moisture contents.

3.2 Materials and Methods

3.2.1 Chemical structure and atomistic modeling of arabinoglucuronoxylan

AGX, the most common type of xylan in softwood (Reid 1997), is formed by a backbone of -1,4-
linked [B-D-xylopyranose units, partially substituted at O-2 by 4-O-methyl-a-D-
glucopyranosyluronic acid and at O-3 by a-L-arabinofuranose (Reid 1997), as shown in Figure 3-1.
The degree of substitution depends on botanic sources and on extraction methods (Den Haan and
Van Zyl 2003)). For the current study, a random polymer consisting of 67% xylose, 20%
glucuronoacid-xylose and 13% arabinoxylose is used.

O=_OH oH
MeOo HO OHO
OH
o
o—<QH_> oM 10—
o
OH
0.2

0.67 0.13

Figure 3-1 Chemical structure of AGX consisting of 67% xylose (left), 20% glucuronoacid-
xylose (middle) and 13% arabinoxylose (right).
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The three types of monomers are constructed using Material Studio 8.0 and randomly polymerized
into chains with a degree of polymerization of 100 (Gorshkova et al. 2012). Gromacs 2016 software
(Berendsen et al. 1995; Abraham et al. 2015) and Gromos 53a6 force field (Oostenbrink et al. 2004)
are used for the MD simulations. The force field parameters of the monomers are obtained from an
automated topology builder (Malde et al. 2011). Long-range coulombic interaction is treated using
the particle-mesh Ewald method. Five chains of AGX are inserted randomly within a periodic box,
with periodic boundary conditions in the three directions to avoid finite-size effects. The system is
relaxed using a Nose-Hoover thermostat and a Parrinello-Rahman barostat. The temperature and
the pressure are set to 300 K and O Pa, respectively. The thermostat and barostat coupling time
constants are both 0.5 ps. Relaxation is carried out for 20 ns with an integration time step of 1 fs.
Both the total energy and the system density converge within 1 ns and the system finally reaches a
size of about 5x5x5 nm? and a density of 1.3 g/cm?®. The density is in accordance with the literature,
as measured for a xylan powder extracted from corn cobs (Verbeek 2012). Following the same
procedure, two more systems are prepared and then investigated to improve the statistics and to
obtain data more representative of disorder in real systems. The three repetition systems differ in
their orientation and arrangement of chains but are all isotropic.

3.2.2 Simulation of water sorption

Gromos force field is designed to work with the single point charge (SPC) and SPC extended
(SPC/E) (Berendsen et al. 1987) water models. SPC is chosen because it reproduces better the
saturation vapor pressure (4400 Pa at 300 K) than SPC/E does (1010 Pa at 300 K) (Errington and
Panagiotopoulos 1998). Water adsorption is simulated at room temperature (300 K). Starting with
the dry system, water molecules are inserted randomly one after another into the simulation box,
avoiding overlap with the polymer and the previously inserted water molecules. Each insertion is
followed by an energy minimization and then a relaxation of 100 ps. Due to computational cost,
results are reported at 20 moisture content levels. A series of snapshots of hydrated polymer
systems at different moisture contents is shown in Figure 3-2.
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Figure 3-2 a) Orthogonal projection of polymer system in dry and hydrated states at m ~ 0.04 and
0.18, for systems of 5x5x5 nm?, b) 3D view of system at m ~ 0.7 with zoomed view. Carbon atoms
in cyan, oxygen atoms in red and hydrogen atoms in white.

3.2.3 Material properties measurement

3.2.3.1 Uniaxial swelling strain

In this study, swelling strain is reported as uniaxial swelling strain instead of volumetric swelling
strain, in accordance with most available experimental reports where most samples are made in the
form of thin films. The systems are equilibrated in isothermal-isobaric (NPT) ensemble for 20 ns
(P=0 Pa, T=300 K). All the thermodynamic variables, such as energy, temperature, pressure and
volume, reach equilibrium in the first 1 ns. The uniaxial swelling strain is defined as:

x(m) — x(0)

ex(m) = 0 (3-1)

where x(m) is the length of the system at moisture content m, and x(0) is the size of the system
in dry condition using a Lagrangian approach. The uniaxial swelling strains in the three orthogonal
directions (eyx, where X=x, vy, z) of the three repetition samples are measured and the average value
(e) is reported.
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3.2.3.2 Chemical potential and relative humidity

The one-step perturbation (OSP) method is used to calculate the free energy as per Equation (3-2),
which is needed to determine the chemical potential as given in Equation (3-3) and, from there, the
relative humidity as in Equation (3-4). OSP was shown to successfully predict solvation free
energies of a number of small polar and nonpolar solutes in water with sub-ksT accuracy and
significantly greater efficiency than the traditional stepwise calculation (Pitera and van Gunsteren
2001). It has also been used to determine the adsorption isotherm of amorphous cellulose
(Kulasinski et al. 2014a).

The systems at different moisture contents are simulated in the NPT ensemble for 20 ns (P=1 Pa,
T=300 K). Then, the equilibrium of the system is perturbed by removing one water molecule while
all the other molecules remain. The potential energy difference of the states before and after the
perturbation is calculated. The time average of the free energy difference (AF;); is estimated
according to the Zwanzig formula:
_Avi()
(AF)), = —RTIn <e AT > (3-2)
t

where R is the gas constant, T is the temperature, and AV;(t) is the potential energy difference
induced by removing the i-th water molecule.

The chemical potential, , is the entity average of time-averaged free energy:

N(m)
JoF 1
pm) = 35 = o Z (AFy), (3-3)

where N is the total number of water molecules in the system and m is the moisture content. The
relative humidity (RH) is related to the chemical potential as follows:

RH = ¢ R (3-4)
where u* is the saturation chemical potential which is taken as the chemical potential at maximum
moisture content (Grondahl et al. 2003, 2004). Moisture content is increased up to 0.7.

3.2.3.3 Integral heat of adsorption

Adsorption is an exothermic process and the enthalpy released by adsorption is a significant
variable describingthe interaction between adsorbate and adsorbent. There exist several definitions
for the heat of adsorption. Here the integral heat of adsorption of water vapor is used, which is the
total heat released by water vapor being adsorbed, normalized by the total adsorption amount.
Measurements are carried out in NPT ensemble (P=1 bar, T=300 K). The heat of adsorption, at a
specific moisture content m, involves three contributions, i.e. dry polymer (p), water vapor (wv)
and the composite system (c) formed by water being adsorbed on the polymer. The integral heat of
adsorption is defined as:
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Q(m) = (Hp + Hyy — He) [Myater (3-5)
where H,,, H,,,,, H; and n,,q., are the enthalpies of dry polymer, water vapor, composite and the
amount of water in mole, respectively. Since the deformation of pure polymer induced by
adsorption is generally neglected for simplicity, in this study, the dry polymer is obtained by
removing all water molecules in the composite system while freezing the configuration of the
polymer. H,, and H, are calculated with the definition of enthalpy H = U + PV, where the internal
energy U, pressure P and volume V are directly measurable from MD. As the water vapor can be
considered an ideal gas with acceptable error (Israel Urieli 2018), H,,, equals to 4n,,4:.rRT,
because the internal energy of water vapor in ideal gas state can be approximated by the

equipartition theorem and equals gnwaterRT (three translational and three rotational degrees of

freedom), and the PV term estimated by the equation of state of an ideal gas is n,,4:.RT. Usually,
the heat of adsorption is reported as the heat released per kilogram of adsorbed water, therefore the
unit of Q is converted from kJ/mol into ki/kg by the factor of the molar mass of water (0.018
kg/mol). The integral heat of adsorption of the three repetition systems are collected, and the
average and standard deviation values are reported.

3.2.3.4 Uniaxial thermal expansion coefficient

Thermal expansion is evaluated with a series of 2ns NPT simulations, with P=0 Pa and nine
different temperatures, i.e. 296 K, 297 K, 298 K, 299 K, 300 K, 301 K, 302 K, 303 K and 304 K.
All temperatures are in the vicinity of room temperature (300 K). The uniaxial thermal expansion
coefficient as a function of moisture content m is defined as:

1 dx(T,m)

x(Ty,m) dT » (3-6)

ax 1, (m) =

where x(T,m) is the length of the system along one of the three principal axes at temperature T
dx(T,m)

and T, = 300 K. A line is fitted through the data points to calculate T|
14

three orthogonal directions for all three repetition systems and the average value is reported.

. ay 1S measured in

3.2.3.5 Heat capacity

As performed for the determination of the thermal expansion coefficient, heat capacity is
determined by a series of 2ns NPT simulations with P=0 Pa and nine different temperatures, i.e.
296 K, 297 K, 298 K, 299 K, 300 K, 301 K, 302 K, 303 K and 304 K. The total energy U(T, m)
and volume V (T, m) are recorded and the heat capacity at a specific moisture content is defined as:

dU(T, m) N dV(T,m)
— p—
| | ar pm o AT o, |
where ¢, is the heat capacity, T, = 300 K, P=0 Pa. A line is fitted through the data points to
au(T,m)

Cp1, (M) = 3-7)

calculate . The heat capacities of the three repetition systems are collected and averaged.

p.To
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3.2.3.6 Elastic constants and Poisson’s ratio

The elastic constants are determined from the slope of the linear regime of stress-strain curves at
room temperature. To construct the stress-strain curve for bulk (K), Young’s (E) and shear moduli
(G), tensile volumetric, uniaxial and shear strains are applied respectively and the resulting stresses
are collected. The stresses are referred to as pressure in MD and are computed from the kinetic
energy and the virial (details in Abraham et al. 2015). In the simulation results, the linear regime
usually spans until a strain of 4%.

Although in principle the deformation rate does not play a significant role as will be explained
below, it is chosen as low as possible, namely 3.66 x 10° nm/ps, 5 x 10®° nm/ps and 3.66 x 10°
nm/ps, for bulk, Young’s and shear moduli measurements, respectively, in order to eliminate rate
effects. The strain rate, therefore, is in the order of 108 s™*. Stepwise strains are applied to a given
structure with each step straining around 0.01% of the initial dimension. Every step is followed by
a relaxation run of 100 ps to allow molecular rearrangement. The relaxation conditions for bulk,
Young’s and shear moduli are different. For bulk moduli, the strained structure is relaxed in the
NVT ensemble. For Young’s and shear moduli, the structure is relaxed with the strained dimension
fixed and the other dimensions coupled to the barostat (P=0 Pa). For example, in a Young’s
modulus measurement, for a sample undergoing uniaxial strain in x-direction, the relaxation will
be carried out with the x coordinates fixed while the y and z coordinates are coupled to a barostat
to allow fluctuation. Due to the stepwise straining and the following relaxation, the influence of
strain rate is minimized. The disadvantage of this method is the much higher computational cost
comparing with the static approach (Theodorou and Suter 1986) where the entropic contribution is
neglected. The loading conditions of the mechanical tests are summarized schematically in Table
3-1.

Table 3-1. Schematic of mechanical tests.

Property Bulk modulus Young’s Shear modulus
modulus
Test volumetric uniaxial tension shear
tension

& _
I [ N p——

Schematic «I I» «_ | :» \\\
-¥ -

In addition, the Poisson’s ratio and the shear modulus assuming isotropy can be predicted by using
the measured bulk K and Young’s moduli E according to:
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31{61{ £ and G = 913’(K_EE (3-8)

The number of water molecules is constant during loading so that the measurements are conducted
at constant moisture content, therefore the measured elastic constants correspond to the undrained
ones. For Young’s and shear moduli, the moduli measured in three orthogonal straining directions
are collected and averaged. The moduli and Poisson’s ratios of the three repetition systems are

collected and averaged.

Vv =

3.2.3.7 Percolation

Percolation of water is the configuration achieved where one large water cluster crosses from one
side to the other side of the polymeric system. Two water molecules that are located within 0.6 nm
distance are considered to be in the same water cluster. The value 0.6 nm refers to the second
minimum of the radial distribution function of bulk water. Percolation probability is defined as the
time span during which percolation is occurring divided by the total simulation time span. In MD
simulations, the time span is discretized and represented by time frames with a fixed interval of 1
fs. Therefore, the percolation probability is the number of time frames where percolation is present
divided by the total number of time frames. The percolation probability is determined in function
of moisture content.

3.2.3.8 Hydrogen bonds

As HBs are playing a significant role in the hygromechanical behavior of the polymer, their
occurrence and distribution are tracked. The criteria for HB are defined by the configuration of the
donor-hydrogen-acceptor triplet:

R<035nmanda < 30° (3-9)
where R is the distance between the donor oxygen atom and the acceptor oxygen atom, and « is

the angle of acceptor oxygen atom — donor oxygen atom — donor hydrogen atom. The criteria are
illustrated in Figure 3-3.

~0-~.ll.lIIlll

a<30 °

~ R<0.35nm
S

Figure 3-3 Illustration of hydrogen bond criteria. The blue dashed line denotes the hydrogen bond
formed.

The interoxygen distance criterion of 0.35 nm refers to the first minimum of the radial distribution

function of SPC water (Soper and Phillips 1986; Luzar and Chandler 1993). The angle of 30 is

approximately the amplitude of rotational vibrations that break HBs (Teixeira and Bellissent-Funel
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1990). There are three types of HBs that are tallied in the hydrated systems, i.e. polymer-polymer,
polymer-water and water-water.

3.2.3.9 Cohesive energy density

The cohesive energy is the interaction energy between molecules. It is measured by the difference
between the internal energy of the whole system and the summation of internal energy of individual
systems (Hansen 2007) and is reported as cohesive energy density, as shown below:

N
CED = (z Unmotecute i — Uwhole> /Vwhote (3'10)

=1

3.2.4 Validation of the atomistic model

MD introduces several levels of simplification of molecular interactions, such as assuming
harmonic bond, Lennard-Jones potential, etc. The validation of the numerical models, and
especially comparisons with existing experimental data, is therefore necessary. Due to the fact that
the properties of AGX suffer from a dearth of experimental reports, properties like density, isotropy,
the adsorption isotherm and the swelling strains are retained for validation. It is already mentioned
that the density of the material corresponds well with experiments.

3.2.4.1 Isotropy

Wide-angle X-ray scattering (WAXS) experiments show that spruce xylan is isotropic under
different humidity conditions (Escalante et al. 2012). In MD, the Hermans orientation function
(HOF) which corresponds to the nematic order parameter is used to characterize isotropy (Hermans
and Platzek 1939). It is defined as:

29y _
HOF = % (3-11)

where 8 is the angle between the axis of interest and the direction of a polymer monomer and the
angular bracket denotes the entity average over all monomers in the system. Our simulation results
show that HOF remains 0+0.015 regardless of moisture content, thus confirming the isotropy of
the models at all moisture contents, which is in agreement with the WAXS results of (Escalante et
al. 2012).

3.2.4.2 Adsorption isotherm and swelling

Using the methods described above for water sorption, the sorption isotherm and swelling strain of
AGX are determined. Experimental sorption curves of different xylans, unfortunately not including
AGX, are reported (Grondahl et al. 2003, 2004; Kulasinski et al. 2016), but only (Kulasinski et al.
2016) reports swelling. Two adsorption branches of sorption isotherms of glucuronoxylan isolated
from aspen wood are shown in Figure 3-4a with white triangles (Gréndahl et al. 2003) and squares
(Grondahl et al. 2004). In terms of hygroscopic range and sigmoidal shape, our simulation results
agree well with the experimental results. Many factors, in MD such as exact chemical composition
and the degree of substitution, and in measurement errors, can affect the measured sorption
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isotherms and may explain the slight differences observed in Figure 3-4a. A perfectly dry state is
always a challenge to achieve experimentally, which might make the value of measured moisture
content slightly lower than reality. This could also explain the experimental isotherms having
slightly lower moisture content under the same RH than the MD results.

0.5 - 8 '
a) —e— AGX MD simulation b) e AGX MD simulation
0.4 | ——Grondahl M, 2003 6! A Kulasinski, 2016 //'
—a—Grondahl M, 2004
0.3¢
&
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0 50 100 )
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Figure 3-4 a) Sorption isotherms of xylan from MD simulation (black dots) compared with two
experimental studies (triangles (Grondahl et al. 2003) and squares (Gréndahl et al. 2004)). b)
Uniaxial swelling strain versus moisture content eyx(m) (black circles) compared with
experimental results of rye arabinoxylan for m<0.15 (white triangles) (Kulasinski et al. 2016). The
dashed line is a linear fit of the simulation data. The inset shows MD results for ey (m) for a broader
range of moisture content, i.e. m=0~0.5

The maximum moisture content in Figure 3-4a is ~ 0.4. In theory, when RH approaches 100%, the
sorption isotherm becomes steep and the corresponding equilibrium moisture content tends to reach
high values. In this study, the maximum moisture content being discussed is 0.7.

Swelling is a frequent co-occurrence of moisture adsorption for biopolymers. Black dots in Figure
3-4b represent the uniaxial swelling strain, the arithmetical average of three repetition samples on
three principal directions. The swelling strain is practically the same in all three principal directions
which means that AGX swells isotropically. The grey dashed line is the linear fitting of black dots
in the moisture content range of 0 to 0.2. The white triangles are the experimental swelling strain
results for rye arabinoxylan (Kulasinski et al. 2016), which agree well with our simulation. Given
that the sample is in the form of a film, the experiment only covers m < 0.15, as at higher moisture
contents wrinkling occurred. The swelling strain over a broader range of moisture content is solely
measured through MD and shown in the inset of Figure 3-4b. At very low moisture content, the
swelling coefficient is lower than the overall swelling coefficient. This initial non-linearity is
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frequently observed in biopolymers and well explained, i.e. some of the initially adsorbed waters
can first fill the existing pores of the polymeric material, instead of displacing it (Kulasinski et al.
2015d). This is supported by the pore size distribution results (Figure 3-5). For dry AGX, there
exist pores as large as ~ 0.7 nm, which are much larger than the size of a water molecule.
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Figure 3-5 Pore size distribution of dry AGX.
3.3 Results and discussions

3.3.1 Properties as a function of moisture content and occurrence of moisture-
induced crossover

The integral heat of adsorption Q(m) is shown in Figure 3-6. The dots are the average of three
different models while the shaded areas denote the standard deviation (a similar mode of
representation is used for Figure 3-7, Figure 3-8 and Figure 3-9). At low moisture content, the heat
of adsorption is close to that measured using MD for amorphous cellulose (AC), ~3620 kJ/kg
(Kulasinski 2015). At high moisture content, the heat of adsorption gradually approaches the value
of bulk water, ~2260 kJ/kg (Murphy and Koop 2005). Interestingly, two different linear regimes
can be identified, one for a lower moisture content range and another for a higher moisture content
range. The transition separating the two regimes occurs around m ~ 0.3.
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Figure 3-6 Heat of adsorption Q(m) as a function of moisture content at room temperature 300 K.

The uniaxial thermal expansion coefficient of AGX is shown in Figure 3-7. As moisture increases,
the thermal expansion coefficient of AGX approaches the value of pure SPC water indicated by
the solid line with asterisks. At 300 K, the uniaxial thermal expansion coefficient of SPC water is
ax 300k spc = 2.3 X 10 K1, which is larger than the experimental value ~7.9 x 10®° K (a known
imperfection of the SPC water model (Jorgensen and Jenson 1998)). As observed for the heat of
adsorption, a transition occurs around 0.3 moisture content.
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Figure 3-7 Uniaxial thermal expansion coefficient ay 390k ().
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The heat capacity of AGX is shown in Figure 3-8. With increasing moisture content, the heat
capacity approaches the value of pure SPC water. At 300 K, the heat capacity of SPC water is

Cp 300k =4.594 kJ/(kg K), which agrees well with the experimental value of 4.186 kJ/(kg K) (Chase

Jr. 1998). Once more, a transition is noted to occur around 0.3 moisture content.
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Figure 3-8 Heat capacity C,, 300k (m).

The bulk, Young’s and shear moduli and Poisson’s ratio of AGX are shown as solid dots in Figure
3-9a and b. The Poisson’s ratio is calculated based on bulk and Young’s moduli using equations
(3-8). The bulk and shear moduli are difficult to measure experimentally, as samples are usually
prepared in the form of thin films (Chang et al. 2018). Available reports, mostly only of Young’s
moduli at 27°C and 50% RH, agree well with our simulation which is about 2.5 GPa under similar
temperature and moisture content (Grondahl et al. 2004; Hoije et al. 2005; Escalante et al. 2012).
For all these simulated mechanical properties, there is also a transition happening around m ~ 0.3.
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Figure 3-9 a) Elastic constants, i.e. bulk, Young’s and shear moduli as functions of moisture content.
b) Poisson’s ratio calculated based on bulk and Young’s moduli.

For an isotropic material, like AGX, as shown in the previous section, shear moduli can be
predicted from bulk and Young’s moduli using Equation (3-12). The predicted values represented
by white triangles in Figure 3-9a agree well with the shear moduli measured by MD in pink dots.

3KE

= 3-12
G 9K — E ( )

All the above mentioned thermodynamic and mechanical properties are rescaled to the range of
0~1 by using the following equation:
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SN X(m) B X(mmax)
X(m) B X(O) - X(mmax)

(3-13)

where X, X(0) and X(m,,,,) are properties at m, dry and saturated moisture condition,
respectively.
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Figure 3-10 Rescaled properties of AGX versus moisture content.

As described earlier, all the rescaled properties show a transition also called crossover happening
around m ~ 0.3. It should be noted that the transition, like most physical transitions, is not an abrupt
change. Rather the transition gradually happens over a range and the transition point is taken as the
center of this zone.

3.3.2 Mechanisms of moisture-induced transition
To explain the transitional behavior observed around m~0.3, three possible mechanisms, i.e.
percolation, breakage of hydrogen network and multiple layers of adsorption, are discussed in this

section.

3.3.2.1 Percolation

Given that, at percolation, a water cluster crosses the system, this occurrence influences diffusion-
related phenomena, such as water transport (Kulasinski et al. 2014a) or electron conductivity
(Wessling 1991). This effects is due to the percolating water cluster allowing water molecules to
travel along a path with minimized interaction with the polymer. It is thus plausible that percolation
could coincide with the transition of material properties observed above. The percolation
probability versus moisture content is shown in Figure 3-11. The inset, a colored illustration, is a
snapshot of the hydrated polymer system at m ~ 0.14, where the blue and red clusters refer to the

isolated and percolating water clusters, respectively.
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Figure 3-11 Probability of occurrence of percolation versus moisture content. Inset is a snapshot
of the hydrated polymer system at m ~ 0.14.

Simulation trajectories show that, at low moisture content, water molecules tend to attach
themselves to the hydroxyl sites of the polymer chains. These water molecules diffuse but are also
for some time bonded by HBs where their movement is confined in a small region. As moisture
content increases, formerly separated water regions connect, eventually forming water regions that
percolate across the whole system. There is a critical range, from m ~ 0.11 to 0.14, where the
percolation probability abruptly increases from 0% to 100%. However, the general transition
depicted in Figure 3-10, which happens at m ~ 0.3, cannot be explained by percolation, as
percolation already saturates at m ~ 0.14. There should be another mechanism explaining the
behavior at higher moisture content.

3.3.2.2 Density of polymer-polymer and polymer-water hydrogen bonds

Since percolation could not explain the transition, another possible mechanism, i.e. the hydrogen
bond network and water distribution in the hydrated AGX, is now probed. The HBs between
polymer chains play a central role in the moisture-induced effects of hydrophilic polymeric
material, such as mechanical weakening (Kulasinski et al. 2015d) and sorption hysteresis (Chen et
al. 2018). The establishment of HBs is judged by applying the criteria presented above. The number
of HBs is normalized by the initial dry material volume Vo to obtain the density of polymer-polymer
HBs (#HB/Vo). Both #HB/V, for AGX-AGX and AGX-water — shown in black and white dots
respectively in Figure 3-12 — remain constant after m > 0.18, which is below the transition point of
m ~ 0.3. Thus, the number of HBs, either as polymer-polymer and polymer-water interactions,
cannot explain the crossover.
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Figure 3-12 Density of hydrogen bonds between AGX-AGX (white) and AGX-water (black),
versus moisture content.

In previous work, for another wood polymer, AC, a linear relationship between the number of
polymer-polymer HBs and the mechanical moduli was found. The breakage of HBs was then
understood to be the main mechanism of the mechanical weakening of AC (Kulasinski et al. 2015).
Following the Equation (3-13), the bulk moduli and number of HBs can be rescaled, as shown in
Figure 3-13. It is noted that at dry state the number of HBs equals 1, while the number decreases
from 1 to 0.1 in a moisture range of 0 to 0.18.
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Figure 3-13 Rescaled bulk moduli of AGX and AC versus normalized number of polymer-polymer
hydrogen bonds.
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In the present study, within the range of 0 ~ 0.18 moisture content, moduli also scale linearly with
the HBs breakage. However, for higher moisture contents, i.e. m > 0.18, further decrease of moduli
Is seen to occur without further breaking of HBs. The mechanical weakening behavior of AGX for
m > 0.18 due to the loss of HBs cannot explain the transition happening around m ~ 0.3. This
indicates that there must be another mechanism explaining the mechanical weakening behavior of
AGX for m > 0.18, and the transition happening around m ~ 0.3.

3.3.2.3 Double layer adsorption

Another possible mechanism inspired by experimental observations is that moisture-induced
mechanical weakening occurs also at the appearance of “free water”. As mentioned above, water
in the material has been considered to experience two possible states (Hodge et al. 1996b; Li et al.
1998; Brouillet-Fourmann et al. 2002), i.e. “bound” or “unfreezable” in the counterpart of “free”
or “freezable”. Thanks to MD, the trajectories of individual water molecules can be tracked,
yielding a statistical description of adsorption layers, where the polymer-water distance dpw is
defined as the distance between the oxygen atom of water and its nearest polymer neighbor atom.
The water population Nwater(M,dpw) is the time average of the number of water molecules at a
specific moisture content m and polymer-water distance dpw. The water population along the
polymer chains is given as a function of two parameters, polymer-water distance and moisture
content, and is shown as a surface plot in Figure 3-14. At lower moisture content, there is only one
peak centered at 2.8 A. At higher moisture content, practically for m > 0.3, at least two major peaks,
centered at 2.8 A and 5.6 A, can be identified.

Figure 3-14 Water population as a function of moisture content and polymer-water distance
Nuwater(M,dpw) shown as a 3D surface. The four cut planes, i.e. in red and blue, dpw=5.6 A and 2.8
A, and in grey m = 0.15 and 0.3, refer to graphs of Figure 3-15 and Figure 3-16.
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Considering the water population versus distance at two moisture contents, as shown in Figure
3-15, the first peak is clearly identified at m = 0.15, while the second peak is starting to show up at
m = 0.3. Between the two peaks, there is a “valley”, i.e. a local minimum, at 4.5 A. The water
population is practically zero for dpw > 15 A. The water that resides within 4.5 A of the polymer
chains is defined as the 1% adsorbed water layer and the water lying at more than 4.5 but less than
20 A from the chains as the 2" adsorbed water layer. In this study, given the presence of these two
peaks, the water molecules are assumed to form two layers. The water population can be described
by the summation of two Gaussian distributions, as shown by the dashed lines calculated from the
double Gaussian decomposition (DGD). The DGD captures the main trend of the curve, however
not without a small misfit, e.g. at 5.6 A for m = 0.3. The occurrence of double-layer adsorption is
also supported by the sigmoidal shape of the AGX sorption isotherm (type Il isotherm) (Ergun et
al. 2010).
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Figure 3-15 Water population as a function of polymer-water distance at m = 0.15 and 0.3,
respectively. The black dashed curves are double Gaussian decomposition (DGD) of water
population.

The blue and red cut planes in Figure 3-14 denote the center location of the 1% and 2" adsorbed
water layers, respectively, and the corresponding graphs are given in Figure 3-16. The solid curves
are the water population at dpw = 2.8 A and 5.6 A. The linear growth of the water population at dpw
= 2.8 A slows down from m = 0.3, indicated by the divergence of the solid blue curve below the
dashed line fitted over the range of low moisture content. The water population at dpw= 5.6 A starts
to grow fromm =0.3.
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Figure 3-16 Water population as a function of moisture content Nwater(m) at the polymer-water
distance of 2.8 A and 5.6 A.

Figure 3-17 shows the snapshots of the hydrated polymer system at m = 0.15 and 0.3, respectively.
The polymer chains, the 1% and the 2" layers of water are shown in color thick sticks, blue and red
surfaces, respectively. The 2" layer of water is present only at m = 0.3. The average side length of
the system increases from 5.1 nm for m = 0.15 to 5.4 nm for m = 0.3 indicating swelling of the
system.

Figure 3-17 Snapshots of hydrated polymer system at (a) m = 0.15 and (b) 0.3, respectively. The
polymer chains, the 1% and 2" layer of water are shown in color thick sticks, blue and red surfaces,
respectively.

Figure 3-18a shows the volume fraction of the 1 and 2" water layers as a function of moisture
content. The volume fraction of the i-th water layer is defined as follow:
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mass;

_ Pwater
fri= MASSyqcer MASSyolymer (3-14)

Pwater ppolymer

where the density of water p,,qrer and polymer py,,i,mer are assumed to have a constant value of
1gcm2and 1.3 gcm?, respectively. The volume fraction of the 1% layer undergoes a steep increase
from dry state to become ~ 0.25 at m ~ 0.3, from which point the growth of 1% layer saturates. The
volume fraction of the 2" water layer, which starts to appear at around m ~ 0.2, grows steadily
with increasing moisture content after m ~ 0.3. The saturation of the 1% water layer is supported by
the analysis of the contact area between polymer and water shown in Figure 3-18b. The water-

polymer contact area is defined as Aopraer = AP ™" + AVHET — A5V \where APOYT

AV and A%Y°'™ are the surface areas of the polymer, water and full systems, respectively.
These surface areas are measured by the so-called rolling ball algorithm (Shrake and Rupley 1973),
using a ball of a specific radius, here 1A, to roll along the surface of interest, namely the surfaces
made by the van der Waals surface of the atoms. The plane defined by the center of the ball as it
rolls is the calculated surface area. As shown in Figure 3-18b, within the moisture range of 0 ~ 0.3,
water adsorption generates new contact surface. This means that the newly adsorbed water
molecules bind to the polymer. However, for m > 0.3, the contact area somewhat saturates, which
means that the newly adsorbed water molecules attach themselves to the formerly adsorbed water
rather than to the polymer.
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Figure 3-18 a) Volume fraction of 1% (black) and 2" (white) layers of water. At m = 0.3, the 1%
layer saturates while the 2" layer starts to quickly grow. b) Contact area between polymer and
water.

As the 1%t and 2" water layers are located each at a different distance from the polymer chain, their

interactions with the polymer are also different. This induces different dynamics and mobility for
these two populations (Li et al. 1998; Zhao et al. 2019). The transition from 1% to 2" water layer
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is likely to influence the properties of the hydrated polymer and to induce a transition, i.e. a
crossover, in thermodynamic and mechanical properties of the polymer.

3.3.2.4 Properties of polymer, first and second layers of water predicted by material
models

Having identified the main mechanisms for transition or crossover, the results of heat of adsorption
are revisited as shown in Figure 3-6. The figure shows that the adsorption of the first water
molecules releases more heat than the adsorption of those of the 2" layer. After m > 0.3, the 2"
layer of water quickly grows and starts to dominate the heat of adsorption. The heat of adsorption
approaches the latent heat of liquid water as moisture increases, indicating that the fast-growing
2" water layer resembles bulk water. Similarly in the case of heat capacity, thermal expansion
coefficient, elastic constants and Poisson’s ratio, the saturation of the 1% layer of water and the
quick growth of the 2" layer of water induces the crossover. The differentiation of two layers of
water enables us to decompose properties into the contributions of different types of water. Hence,
three simple material models, i.e. mixture rule, parallel and series models, are used to predict the
mechanical and thermodynamic properties, which are seen as the summation of the contributions
of three major types of materials involved: polymer, 1% and 2" layers of water. The constitutive
equations for these models read as:

Mixture rule/Parallel Xe = fopXp t fowiXwi T+ fow2Xw2 (3-15)

: 3-16

Series 1/X. = fv,p/Xp + fv,wl/le + fv,wZ/XWZ ( )
where X, X,,, X,,1, X, are the properties of composite, polymer, 1% and 2" layers of water and
fop: fowr and £, ,» are the volume fractions of polymer, 1 and 2" layers of water, respectively.
From simulations, the values of X, f,,, fo,w1 @and f;,,,» can be directly extracted, however the

properties of the polymer, and the 1% and 2" layers of water Xp, Xw1 and X, can only be

determined indirectly. The mixture rule and the parallel model share the same mathematical
equations, but they differ in their interpretation. The mixture rule represents the composite behavior
of scalar properties such as heat of adsorption and heat capacity, while mechanical properties, such
as Young’s, bulk, shear moduli and thermal expansion coefficient, are tensorial properties
represented by the parallel or series models.

The mechanical moduli, i.e. bulk, Young’s and shear moduli, are found to correspond to the series
model, the heat of adsorption and heat capacity correspond to the mixture rule, and the thermal
expansion coefficient corresponds to the parallel model. Figure 3-6 to Figure 3-9 give the data
obtained by MD and the fitted models (solid curves). A list of values for X,, X,,; and X,,, are
summarized in Table 3-2. It is found that X,,, correspond relatively well with the value of bulk
water. Under the same context, it is reasonable to speculate that X,,; represents the properties of
the 1% layer of water, which are difficult to measure both numerically and experimentally.

56



Finding that the material properties like heat of adsorption and heat capacity follow a mixture rule
model is logical since these are scalar properties. Our findings show that the polymer material, the
first and second adsorbed water layers act as a layered composite material loaded mainly normally
to the layers as in a series model. Since the thermal expansion corresponds to a parallel model, it
shows that the polymers, as well as layers of water, mainly expand along their longest direction
which is along the layer direction as in a parallel model. The properties of the second layer of water
resemble that of bulk water as listed in Table 3-2. According to all these analyses, the conclusion
is that the saturation of the 1% water layer and the development of the 2" water layer is the
mechanism inducing the crossover occurring around m ~ 0.3, as seen in heat of adsorption, thermal
expansion coefficient, heat capacity, elastic moduli and Poisson’s ratio.

Table 3-2 Predicted properties of the polymer, first and second layers of water”

first layer second layer
polymer bulk water unit

water water
bulk moduli K 5.9 1.9 15 1.7 GPa
young’s moduli E 4.6 11 0.32 0 GPa
shear moduli G 1.9 0.6 0.068 0 GPa
adsorption heat Q 3340 1110 2660 2260 kJ/kg
thermal expansion ¢ 4. 105 3.7x10% 2.9%10 2.33x10% 1K
coefficient a
heat capacity C,, 2.6 4.6 4.4 4.594 kJ/kg/K

“Bulk, Young’s and shear moduli are inferred by the series model. Adsorption heat and heat
capacity are inferred by the mixture rule. Thermal expansion coefficient is inferred by the parallel
model.

3.3.2.5 Cohesive energy density

As shown in the previous section, although AC and AGX are both hydrophilic polysaccharides,
they behave differently. In our opinion, this difference between AC and AGX could originate from
their different intensity of intermolecular interaction, a hypothesis that is verified by evaluating
their cohesive energy density (CED), as listed in Table 3-3.

Table 3-3 Cohesive energy density of AGX, AC and water
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CED MD (cal cm?) CED Exp. (cal cm™)
Arabinoglucuronoxylan 80.90 -
Amorphous cellulose 122.99 161.54 (Haynes W. M. 2017)

Water 542.67 (SPC with PME) 546.29 (Hansen 2007)

The CED quantifies the volumetric contribution of intermolecular interaction to the internal energy
of a substance in condensed state. To our knowledge, the CED of arabinoglucuronoxylan has not
been reported yet. As shown in Table 3-3, the CEDs of AC and water measured by MD agree with
experimental results. Comparing with the CED values, AC is closer to that of water than that of
AGX is, indicating the better miscibility of AC to water (Hansen 2007). This explains that, at high
moisture content (e.g. m>0.18), HB breakage is saturated for AGX, but not yet for AC as shown in
Figure 3-13. Generally speaking, polymers and solvents with similar CED tend to dissolve each
other (Hansen 2007), such as AC and water.

3.3.3 The general picture of moisture adsorption

Following the above results and discussions, the adsorption process in AGX can be briefly
summarized. The dry material possesses initial pores that are large enough to accommodate water
molecules, as supported by the pore size distribution (Figure 3-5). The first water molecules enter
the existing pores in the polymeric system, inducing low swelling strain. As more and more water
is adsorbed, the polymer chains are separated, polymer-polymer HBs break and new porosities are
created. Concurrently, the polymer-polymer HB number lowers (Figure 3-12) and the polymer-
water contact surface area increases (Figure 3-18). Percolation water cluster starts to form at m ~
0.11 (Figure 3-11) and the breakage of polymer-polymer HB plateaus at m ~ 0.18 (Figure 3-12).
The first layer of water adsorption saturates at m ~ 0.3, as supported by the water population
analysis (Figure 3-14). The later adsorbed waters attach themselves to the existing water clusters
and do not form new contact surfaces with polymer chains. This layering behavior of water
molecules in first and second layers is seen as the mechanism elucidating the crossover of the
thermodynamic and mechanical properties of AGX.

This new insight fills a gap for the full understanding of the structure-property relationship of
polymers, which may interest many research fields and industries. For example, in the plastic,
adhesive, hydrogel and food industries, the states and molecular structures of the water within
polymers matrix have an important impact on the material properties where crossover might come
into play (Hodge et al. 1996a; Li et al. 1998; Brouillet-Fourmann et al. 2002). Another example is
that, in classic linear poromechanics (Coussy 2003), the energy terms of the strain and chemical
potential are quadratic terms, while the coupling energy term is written as the linear product of
strain and chemical potential. This means that the poroelastic properties, e.g. bulk modulus,
moisture capacity and coupling coefficient are constants independent on strain (or stress) and
chemical potential (or moisture content), which might lead to wrong predictions. This study shows
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that two modes, separated by a transition zone, exist in the moisture-material interactions. This
physics could provide guidance on the proper modeling of thermodynamic and mechanical
properties of polymeric porous media, thus facilitating the improvement of existing
poromechanical models.

Interestingly, in experiments, similar saturations around m ~ 0.3 have been also found for other
materials. Li et al. (Li et al. 1998) were able to differentiate “unfreezable” water, which creates
strong interaction with starch polymer either energetically bounded or kinetically retarded, to
“freezable” water by using differential scanning calorimetry (DSC). They found that the saturation
of “unfreezable” water happens at 0.3 moisture content. Brouillet-Fourmann et al. (Brouillet-
Fourmann et al. 2002) revealed a similar saturation of bound water at 0.3 moisture content in a
hydrated starch system also by DSC. Hodge et al. (Hodge et al. 1996a) found a saturation of
“nonfreezing water” for water concentration greater than 0.3 in polyvinyl alcohol.

3.4 Conclusion

There is considerable interest in understanding the thermodynamic and mechanical responses of
hydrophilic plant biopolymers upon moisture adsorption. In particular, such understanding could
allow better utilization of plant-based sustainable resources. In this study, molecular dynamics
simulation is used to investigate the influence of moisture on the properties of a prototypical
hydrophilic polymer: softwood xylan. The heat of adsorption, heat capacity, thermal expansion,
elastic moduli and Poisson’s ratio are documented as functions of moisture content.

All the mechanical and thermodynamic properties show a transition occurring around m ~ 0.3
moisture content, which cannot be explained by the alteration of the hydrogen bond network which
plateaus at m ~ 0.18, nor by the occurrence of percolation. A study of water population distribution
and polymer-water contact area leads to the identification of a double-layer adsorption. The
saturation of the first adsorption layer and the growth of the second adsorption layer of water are
identified as the main mechanism of the moisture-induced transition and crossover. This
decomposition of two types of water also enables a further material model study, where properties
of the composite can be attributed to the contributions of the three major components, i.e. polymer,
first and second layers of water. Whether the crossover observed in the current study is actually
occurring universally in similar systems still requires further investigation. Nevertheless, the
simulation framework and the statistical analysis of the layering structure of water could be
extended to other material systems potentially explaining phenomena associated with it. These new
insights provide an important piece of information towards the full understanding of the structure-
property relationship of polymers, which may interest many research fields and industries.
Mechanical properties of wood polymers are particularly important to the industry, where practice
suffers from the lack of knowledge of individual components.

The computational results of this chapter fill the gap of experimental characterization of AGX
material. Here, a general picture of the adsorption process is presented. In contrast, the next chapter
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inquires into the microscopic mechanisms of moisture-induced weakening effects from both
dynamical and thermodynamical points of view. These two chapters together form an integrated
understanding of hydration impact on biopolymer mechanics, while offering novel
characterizations on two of the most important components of softwood S2 wall layer matrix,

namely AGX and uLGN.
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Chapter 4 Disentangling Heat and Moisture Effects on Biopolymer
Mechanics: A Case Study of Softwood Lignin

In the previous chapter, the impact of moisture on the thermodynamics and mechanics of
biopolymers was discussed using softwood xylan as the prototypical polymer. It is important to
distinguish the mechanisms by which heat and moisture impact biopolymer mechanics, which is
the aim of this chapter. Heat and moisture are known to have important mechanical effects on
polymers such as hygric swelling, thermal expansion and mechanical weakening. A common
approach when investigating such effects is to assume the effects of heat and moisture to be similar
— the so-called time-temperature-moisture superposition. This molecular dynamics study evaluates
the extent of similarity in the effects of moisture and heat on the hygric swelling, thermal expansion
and mechanical weakening of a biopolymer: an uncondensed type of lignin, one of the most
abundant polymers in the plant regime. A microscopic metric, the local stiffness of the polymer
skeleton (T /(u?), temperature divided by the amplitude of segmental motion (u?)), is introduced
to analyze the mechanisms of mechanical effects of heat and moisture. The local stiffness of the
polymer skeleton and the overall stiffness of the composite material are shown to be strongly
correlated, with a Pearson correlation coefficient of 0.96. Under the assumptions of harmonic
vibration and isotropy, an explicit equation relating bulk moduli and the local stiffness is derived,
yielding theoretically predicted moduli in good agreement with MD measurements. The thermal
expansion and weakening are shown to be interrelated and both dependent on the local stiffness.
The analysis of the potential energy further points out that heating weakens both primary and
secondary bonds of the polymer skeleton, while hydration only affects the secondary bonds. This
major difference is thought to be at the origin of the different impacts of heat and moisture on
biopolymer mechanics, offering a revised view on the time-temperature-moisture superposition
principle.

The main content of this chapter is published in Zhang, C., Shomali, A., Guyer, R., Keten, S.,
Coasne, B., Derome, D., & Carmeliet, J. (2020). Disentangling Heat and Moisture Effects on
Biopolymer Mechanics. Macromolecules, 53(5), 1527-1535.

4.1 Introduction

The systematic understanding of the coupled physics of moisture and heat is important for the
effective utilization of many natural and synthetic polymeric materials. One approach for
considering the effects of heat and moisture is based on the widely acknowledged time-temperature
superposition principle (TTSP), also named as the thermo-rheologically simple postulate, which
assumes that an increment in temperature is equivalent to an increment of time of observation. For
example, the time-elastic modulus curves at different temperatures resemble each other when
horizontally shifted. In addition to temperature, a number of other shifting factors are known, such
as moisture content, diluent concentration, blend ratios. Thus, jointly varying moisture content and
temperature creates a “doubly shifted” master curve, based on which a number of experimental
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reports have proposed the so-called time-temperature-moisture superposition principle (TTMSP)
of polymers (Onogi et al. 1962; Emri and Pavsek 1992; St. Lawrence et al. 2001; Patankar et al.
2008; Silberstein et al. 2011; Fabre et al. 2018; Suarez-Martinez et al. 2019). This master curve
also suggests that the influence of heat and moisture can be treated using mathematical forms
similar to the Williams-Landel-Ferry (WLF) equation (Williams et al. 1955; Emri and Pavsek 1992;
Chaléat et al. 2008), though it is reported that the TTMSP may not hold at low moisture content
(Harper et al. 1997). The moisture content is sometimes referred to as “apparent temperature”,
where an increment in moisture content is taken as an equivalent of rise in temperature (Parodi et
al. 2018). The current justification of TTMSP is based on macroscopic and phenomenological
observations but lacks observations of the mechanisms at play at the microscale. Similarity of the
effects of heat and moisture on polymers elastic behavior has yet to be analyzed and the mechanism
at its origin elucidated.

In this chapter, the heat and moisture effects are analyzed and discussed in terms of their similarities,
as inspired by TTMSP, but also their differences, the latter a topic rarely touched in literature.
Molecular dynamics (MD), a simulation method widely used in bio-physics or materials science,
is the main tool of investigation of this thesis. Applying proper force field parameters and potential
equations, MD allows capturing the trajectories of atoms at femtosecond time resolution giving
microscopic information. Based on such microscopic movements of atoms, macroscopic variables
such as temperature, pressure, enthalpy can be harvested using statistical thermodynamics, making
MD a powerful tool for investigating physical and mechanical aspects. Here the focus is on the
instantaneous elastic response of a model polymeric material, while the study of viscoelastic is out
of the scope of this investigation. The detailed MD information is then used for an attentive analysis
of the differences and similarities.

There are few papers discussing the combined influence of heat and moisture on the mechanical
behavior of polymers using MD. Xin and Han show that both heat and moisture decrease the
mechanical properties of cross-linked epoxy (Xin and Han 2013). Vural et al. find a similar effect
of either heat or moisture on polymer segmental relaxation (Vural et al. 2018b). Suarez-Martinez
et al. show that both temperature and moisture affect in a similar way the dynamics of a
polyelectrolyte chain, supporting the time—water—temperature superposition principles (Suarez-
Martinez et al. 2019). However, the different effects of heat and moisture on the mechanical
properties of biopolymer has yet to be interrogated with MD.

As prototypical polymer, this study focusses on the behavior of the uncondensed type of lignin
(ULGN), lignin being one of the most abundant biopolymers on Earth. Uncondensed lignin is a
linear polymer, not to be confused with condensed lignin also present in plants which is randomly
cross-polymerized. The uLGN is known to be moderately hydrophilic thus serving as a
complement to other frequently studied hydrophilic polymeric materials, such as nylon (polyamide)
(Valentin et al. 1987), polyvinyl acetate (PVAc) (Emri and Pavsek 1992) and polyvinyl alcohol
(PVA) (Onogi et al. 1962). There have been several MD studies focused on various properties of
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lignin. Petridis et al. study the temperature-dependent structure and dynamics of randomly
branched lignin, i.e. condensed type of lignin, and observed that temperature rise enhances
dynamics and the polymer transforms from compact to extended conformations (Petridis and Smith
2009; Petridis et al. 2011b). Vural et al. combine MD and experiments, namely neutron scattering
and dielectric spectroscopy, and found that dilatation is hysteretic in heating and cooling (Vural et
al. 2018a). Buehler et al. investigated the influence of lignin structure on the deformation of wood
cell walls in dry state (Jin et al. 2015). Beste et al. used the ReaxFF force field to investigate the
thermal decomposition in oxygen environment of the most common linkages in softwood, which
included condensed lignin (Beste 2014). Despite these works, there is a lack of a comprehensive
study of the mechanics of lignin under various temperatures and moisture contents. Extraction of
lignin, a common pretreatment called the delignification process, is of significant economic impact
due to its ubiquitous presence in the pulp and paper production. Thus, a better understanding of the
microscopic mechanisms of the combined impact of heat and moisture could help to improve the
delignification process. In general, the existing experimental characterization of lignin is based on
its chemically heterogeneous structure, i.e. randomly branched. A study of the mechanical
properties of linear lignin under a series of temperature and moisture content fills the experimental

gap.

In this chapter, the study aims at understanding the microscopic mechanisms of hygric swelling,
thermal expansion and mechanical weakening under hygric and thermal loadings. Using MD, the
local stiffness of the polymer skeleton for different amounts of adsorbed water is determined. The
amplitude of segmental motion, sometimes referred to as the Debye-Waller factor, is used as a
microscopic metric. The macroscopic elastic moduli derived from a theoretical model are
compared with MD measurements. The objective is to provide an explanation for the similarities
and differences between the effects of heat and moisture on the fundamental thermodynamic and
mechanical behavior of this polymer, lignin, taking into account the molecular mobility and
energetics.

4.2 Materials and Methods

4.2.1 Preparation of the hydrated lignin system

Lignins may have different compositions. The lignin in S2 spruce wall layer has one monomer,
coniferyl alcohol. Thus, the modeled uLGN consists of a linear chain of B-O-C4 linked coniferyl
units (the B carbon is linked with the oxygen atom connected to C4), with degree of polymerization
estimated to be around 100 (Pettersen 1984). The modeled lignin unit is shown in Figure 4-1. The
C2, C5 and C6 positions of the monomer are free of substitution while the C3 position is substituted
with a methoxyl group (Dorrestijn et al. 2000). There is a lack of experimental characterization of
pure uLGN material, caused by the difficulties of its extraction without chemical alteration.
Although the exact structure of lignin in plants is still ongoing investigation due to its complex
nature, the polymer uLGN is understood to be of rather linear type. The molecular model here
contains five chains with a degree of polymerization 100.
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Figure 4-1 Chemical structure of the monomer of uncondensed lignin, coniferyl unit. The  carbon
is linked with the oxygen atom connected to C4, forming the so-called p-O-C4 linkage.

The initial chemical structure is built in Material Studio 8.0. For MD simulations, Gromacs 5.0
(Abraham et al. 2015) software and Gromos 53a6 (Oostenbrink et al. 2004) force field are applied.
The Gromos 53a6 force field is chosen because of its unique feature that it is based primarily on
reproducing the free enthalpies of hydration and apolar solvation for a range of compounds, which
fits the investigations about biomolecule hydration, solvation and association (Oostenbrink et al.
2004). The automated topology builder (ATB) server is used to carry out the parameterization and
the primary geometry optimization (Malde et al. 2011; Canzar et al. 2013; Koziara et al. 2014).
The single chains of uLGN are energy minimized. Then, five relaxed chains are placed in one
simulation box with full periodic boundary conditions. The system is further relaxed for 20 ns in
NPT using a Nose-Hoover thermostat and a Parrinello-Rahman barostat with temperature and
pressure being 300 K and 0 Pa, respectively. The equilibrated system attains a density of 1.33 g/cm?,
which is in accordance with the experimental result of 1.36 g/cm® (Terashima et al. 2009). The
density measured under O Pa pressure is close to that measured under standard pressure (0.101
MPa). The Herman’s orientation function of the equilibrated structure has a value of 0+0.02 which
verifies that the simulated material is actually isotropic. The hydroxyl groups of lignin are evenly
distributed in space, meaning that no hydrophobic or hydrophilic pores are formed. All production
simulations are carried out under NPT ensemble. In most simulations, the pressure is set to 0 Pa,
except for the bulk modulus measurements for which the system is tested under a specific
mechanical loading. The cut-off distances of both Coulombic and van der Waals interactions are
set to 1 nm and the long-range Coulombic interactions are calculated by particle mesh Ewald
summation. The covalent bonds with hydrogen atoms are constrained with the LINCS algorithm.
The time step of integration is 1 fs.

The GROMOS force field is designed to work with the single point charge (SPC) model. This study
focuses on the thermodynamic equilibrium state without consideration of water diffusion process.
The SPC model predicts well the density, heat of vaporization and isothermal compressibility of
pure water. However, this model yields a value for the thermal expansion coefficient (TEC), of ~
10 K1 at 298 K, which relatively larger than that measured in experiments, ~ 2.5 10* K at 298
K (Jorgensen and Jenson 1998). Water molecules are introduced to the system through the random
insertion of water molecules, followed by energy minimization and 10 ps of equilibration. To
reduce the computational costs, 8 moisture content levels are chosen for further studies. For each
moisture content level, an extra 20 ns of equilibration is applied to ensure equilibrium is reached.
The distribution of water molecules, quantified by the radial distribution function of the oxygen
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atoms of water, is seen to remain stable after 10 ns, confirming that 20 ns of equilibration time is
sufficient to let the system reach equilibrium. The polymer carbon atoms radial distribution
functions are also checked in a similar way. In fact, extended simulations as long as 1000 ns are
carried out and give radial distribution function results similar to the one of the 20 ns results (Figure
4-2a and b). A snapshot of the hydrated polymer system at m ~ 0.3 is shown in Figure 4-2c.
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Figure 4-2 Radial distribution function plot of carbon atoms of lignin polymer at a) m=0 and b)
m=0.3. ¢) Snapshot of hydrated uLGN at m ~ 0.3.

The studied moisture content range covers 0 ~ 0.3, with an increment of 0.04, in mass of water per
mass of dry polymer. The investigated temperature range is 283~373 K, with an increment of 10
K. These ranges are broader than the ranges of common ambient conditions of wood usage to allow
a more in-depth investigation. It is noteworthy that, in the temperature range of investigation, no
major change of chemical or physical properties, such as pyrolysis of polymer and temperature-
induced phase change of water, occurs. The pyrolysis temperature of lignin (~600 K) (Yang et al.
2006) is much higher than the maximum temperature studied here. Water molecules confined in
porous media have a lower freezing point (<273 K) (Jackson and McKenna 1990) and higher
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boiling point (>373 K) (Roduner) than bulk water due to the Gibbs-Thomson effect. This ensures
that, in this work, water molecules do not experience a phase change such as freezing or
evaporation, but only adsorption and desorption.

Three repetition systems are prepared following the same modeling process above. They differ by
their polymer chain orientations and initial water insertion locations. All the repetition systems are
then tested under the same protocol as described below. The obtained results are averaged and their
standard deviation calculated. This study only concerns the bulk properties of the bulk material
without discussing surface properties, which would require special arrangement of materials and
introducing a vacuum to form a surface. The focus is on mechanical properties and their
dependence on temperature and moisture content, disregarding transport properties like water
diffusion.

4.2.2 Evaluation of the free strain

The volume of the system, denoted as V(m, T), is measured as the time average volume over a 0.5
ns production run that followed a 1.5 ns equilibration run in the NPT ensemble (P = 0 Pa). The
volume is measured under a series of different moisture content and temperature conditions
allowing free deformation. The system reaches its stable state within the first 0.1 ns of the
equilibration run. The volumetric strain €,(m,T) due to changes in moisture content and
temperature is determined as the relative difference with respect to the volumeatm=0and T =
283 K:

V(m,T) — V(0,283 K)

e, (m, T) = ZCRTELY (4-17)

Volumetric strain is referred to as swelling strain when the moisture content is increased, or as
thermal expansion strain when the temperature is increased. In this work, volumetric strain is
referred to as free strain.

4.2.3 Evaluation of the bulk modulus

The bulk modulus is measured by compression test. The system is first equilibrated in NPT (P =0
Pa) for 20 ns to obtain the equilibrium volume V (m, T) in the free stress state. Then equal pressure
in X, y and z direction is applied, where the system is simulated in NPT (compression P = ¢ = 0.05
GPa) for 2 ns to obtain the equilibrium volume in the loaded state V°(m,T). The system
equilibrium is reached within the first 0.1 ns of the run, which is much shorter than the total
relaxation time given to the system of ~2 ns. The bulk modulus is calculated as (Kulasinski et al.
201443):

do V(im,T)

av = Vetm ) —v(im,T)
The load value o of 0.05 GPa is chosen large enough to suppress sufficiently fluctuations of the
system volume and to guarantee that the resulting strain ranges from 2% to 4%.

K(mT) =—V (4-18)
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There are multiple methods to measure bulk modulus of a material. The advantage of the method
retained to determine the bulk modulus by imposing a pressure is its low computational cost, which
Is important considering the large number of samples in this study. In this method, a hydrostatic
pressure is applied and the responding volumetric strain is collected. A more rigorous yet more
expensive method of measuring elastic modulus would have been straining materials at a low rate
meanwhile collecting the responding stress. As information, this more rigorous method is used in
other parts of this thesis, such as the bulk modulus of uLGN, as function of the moisture content
ranging from 0 ~ 0.3 at room temperature 300 K presented in Chapter 8.

4.2.4 Evaluation of the density of the polymer-polymer hydrogen bonds
As presented in Chapter 3, the criteria for hydrogen bond are defined by the configuration of the
donor-hydrogen-acceptor triplet:

r<035nmand a < 30° (4-19)
where r is the distance between the donor oxygen atom and the acceptor oxygen atom, and « is the

angle of acceptor oxygen atom — donor oxygen atom — donor hydrogen atom. It should be noted
that the first minimum of the radial distribution function of SPC water is positively proportional to
the temperature (arrows indicated in the Figure 4-3).
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Figure 4-3 Radial distribution function of SPC water oxygen atoms, with zoom-in shown on the
right side.

In this chapter not only polymer-polymer hydrogen bonds are presented, because of their
determining role in polymer mechanics, but also polymer-water and water-water hydrogen bonds
are included. The number of hydrogen bonds is normalized by the sample volumeatm=0and T
= 283 K, resulting in a Lagrangian density of polymer-polymer hydrogen bonds with units of nm-
3, The average value of the three repetition systems is reported.

4.2.5 Evaluation of the local stiffness
In this chapter, the local stiffness is used as a metric at microscale. The local stiffness is defined as
the quotient of temperature T and the (u?) factor. The (u?) factor indicates the average
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displacement of atoms at picosecond time scales and is related to the mechanical properties. An
inverse proportionality is frequently assumed between the (u?) factor and the local elastic
properties, e.g. high-frequency modulus G, (Riggleman et al. 2010), derived on the basis of the
simple Maxwell model of liquids (van Zanten and Rufener 2000). The (u?) is also referred to as
the Debye-Waller factor (Debye 1913; Waller 1923), a property of material that can be measured
by neutron scattering experiments (Price and Fernandez-Alonso 2013) and molecular simulations
(Xia et al. 2017).

The (u?) factor can be understood as follows. At molecular level, a chain segment displaces within
a temporary cage formed by its surrounding segments, as schematized in the left part of Figure
4-4a. The mean square displacement (MSD) of the chain segment increases, shown as stage 1 in
the MSD-time plot of Figure 4-4b, until the movement of the segment is restrained by the boundary
of the cage and bounces back. A plateau in the MSD-time plot emerges when such rebounds happen,
shown as stage 2, where the corresponding time scale is called the caging time and the
corresponding MSD, (u?), indicates the size of the molecular cage. Beyond the caging time, the
chain segments will show diffusive behavior and escape from the cage, as shown in the right part
of Figure 4-4a and in Figure 4-4b stage 3.

g v S RN
| : I : 1 2 | 3
| At |
! | — R~ .
| | ([ |
| I | | |
caging

Figure 4-4. a) Schematic representation of caging effect, blue and red squares corresponding to
caged and diffusive states, respectively. b) Mean square displacement curve of chain segments
versus time. Stages 1 and 2 correspond to the blue state while stage 3 to the red state.

If the chain segment is assumed to be confined to its equilibrium location by a harmonic spring,
the energy of the chain segment movement can be expressed as k{(u?), where k stands for an
presumed local spring constant. In the present work, each monomer is taken as a polymer segment
and the MSD of its center of mass is measured. Comparing with the MSD of single atoms, the
MSD of the center of mass of the monomer eliminates the contribution of rotations of this monomer
to MSD. Within the moisture content and temperature range of investigation, the MSD of uLGN
polymer plateaus after ~10 ps, due to the confinement of the cage formed by the surrounding atoms
of the chain segment. As per ref. (Xia et al. 2017), the (u?) factor in this study is defined as the
average mean MSD of polymer segments at 10 ps, the caging time of uLGN. The (u?) factor for
water is measured similarly, by assessing the average MSD of the center of mass of water molecules.
Higher temperature increases both the caging time and (u?). Nevertheless, within the ranges of

temperature and moisture content in this investigation, caging time stays around ~ 10 ps.
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4.3 Results

4.3.1 Macroscopic results: heat and moisture-induced free strain and mechanical
weakening

Figure 4-5a shows the volumetric swelling strain, referred to as free strain as a function of both

temperature and moisture content, using a green to yellow scale in addition to contour lines. As

moisture content and temperature increase, the free strain increases from 0 at T =283 K and m =

0, tomorethan 0.4 at T =373 Kand m=0.3.
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0.1 0.2
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Figure 4-5 a) Free strain as a function of temperature and moisture content. b) Bulk modulus as a
function of temperature and moisture content, contour line units are in GPa.

The bulk modulus of uLGN as a function of temperature and moisture content is shown in Figure
4-5b. The higher moduli are denoted by yellow and the lower by green colors. As temperature and
moisture content increase, the bulk modulus decreases from more than 4.5 GPa to less than 2.5
GPa indicating a mechanical weakening of the material. Due to scattering, the contour lines are not
as smooth as those for free strain shown in Figure 4-5a. The rather diagonal lines indicate that the
increases of temperature and moisture content both induce mechanical weakening.

4.3.2 Microscopic results: weakening and straining explained by local stiffness
Figure 4-6 gives the local stiffness T /(u?) of the polymer skeleton and of water as a function of
temperature and moisture content, respectively.
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Figure 4-6 a) Local stiffness T /(u?) of the polymer skeleton as a function of moisture content m
and temperature T. b) Local stiffness T /{(u?) of water as a function of moisture content m and
temperature T. The unit of the contour lines is 10* K nm™.

As shown in Figure 4-6, T /{(u?) for both the polymer skeleton and water decreases with increasing
temperature and moisture content. In terms of absolute value, the local stiffness of polymer, ranging
from 3.0~7.4 10* K nm, is around 10 times higher than that of water, ranging from 0.13~0.83 10*
K nm2. This indicates that the stiffness of the hydrated uLGN system is dominated by the stiffness
of the polymer chains rather than by the stiffness of the adsorbed water. In fact, the local stiffness
of the polymer skeleton (Figure 4-6a) resembles the overall stiffness of the composite material
(Figure 4-5b), which will be further supported by correlation analysis in the following section.

4.3.3 Link between microscopic and macroscopic results

The correlation plot of the measured bulk moduli and the local stiffness of the polymer skeleton is
shown in Figure 4-7. The dots form a line indicating a strong correlation. The Pearson correlation
coefficient of 0.96 indicates that T /(u?) can serve as an indicator for the macroscopic stiffness of
the material. The circles denote the average values of the three repetition tests, and the error bars
denote the standard deviation. With the increment of moisture content or temperature, the deviation
decreases. In order to indicate the hygrothermal state of each point of the graph, the color of the
circles gradually changes from black to red denoting the increase in temperature from 273 to 373
K, while the color of the edges of the circles changes from black to blue denoting the increase in
moisture content from 0 to 0.3.
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Figure 4-7 Correlation of local stiffness and measured bulk moduli. Error bars indicate the standard
deviation of the repetition samples. The Pearson correlation coefficient is 0.96. Marker face color
changes from black to red denoting increasing temperature, and the marker edge color changes
from black to blue denoting increasing moisture content.

Based on the observation above, there is a linear relation between the local stiffness T /(u?) at the
microscale and the macroscopic bulk modulus K, which is derived in the following. The bulk
modulus K measured above under NPT at different temperatures and moisture contents is referred
to as isothermal bulk modulus. The time scale studied in this section is in the order of several
picoseconds. Therefore time effects can be neglected. The thermal energy, i.e. the translational

kinetic energy, of a chain segment equals %kBT. As this chain segment is assumed to be confined
to its equilibrium location by a harmonic spring, the energy of the chain segment movement can

be expressed as k(u?), where k stands for an assumed local spring constant. The maximum
potential energy stored in the spring should equal the kinetic energy of the segment:

1 3
S h(u?) = = kyT (4-20)
The intrinsic vibration frequency of a harmonic spring is w, = \/k/aA, where a is the size of the

segment and A the line density of the polymer chain. Therefore, the wave speed c in the material
Is:

c =woa = ka/ (4-21)

The longitudinal wave speed in the material is related to the adiabatic bulk modulus. Assuming
that the isothermal and bulk modulus are equal, which holds for a number of solid materials
(Grimvall 1999), the wave speed is given by:
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)
K+3G (4-22)

p
with G the shear modulus and the density of the material given by p = Aa/a3.

Cc =

For an isotropic material, the bulk and shear moduli are related by Poisson’s ratio through:

_3Kd-2v) (4-23)

2 14+v
Combining equations (4-20) to (4-23), the bulk modulus of the dry polymer can be predicted from
the local stiffness T /(u?) by:

14+ v)kgT
= (A +v)ksT (4-24)
(1 —v)a(u?)
This equation shows that the bulk modulus at the macroscale is directly related to the amplitude of
segmental motion {(u?) or local stiffness T /(u?) at microscale.

Continuing further, the Young’s and shear moduli for an isotropic material can also be derived
from the bulk modulus and Poisson’s ratio:

3(1+v)(1 —2v) kgT 31—2v kgT

E = T—v au?) and GZEl—vW (4-25)

The equations (4-24) and (4-25) are strikingly simple, considering that only two assumptions, i.e.
harmonic vibration and isotropy, are introduced. The relation between the amplitude of segmental
motion (u?) and shear or Young’s moduli was shown in (Zaccai 2000), but, in this study, explicit
equations are provided for bulk, Young’s and shear moduli as functions of (u?). For most polymers,
the Poisson ratio varies between 0.35 < v < 0.45. A standalone MD test shows that, at 300 K and
m = 0, the Poisson’s ratio of pure uLGN is ~0.37, in accordance with experiments (Salmén 2004).

Using equation (4-24), the bulk modulus of the dry polymer as a function of temperature can be
predicted knowing the local stiffness T /(u?) at microscale. Reminding that the chain segment is
defined as a lignin monomer and that 500 monomers occupy a volume of around 104 nm?3, where
500 * a® = 104 nm3, the size of the chain segment is on average a~0.59 nm. There is no strict
way of determining the chain segment size and other approaches could give slightly different values
of chain segment size. As shown in Figure 4-8, the predictions of the bulk modulus based on the
local stiffness T /(u?) agrees well with MD measurements of the bulk modulus though the absolute
predicted values are lower than the measured ones. The difference between these two sets of values
may be attributed to the simplifications made in the derivation of equation (4-24), such as assuming
elasticity, isotropy and homogeneity, the validity of harmonic confinement assumption, the way of
determining the chain segment size and the accuracy of the method of bulk moduli measurement.
To what extent these assumptions affect the predicting power of equation (4-24) might be the topic
of future investigations. Also noteworthy, as (u?) can be measured by neutron scattering
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experiments (Price and Fernandez-Alonso 2013), equations (4-24) and (4-25) might be examined
in future through experimental studies.
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Figure 4-8 Comparison of the bulk moduli directly measured by MD and predicted through the
equation (4-24). Marker face color changes from black to red denoting the rise of temperature, and
the marker edge color changes from black to blue denoting the rise of moisture content.

As suggested by the form of local stiffness, i.e. T /{u?), moisture content and temperature influence
this mechanical property in different ways. Temperature enters both numerator and denominator,
since (u?) depends on the temperature, while moisture content alters only the denominator by (u?).
Though phenomenologically heat and moisture both induce macroscopic weakening of material,
they impact the molecular mechanics differently.

To look into these phenomena, a relation is derived between thermal expansion and local stiffness
of the material. In Gruneisen theory (Grlneisen 1912; Tabor 2013), based on the existence of an
asymmetrical potential energy curve in terms of the distance between atoms, a simple relationship
between the thermal expansion coefficient and the bulk modulus at the macroscale is derived:

_ YeCy (4-26)

VK
where «a, v, Cy, V, K are the volumetric thermal expansion coefficient, Gruneisen parameter,

specific heat under constant volume, volume and isothermal bulk modulus, respectively. The
Gruneisen parameter is defined as the rate of change of vibrational frequency with thermal
expansion. The Gruneisen theory was originally developed for crystals where atom movements are
restricted. Thus, as the lignin systems can be seen as chain segments moving around their
equilibrated location within a time span of several pico-seconds, it is deemed reasonable to extend
the theory to this polymer. The thermal expansion coefficient « is related to thermal strain g, =
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a AT. Combining equation (4-24) and (4-26), a relation is found between volumetric thermal strain
gy and the local stiffness T/(u?):

_1-vygCyalu?) (4-27)
& T Tvv VT

This equation shows that thermal strain increases with the decrease of local stiffness of the material,
which depends on both temperature and moisture content. Equation (4-27) also shows that several
other material properties, including Poisson’s ratio, Gruneisen parameter, heat capacity, and
temperature, determine the thermal expansion of the material. These observations could encourage
further work investigating how these material properties are related to each other. Also, a further
elaboration of equation (4-27) into a simpler form could be a future research topic.

4.4 Discussion: Beyond the similarity of heat and moisture

The results above have shown that both heat and moisture have a similar effect on
expanding/swelling and on mechanical weakening of the material. It was also shown that the hygric
swelling, thermal expansion and mechanical weakening are all related to the increase of the
amplitude of segmental motion on the microscale. Looking beyond the similarities, the differences
between the effects of heat and moisture are now discussed.

4.4.1 Free strain - the difference between the impacts of moisture and heat

The data of the free strain €, (m, T") dependent on temperature T and moisture content m in Figure
2a is further used to study the combined effect of heat and moisture. To do so, three different
models are introduced. A first model, called the “1% order independent model” assumes that the
free strain is linearly correlated with temperature and moisture content, where the term
“independent” refers to the fact that the contributions of heat and moisture are additive. In a second
model, called the “2" order independent model”, second-order terms in temperature and moisture
content are added, without considering a coupling between temperature and moisture content.
Finally, in the coupled model, a linear coupling term in temperature and moisture content m*T is
added to the first-order independent model. The results of these models are shown in Table 4-4,
where the sum of squared errors (SSE) is used to evaluate the quality of each model. Comparing
the SSE of the different models, the coupling model provides by far the best results, indicating that
the coupling between temperature and moisture content is essential in describing the heat-moisture
dependence of free strain. This coupling effect between heat and moisture is a first indication that
both factors are not just additive, but that there is an interaction between the two factors.

It was shown above that heat facilitates the segmental motions of the polymer chains. Moisture is
known to reside as water molecules in between the polymer chains and to interact with the
intermolecular interactions between the polymer chains leading to a weakening of the material. As
an example of such intermolecular actions, Figure 4-9 gives the density of the polymer-polymer
hydrogen bonds as a function of temperature and moisture content. In the low moisture content
range (m < 0.1), with increasing moisture content, a sharp decrease is observed in the number of
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hydrogen bonds indicating the breakage of hydrogen bonds between the chains, which are replaced
by water-polymer hydrogen bonds, leading to a mechanical weakening of the material. This
weakening of the material by intermolecular interactions of the water molecules in between the
polymer chains, i.e. breaking of polymer-polymer hydrogen bonds, will, in turn, facilitate lowering
the local stiffness and, as such, water molecules in between the chains may be seen as an activator
of segmental motions of the chains. This means that the fundamental mechanisms of heat and
moisture are different, where moisture must be seen as an activator, while heat is a direct cause for
the segmental motions. This will be further elaborated in the next section. The polymer-water and
water-water hydrogen bonds are included for completeness.
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Figure 4-9 Density of a) polymer-polymer, b) polymer-water and c) water-water hydrogen bonds
as a function of temperature and moisture content. Units are in nm™=,

Table 4-4 Different models for free strain as a function of temperature and moisture content.

Type of model Fitting of e,(m, T) SSE

1% order independent model  1.2m — 7.6E™*T — 0.24 0.0075
2" order independent model  1.2m — 4.3E7*T + 0.055m? + 1.8E~°T2 — 0.048 0.0071

coupled model 0.72m + 3.7E7*T + 1.4E73mT — 0.12 0.0011

4.4.2 Primary and secondary bond energy - different impacts of moisture and heat
Finally, this last section presents the analysis of the energetic aspects of the uLGN polymer skeleton
as temperature and moisture content increase. The energy terms are obtained through the
calculation of potential energy of the polymer skeleton, which is the system consisting only of
polymer chains after removing all the water molecules.

The potential energy of the polymer skeleton consists of two parts: the primary bond energy and
the secondary bond energy. The primary bond energy includes all the chemical-bond related
energies or the so-called “bonded interaction energy” in MD, i.e. bond energy, angle energy,
dihedral energy. The secondary bond energy includes all the intermolecular interaction energies or
the so-called “non-bonded interaction energy” in MD, i.e. van der Waals and Coulombic interaction
energy. The primary and secondary bond energies of the polymer skeleton are shown in Figure
4-10a and b, respectively, where higher and lower values are denoted by yellow and green colors.
The primary energy is zero when the bonds are at exactly their equilibrium location. Any
displacement from this location causes an energy increase. Therefore the primary energy values
are positive. In contrast, the zero point of secondary energy is defined as molecules at infinite
separation. When atoms are at finite distance from each other, the secondary energy goes to
negative values. An increase in potential energy indicates a weakening of the interactions. As
shown in Figure 4-10a, the primary bond energy of polymer skeleton increases mainly with
temperature. The contour lines are almost horizontal, indicating an almost negligible influence of
moisture content on primary bond energy.
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Figure 4-10 Potential energy of polymer skeleton: a) primary bond energy; b) secondary bond
energy.

Figure 4-10b shows the secondary bond energy. In contrast with the previous graph on primary
bond energy, moisture strongly influences the secondary bond energy. The density contour lines
of the secondary bond energy get looser when moisture content increases, indicating that the
influence of moisture is getting weaker as hydration proceeds. This means that the first adsorbed
water molecules have a more important impact on the potential energy, as indicated with the
smaller spacing between the counter lines. The temperature also influences the secondary bond
energy, but to a less extent than moisture content does, while moisture has only a negligible effect
on primary bond energy. This implies that water molecules intervene only with intermolecular
interactions, e.g. hydrogen bonds, and can hardly affect chemical bond interactions. This agrees
with the former report that water relaxes the charged assemblies by interrupting the attraction
between oppositely charged groups of the polymers (Zhang et al. 2018).

Although some similarities between the impact of heat and moisture on free strain and stiffness are
observed, similarities which are in line with the time-temperature-moisture superposition principle
proposed by various experimental studies (Onogi et al. 1962; Emri and Pavsek 1992; St. Lawrence
et al. 2001; Patankar et al. 2008; Silberstein et al. 2011; Fabre et al. 2018), the effects of heat and
moisture have different origins. Heat affects both primary and secondary bonds, while moisture
only alters secondary bonds. This fundamental difference between heat and moisture effects
highlights also the different mechanisms induced by heat and moisture on the polymeric systems.
Considering the important role of primary and secondary bonds on the stiffness of material
(Soboyejo 2002), our findings may have important implications. To mention one example, for
thermosetting polymers, where chains are cross-linked into networks and primary bonds play the
dominant role, excessive heat could cause the severance of the primary bonds and consequently
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weakening (Callister Jr 2000), while the impact of moisture could be limited. The potential of this
hypothesis could the object of future studies.

4.5 Conclusion

To address the fundamental issue of heat and moisture effects on polymers hygro-thermo-
mechanical behavior, this study investigates the prototypical lignin polymer at various temperature
and moisture levels using molecular dynamics simulations. In line with previous reports, thermal
expansion, hygric swelling and mechanical weakening of material occur concomitantly with the
increment of temperature and moisture content. The detailed analysis suggests the important role
of the coupling between heat and moisture for the hygric swelling of lignin polymer. To explain
the weakening effect, a quantity called local stiffness T /(u?) is introduced. Under the assumptions
of harmonic vibration and isotropy, an equation relating microscopic segmental motions (u?) to
macroscopic modulus is proposed. This equation allows one to theoretically predict the bulk moduli
of material, which are in good agreement with the measurements, supporting that the local stiffness
is a good indicator for macroscopic local stiffness. Combined with Gruneisen theory, thermal
expansion is shown to be also related to the local stiffness. The energetic analysis of the polymer
skeleton shows that, while secondary bonds are influenced by both heat and moisture, the primary
bonds are affected by heat alone. This indicates the fundamental difference between moisture and
heat, which influences have long been assumed to be similar, offering a different view of the so-
called time-temperature-moisture superposition principle, based on molecular level inspection.

To recap, until now the dominant amorphous components of softwood cell wall S2 layer matrix,
i.e. AGX (Chapter 3) and uLGN (this chapter), have been studied. The mechanical properties are
characterized and found in accordance with the experimentally reported value range. The general
picture and microscopic mechanism of moisture-induced mechanical effects are presented. With
the work presented so far, a good understanding of homogeneous hydrated polymer system can be
achieved. However, towards understanding the S2 layer composite materials, homogeneous
observations are not sufficient and complementary information is required. Namely, in softwood
cell wall S2 layer, there exist two types of interfaces, i.e. cellulose crystal-cellulose crystal interface
and cellulose crystal-matrix interface, which have strong influence on the overall mechanical
performance of S2. These interfaces will be the focus of the next two chapters.
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Chapter 5 Cellulose Nanocrystals undergoing Frictional Stick-Slip

This chapter focuses on the frictional slip-stick behavior of the interface between crystalline
cellulose fibrils, one of the interfaces probably present in plant cell walls. The interface is not only
interesting to plant mechanics but also more generally with regards to crystalline cellulose
reinforced composites. Crystalline cellulose features exceptional physical and mechanical
properties such as transparency and high tensile strength and has attracted tremendous attention
due to its potential for providing sustainable solutions to a large variety of applications, e.g.
cellulose nanocrystal paper. The absence of a complete understanding of the behavior of the
crystal-crystal or crystal-matrix interfaces forms a bottleneck towards the improvement of the
overall mechanical performance of cellulose reinforced composites. Thus, the crystal-crystal
interface is the focus of this chapter, while the crystal-matrix interface is studied in the next chapter.
Using atomistic simulation, this chapter reports the mechanical behavior of two cellulose-cellulose
nanocrystal interfaces: one involving the hydrophilic-hydrophilic surfaces of crystalline cellulose,
i.e. (110)-(110) and the other involving the hydrophilic-hydrophobic surfaces, i.e. (110)-(200). The
impact of the loading direction, interfacial moisture, misalignment and surface types are
systematically examined.

The core content of this chapter is published in Zhang, C., Keten, S., Derome, D., & Carmeliet, J.
(2020). Role of hydrogen bonds in frictional stick-slip dynamics in shearing cellulose
nanocrystals. in preparation.

5.1 Introduction

Crystalline cellulose, the load bearing component of plant cell, constitutes about half of the mass
of wood cell wall. The mechanical performance of the cell wall is largely determined by the
properties and organization of cellulose fibers. The interface formed by the contact of two cellulose
fibers is believed to have strong implication on the mechanics of the cell wall (Park and Cosgrove
2015; Xiao et al. 2016a). Nevertheless, the cellulose-cellulose interface is a rarely explored field
of research. Crystalline cellulose, due to its configuration, has two types of surface, a hydrophilic
one (referred to here as 110, as explained below) and a hydrophobic one (200). Better
understanding of the different interfaces should provide a necessary complement to the current
knowledge of wood cell wall mechanics.

As a newly available material, cellulose nanocrystal has attracted tremendous attention in recent
years for its great potential in many applications. With the annual production of natural cellulose
nanocrystals being 75 ~ 100 billion tons, low-cost extraction methods have been developed and
upscaled for industrial production, improving the accessibility of cellulose nanocrystals (Trache et
al. 2017). In addition to extreme abundancy and sustainability, crystalline cellulose possesses other
qualities, such as excellent mechanical properties, with the axial tensile stiffness in the range of
120~160 GPa (Sakurada et al. 1962; Tashiro and Kobayashi 1991; Nishino et al. 1995; Sturcova et
al. 2005; Kulasinski et al. 2014b) comparable to Kevlar (Moon et al. 2011), low density,
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biocompatibility, possibility of surface modification, optical light transparency and low thermal
expansion. These advantages make cellulose nanocrystal a strong candidate for numerous
applications, such as multifunctional paper (Nogi and Yano 2009), purification membrane (Wu and
Yuan 2002), photonic film (Giese et al. 2014), electrode in green electronics (Weng et al. 2011;
Zhu et al. 2013), super absorbent hydrogel (Ma et al. 2015a) and many others (Zhu et al. 2016a).
In most cases, cellulose crystalline fibers are applied as a stiff scaffold or network onto which
functional components are loaded (Li et al. 2013, 2016b; Kim et al. 2013; Zhao et al. 2015). Due
to the high surface-volume ratio of nanocrystals, the mechanical properties of the cellulose-
cellulose interface contacts may significantly influence the overall performance of the composite.
However, cellulose crystal reinforced composites have been found to display mechanical properties
much lower than the upper bound predicted by composite theories (Moon et al. 2011). There is a
strong need for a better understanding of cellulose nanocrystals interfacial behavior, which will
provide fundamental insights for composite design (Ma et al. 1998; Xia et al. 2018).

Interfacial behavior can be particularly well understood through shearing or friction experimental
investigations. For considering this behavior at molecular scale, frictional experiments have so far
only considered material interfaces without, or with a moderate amount of, hydrogen bonds, such
as NaCl crystal (Fessler et al. 2019), graphene/gold (Kawai et al. 2016) and graphene oxide/PMMA
(Dai et al. 2016). There is a lack of experimental studies on cellulose crystal interfaces or, more
generally, on highly hydrogen bonded interfaces.

Computational studies of the interface behavior of crystalline cellulose have emerged to fill this
gap. Using molecular simulation, Sinko and Keten (Sinko and Keten 2014, 2015) investigated the
shear and tensile failures of the interfaces between cellulose nanoscrystals. The hydrogen-bonded
(110)-(110) interface is found to have higher tensile strength than the weaker interaction dominated
(200)-(200) interface. However, under shearing test, the (200)-(200) interface contact shows a
stick-slip behavior with a higher energy barrier than that what the hydrogen-bonded (110)-(110)
interface contact displays. Wu et al. (Wu et al. 2013a, b) investigated also computationally the
sliding at the cellulose crystal interface formed by the contact of (200)-(200) planes and focused
on the effects of sliding velocity, normal load, relative angle and hydrogen bonding. They indicate
that, in that type of contact, rather than hydrogen bonding, other intermolecular interactions such
as van der Waals and electrostatic interactions are expectedly the determinant factors of interfacial
friction behavior. Wei et al. (2018) studied surface-modified cellulose nanocrystals. The
introduction of a methyl(triphenyl)phosphonium group at the interface weakens the interface at dry
condition, however, the presence of moisture strengthens it. Yet, the understanding of the
interfacial behavior and of the mechanisms at play between cellulose crystals is still in its infancy.
Especially, the specific role of the hydrogen bond is under debate and has only been discussed
qualitatively (Wu et al. 2013a, b). Moreover, composites containing cellulose crystals in a
hydrophilic matrix are affected by moisture because moisture preferentially adsorbs at the
cellulose-matrix interface, breaking the interfacial hydrogen bonds, increasing the porosity of the

structure, resulting in a loss of mechanical stiffness (Kulasinski et al. 2015c; Chen 2019). The
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interrelations between hydrogen bonding, interfacial mechanical behavior and environmental
factors like ambient moisture remain to be explored. Finally, a heterogeneous interface, such as the
(110)-(200) interface of cellulose, has not been simulated and characterized yet.

Thus, this chapter investigates the frictional shearing and separation of the interfaces comprised of
two hydrophilic or hydrophilic and hydrophobic surfaces of crystalline cellulose, i.e. the (110)-
(110) and the (110)-(200) interfaces, using atomistic simulations. The systems are interrogated to
document the occurrence of stick-slip behavior, the possibility of stiffness recovery after an
irreversible slip and of different behavior along opposite shearing directions. Finally the effect by
hydration and/or misalignment on the shearing behavior is also documented. Density, orientation
and distribution of interfacial hydrogen bonds are studied in detail as possible paths of
understanding the behavior. These studies should help to, not only complement the current
knowledge of wood cell wall mechanics but also, provide guidance to the design of cellulose
nanocrystal reinforced composites, an attractive solution in many fields. The mechanical properties
presented here are used in the upscaling study using finite element method presented in Chapter 7.

5.2 Material and method

5.2.1 Cellulose nanocrystal structure and its molecular modeling

Cellulose is a polymer of B-1-4 linked glucan organized in a 2-fold screw conformation, i.e. the
glucosyl unit inverts by 180 with respect to its neighbor, this repeating unit indicated by dashed
square in Figure 5-1a. The degree of polymerization of cellulose in wood cell wall, one of its major
sources, is on the order of 10%. It is generally accepted that cellulose is present in both crystalline
and amorphous phases in the cell wall, with a clear predominance of the crystalline phase (Kataoka
and Kondo 1999; Newman 1999; Horikawa 2017). The stable crystal structure is an assembly of
glucose chains held together via intermolecular interactions, i.e. one inter- and two intra-chain
hydrogen bonds per monomer (Gardner and Blackwell 1974). The native cellulose allomorph
present in wood cell wall is cellulose Ip (Figure 5-1b), as identified by near-infrared spectroscopy,
13C nuclear magnetic resonance and X-ray spectroscopy analyses (Kataoka and Kondo 1999;
Newman 1999; Horikawa 2017). The width and length of wood cellulose nanocrystals are 3~5 nm
and 100~200 nm respectively (Araki et al. 1999). The structure of cellulose crystals depends on
their source. Structural details, such as the number of cellulose chains per crystal, the cross-
sectional shape, the configuration of paracrystalline or amorphous regions, are still under debate,
as can be seen in (Nishiyama et al. 2002; Fernandes et al. 2011; Ding et al. 2014; Kubicki et al.
2018). In this study, the focus is the behavior of cellulose crystal interfaces. The cellulose crystal
structure used here, i.e. Ip form with 36 chains possessing a hexagonal cross-section, has often
been retained (Delmer 1999; Mutwil et al. 2008; Habibi et al. 2010; Fernandes et al. 2011; Endler
and Persson 2011), though various other forms have been suggested (Tejado et al. 2012; Jarvis
2013; Newman et al. 2013; Thomas et al. 2013; Nixon et al. 2016; Kubicki et al. 2018). A more
detailed summary of current research on cellulose crystal structure can be found in chapter 2.
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The initial structure of cellulose crystal is generated by the cellulose builder toolkit (Gomes and
Skaf 2012) based on the crystallographic information from Nishiyama et al. (2002). The structure
is then energy minimized and equilibrated following the procedure of a previous study (Kulasinski
et al. 2014b). GROMACS 5.0 package (Abraham et al. 2015) and GROMOS 53a6 force field are
used for the simulation. The integration time step of the equation of motion is 1 fs. The canonical
ensemble (NVT) is applied, where the temperature is controlled by Nose-Hoover thermostat and is
set at room temperature 300 K. The van der Waals interaction has a cut-off radius of 1.4 nm and
particle-mesh Ewald summation is used to account for long-range Coulomb interactions. The
mechanical properties of an infinite If cellulose crystal model with a square cross-section were
validated by comparison with experiments, as described in a previous study (Kulasinski et al.
2014b). The hexagonal configuration retained here counts 8 planes of 3,4,5 or 6 chains, for a total
of 36 chains. In longitudinal direction, the chains count 10 glucosyl units. It should be noted that,
in this study, however, the crystal is of finite size in transverse direction (36 chains) with a
hexagonal cross-section. The equilibrated structure of a cellulose crystal is shown in Figure 5-1b.
This structure is given periodic boundary conditions, with covalent bonds across the boundary, in
effect attaining an infinite length. The hydrophilic (i) and hydrophobic (o) planes, i.e. (110) and
(200), respectively, of the crystal are also indicated.

1)

TS RS SR N g VRV
BN S WIS o Sla vt R
ARG AP VAP M ls
AP AP S A p s
T TR R T, T, 9 S
SRR IF RIS P A,
e e A ol T T

3)

—

Hydrophobic (o)

Figure 5-1 a) Snapshot of a section of a cellulose chain. The repeating unit is indicated by the
dashed square. Black arrows denote the preferential orientation of the hydroxyl group. b) Snapshot
of a section of IP cellulose crystal. Top, side and front views are shown by subplots b1), b2) and
b3), respectively. In the front view, the hydrophilic (110) and hydrophobic (200) planes of the
crystal are indicated.
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5.2.2 Pulling tests and boundary conditions

To study the behavior of the cellulose crystal interface, two cellulose crystals are stacked on top of
each other and then relaxed. The equilibrated system is shown in Figure 5-2. Two cellulose chains
from the interface are highlighted, i.e. a red chain from the upper crystal and a blue one from the
lower. Periodic boundary conditions (PBC) are applied in all directions. As mentioned above, the
upper crystal is 10 glucosyl units (five cellobioses) long and the periodic conditions allow
mimicking an infinitely long cellulose crystal. In contrast, the bottom crystal (in blue color) is of
finite length and possesses nine glucosyl units without any cross-boundary covalent bonds. An
approximate 10 nm blank is left in transverse directions ensuring no influence of the periodic
Images in transverse directions.

normal (N)
backward (B)| forward (F)
v=1m/s \

moving

L
"
=

Figure 5-2 Snapshot of the system of two crystals in contact, using a see-through representation
for the crystals with two cellulose chains (red and blue) at the interface shown explicitly. The
atoms of the bottom crystal (blue) are constrained to their initial locations by a harmonic
potential. The atoms of the top crystal (red) are connected to a virtual spring of stiffness of k. At
the other end of the virtual spring, a virtual atom is moving at constant velocity v, exerting a
force on the top crystal atoms.

The bottom crystal is fixed by restraining the atoms to their initial locations through a harmonic
spring with high stiffness (~3 J m). The atoms of the upper crystal are attached individually to a
virtual spring with a spring constant of kpui. It is noted that it also possible to pull only on the non-
hydrogen atoms or the backbone atoms. At the other end of the spring, a virtual atom moves at a
constant velocity Vpun. Both kpun and vpun affect the shearing results. As shown in Figure 5-3,
increasing the pulling velocity leads to higher stick-slip peak stress and lower stress oscillation.
Such a result agrees with the analytical prediction of a critical velocity at which stick-slip motion
is replaced by steady sliding (Eiss and McCann 1993; Yoshizawa and Israelachvili 1993;
Baumberger et al. 1994). The combination of kpui= 15 J m?2 and v = 1 m s is chosen, as these
settings yield a series of clearly defined stick-slip events in the shear stress - displacement curve.
The displacement is defined as the travel distance of the center of mass of the crystal in pulling
direction. A more detailed study of the influence of spring constant and pulling velocity on the
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frictional dynamics is out of scope of this thesis, since this chapter mainly focuses on stick-slip
behavior and the influence of moisture on this behavior. In reality interface friction may be
accompanied by the disintegration of cellulose crystal which is not relevant to this study. Therefore,
pairwise harmonic constraints are applied to the carbon atoms to preserve the relative position of
atoms, in effect making the crystals stable and that they do not break. The constant of the virtual
spring of 15 J m?, meaning that we have a test setup with weak pulling spring leading to clear
stick-slip events instead of steady sliding (Leeman et al. 2016). As the virtual atom moves, the
virtual spring extends imposing external forces on the atoms of the top crystal (in red color). This
external force increases with increasing straining of the weak spring and finally exceeds the
interfacial force that maintained the crystals together, at which point the top crystal starts to move
and slips.
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Figure 5-3 Shear stress - displacement curves for different forward pulling velocities for a
hydrophilic-hydrophilic interface with a virtual spring k=15 J m™.

Three pulling directions are considered in this study, forward (F), backward (B) and normal (N). It
is known from both experiments and simulations that the interfacial hydroxyl groups preferentially
orient along one direction, as indicated by black arrows in Figure 5-1a (Gardner and Blackwell
1974; Kulasinski et al. 2014b), which is defined as the backward direction in this study. The
forward direction is opposite to the backward direction. The normal direction is the direction
perpendicular to the contact surface, as illustrated in Figure 5-2.

As mentioned above, the hexagonal crystal displays both hydrophilic and hydrophobic surfaces. In
theory, there could be three combinations of contacts, i.e. hydrophilic-hydrophilic contact (ii),
hydrophilic-hydrophobic contact (i0) and hydrophobic-hydrophobic (0o) contact. The “00” contact
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is not stable and, in the simulations, such contact always transforms into either “ii” or “io” (Oehme
et al. 2015). Therefore, such contact is not considered in this study. However, the mechanical
characterization of such “00” contact can be found in (Wu et al. 2013b; Sinko et al. 2014), because
those studies use infinite crystals. For a composite material with cellulose crystal reinforcements,
e.g. wood S2 cell wall layer, it is highly possible that the longitudinal axes of the crystals are not
perfectly aligned, or that moisture may be adsorbed at the interface due to the abundance of
hydroxyl groups of the cellulose molecules. The systems with misalignment and moisture are
denoted by “A” and “M”, respectively. In total eight different configurations are studied, i.e. ii, 1A,
1M, 1iIAM, io, i0A, ioM, and i0AM. The snapshots of all equilibrated systems are shown in Figure
5-4a. It can be speculated that wood cellulose fibers in S2 layer, the most important source of
cellulose, are only slightly misaligned with each other (Fahlén and Salmén 2002; Keplinger et al.
2014; Casdorff et al. 2018), though there is a lack of experimental characterization of the exact
angles of misalignment between the longitudinal axes of the individual crystals. Following this
consideration, the misalignment angle in this study is assumed to be of a small value, namely 10°,
as shown in Figure 5-4b. To study the influence of moisture on stick-slip behavior, water molecules,
I.e. single-point charge (SPC) water models, are introduced to the contact area of crystals. To build
the moist system, the crystals are first separated by a distance of 0.2 nm, a length similar to the size
of a water molecule, and then the SPC water molecules fill the gap with a density of 1 g cm™, in
order to build up one layer of water molecules. The moist system is then energy minimized and
equilibrated for 100 ps. The relaxed system (iiM) is shown in Figure 5-4c. Systems with more
interfacial moisture, i.e. with a 0.3 nm gap filled with water molecules, have also been tested. It is
found that, as shearing proceeds, the water layer thickness decreases to 0.2 nm and no significant
difference in terms of shear stress - displacement was found, therefore results for such systems are
not reported in this chapter. The pulling tests are carried out on three replica systems for better
statistics.

......
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Figure 5-4 a) Snapshots of the 8 different systems studied, i.e. ii, iiA, iiM, iiIAM, io, i0A, ioM and
I0AM. b) Snapshot of the hydrophilic-hydrophilic contact with misalignment (iiA). ¢) Snapshot of
the hydrophilic-hydrophilic contact with interfacial water layer (iiM).

5.2.3 Measurements

Molecular-level details of the interfacial mechanical behavior can be extracted from the simulations,
including displacement, velocity, stress, number of hydrogen bonds, interaction energy and
adhesion energy covering positional, force and energetic aspects, respectively. Measurement
methods of these quantities are described below. When plotting the measured properties as
functions of the displacement measured in the pulling direction, the curves usually exhibit an
oscillatory shape, e.g. the shear stress - displacement curve of Fii (Forward hydrophilic-hydrophilic)
system in Figure 5-5. To analyze these curves, average values, local minima and maxima (peak
values) and the drop values (delta values), i.e. the difference between local maximum and minimum,
are extracted.

5.2.3.1 Mechanical behavior: displacement, shear stress, velocity, stress and interfacial
stiffness

The displacement d(t) is defined as the displaced distance in pulling direction of the center of mass
of the moving crystal at time t relative to the position at to. The velocity v(t) is defined as the
velocity of the center of mass of the moving crystal, which is calculated using the relation
v(t)=(d(t+At)-d(t)) At™. The At used here is 10 ps. It should be noted that this velocity does not
necessarily equal to the velocity of the pulling virtual atom vpui due to the presence of the weak
spring. The force exerted on the crystal atoms, denoted by T(t), can be calculated through Hooke’s
law, i.e. the product of spring constant and the extension of the spring. For forward and backward
pulling tests, the shear stress is the shear force T per area of contact A, i.e. z(t)=T(t) AL, while for
the normal pulling test, the normal stress is the normal force N divided by the contact area, i.e.
o(t)=N(t) AL The interfacial stiffness is defined as the slope of the stress-displacement curve, that
is the drop value of stress Az divided by the corresponding displacement Ad.
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Figure 5-5 Stress-displacement curve of Fii system with sample indications of maximum minimum,
drop and slope values.

5.2.3.2 Hydrogen bonds
The hydrogen bonds (HB) of interest here are the interfacial cellulose-cellulose hydrogen bonds,
i.e. the hydrogen bonds formed across the interface between the moving and the fixed crystals.

86



Interfacial hydrogen bonding is reported to strongly influence the mechanical behavior of the
interface (Sinko and Keten 2014; Sinko et al. 2015, 2016). The criteria for HB are defined by the
configuration of the donor-hydrogen-acceptor triplet: » < 0.35 nm and a« < 30°, where r is the
distance between the donor oxygen atom and the acceptor oxygen atom, and « is the angle formed
by the acceptor oxygen atom—donor oxygen atom-donor hydrogen atom configuration. The
interoxygen distance criterion of 0.35 nm refers to the first minimum of the radial distribution
function of SPC water (Soper and Phillips 1986; Luzar and Chandler 1993). The angle of 30° is
approximately the maximal angle of HBs (Teixeira and Bellissent-Funel 1990). The number of
hydrogen bonds (#HB) is divided by the contact area, i.e. #HB A, yielding the areal density of
hydrogen bonds. The average values, local minima and maxima and the drop values of the areal
density of hydrogen bonds are also extracted.

5.2.3.3 Areal density of interaction and adhesion energy

The interaction energy Ui(t) is defined as the difference between the potential energy of the dry
system Uag(t) and the summation of the potential energies of the two crystals separated Ua(t)+Ug(t),
i.e. Ui(t)=Uas(t)-(Ua(t)+Ug(t)). The potential energy, either Uag(t), Ua(t) and Ug(t), is obtained by
post-processing the trajectories of the pulling tests. Three systems are constructed and their
potential energy is measured, i.e. one with both the fixed and the moving crystal Uag(t), one with
only the moving crystal Ua(t) and one with only the fixed crystal Ug(t). The energy values are
divided by the contact area A giving the areal density of interaction energy U,(t) AL. The average
values, local minima and maxima and the drop values of the areal density of interaction energy are
also extracted.

When pulling in the normal direction, the adhesion energy Eadne is defined as the integral of the
force-displacement curve which refers to the work of pulling the moving crystal away from the
fixed crystal.

5.3 Results

This section starts with the analysis of the periodic stick-slip behavior of dry and aligned interfaces
undergoing shearing tests, where the dynamics and energetics of stick-slip events and the
mechanical performance of interfaces are analyzed. Then the investigation extends to the impact
of moisture and misalignment on interface behaviors, and a correlation analysis is applied to
identify the determining factors of interface mechanics.

5.3.1 Stick-slip behavior of dry and aligned interfaces undergoing shearing tests

The analysis of the results of the forward (F) and backward (B) shearing tests of dry and aligned
interfaces, i.e. Fii, Fio, Bii, and Bio, reveals a stick-slip behavior at atomistic level. The atoms of
the moving crystals are affected by two external forces: the molecular attraction force exerted by
the fixed crystal and the pulling force exerted by the virtual spring being pulled by external loading.
The origin of the stick-slip behavior of the interface can be seen as a competition between these
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two forces. When the pulling force exceeds the frictional shear strength, slip happens. Otherwise
the system sticks.

The displacement of the center of mass of the moving crystal along the pulling direction as a
function of time is shown in Figure 5-6. Figure 5-6a shows the displacement over a longer time
range (0~5 ns). Clear periodicity can be visually identified, and the average moving speed,
calculated by the slope of the curves, is ~ 1 m s, corresponding to the pulling velocity. Figure
5-6b is the zoom-in of the squared region in a) and shows the displacement during a full stick-slip
period. Looking more closely at one cycle, initially, the pulling force is lower than the molecular
attraction force, no slip happens at the interface and the interfaces remain stuck, indicated by a
plateau with moderate slope highlighted with the box with red dashed lines in Figure 5-6b. In this
stick phase, the small slope indicates the small elastic deformation of the crystal. As the pulling
continues, there comes a point where the attraction-pulling force equilibrium is broken and the top
crystal abruptly slides to another position, a process referred to as slip. This phase shows quite
vertical sections indicating fast increases in displacement as highlighted with red shaded square in
Figure 5-6b. These two phases are referred to here as stick | and slip I. After the sudden release of
the accumulated elastic energy, the pulling force again drops below the attraction force, causing
the crystal to re-stick. The following stick and slip phases are highlighted by the green dashed
square and green shaded square, respectively in Figure 5-6b. As will be explained below, a full
stick-slip cycle thus consists of four phases, i.e. stick I, slip I, stick 1l and slip 1l. The total
displacement for a full stick-slip cycle is about 1.06 nm, corresponding to the length of the
repeating unit of crystalline cellulose (Nishiyama et al. 2002; Kulasinski et al. 2014b).
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Figure 5-6 Displacement of the center of mass of the moving crystal in pulling direction as a
function of time, a) displacement over a long time (0~5 ns), b) displacement over one cycle
consisting of stick I, slip I, stick 11 and slip 11.

To illustrate the dynamical process of stick-slip motion, two chains of the Bii system are used as a
sample system (Figure 5-7a). The top and bottom chain belong to the moving and fixed crystal,
respectively. Snapshots are taken every 10 ps and in total 50 snapshots are superimposed into one
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image. One hydroxyl group on the moving chain is oversized to serve as a marker of location. The
color of this marker hydroxyl group changes from red to blue denoting evolution in time. This
marker hydroxyl is initially located at the equilibrium location d=0 nm at t=0 ns, where it sticks for
some time. Then it abruptly moves to the next sticking location at d~0.53 nm at t~0.57 ns. The slip
happens so fast that no image was captured during slip. Such stick and slip events repeatedly occur
in a regular pattern resulting in periodicity. When analyzing the displacement and time duration of
the four phases of the full cycles for the four systems, i.e. Fii, Fio, Bii, and Bio, consistency is
observed as shown in Figure 5-7b where the average values and standard deviations are indicated
by black dashed lines and error bars. The error bars have low values except for the Fio system. In
general, the displacement of the stick-slip event corresponds to the length of the repeating unit. In
Figure 5-7c, the systems resemble each other, except for the stick | phase of the system Bii being
much longer than that of the other systems.

d=0nm 053nm 1.06 nm _ Bii system
t=0ns 0.57ns 1.06 ns
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Figure 5-7 a) Different images of chains superimposed at different time frames for the Bii system
interface, with color of the marked hydroxyl group from red to blue denoting evolution in time. b)
Displacement and c) time duration during stick (dashed lines) and slip (colored) phases, i.e. stick |
(red dashed lines), slip I (red colored box), stick Il (green dashed lines) and slip 11 (green colored
box) for the dry aligned systems, i.e. Fii, Bii, Fio, and Bio. The average values and standard
deviations are indicated by black dashed lines and error bars.
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To fully describe the stick-slip behavior, four critical parameters are documented. The interfacial
shear stress z, the velocity of the moving crystal v, the interfacial hydrogen bonds areal density
#HB A and the areal density of interaction energy U; A are measured for the four dry and aligned
systems (Fii, Fio, Bii, and Bio), and plotted as functions of displacement d, shown in Figure 5-8.
Notably, all these variables exhibit periodic profiles. In particular, the shear stress and the
interfacial energy show sawtooth profiles and are synchronous with each other, indicating a regular
stick-slip behavior of the system. The four properties vary at the same pace, though the peaks
emerge at different displacements. The process of the periodic stick-slip motion can be generalized
to consist in the four phases mentioned above, i.e. stick I, slip I, indicated in red, stick Il and slip
Il, indicated in green, which correspond to the first stress ascending section, the first stress
descending section, the second stress ascending section and the second stress descending section,
respectively (Figure 5-8).
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Figure 5-8 a) Interfacial shear stress z, b) velocity of the moving crystal v, ¢) interfacial hydrogen
bond density #HB A and d) areal density of interaction energy U, A for the four dry and aligned
systems: Fii, Fio, Bii, and Bio.

The systems Fio and Bio show lower maximum shear stress compared to Fii and Bii. This lower
shear stress can be explained by the much lower density of hydrogen bonds (Figure 5-8c) in the
hydrophilic-hydrophobic configuration compared to the density of hydrogen bonds in the
hydrophilic-hydrophilic configuration, as the hydrophilic plane possesses a much larger number of
hydroxyl groups, which are ready to form hydrogen bonds.

Figure 5-8 further shows the velocity (Figure 5-8b) and areal density of interaction energy (Figure
5-8d) for the aligned dry systems showing similar periodic/regular behavior. The velocity is lower
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for the Fio and Bio systems, as correlated to the lower shear stress for these systems compared to
the Fii and Bii sytems. The average areal density of interaction energy of all systems has a similar
value. However, the Fii and Bii show a more sawtooth behavior than the Bio and Fio systems.
Rigorous discussions on the correlations between these properties are provided in the next section.

The regular pattern of interfacial shear stress versus displacement curves for different stick-slip
cycles shows that the interface recovers after slipping, as displayed in Figure 5-9. The interfacial
stiffness (units GPa nm™) during the stick phases is determined as the slope of the stress-
displacement curve. The error bar is relatively small demonstrating the regularity in interface
stiffness recovery after the slip. The stiffness is clearly smaller for Fio and Bio systems due the
smaller hydrogen bonds areal density of these systems. The difference in stiffness between stick I
and stick 11 and between forward and backward pulling directions is smaller.
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Figure 5-9 Stiffness (units GPa nm™) during stick | and stick 11 for Fii, Bii, Fio, and Bio systems

For the “ii” contact, the shear behavior in forward and backward directions is different. As shown
in the stress-displacement curves (Figure 5-8), the two peaks of the Fii system are of similar height,
duration and interface stiffness, yet Bii presents two different types of peaks. The origin of this
difference in shearing behavior depending on direction stems from the asymmetric distribution and
orientation of hydrogen bonds. The hydrogen bonds areal density for the different systems during
the different stick-slip phases is presented in Figure 5-10. For the Fii system, stick | and stick 11
phases share the same hydrogen bond areal density value, therefore Fii system possesses two
similar stress peaks. For the Bii system, however, the hydrogen bond areal density of the stick |
phase is abnormal and ~20% more than that of the stick Il phase, as shown by the arrow in Figure
5-10a.
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Figure 5-10 Areal density of hydrogen bond: a) total value, b) moving crystal as donor and c)
moving crystal as acceptor.

In fact, the preferential orientation of hydroxyl groups at the interface has more implications. For
the “ii” interface, when being pulled along the forward direction, the moving crystal tends to act
more as hydrogen acceptor and less as hydrogen donor, Figure 5-10b and c. On the contrary, when
the moving crystal is being pulled along the backward direction, the moving crystal act more as
hydrogen donor. This swap of donor-acceptor pair may be at the origin of the direction-dependent
behavior observed in the pulling test, as the strength of the hydrogen bond depends on the donor-
acceptor configuration. For the “i0” interface, regardless of the pulling direction, the hydrophilic
surface mainly acts as hydrogen bond donor and the hydrophobic surface as hydrogen bond
acceptor.

5.3.2 Impact of moisture and misalignment

In this section, the effects of the presence of moisture in the interface, M, and the misalignment of
the interface, A, are discussed. Taking into account these two parameters results in the study of a
total of 16 systems, i.e. Fii, FiiM, FiiA, FilAM, Fio, FioM, FioA, FioAM, Bii, BiiM, BiiA, BiiAM,
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Bio, BioM, BioA and BioAM. The curves for the dry and aligned systems were presented in Figure
5-8, while the curves of all the 16 systems are included in the Figure 5-11 to Figure 5-14. Within
each figure, the pulling direction and the contact type is the same, while the impact of moisture and
misalignment can be identified via comparison.
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Figure 5-11 Interfacial shear stress z, velocity of the moving crystal v, interfacial hydrogen bond
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d) BiiAM systems.
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d) FioAM systems.

FFigure 5-11 to Figure 5-14 are first discussed looking at the effect of the presence of water
molecules in the interface. With the addition of the interfacial water layer, the crystal slides
relatively steadily without any strong stick or abrupt slipping. The stress-displacement curves still
show a weak sawtooth profile, however the periodicity vanishes, indicating that the influence of
the periodic structure of the cellulose chain is lost due to the screening effect of moisture. The
velocity of the moving crystal amounts to around 1 m s** which corresponds to the moving speed
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of the pulling speed, also indicating the strong weakening effect of moisture on the mechanical
stiffness and strength of the interface. From the stress-displacement curves in Figure 5-11 to Figure
5-14, the peak shear stress zmax Can be extracted and summarized in Figure 5-15. It can be found
that a single layer of water molecules significantly reduces the maximal shear stress.
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Figure 5-15 Impact of moisture and misalignment on maximum shear stress zmax.

It is highly possible that cellulose crystals in a composite do not perfectly align with each other
along the axial direction (Reising et al. 2012). From Figure 5-11 to Figure 5-14 the effect of
misalignment is documented and Figure 5-15 summarizes the effect of misalignment on maximum
shear stress. In general, the misalignment is found to reduce the shear stress. Misalignment
displaces the contacting two crystalline surfaces from the “commensurate” state, where some of
the atoms of two flat and rigid crystalline surfaces may be forced to climb uphill while the rest
move downhill. This rearranging causes the effective reduction of the frictional forces and shear
stress (Shinjo and Hirano 1993; Hod et al. 2018). Finally, Figure 5-15 also shows that the
combination of moisture and misalignment (AM) results in a small additional reduction of the
maximal shear stress.

5.3.3 Central role of hydrogen bond revealed by correlation analysis

For each system, several quantities are determined to characterize the 16 systems, i.e. interfacial
shear stress 7, velocity of moving crystal v, interfacial hydrogen bond areal density #HB A and
areal density of interaction energy Uy A™L. These quantities are all function of time or displacement,
resulting in a large number of curves. For the sake of brevity and convenience of discussion, the
information of all the curves is compacted by extracting the average value, local maxima and
minima, and the drop, i.e. the difference between local maxima and minima. The original curves
are included in Figure 5-11 to Figure 5-14.

The interfacial shear stress z, velocity of the moving crystal v, interfacial hydrogen bond density

#HB A and areal density of interaction energy U; Al seem to vary concertedly, as seen from Figure

5-8 and Figure 5-11 to Figure 5-14, suggesting possible correlations between the various
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measurements. To quantify possible correlations, the average value, local maxima and drop of the
interfacial shear stress z, velocity of the moving crystal v, interfacial hydrogen bond density #HB
Al are pairwise plotted with the indication of the Pearson correlation coefficients (r), as shown in
Figure 5-16. The average, maximum and drop of shear stress, velocity and hydrogen bond areal
density are found to meaningfully correlate to each other with significant Pearson correlation
coefficients (greater than 0.76 or less than -0.80). Theses strong correlations suggest a determining
role played by hydrogen bonds for (110)-(110) and (110)-(200) contacts of cellulose nanocrystals.
The areal density of interaction energy U; A does not show a meaningful correlation with the other
properties, therefore it is not included in the present discussion and analyzed later. It is noted that
the “ii” systems (solid black dots in Figure 5-16) are to some extent outliers which may have a
great influence on the values of the Pearson correlation coefficient. A separate correlation analysis,
where the “ii” cases are excluded, gives correlation coefficients greater than 0.5 or less than -0.5.
This indicates that the correlations are valid though weakened.
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Figure 5-16 Correlation plots of three values, i.e. average value, local maxima and drop, with the
three parameters, i.e. the interfacial shear stress z, velocity of the moving crystal v, areal density of
hydrogen bond #HB A™.

The hydrogen bond areal density and shear stress are positively correlated, as shown in Figure
5-16Db, e and h. The hydrogen bonds provide the mechanical stiffness and strength of the interface.
The friction force of a single cellulose-cellulose hydrogen bond frs can therefore be calculated by
the ratio of friction force to the number of interfacial hydrogen bonds. For the dry cases, fug ~ 1.3
E% N. It is noted that the friction force of the single cellulose-cellulose hydrogen bond depends
on the shearing speed (in this study 1 m s™).

The average velocity and shear stress are negatively correlated (r = -0.87), whereas the peak value
and drop value of velocity and shear stress are positively correlated (r ~ 1), as shown in Figure
5-16a, d and g. Friction lowers the speed of the top crystal, which is remaining for a longer time
fixed to the bottom crystal. At the same time, higher friction can increase the elastic energy stored
during the stick phase and such increased energy will induce higher peak velocity when released
during slip. Similar observations can be made for the effects of hydrogen bonds. A higher areal
density of hydrogen bonds lowers the average velocity, whereas it increases the peak and drop
values of velocity, as shown in Figure 5-16¢, f and i.

The variables of dry and aligned “ii” contact (filled black circles in Figure 5-16) locate somewhat
differently from the other systems. This noticeably different mechanical behavior of the “ii” contact
can be seen as a result of the different number of the hydrogen bonds, as the hydrophilic planes

possess a large number of hydroxyl groups that can serve as hydrogen donors and acceptors.

In addition to the plots given in Figure 5-16, more correlations can be identified as summarized in
Table 5-1, where the nine different quantities, namely <z>, <v>, <#HB A™>, 7max, Vmax, #HB A™lmax,
At, Av and A#HB A%, are found to be mostly correlated with each other and so with significant
correlation coefficients.

Table 5-1 Pearson correlation coefficients of the average value, local maxima (peak value) and
drop (delta value) of the interfacial shear stress z, velocity of the moving crystal v and interfacial
hydrogen bond density #HB A™.

Average Peak values Delta values

<>  <v>  <HHBA>  tnax  Vmax  H#HB Al At AV A#HB Al
<> - -0.87 0.88 0.99 0.92 0.87 0.90 0.92 0.73
Average <> -0.87 - -0.80 -0.82 -0.72 -0.79 -0.70 -0.72 -0.53
<#HB A'> = 0.88 -0.80 - 0.88 0.85 1.00 0.86 0.86 0.79
Timax 0.99 -0.82 0.89 - 0.96 0.89 0.96 0.96 0.77
Py 092 072 085 09 - 08 100 100 074
#HB Alnax | 0.87  -0.79 1.00 0.89 0.84 - 0.85 0.85 0.81
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At 0.90 -0.70 0.86 0.96 1.00 0.85 - 1.00 0.77
Av 092 -0.72 0.86 096 1.00 0.85 1.00 - 0.76

A#HB A1 0.73 -0.53 0.79 0.77 0.74 0.81 0.77 0.76

Delta
values

Hydrogen bonding consists in bonding by van der Waals and electrostatic interactions. The delta
values of areal density of interaction energy AU; A are found to correlate (r = 0.77) with the delta
values in areal hydrogen bond density A#HB A1, shown in Figure 5-17. The correlation coefficient
is 0.76 after removing the outliers (solid black dots). This indicates the dominant role of hydrogen
bonding in the areal density of interaction energy. It should be noted that the hydrogen bond and
areal density of interaction energy being discussed here are only the cellulose-cellulose ones. The
hydrogen bond and areal density of interaction energy involving water molecules are omitted
because, in this way, the system with moisture can be directly compared with the dry systems.
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Figure 5-17 Correlation between the drop of areal density of interaction energy AU; A* and the
drop of interfacial hydrogen bond density A#HB A,

5.3.4 Adhesion energy of the interfaces

The above sections deal with the frictional tests where the crystals are pulled laterally. In this
section, the normal pulling tests are carried out. The moving crystal is being pulled along the
normal direction while the force and center of mass displacement are tracked. The pulling stress o
is plotted as a function of pulling displacement d, shown in Figure 5-18a. Three quantities are
extracted from the curves, namely maximum stress omax, the displacement corresponding to
maximum stress demax, the area under the curve which is defined as the adhesion energy Eadne.. The
first two quantities are shown in Figure 5-18b. The dry systems show higher maximum stresses
than the moist systems, indicating the weakening effect of moisture. The maximum stresses of the
moist systems occur at larger displacements, which can be explained by the water bridges formed
between cellulose crystals that extend the interaction distance between the crystals.
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Figure 5-18 a) Stress-displacement curve of normal pulling tests. b) Maximum stress and the
displacement correspond to maximum stress

The adhesion between polymer surfaces plays an important role in the interfacial behavior (Lavielle
1991). The adhesion energy can be used to quantitatively describe the energy needed to separate
two crystals under different conditions. For the dry systems, after a certain distance (~1 nm), the
adhesion energy stops to grow (Figure 5-19a), because the distance between the two crystals is
beyond the cutoff distance of intermolecular interaction resulting in a zero interaction force and
the consequent saturation of energy. In contrast, for the moist interfaces, the adhesion at small
displacement is lower than the one of dry systems as also observed by (Xiao et al. 2016b; Wang et
al. 2017). However, the adhesion energy continues to grow after 1 nm displacement. Although the
direct molecular interactions between the crystals are zero, there exists a water bridge between the
crystals (a snapshot of system NiiM is included in Figure 5-19b) connecting the two crystals with
forces akin to capillary forces (as also seen in Sinko and Keten 2014).
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Figure 5-19 a) Adhesion energy versus displacement of various interfaces. b) Snapshot of the
system with interfacial moisture and water bridge.

The misalignment reduces the adhesion energy, which can be explained by the reduced number of
hydrogen bonds between the crystal interfaces. Moisture shows contrasting effects. For strongly
bonded aligned interfaces, moisture reduces the adhesion (also shown by molecular simulations in
Buyukoztirk et al. 2011), however, for misaligned interfaces, moisture increases the adhesion
energy by forming a water bridge as also shown in Ref. (Sinko and Keten 2014). In the results
presented here, the adhesion energy of Nii system is twice as large as ones of the other systems,
indicating the much stronger adhesion of the dry and aligned “ii” contact. Based on these
observations, if cellulose crystal is to be used as a scaffold, it is optimal to prevent moisture while
promoting alignment to achieve better adhesion. The adhesion energy in this study (0.27 J m for
“ii” contact) is lower than the previously reported value (3.5 J m™ (Sinko and Keten 2015)). This
difference is attributed to the pulling conditions. The two studies use similar pulling velocity
however the spring constant of (Sinko and Keten 2015) is about 200 times larger than the one used
in the current study.

Experiments of dry polymer-polymer contact also showed the correlation between adhesion energy
and shear stress (Lavielle 1991). This correlation is also seen in our simulations. As shown in
Figure 5-20, the adhesion energy linearly correlates with the average shear stress for the dry and
moist cases with a Pearson coefficient of 0.86 (0.65 after removing solid black dots).
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Figure 5-20 Correlation between the average stress <z> and adhesion energy Eadne.

5.4 Discussion

This study systematically examined the impact of moisture, misalignment, pulling direction and
contact surface type on the frictional behavior of cellulose crystal interface. Cyclical stick-slip
behavior is revealed to have a period corresponding to the dimension of cellulose repeating unit.
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This agrees with former reports from the computational study of the shear test of the CNC-CNC
interface, which displayed an oscillatory periodic pattern and force peak period of ~1.04 nm (Wei
et al. 2018).

The extensive correlation analysis reveals the central role of hydrogen bonding in the mechanical
performance of the interface. Interfacial shear strength, velocity profile and interface interaction
are found to all strongly correlate with hydrogen bond, regardless of moisture condition,
misalignment, pulling direction and type of contact surface. In another study, the MD measurement
of peptide sliding over a polar surface in aqueous solution showed a similar correlation, i.e. friction
force was found to be proportional to the number of hydrogen bonds (Erbas et al. 2012). The
friction force of a single hydrogen bond was estimated to be fus ~ 1 EX° N, which is in the same
order of magnitude to the value stemming from the current study (fus ~ 1.3 E™% N). Such quantities
can be useful. For example, the stress-displacement curve is commonly revealed by the pull-out
test of single regenerated cellulose fiber (Zarges et al. 2018), whereas the concomitant hydrogen
bonding is difficult to measure. The proposed single hydrogen bond friction force can be applied
to infer, as a first indication, the number of hydrogen bonds.

The stress versus displacement during the stick phase is thought to be characterized by a set of
hydrogen bonds which act as one-dimensional springs. These springs remain intact during
displacement, but can rotate and slightly extend. However, when the displacement/rotation
becomes too large, the HBs will be broken and the interface will slip. After slipping and having
released the elastic energy, new HB springs will again be formed at the new equilibrium position.
The velocity of the moving crystal is dependent on the amount of elastic energy being released
which is determined by the density and strength of HB. The HBs are an important contributor to
the interaction energy. These observations provide an explanation for the correlation between HB
and friction stress, velocity and interaction energy.

Upon completing a stick-slip cycle, the mechanical properties of the interface recover. Similar
observations of such recovery of material stiffness after irreversible deformation is reported on the
wood cell wall level, referred to as “Velcro effect” (Keckes et al. 2003). There are multiple
hypotheses trying to explain this effect (Altaner and Jarvis 2008; Salmén and Bergstrom 2009;
Speck and Burgert 2011; Cosgrove and Jarvis 2012). The work presented here, namely the stick-
slip behavior and the interface recovery after deformation at the molecular scale, may be showing
a phenomenon at the root of the Velcro effect, although a more rigorous study is needed in the
future.

Misalignment will mainly reduce the areal density of HBs. These HBs will break at a lower shear
force. Also the drop in shear stress will be lower, due to the smaller number of acting HBs. At the
macroscopic scale, such structural misfit induced by misalignment may lower the frictional forces
by 1000 times, a situation referred to as “superlubricity”. However, at the nanometer scale, the
superlubricity effect may break down because of the extremely high surface-volume ratio at this
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scale (Ma et al. 2015c). In the current case, the hydrogen bonding between cellulose chains
provides inevitably strong attraction, apparently still overriding the softening effect resulting from
incommensurability.

Moisture reduces the mechanical performance by reducing the areal density of HB, acting in a way
similar to misalignment. Previous studies of Sinko et al. (2014) and Wei et al. (2018) also reported
on the weakening effect of moisture on the traction and separation behavior of (110)-(110) and
(200)-(200) contacts of CNC fibril. They found that the interfacial adhesion and shear behavior can
be drastically changed by the presence of moisture, e.g. the friction barriers are lowered by 3~4
times. For example, moisture is seen as a lubricant that is responsible for the low friction at cartilage
in animal joints by forming hydration shells surrounding charges of polymers (Ma et al. 2015b).
This weakening effect of moisture could serve as the mechanism of a so-called molecular switch,
where the motion of crystal could be activated by the adsorption of moisture and locked by the
desorption of moisture (Xiao and Hu 2016). In composite materials, the cellulose nanocrystals can
form a percolated network, a stiff scaffold, through interfacial hydrogen bonding at contacting
points (Shanmuganathan et al. 2010; Dagnon et al. 2012; Zhu et al. 2012). Such bonding is readily
destroyed by the introduction of moisture, due to the competitive adsorption of water molecules to
the hydroxyl group, resulting in a drastic softening of the composite material (Shanmuganathan et
al. 2010; Dagnon et al. 2012; Zhu et al. 2012). In this way, the wetting and drying processes could
reversibly switch high and low interfacial friction.

Contrary to the broad applications of crystalline cellulose in various fields, the understanding of
crystalline cellulose interfacial behavior is still in its infancy. Experimental studies of this stick-
slip behavior will remain a challenge in the foreseeable future, because frictional experiments, e.g.
the commonly employed atomic force microscopy, face technical difficulties handling the cellulose
nanocrystals. The current study focuses on the crystal-crystal interface. However, it might be
interesting to look at the behavior of interface cellulose crystal - matrix, which is one of the most
important factors determining the overall mechanical performance of the cellulose fiber reinforced
material, which will be done in the next chapters. Besides possible experimental and computational
efforts, a theoretical model of the interfacial behavior of cellulose crystal needs to be developed.
The Frenkel-Kontorova-Tomlinson (FKT) model (Weiss and Elmer 1996) can be modified and
further developed to serve the purpose, though a number of issues should be resolved to strengthen
the predicting power of FKT model. For example, the fixed surface is assumed to have a sinusoidal
potential in FKT model, which may greatly differs from the measured interaction energy U, in this
study (e.g. blue solid curve in Figure 5-8d).

This study investigated the impact of moisture and misalignment at polymeric crystal interfaces,
while there are in fact much more parameters to consider when tackling real composites, such as
temperature, straining rate, etc. The mechanical performance of the interface may be utterly
different under another set of loading conditions, which remain to be explored in the future.
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5.5 Conclusion

Through molecular simulation of the hydrophilic crystalline interfaces, this study provides detailed
information on the interfacial mechanical behavior of cellulose nanocrystals, seen as the bottleneck
towards the understanding of the hygromechanical behavior of composites. For dry and aligned
interfaces, a regular stick-slip behavior is identified. A full stick-slip cycle consists of four phases,
i.e. stick I, slip I, stick 11 and slip 11, characterized by different levels of friction and displacement.
A full stick-slip period corresponds to the dimension of the repeating unit. Direction-dependent
behavior is found, when shearing the crystal along opposite directions, which is ascribed to the
asymmetric distribution and preferential orientation of hydrogen bonds. The interface stiffness
recovers after an irreversible slip, the origin of which is attributed to the re-formation of hydrogen
bonding.

Systematic examinations of the impact of loading direction, misalignment and presence of moisture
are conducted in hydrophilic-hydrophilic and hydrophilic-hydrophobic crystalline interfaces. The
misalignment of crystal surfaces and the existence of interfacial moisture lower the interfacial
friction and disturb the regular pattern of stick-slip. However, regardless of the various loading
conditions, interfacial stress, shear velocity and interaction energy are shown to strongly correlate
with the density of interfacial hydrogen bonds, indicating the central role of hydrogen bonding in
frictional behavior. The areal density of interaction energy moderately correlates with the density
of hydrogen bonds. The areal density of hydrogen bonds explains why the hydrophilic-hydrophobic
contact is weaker than the hydrophilic-hydrophilic contact. Besides hydrogen bond, average shear
stress is found to correlate strongly with the adhesion energy of the interface. These revealed
atomistic mechanisms can help improve the design of promising cellulose nanocrystal reinforced
composites and moreover contribute to the general understanding of the mechanics of hydrogen
bonded interfaces.

As recent microscopy images suggested, the direct contact of cellulose fibers may exist and act an
important role in cell wall mechanics (Park and Cosgrove 2012a). This chapter provides the
missing piece of information on such structure. In the next chapter, a similar yet more common
interface in terms of what is present in the S2 cell wall layer, namely the cellulose crystal-
hemicellulose matrix interface, is discussed using similar pulling techniques. The two chapters
together form a full picture of the behavior of interfaces in wood cell wall.
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Chapter 6 Mechanics of the Fiber-Matrix Interface in Wood Cell Wall

Following the discussion of the fiber-fiber interface in the previous chapter, this chapter
investigates the mechanical behavior of a prevailing fiber-matrix interface in wood cell wall, i.e.
the cellulose crystal-galactoglucomannan interface. Galactoglucomannan (GGM) is known to be
the hemicellulose most in adjacency with crystalline cellulose (CC). The anisotropic swelling
behavior of the composite is studied. Molecular simulations of the prototypical fiber-matrix system
reveal the interface mechanics over the full hydration range, filling gaps in experimental studies.
The existence of an interphase, the region between ‘bulk’ matrix and fiber where shear stress
transfer occurs, is described and its thickness, composition and structure are analyzed. It is
important to note that because of the exceptional mechanical performance of cellulose crystal,
numerous studies employ this natural fiber in composites. This study provides new insights in
understanding the interface mechanics between CC-GGM and beyond in the interaction fiber-
matrix in wood S2 cell wall layer.

6.1 Introduction

Cellulose fiber extracted from plant biomass is attracting tremendous attention as an
environmental-friendly replacement of synthetic fibers. The mechanics of the fiber-matrix interface,
the contact region of fiber and matrix, determines to a large extent the overall performance of a
composite material. In addition to its nanoscale dimension and its high strength, cellulose fiber
presents the particularity of hosting a quite abundant amount of hydroxyl groups on its surface,
which from one side offers a strong interaction between matrix and reinforcement, but form the
other side renders the interface susceptible to moisture. There is a strong need of better grasp of
the behavior of the cellulose fiber-matrix interface in composites, especially with respect to the full
hydration range. In addition to the interface, the matrix adjacent to the fiber, a region acknowledged
as interphase, also plays an important role in composite mechanics. Within the interphase, the stress
transfers from the load-bearing fibers to the bulk matrix. A stiff interphase may enhance the overall
stiffness yet reduces the toughness, and vice versa (Piggott 1989). Such transition region usually
spans from nanometers to even micrometers.

Molecular interactions at the interface and within the interphase highly affects the effectiveness of
stress transfer and therefore the final performance of the composite. Researchers actively seek
remedies for improving the adhesion and have developed many strategies, including surface
modification, coating and addition of nanoparticles (Reale Batista and Drzal 2018). Recent
development of nanoindentation tests using atomic force microscope (AFM) refines the interphase
study down to tens of nanometers (Lee et al. 2007; Pakzad et al. 2012). The studies on the interface
and interphase region actually consist in only 30 % and 2 %, respectively, of the studies on
composites (Teklal et al. 2018). The structure and the mechanical role of the interphase region
remain to be elucidated. Given the hydrophilicity of the components, the role of moisture on the
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composites should also be ascertained. Since molecular level details are still missing,
computational studies at molecular scale are warranted to fill the gap.

This chapter examines the mechanical behavior of the prevailing fiber-matrix interface in the
softwood cell wall, i.e. the CC-GGM interface with the objectives to elucidate the role of water
and interphase in its interface mechanics, the interplay between hydrogen bonding and material
stiffness, providing critical insights for the promising natural fiber composites. A two-component
system is constructed, consisting of cellulose crystals and hemicellulose matrix, which can be
considered as a surrogate modelling the main working mechanism in S2 wood cell wall layer, i.e.
the mechanics of fiber-matrix interface. The structure of the composite at different moisture content,
thus under swelling, is studied. The occurrence of the interphase region is probed using density
profiles. Finally, the interface is characterized using pulling tests, where the matrix has either a
restrained or unrestrained mobility.

6.2 Materials and methods

In this section, the preparation method of the atomistic model of the composite system is introduced,
followed by the description of the tests of swelling and pulling and finally the measurement
methods for determining material properties are given.

6.2.1 Preparation of the composite system

To study the mechanical behavior of fiber-matrix interface in wood cell wall, a prototypical model
of cell wall made of two types of materials, one stiff cellulose fiber and a compliant hemicellulose
matrix, is constructed. The schematic of the system is shown in Figure 6-1a. As the theme of the
thesis is the analysis of the hygromechanical behavior of the S2 cell wall layer, the system retains
the essence of the matrix-fiber as seen in wood, schematically shown in Figure 6-1b, where GGM
is right next to CC while the other components, such as xylan and lignin surround the GGM. Quartz
crystal microbalance and Fourier transform IR spectroscopy results supported the adjacency of
GGM to CC (Salmén and Fahlén 2006). Therefore, this study takes GGM as the matrix material.
In the next chapter, the S2 layer represented by CC and matrix consisting of GGM, xylan and lignin,
will be analyzed.

_ GGM, xylan,
” lignins

a) b)

Figure 6-1 a) Schematic of fiber-matrix composite system. b) Schematic of S2 layer.
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To model the composite, the amorphous and the crystalline phases are built separately. Then a
hollow is made in the amorphous phase to receive the crystal. The MD approach, the building of
each phase and the assembly of the composite are presented.

6.2.1.1 General MD parameters

GROMACS 5.0 package (Abraham et al. 2015) and GROMOS 53a6 force field (Oostenbrink et al.
2004) are used for the MD simulations. The integration time step of the equations of motion is 1 fs
unless otherwise stated. For NVT simulations, the temperature is controlled by the Nose-Hoover
thermostat. For NPT simulations, the pressure is controlled by the Parrinello-Rahman barostat. The
Coulomb and Van der Waals interactions have cut-off radii of 1.0 nm and the particle-mesh Ewald
summation is used to account for long-range Coulomb interactions.

6.2.1.2 Crystalline cellulose and galactoglucomannan

The chemical structure of cellulose chain is shown in Figure 6-2a. A cellulose crystal with 36
chains forming a hexagonal cross-section (Ding et al. 2014) is generated by the cellulose builder
toolkit (Gomes and Skaf 2012) based on the crystallographic information from Nishiyama et al.
(2002). The structure is then energy minimized using a conjugate-gradient algorithm. Equilibration
is carried out in canonical ensemble (fixed volume at 300 K). The length of the cellulose is 10
monomers. The two ends of each cellulose chain are bonded using cross periodic boundary
covalent bonds to achieve an infinitely long cellulose chain. The density of the CC model is 1.5 g
cm. To avoid the equilibrated cellulose crystal from disintegrating, pairwise harmonic restraints
are applied to the carbon atoms to preserve the relative positions of atoms, in both tests swelling

and shearing.
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Figure 6-2 Chemical structures of a) cellulose and b) galactoglucomannan.

The initial structure of a single GGM chain is built in Material Studio 8.0. The GGM chain is
formed by randomly polymerizing glucose and mannose monomers (ratio 1:4), and additionally,
galactose side groups are branched on mannose units (~ 8 wt %) (Xu et al. 2010), as shown in
Figure 6-2b. The length of the GGM chain is 100 monomers. Initially, 36 chains are inserted into
the periodic box with random locations and orientations. The system is subjected to NPT relaxation
(0 bar, 700 K) for 1 ns followed by another NPT relaxation (0 bar, 300 K) for 10 ns. The relaxed
system displays a size of 15.6*11.1*4.8 nm? and a density of 1.2 g cm™. It is noted that this is a
large simulation system with ~54 k atoms. This significant size of the matrix is necessary to include
the full interphase region.
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The next section is assembling process of the two built systems. Alternatively, the GGM could
have been built around the CC (as done in chapter 8), but this was not retained. Here 36 chains of
DP 100 GGM are involved making insertion inefficient.

6.2.1.3 Embedding crystalline cellulose fiber in galactoglucomannan matrix

The length of CC (5.3 nm) is slightly longer than 4.8 nm, one of the lateral sizes of the GGM
system. To match the two dimensions, in a first step, GGM is subjected to a slight uniaxial tension
strain to match the length of the CC. After such straining, it is important to release the residual
stress by applying a 10 ns NVT relaxation at high temperature and a 5 ns NPT relaxation at room
temperature (0 bar on the transverse directions only, 300 K). Another 1 ns of NPT relaxation (0 bar
and 300 K) guarantees that the three principal directions of the system are all relaxed to a zero
pressure.

The next step is to embed the CC fiber within the GGM matrix. There are two techniques of
embedding, both presenting some drawbacks. One manner is akin to wedging, i.e. by applying a
force at the location that will push the polymer chains away, thus making a void throughout the
GGM bulk material. This method introduces, unfortunately, unphysically high residual stresses as
some chemical bonds of the displaced polymer are highly stretched. Another method is to directly
remove the chains within the volume where the fiber is to be inserted, which does not introduce
residual stresses but creates unnecessary porosity. In this study, the two methods are combined.
First, the geometrical centerline of the GGM material along z-axis is chosen as the future axial
position of the CC. Strong forces are applied along the radial direction perpendicular to the selected
center axis. In this way, a hole of 6 nm in diameter is created. The chains being pushed away are
unphysically stretched. Second, a steepest descent energy minimization is applied to release the
stress of the unphysically stretched chains, which will cause the hole to shrink. Third, the matrix
polymer chains that would overlap with future CC are removed manually. In total 6 chains of GGM
are removed, and the CC is then placed into the hole, with its center axis overlapping the center
line of the GGM material. Fourth, a NPT relaxation (0 bar, 300 K) of 6 ps with an integration time
step of 0.01 fs is applied. The integration timestep is intentionally set to a minimal value to facilitate
the convergence of the system. Fifth, a compression at high-temperature NPT simulation (1000 bar
on the transverse direction, 800 K) is applied while keeping the CC atoms at the fixed location to
heal the porosity created by removing chains and to help the matrix to form better contact with the
newly inserted CC. Finally, another 5 ns of NPT relaxation (0 bar, 300 K) is applied, resulting in a
CC fiber embedded in the GGM matrix with stress-free boundaries with a dimension of
14.1*10.1*5.3 nm?®. The overall density is 1.3 g cm3, a value larger than the density of GGM (1.2
g cm3) and lower than the density of CC (1.5 g cm™). A snapshot of the system is shown in Figure
6-3, where CC and GCM are shown with balls and lines, respectively. Carbon, oxygen, and
hydrogen atoms are colored in cyan, red and white, respectively.
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Figure 6-3 Computational system of crystalline cellulose fiber embedded in galactoglucomannan
matrix.

6.2.2 Hydration

Moisture is introduced via a random insertion scheme, where SPC water molecules are inserted
one after another in randomly chosen locations that do not overlap with existing atoms. After the
successful insertion of a water molecule, a conjugated gradient energy minimization is applied,
followed by an NPT relaxation (0 bar, 300 K) of 10 ps. The moisture content is defined as the ratio
of the mass of water to the mass of GGM:

mass of water

= 6-1
_ ~ mass of GGM ] ] ( )_
It should be noted that, usually in wood science, the moisture content is defined as the ratio of the

mass of water to the mass of dry material. The denominator would then be here the total mass of
GGM and CC. However, since CC does not adsorb water, it is found convenient to consider
moisture content in reference to the mass of GGM only, which facilitates the comparison with the
hygromechanical properties of GGM. Rigorously, sorption should be characterized by sorption
isotherm relating relative humidity or chemical potential to the moisture content. Here these are
omitted due to the large uncertainty of chemical potential measurement.

6.2.3 Pulling test

To study the CC-GGM interface mechanics, pulling tests are carried out recording shear stress-
displacement curves. The pulling test here is distinct from the pull-out test used in other studies
such as (Zarges et al. 2018), because the system has periodic boundary conditions, therefore the
fiber atoms that are being pulled out of one boundary actually reenter the system at the opposite
boundary.

All atoms of CC are attached to a virtual spring with a spring constant keun. At the other end of the
spring, a virtual atom moves at a constant velocity vpun (Figure 6-3). The combination of Kpun = 83
Jm?2and vour = 1 m s is chosen so that these settings yield a series of clearly defined stick-slip
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events in the shear stress - displacement curve. The displacement of the center of the mass of CC
is denoted as d.

Pulling tests are carried out along the two opposite directions and the average of the results of the
two cases are presented below to eliminate the influence of pulling direction.

As noted above, the pulling tests are performed for two cases of matrix deformation. In the
restrained case, the matrix atoms are linked by a harmonic potential to their initial location. In the
other case the matrix atoms are free to move, the unrestrained case. It should be noted that the
unrestrained case is more realistic because it allows the matrix to relax as the shearing proceeds.
The restrained case where matrix atoms are restrained is only presented for theoretical discussion.
The difference between restrained and unrestrained case shows the impact of matrix relaxation.

6.2.4 Measurements

As the focus of this system is the behavior of the interface between fiber and matrix and of the
interphase, i.e. the matrix in the area adjacent to the fiber, the following are documented: swelling
strain, spatial density of matrix material, polymeric chain orientation, stick-slip dynamics during
pulling test, and occurrences of hydrogen bond, as described next.

6.2.4.1 Swelling strain
The uniaxial swelling strain is defined as follows:

ex(m) = % (6-2)
where X (m) is the size of the system at moisture content m, and X(0) is the size of the system in
dry condition (i.e. Lagrangian approach). The uniaxial swelling strains of three orthogonal
directions (ex, where X = X, y, z) are measured. In this study, the system is transversely isotropic
with the x and y axes being the transverse direction (T) and the z-axis being the longitudinal

direction (L). Therefore two uniaxial swelling coefficients will be determined, i.e. ¢, = ¢, and
er = (&x t &) /2.

6.2.4.2 Number density of atoms
The number density of atoms (py) is defined as the number of atoms divided by the volume the
atoms occupied. It will be determined as a function of distance to the CC surface (dcc). The interface

enrichment Apy, is defined as the difference between maximum value of py®* and the number
density far away from the CC surface p3t, i.e.

Apy = py™> — pi?t (6-3)
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6.2.4.3 Herman's orientation function
Herman's orientation function (HOF) characterizes the extent of orientation of the polymer chain
with respect to the axis of interest, which corresponds to the nematic order parameter (Hermans
and Platzek 1939). It is defined as:
3(cos?0) — 1

HOF = % (6-4)
where 8 is the angle between the axis of interest and the direction of a polymer monomer and the
angular bracket denotes the entity average over all monomers in the system. The direction of
polymer monomer, here mannose and glucose, is defined as the vector formed by the C1 and C1'
atom, i.e. the C1 atom of the next monomer.

6.2.4.4 Displacement, velocity and shear stress during pulling

The displacement (d) is defined as the distance traveled by the center of mass of CC from its initial
position. The average velocity of the atoms (v), including both CC and GGM atoms, is defined as
the average displacement of the atoms divided by the time span. The shear stress (z) at the interface
is defined as the traction force applied to the CC fiber divided by the surface area of CC, ~ 88 nm?
for the hexagonal 10 monomer long-36 chain cellulose crystal, as previously done in (Pitkethly and
Doble 1990). The local maxima, local minima and drop values of shear stress are extracted.

6.2.4.5 Areal density of interfacial hydrogen bonding
The number of hydrogen bonds (#HB) formed between CC and GGM is extracted during the
simulation trajectory. The establishment of hydrogen bonds is based on geometric criteria:

r<035mmand a < 30° (6-5)
where r is the distance between the donor oxygen atom and the acceptor oxygen atom, and a. is the

angle of acceptor oxygen atom — donor oxygen atom — donor hydrogen atom. The interoxygen
distance criterion of 0.35 nm refers to the first minimum of the radial distribution function of SPC
water (Soper and Phillips 1986; Luzar and Chandler 1993). The angle of 30 is approximately the
angle of vibrations that break HBs (Teixeira and Bellissent-Funel 1990).

The areal density of interfacial hydrogen bond, #HB A, is defined as the number of hydrogen
bonds between CC and GGM normalized by the contact area of CC and GGM. The local maxima,
local minima and drop values of interfacial hydrogen bonding are extracted, following similar
procedure as for shear stress.

6.3 Results

6.3.1 Swelling of the composite and the constraining effect of fiber

Swelling co-occurs with water adsorption, as is commonly observed in wood polymers. The
composite is assumed to be transversely isotropic. Given the cross-sectional hexagonal
configuration of CC, this assumption is a simplification, but acceptable because the difference in

elastic properties between the radial and tangential direction (the transverse directions) is minute
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when comparing to the difference between longitudinal and transverse directions. The uniaxial
swelling strains in transverse and longitudinal directions are shown in Figure 6-4a. The longitudinal
swelling remains almost around zero (red hollow circles), in accordance with experimental results
of the wood cell wall (Derome et al. 2012), which is attributed to the high stiffness of the cellulose
fiber and that moisture does not enter CC and therefore CC is free of swelling.
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Figure 6-4 Uniaxial swelling strain of composite in longitudinal and transverse directions and of
pure GGM.

The transverse direction (red dots) shows a more complex behavior. At low moisture content (m <
0.04), the adsorption of water molecules induces a slight shrinkage. In comparison, the swelling
strain for pure GGM material (gray dots in Figure 6-4, details of the measurement are described in
Chapter 8) does not manifest shrinkage at the same moisture content. This difference may be
explained by the fact that in the composite the water molecules are first adsorbed in the existing
porosity at the interface, resulting in an additional attraction between CC and GGM and thus
shrinkage. The result of the attraction induced by water adsorption is also indicated by a small
increment in number density of matrix atoms at low moisture content, m < 0.1 range as seen in
Figure 6-5b, as discussed below. For m > 0.04, the system starts to swell with a swelling coefficient
higher than that of the pure GGM. The limited longitudinal swelling is compensated by the
enhanced transverse swelling.

6.3.2 Composition and configuration of the interphase

6.3.2.1 Enrichment of matrix and water atoms at the fiber-matrix interphase

As introduced in the method section, the water molecules are introduced to the system which is

then relaxed to mimic the water adsorption process. After relaxation, the distribution of water

molecules is determined, i.e. number density (py) as a function of the distance to the CC surface
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(dec). As shown in Figure 6-5, both the number density for matrix (solid line) and water (dashed
line) starts from zero at zero distance, meaning that no penetration of water or matrix into CC fiber
happens, in line with experimental reports (Frey-Wyssling 1954; Belbekhouche et al. 2011). The
number density of matrix and water atoms quickly increases to a maximum value at the interphase
and then reaches a plateau value at an approximate distance dcc > 1.5 nm. This means that the CC
surface casts an influence over the distribution of matrix and water atoms, where the density of the
matrix increases fast when moving from the interface to the matrix. At some distance from the
interface a densification or enrichment of the matrix is seen, although the influence rapidly decades
afterwards.

It should be noted that the maximal density of water molecules is slightly closer to CC than the
maximal density of matrix atoms (Figure 6-5a), meaning that there is a porosity within the
interphase accessible to water molecules. With increasing moisture content, the number density of
matrix, both at interface and in bulk, decreases (Figure 6-5b), while the number density of water
increases, meaning that the matrix is swelling and the extra porosity is filled with water molecules.
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Figure 6-5 a) Number density (p,) of matrix and water atoms as functions of the distance to CC
surface (dcc). b) Interface enrichment (Ap, ) of matrix and water atoms.

The enrichment of matrix and water atoms at the interface can be quantified by a metric, the number
density enrichment Ap,, at the interface which is the difference between maximum value of pg%*
and the number density far away from the CC surface p3** , and is shown in shaded areas in Figure
6-5b. For the matrix, the interface enrichment of matrix slightly decreases with moisture content,
while the interface enrichment of water increases strongly with moisture content. This means that,
with increasing average moisture content, more and more water will relatively be located at the
interface, and thus water has a stronger tendency to bind with the CC surface. The thickness of the
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enrichment zone, indicated by the width of the first peak, of matrix is larger than that of the water.
This is probably due to the larger molecular size of polymer. While water consists of three atoms
that is free to adapt to the influence of CC, polymers consist of much larger size and therefore
convey the influence of CC to a longer range.

6.3.2.2 Orientation of GGM chains at the interface

To characterize the orientation of GGM monomers, Herman's orientation function is used. The
HOF values with respect to the three principal axes at two moisture content levels, m = 0 and 0.3,
are shown in Figure 6-6. The x and y directions refer to the transverse directions, and z the
longitudinal direction. The distance to CC surface, dcc, is defined as the distance between the center
of mass of a monomer to the nearest CC atom. It is noted that the HOF values of 1, 0 and -0.5
denotes perfect alignment, random oriented and perpendicular, respectively. For the monomers
closer to the CC surface, the HOF values are relatively far from zero, indicating the formation of
oriented and aligned structures. More specifically, the monomers are more aligned along
longitudinal direction then with the perpendicular to transverse directions. This is in agreement
with various experimental and modeling studies, where the hemicellulose was suggested to form
ordered structures aligned to the axial direction of fiber (Akerholm and Salmén 2001; Stevanic and
Salmén 2009), due to the influence of the regular crystal structure of cellulose fiber. In contrast,
further from the surface, more exactly at dcc > 1 nm, the HOF values remain close to zero,
indicating the random orientation of monomers in the bulk matrix. It is noted that the monomers
of the dry case are more aligned than those of the wet case, as the HOF values of the dry case are
farther from zero. In effect, moisture weakens the matrix making the chains more flexible and also
because moisture also partially screens the interaction between CC and GGM, mitigating the
influence cast by CC.
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Figure 6-6 Herman's orientation function values of GGM monomers as a function of distance to
CC surface.

6.3.3 Interface friction mechanics revealed by pulling tests

6.3.3.1 Thickness of the interphase region

Pulling tests are employed to investigate the interface mechanics under a series of moisture content
levels. The normal stress applied to CC fiber is transferred via shear stresses to the matrix. The
region affected by fiber movement is referred to as the interphase and the thickness of this region
is called the thickness of the interphase. To quantify the thickness, the velocity distribution of the
matrix and water is shown below during pulling. Both the unrestrained (Figure 6-7a and b) and
restrained cases are included (Figure 6-7c and d).

For the unrestrained case, the velocity distribution of the composite system (averaged over the first
5 ns) is shown in Figure 6-7a. The magnitude of velocity is denoted in descending order by purple-
red-white-green, as displayed by the scale bar. Left and right columns correspond to the matrix
atoms and water molecules, respectively. Top and bottom rows are the systems at m ~0.03 and 0.3,
respectively. The isosurface of 3 nm distance to the CC surface is indicated by the black line. The
swelling of the system can be observed through the comparison of the systems at m ~ 0.03 and 0.3
in Figure 6-7a.
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Figure 6-7 a) Velocity distribution in the composite system: CC, unrestrained matrix and water at
m = 0.03 (top) and m = 0.3 (bottom). b) Velocity of unrestrained matrix and water atoms as
functions of the distance to CC surface under two different moisture contents. c) Velocity
distribution in the composite system of the matrix restrained case. d) Velocity of restrained matrix
and water atoms.

The velocity distribution is averaged to a one-dimensional curve, i.e. average velocity as a function
of the distance to the CC surface (Figure 6-7b). The matrix and water atoms adjacent to the CC
move at velocities less than 0.3 m s, which is slower than the CC fiber (1 m s%). The velocity of
matrix and water decays fast with distance to the CC. Water moves faster than the matrix, because
matrix atoms are restrained by the covalently bonded polymer chains and chain entanglements. For
m ~ 0.03, the influence of fiber movement is confined within ~ 1 nm distance. However, for m ~
0.3, as the matrix is weakened by moisture and becomes more compliant, the influence reaches
further, i.e. ~ 2 nm. To achieve proper simulation of the interfacial mechanics, the size of the system
should be larger than the length scale of the interphase, as is the case in this study.
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For the restrained case, the matrix atoms are prevented from moving (solid curves in Figure 6-7d
have zero velocity value), while the water molecules can move through the restrained polymer
phase. The motion of CC results in a movement of water molecules connected to it. The influence
however quickly decays. Velocity of water molecule more than 1 nm away from the cellulose
crystal surface is almost zero. In comparison, the restrained case shows a thinner influencing zone
than the thick interphase in the unrestrained case.

6.3.3.2 Interface frictional stick-slip and stress

To measure the frictional behavior at the interface, the fibers are subjected to pulling along the
axial direction, and the shear stress t between fiber and matrix at the interface is recorded as a
function of displacement d as shown in Figure 6-8. The motions of the crystal show stick-slip
pattern, where, in the stick phase, the stress accumulates with little increment of displacement and,
in the slip phase, the stress is released with a leap in displacement. The friction at the interface thus
switches between static and kinetic.

Once again, two cases are considered, one with matrix atoms free to move (Figure 6-8a) and one
with matrix atoms restrained (Figure 6-8b). The matrix restrained case corresponds to ‘pure’
interface mechanics, while the matrix unrestrained case allows for the deformation of the matrix.
Comparing with the unrestrained case (Figure 6-8a), the stick-slip pattern in the restrained case
(Figure 6-8b) is more regular, where the periodicity corresponds to the length of the repeating unit
of cellulose chain ~ 1.06 nm.

a) 0.15

d (nm)

Figure 6-8 Shear stress as a function of displacement for the a) unrestrained case and b) restrained
case. Black and blue curves correspond to moisture content m ~ 0 and 0.3, respectively. Gray shade
denotes the first cycle.

In Figure 6-8, the local maxima 7, (down arrow) and local minima 7, (up arrow) are
annotated. The drop value in shear stress is defined as the difference between maximum and
minimum shear stress value:
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Tdrop (M) = Tmax(M) — Tyin(M) (6-6)
The maximum shear stress (Figure 6-9a and b), the minimum shear stress (Figure 6-9c) and their
difference (Figure 6-9d), the drop value, are extracted. It should be noted that the peaks in the first
cycle are not collected since this first cycle, marked by gray shade, is still influenced by the initial
conditions. One dot is averaged over 1~4 stick-slip events. The restrained case corresponds to the
pink dots in Figure 6-9 and the unrestrained ones in blue. The maximum shear stress that the
interface can sustain is ~ 0.1 GPa in the unrestrained case and ~ 0.4 GPa in the restrained one.
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Figure 6-9 a) Maximum shear stress. b) Zoom in on the maximum shear stress for the unrestrained
case. ¢) Minimum shear stress. d) Drop value of shear stress, i.e. the difference between maximum
(Tmax) @nd minimum shear stress (Tyin)-

The restrained cases show much higher friction (~ 4 times) than the unrestrained cases for all
moisture contents. The major difference between the two cases is that the restrained matrix
possesses much higher matrix stiffness than the unrestrained. The difference in maximum shear
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stress between the two cases indicates the influential role played by deformation in the interphase
region. When the matrix is more deformable, slip occurs at lower shear stress. The maximum shear
stress and drop values decrease with increasing moisture content for both restrained and
unrestrained cases. This decrease can be explained by the weakening effect by moisture on the
interface behavior.

Hydrogen bonds between CC and GGM are expected to play an important role in the stick-slip
behavior as well as in the determining mechanics of biopolymer systems. Similar to shear stress,
here the areal density of hydrogen bond is determined as a function of displacement with local
maxima, local minima and drop values extracted. The maximum shear stress is found to strongly
correlate with the areal density of hydrogen bonds between CC and GGM (Pearson correlation
coefficient r > 0.99) for both unrestrained at high moisture range (Figure 6-10a) and restrained
cases over the full moisture range (Figure 6-10b). With increasing moisture content, the areal
density of hydrogen bonds decreases for both restrained and unrestrained cases. As mentioned
above, the restrained case represents friction limited to the interface since the matrix is not
deforming. The strong correlation enables estimation of single hydrogen bond force, which is
defined as the slope of the dashed line in Figure 6-10Db, i.e. fus ~ 1.4 E1® N. When the interphase
is deformable, the single hydrogen bond force is of much lower value, i.e. fug ~ 6.7 E* N, implying
the importance of matrix stiffness on maximum shear stress and effective hydrogen bond force.
The unrestrained case shows a transition at m ~ 0.13. With increasing number of hydrogen bonds,
I.e. decrease in moisture content, the maximal shear stress increases until a limit is reached. Further
increase of the number of hydrogen bonds does not strengthen the interface anymore, and the one-
to-one relation between HB and maximal shear stress vanishes. The deformation of the interphase
cancels out the HB contribution to increase the maximum shear stress.
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Figure 6-10 Correlation between maximum shear stress and the peak value of areal density of
interfacial hydrogen bond: a) unrestrained case; b) restrained case. The gradient in blue color from
dark blue to light blue denotes the increase in moisture content fromm =0tom =0.3.

6.4 Discussion

The interfacial structure has a profound impact on the composite (Schlaich et al. 2016). Mean-field
theory was used to establish an interpretation of the surface enrichment within a hundred nanometer,
where the theoretical prediction of the distribution profile was shown to be consistent with
experiments (Jones et al. 1989). The enrichment was asserted to be surface energy-driven and thus
can be seen as an indication of good compatibility between fiber and matrix. The CC-GGM
interaction will be further discussed in Chapter 8. The thickness of the interphase can be measured
by nanoindentation tests of atomic force microscope, and is found to be linearly related to the
diameter of the crystalline fiber (Pakzad et al. 2012). Cellulose nanocrystal of diameter ~ 4 nm
corresponds to the thickness of interphase of less than 5 nm, which is in agreement with the current
study.

The CC surface is highly charged because of the abundant hydroxyl groups, and therefore atoms
with counter charges will be attracted towards the surface and consequently form the surface
enrichment. The thin layer of attracted counter-charges is widely acknowledged in colloidal science,
termed as electric double layer (Bockris et al. 1963). The attraction is so strong that the surface-
confined atoms travel together with the CC surface, which is indicated by the velocity profile
Figure 6-7, where velocity of matrix (in case of unrestrained) and water is much higher close to the
CC surface. As a result of the rich polar hydroxyl group of CC surface, though both matrix and
water atoms enrich at the interface, the water prevails with increasing moisture content. It can be
expected that, for other matrix materials more hydrophobic than GGM, e.g. polyolefin
thermoplastics (John and Anandjiwala 2008), the interfacial enrichment of water at the CC surface
will be more prominent. In natural composite materials featuring simultaneous high stiffness and
toughness, the reinforcement and matrix take tension and shear load, respectively (Ji and Gao 2004).
The load is transferred via the interface making the interface properties a critical parameter
determining the overall mechanical performance of the composite. The surface enrichment of water
should be reduced to improve the interface performance. One remedy is acetylation to make the
CC surface less hydrophilic.

Since each hydrogen bond provides a certain amount of force, it is optimal to enhance the specific
surface area, the ratio of surface area to the total mass, to achieve better mechanical performance
for the same content of reinforcement. Natural reinforcements, such as mineral platelets in bones,
nacre and tooth, as well as cellulose crystal in wood, are all of nanosize, a size maximizing the
specific surface area.
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6.5 Conclusion

This chapter characterizes the mechanics of the most common interface in wood cell wall
composite, i.e. the interface of CC fiber to hemicellulose GGM matrix. A two-component
composite atomistic model is built under full hydration range. Anisotropic swelling is identified,
while the composite is much constrained along the axial direction of CC fiber and shows small
swelling. Along the transverse directions, the composite first shrinks, as water fills the initial
porosity exerting net attraction, and then swells. Surface enrichment of matrix and water are
observed, and as the moisture content increases, water prevails against matrix indicating the
stronger affinity of water to CC. Results of Herman's orientation functions reveal the ordered
structure of GGM matrix in vicinity of the interface, where GGM monomers are more aligned to
the axial direction of cellulose fiber, leading to the formation of an interphase with certain thickness.
Such alignment is mitigated by moisture.

Pulling tests are carried out to characterize the shear strength of the interface. Stick-slip motions
are found, similar to the CC-CC interfaces in the previous chapter. Moisture is shown to strongly
influence the interface mechanic by interrupting the interfacial hydrogen bonding. The deformable
matrix displays lower shear strength comparing with non-deformable matrix. The correlation
between the number of hydrogen bonds and the interfacial friction suggests the force rendered by
a single HB to be 1.4 E1° N, a value very close to what was found in the previous chapter. The
restrained case, a hypothetical case with the matrix being restrained represents the case where the
interface mechanics is not influenced by the deformation of the matrix. On the contrary, the
unrestrained case, the matrix being deformable, represents the combined behavior of interface and
interphase deformation. The restrained case shows regular stick-slip pattern with high peak stresses,
whereas the regularity and peak stresses both degrades for unrestrained case. The peak stresses are
lowered by the weakening effect at higher moisture contents.

Combining this and the previous chapters, two of the most important interfaces of wood cell wall
S2 layer are characterized under full hydration range. The results provide vital information for the
understanding of wood hygromechanics, and meanwhile contribute to the utilization of extremely
promising natural fiber, cellulose crystal, reinforced material. Both CC-CC and CC-GGM interface
shows moisture-dependency, i.e. water adsorption weakens the interface and lowers the shear
strength for several times. Such behavior will be upscaled into a finite element model and related
to the moisture-induced shape memory effect in the next chapter.
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Chapter 7 Towards Unraveling the Moisture-Induced Shape Memory Effect
of Wood: The Role of Interface Mechanics

This chapter investigates the mechanism of moisture-induced shape memory of wood, a
phenomenon that fascinated wood scientists for ages and yet not completely understood. Using
finite element modeling, a possible mechanism is explored for the moisture-induced shape memory
of wood cell wall stemming from the interface mechanics, a factor that has been much overlooked.
The interface mechanics extracted from molecular simulations in Chapters 5 and 6 are implemented
into different mechanical models solved by finite elements, representative of three configurations
present in the cell wall. These models incorporate moisture-dependent elastic moduli of matrix and
of the interface matrix and fiber. One configuration, named mechanical hotspot with fiber-fiber
interface, is found to particularly strengthen the shape memory effect. Systematic parametric
studies reveal that the interface mechanics could well be at the origin of shape memory: upon
drying an interface, it becomes strong and stiff, and the deformation of the composite can be fixed,
whereas, when the interface is wet and weak, the frozen deformation cannot be sustained and
recovery happens. This work hints at the interface behaving as a molecular switch.

7.1 Introduction

The previous chapters have investigated several important hygromechanical behaviors of wood-
based polymers, such as crossover, swelling and weakening. The interfaces present in wood have
also been discussed. This chapter deals with another important, yet unexplained phenomenon
observed in wood, i.e. shape memory effect (SME). Finite element models are built with the
constitutive relations upscaled from the atomistic investigations of the previous sections.

Shape memory effect, also referred to as hygrolock-springback (Saifouni et al. 2016; Hajihassani
et al. 2018) or set-recovery (Laine et al. 2016), is one of the most intriguing mechanical effects.
Wood keeps its deformed shape when being dried under maintained deformation even after the
removal of the mechanical loading, called fixation, and it recovers the original shape after being
wetted again, called here recovery. Wood fixation is frequently sought, for example, the shape
stability of bent wood used in curved furniture. On the other hand, the tendency to recovery may
pose difficulties, for example, in the case of densified wood that may recover some volume upon
water adsorption and be weakened (Navi and Pizzi 2015). A better understanding of the
mechanisms of SME can be helpful in inspiring the design and fabrication of nature-inspired smart
materials, e.g. cell-bundle torsional actuator with memory (Plaza et al. 2013), and in improving the
stability of deformed wood (Navi and Pizzi 2015).

It should be noted that SME tends to be confused with shape change effect (SCE). The shape
change effect is a common phenomenon of almost all materials. Materials deform as a response to
environmental stimuli, such as heat, mechanical loading, magnetic field, light, moisture etc., and
the materials change back to its original shape with the removal of the incentives. A typical example
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is the hygroscopic swelling of wood, where it expands due to the adsorption of water and shrinks
with desorption. This reversible swelling and shrinking feature of plant cell walls is at the
foundation of natural actuation, which facilitates the control of critical processes in life cycles, such
as the releasing of seeds from pine cones with humidity changes (Dawson et al. 1997) or the self-
planting of wheat seeds (Elbaum et al. 2008). In contrast to SCE, SME implies that the deformation
of materials is maintained even after removal of the environmental stimuli, and the original shape
is only recovered when certain conditions are satisfied. The SME is similar to SCE in the sense
that the materials finally recover their original shapes, whereas the maintenance of the deformation
at an intermediate state is the characteristic of SME.

Though the SME of wood has been discussed in humerous reports, many observations remain
unexplained. The SME can be observed at different scales under different conditions. On timber
level, the SME was attributed to the multi-scale hierarchical structure of wood tissue (Ugolev 2014).
However, more and more evidences are implying that it is highly possible that the SME of wood
originates from cell wall material. For example, Plaza et al. (2013) observed a memory effect in
nano-indentation, where the indented dry middle lamella fully recovers after being wetted with a
drop of water. In another example, Derome et al (2012) observed half-cell moisture-induced shape
recovery after a cell was mechanically deformed. The SME can be triggered by various stimuli,
such as temperature (Ugolev 2014), moisture (Ugolev 2014) and temperature-moisture combined
(Navi and Heger 2004; Jakes et al. 2014). In terms of loading conditions, there are stress memory
and strain memory (Ugolev 2014). It is noted that high temperature may induce a series of chemical
reactions, e.g. pyrolysis, which is out of the scope of this study. Instead, this study focuses on the
moisture-induced SME.

Since the late 18" century, European wood engineers actively seek to eliminate the SME to improve
the dimensional stability of densified wood (Inoue et al. 1993). The vast majority of available
literature covers either the practical solution of reduction of springback of densified wood or the
phenomenological description of the macroscopic behavior of wood specimen, leaving the
microscopic mechanism of moisture-induced SME of wood barely elucidated. For example,
Colmars et al. developed a one-dimensional discrete formulation of the hygrolock model that can
describe the mechanical behavior with humidity cycles (Colmars et al. 2014). The general
mechanism for shape memory behavior of polymers (composites) is relatively clear, where several
micro-mechanisms are essential for a material to show SME. These mechanisms are: 1. storage of
potential energy for later recovery; 2. a molecular switch that kinetically locks the system at
deformed state. To this day, for wood, only speculations or hypotheses address these mechanisms.
A major difficulty lies in the fact that it is experimentally challenging to gather information about
molecular interactions at nanometer scale for such sophisticated composite structure, from where
the SME likely originates. A numerical study is warranted to complete experimental investigation
by considering the system nanoscale features that could be involved in SME.
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The modeling of wood cell wall material can be overwhelmingly complicated because of the multi-
component, heterogenous and hierarchical structure, in addition to the rate-dependent response to
mechanical loading and the coupled deformation-sorption behavior. The shape memory behavior
of wood involves multiple mechanical and sorption loading/unloading steps. The possible cause of
the complex behavior can be multiple. Initially, the swelling induced deformation and the
alternation of hydrogen bonded state was suspected to be at the origin. When dried at the deformed
state, the reformation of hydrogen bonds makes the material stiff and maintains the deformation.
When wetted again, the structure swells possibly driving the shape to recover. One critical missing
point is the memory. While the shape changes as a response to wetting, how should the structure
know which direction to go? The information of the initial shape is stored somewhere that is not
revealed. Glass transition was suspected to play a role in switching the structure between rigid and
flexible states, unfortunately also not hinting at any possible explanation of the information of
initial shape. The mechano-sorptive effect, i.e. the coupling between deformation and sorption, was
the next subject of discussion. But the deformation induced by mechanical loading is rather elastic,
meaning that with the removal of loading, the shape will immediately recover without observable
fixation. These considerations lead to the rough conclusion that the matrix alone could not explain
the full story of SME. The cellulose fibers then come in sight. Recent observations of plant cell
wall suggest that the fiber come into contacts with each other at certain positions forming possible
connected fiber meshes (Park and Cosgrove 2012b; Zhang et al. 2014, 2016; Xiao et al. 2016a).
The fibers contacts can be seen as a type of interface formed between fibers, while the fiber-matrix
interface prevails in cell wall material. These factors have been largely overlooked and might
provide a possible mechanism for SME.

In this study, a finite element model of a prototype wood cell wall layer is built, with the
hygromechanical properties of the interfaces obtained from atomistic simulations of the two
previous chapters. The other mechanical parameters needed for finite element model are taken from
atomistic works from literature. A loading protocol, applied to evaluate the moisture-induced SME,
questions two main aspects: whether an imposed deformation in wet condition can be sustained
under dry condition, and whether the original shape can be recovered when wetted again.

7.2 Method

Three different systems, representing the organization of the S2 cell wall, are simulated with
continuum mechanics. The computational domains, the material properties, the boundary
conditions and the loading protocol are presented.

7.2.1 Geometry of the model

Wood cell wall S2 layer features a complex hierarchical ultrastructure for which a definitive
understanding of its material arrangement is still under debate. The S2 layer, the thickest layer of
cell wall, is commonly treated as a unidirectional fiber-reinforced composite with the cellulose
fibers aligned at an angle, called microfibril angle (MFA), to the axial direction of the cell, as
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illustrated in Figure 7-1a (Qing and Mishnaevsky 2009). Some studies assume that hemicellulose
chains connect the cellulose fiber, forming the so-called tethered network (Da Silva and Kyriakides
2007; Huang et al. 2012). Recent observations of plant cell wall suggest that the fibers are not
perfectly parallel to each other but rather they may come into contacts either directly or mediated
by a monolayer of hemicellulose (Park and Cosgrove 2012b; Zhang et al. 2014, 2016; Xiao et al.
2016a). The contacts of fibers have been referred to as “mechanical hotspots”, a structure that
remains to be investigated.
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Figure 7-1 Schematic material arrangements in wood cell wall: a) secondary cell wall layers with
b) close-up of S2 layer, where lines represented cellulose micro-fibrils and beige the multi-
component matrix. ¢) Schematic representation of the models for subunits with legend for the 4
components.

It should be noted that the S2 material is different in the three directions, i.e. radial (R), tangential
(Ta) and longitudinal (L). The currently widely accepted model is the so-called concentric lamella
model, meaning that S2 is composed of concentric rings encircling each other, layer by layer, as
indicated in Figure 7-1a. The building elements of concentric lamella are cellulose aggregates, with
a thickness of ~25 nm, formed by microfibrils of approximately 3 ~ 4 nm in diameter (Fahlén and
Salmén 2002; Keplinger et al. 2014; Casdorff et al. 2018). In the tangential plane, the fibers and
matrix are closely connected, while in the radial direction, the connection between lamellas is weak.
Therefore, it can be assumed that the mechanical hotspots may only be present in the tangential
plane while, in the radial plane, the cellulose fibers mainly stay parallel to each other, as shown in
Figure 7-1b. Taking these assumptions into account, three subunits are considered as basic building
elements of S2 layer, as shown in the dashed square, triangle and circle regions in Figure 7-1b,
covering all possible scenarios. The square subunit is cellulose fibers surrounded by matrix. The
triangle subunit is where two fibers are in direct contact and are surrounded by matrix. The circle
subunit is similar to the triangle one, except that the fibers are not in perfect contacts and are only
in contact over a certain length. These subunits are used as the three representative geometries,
namely models 1, 2 and 3, as shown in Figure 7-1c. It has to be noted that for simplicity only 2D
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models are considered assuming plane stress conditions. The interfaces and materials are
represented with lines and bulks, respectively. In model 3, the fibers form an undulant pattern,
where the axial direction of the fiber is along the fiber principal axis and parallel to the interfaces.
From now on, the longitudinal (L) and transverse (R/Ta) directions will be referred to as x and y
directions, respectively. In terms of polymers, the fibers are made of crystalline cellulose. The
matrix is assumed to be composed only of the hemicellulose galactoglucomannan (GGM), because
experimental results suggest that galactoglucomannan is the matrix material most adjacent to
cellulose fiber in wood (Salmén and Fahlén 2006).

In the full geometry, the models 1, 2 and 3 of Figure 7-1c are replicated 3 times along both x and y
directions, to reduce the edge effects. The resulting geometries are shown in Figure 7-2. The total
length and height of the model is | = 72 nm and h = 36 nm, respectively. The length chosen to stay
close to the experiment report of cellulose nanocrystal length, ~ 100 nm (Guo et al. 2017). The
height in principle can be any arbitrary value, while here it is chosen to include 3 repetitions along
y direction. As will be shown further, the size of this specimen is sufficiently large to mimick the
SME effect, at the same time sufficiently small from a computational point of view.

N [=72nm >

A

3 nm

O

6nm

CC-GGM cc-cc | CC GGM
Figure 7-2 Schematic representation of the computational model geometry.
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To facilitate the comparison between the three models, the models are made as comparable as
possible. The mass ratio of fiber to matrix is 1:1, in line with the experimental reports (Agarwal
2006). The three models are of the same length and height. The cellulose fibers are 3 nm in height
(Agarwal 2006). The CC-CC contact in model 3 is assumed to be 6 nm (Cosgrove 2014).

The meshing of model 1 is shown in Figure 7-3 as a sample. The edges are meshed with the rule
that the center divisions are 10 times larger than the side divisions. In this way, the regions near
the edges are finer meshed producing better accuracy, while the center coarser mesh can save
computational costs. This mesh contains 7500 4-noded plane elements and 1200 2-noded contact
elements. The other models are meshed similarly. Mesh sensitivity analysis is carried out by
applying two times the number of divisions for all the edges resulting in total ~ 4 times more
elements. It was found that the yielded results are similar to the results of the coarser mesh.

Figure 7-3 Sample meshing of model 1.

It is noted that these FE model geometries do not reproduce a realistic cell wall structure, which is
three-dimensional, much more complex and irregular. These models aim at capturing the major
moisture-related responses thought to be significant to play a role in SME. The models represent
three basic probable configurations of what can be thought as a representative volume element of
the S2. Much care is taken towards the right implementation of swelling of matrix, moisture
weakening of matrix and interfaces, as described in the following section.

7.2.2 Constitutive laws of the components and the interfaces

While the mechanics of wood cell wall material is complex, possibly involving rate-dependent
viscoelasticity and fracture failure when subjected to load, the study of the three configurations is
limited to the hygro-elastic response involving stick-slip in the interfaces, but without permanent
material failure nor plastic deformation. The moisture-related mechanical features of the
components and their interface are extracted from MD and inputted into FE models. The FE model

here consists of two materials, namely CC and GGM, and two interfaces, namely CC-GGM and
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CC-CC. The two materials are modeled by a linear elastic material model with hygroscopic
swelling, as described in the following equation:

€ = Eelastic T Ehygroscopic swelling = CO + pm (7-1)

where ¢, C, g,  and m are strain, compliance, stress, hygroscopic swelling coefficient and moisture
content, respectively. The mechanical properties of CC are not dependent on moisture, as many
experimental and simulation studies suggested (Frey-Wyssling 1954; Belbekhouche et al. 2011).
Thus, the elastic properties of CC are fixed values (constants) independent of moisture content of
the composite system and since CC does not adsorb nor swell, the hygroscopic swelling coefficient
is 0. The stiffness of CC in R and Ta directions vary a lot (11.3 GPa and 72.6 GPa (Kulasinski et
al. 2014b)). Since the study is in 2D, the CC is assumed to be transversely isotropic and the average
of stiffness in R and Ta directions are taken as the stiffness in the transverse direction (T). The
elastic behavior of a transversely isotropic fiber is described by five mechanical properties. The
elastic properties are drawn from literature (Mark 1967; Nakamura et al. 2004; Kulasinski et al.
2014b; Chen et al. 2015) and listed in Table 7-1. GGM is an isotropic material that interacts with
moisture and therefore can be represented by Young's and shear moduli and swelling coefficient
based on the MD measurement from the previous work from our research group (Kulasinski et al.
2015d), as summarized in Table 7-1.

Table 7-1 Elastic properties of CC and GGM (Mark 1967; Nakamura et al. 2004; Kulasinski et al.
2014b, 2015d; Chen et al. 2015).

Young's modulus (GPa) shear modulus (GPa) Poisson's ratio swelling coefficient
CcC E|_:150 ET:42 GLT:4'4 VLT=O.38 VTT:0-48 ﬂ:o
GGM E(m) =54exp(-7.2m) G(m)=18exp(-5.7m) - £ =049

With the elastic properties in the table, the other elastic properties of isotropic material can be
calculated using the following equations from continuum mechanics:
EG E
K =aen andv =--—1 (7-2)
For transversely isotropic material, the following equations apply:

%T = %L and Gr, = Gy (7-3)
There are two types of interfaces between the materials, namely CC-CC and CC-GGM interfaces.
The interfaces can be described by a friction model where the friction exerted through the surface
is a function of moisture content. In chapters 5 and 6, it is found that the interface shows a typical
stick-slip behavior showing a sawtooth signature, which weakens with increasing moisture content.
The study of SME, however, assumes a simplified interface model where the interface sticks, when
the shear stress is below a friction threshold equal to the maximum shear stress. Sliding occurs
when the shear stress at the interface equals the maximum shear stress. With increasing sliding, the
shear stress remains constant equal to the maximum shear stress. The maximum shear stress is

dependent on the level of moisture. Friction is assumed to be independent of the normal pressure.
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Sliding along the direction parallel to the interface is permitted, but separation along direction
perpendicular to the interface is not allowed. The moisture dependent interface properties are
summarized in Table 7-2. These interface laws are implemented using contact elements in FEM.
The finite-element software used is Ansys mechanical APDL 16.2. The bulk material is modeled
using PLANE182 element. The contact elements are TARGE169 and CONTAL71.

Table 7-2 Interface laws.

parallel direction perpendicular direction
CC-GGM | T ax(m)=0.11exp(-1.15m)
CC-CcC T max (M) =0.45 exp(-3.95m)

non-separation

7.2.3 Boundary conditions and loading protocol

The three models bear the same boundary conditions and loading protocol. In wood steam bending
in practice a form is used. Inspired by this, the model is shown in Figure 7-4a, where the specimen
is mounted on top of a cylindrical support and a displacement or load is applied on the ends (Ugolev
2014). There exists a symmetry plane and therefore only half of this model is used as the
computational domain. This setup is modeled with FEM and it is found that the results of this setup
correspond to the results of the FE model with boundary conditions as shown in Figure 7-4b. Roller
constraint is applied on the left edge, allowing only transverse displacement. The left bottom node
is fixed, which is also used as the origin of the coordinate system. It is noted that cylinder support
was also tested, and the results are identical with the point support. Vertical point load is applied
by imposing a displacement d along y-axis on the free right top node. Moisture affects the system
via the constitutive equations of the materials and interfaces causing swelling and weakening of
the GGM as well as weakening of the interfaces.

a) symmetry b)

Figure 7-4 a) Schematic of loading condition. b) Boundary conditions in finite element modeling.

Based on experimental studies that demonstrated the recovery of half-cell wall from the deformed
state (Derome et al. 2012) and at macroscopic timber scale (Ugolev 2014), a loading protocol is
proposed. The mechanical and moisture loading protocol can be summarized as a 7-step procedure:
initial state with null loading (N), uniform wet state (W), mechanical loading under wet condition
imposing displacement (WS), dry while maintaining the displacement (S), remove displacement
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(N"), wet again (W') and dry again (N"). The 7 steps are illustrated in Figure 7-5. In the wet states,
i.e. W, WS and W', the moisture content of the system is assumed to be uniform and equal to m =
0.3. In the mechanical loaded states, i.e. WS and S, the vertical displacement applied is d = -7.2
nm, corresponding to a deflection ratio y=d/I of 0.1. The deflection ratio in the experimental shape
memory study is usually high, e.g. close to 1 (Ugolev 2014). However, here a smaller value is used
to improve convergency and keep the material deformation within the elastic range. The N, N' and
N" correspond to the initial, deformed and final states respectively. The S state is the state with the
largest deformation.

max ~—

asd

0 H H H H H
N WWS S N W N
1

max ~—

m/m

0 H H H H H

N WWS S N W N"
Figure 7-5 Loading protocol with co-occurring: a) displacement loading and b) moisture loading.
7.3 Shape memory mechanism

7.3.1 Shape memory effect in the three models

The three models are subjected to the 7-step loading protocol. Qualitatively similar behaviors are
observed in all the systems. First, the stress distributions and deformations in the 7 states are
discussed for model 3. The results of models 1 and 2 will be described later and compared with the
results of model 3.

The snapshots of the 7 states of model 3 are included in Figure 7-6, and the color denotes normal
stress ox in Figure 7-6a and shear stress zy in Figure 7-6b. Figure 7-7 is a of the center region of
Figure 7-6b. The displacements are scaled by a factor of 2 for the sake of clarity. The dashed line
indicates the y = 0 plane.
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Figure 7-6 Distribution of the normal stress ox (a), shear stress zy (b) and deformation (a-b) of the
7 states for model 3. The color denotes the normal and shear stress level in unit of GPa.
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Figure 7-7 Zoom-in view of deformation and shear stress of the center of model 3. The colors
denote shear stresses in unit of GPa.

It is observed that during wetting the matrix swells in state 2-W, while the CC phase does not. This
differential swelling leads to internal stresses, tensile in the CC phase, compressive in the GGM
matrix, and shear stresses in the material and at the interfaces. When loading in the wet state (3-
WS), the normal tensile stresses increase in the top region, while compressive normal stresses at
the bottom due to bending. The shear stresses also increase in the interface between CC-GGM and
CC-CC, reaching the maximal shear stress at some locations where sliding occurs. CC-GGM is a
weaker interface than CC-CC, so sliding will start at CC-GGM interfaces, followed by sliding at
some CC-CC hot-spots. Note that the sliding at the interfaces results in a differential deformation
visible at the right end of the specimen. When drying and reaching the 4-S state, the matrix shrinks
and the shear stresses reduce due to a reduction in differential deformation between matrix and CC
phase. When unloading to the state 5-N’, some residual shear stresses and deformations remain in
the specimen meaning the specimen keeps partially its deformed state, referred to as fixation. When
wetting again the specimen (6-W’), the matrix swells again, and again differential stresses between
CC and matrix appear, but it is observed that also the vertical deformation decreases since some
slipping back may occur at the interfaces. The decrease in deformation after wetting is called
recovery. Finally, when the specimen is dried again (7-N’”), some residual stresses and permanent
deformation may remain in the specimen.

Figure 7-8 and 9 show the distributions of the normal stress ox and shear stress zy and deformation
for the 7 states for models 1 and 2. Recall that model 1 is composed of several layers of CC and
GGM with CC-GGM interfaces. Model 2 is composed of layers of CC-CC and GGM, showing
both CC-CC and CC-GGM interfaces. Models 1 and 2 show similar behavior as for model 3 over
the 7 states. However, these laminated structures are much less stiff as compared to model 3 with
undulating fiber mesh. As a result, the point load in models 1 and 2 to reach the same displacement
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at the right end are lower than in model 3. Consequently, also the normal and shear stresses in
models 1 and 2 are much lower than in model 3. Due to the lower shear stresses at the interfaces,
less sliding will occur in models 1 and 2. This means that model 3 with stiff undulating fiber mesh
with CC hotspots promotes the interface sliding, and as will be shown below, leads to the largest
SME, while the SME in models 1 and 2 is more limited.
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Figure 7-8 Distribution of the normal stress ox (a), shear stress txy (b) and deformation (a-b) of the
7 states for model 1. The color denotes the normal and shear stress level in unit of GPa.
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Figure 7-9 Distribution of the normal stress ox (a), shear stress txy (b) and deformation (a-b) of the
7 states for model 2. The color denotes the normal and shear stress level in unit of GPa.
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The deformation is quantified by the deflection ratio y defined as the ratio of y-displacement uy to
length I:

y== (74
It is noted that the y-displacement uy is the difference between the y-displacement of the x =0 nm
and the y-displacement of the x = 72 nm. The deflection ratio is averaged along the right outer edge
at x=72 nm. Note that the deflection ratio is negative and absolute values are used for convenience.

The shape memory effect can be identified by the comparison of the deformations at states S, N'
and N". After being deformed by mechanical loading in the wet state, the specimen is dried reaching
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the state S characterized by |ys|. After removing the mechanical load, the state N' is reached
characterized by |yy|. Reaching the state N' two scenarios are possible: |yys| > 0 and |yy/| = 0.
For |yn| > 0, the material shows a permanent intermediary deformation, meaning that a deformed
shape can be maintained without external loading, referred to as partial fixation. If |yy/| = |ys|
the material keeps the deformation of state S, which is referred to as perfect fixation. Whereas in
the case of |yy’| = 0, the material goes back to its initial state, meaning no fixation or shape
memory occurred.

The deflection ratio y of the three models over the length of the specimen is shown for the states
S, N"and N" in Figure 7-10. The three models all show partial fixation, meaning that |yy/| < |ys|
and |yyn’| > 0. This means that the deformed shape at S is partially maintained, which is in
accordance with experimental observations (Ugolev 2014). The difference between |yy’| and |ys|
is attributed to the decrease in elastic deformation after the mechanical loading has been removed
and the specimen has been dried. Due to the release of stored elastic energy when the mechanical
load is removed, the material can spring back partially, however maintaining some internal stresses
and permanent deformation due to prevention of the totally slipping back at the interfaces. The
system reaches an intermediate equilibrium state, while maintaining internal stresses and
permanent deformation.
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Figure 7-10 Deflection ratio of the models 1, 2 and 3 over the length of the specimen at states S,
N'and N".
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Starting from the N' state, the system is again wetted and dried, reaching the final state N". The
deflection ratio |yys| remains between 0 and |yn/|. If |yn| = lyne|, the material keeps its
deformation of the state N', meaning no recovery occurs. The other extreme, |yy/| = 0 indicates a
full recovery to the initial state, also referred to as total shape memory effect. All three systems
show recovery behavior, though the recovery of model 1 and 2 is negligible, shown in the insets of
Figure 7-10. Model 3 shows a partial recovery.

The deflection ratio at the right edge x = 72 nm for the states S, N' and N" is shown in Figure 7-11.
This figure is on a semi-log scale. The deformation at the state S (red color) is for all models almost
the same since this state is controlled mainly be the mechanical load that was imposed at the end
point to achieve a deflection ratio of 0.1 in the wet state. The fixation at state N’ (brown color) iS
highest for model 3, while for model 2 the smallest. In the laminated model 1 and 2, the CC layers
are horizontal and the mechanical load leads to shear stresses in the interface which spring back
when the models are unloaded. In contrast, for model 3, the fibers are undulating and forming
connected networks with CC-CC hot-spots, leading to a much more stiff structure. Since model 3
shows a much higher stiffness, the mechanical load and shear stresses will be higher leading to
much larger sliding at the CC-GGM interfaces. Then, the CC-CC contacts act as constraints points
to the system which prevent the spring back and contribute to the locking of the deformed shape.
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Figure 7-11 Deflection ratio at the right edge for the models 1, 2 and 3 for states S, N” and N”’.

The fixation can be quantified by the fixation ratio Ry, defined as:
YN Y

== (7-5)
Vs — VN

In effect, this quantity represents how much the deformation is maintained at the intermediate state

N' compared with the deformed state S. Remark that the initial state y, = 0. The recovery ratio

is similarly defined, representing how much the deformation is maintained at the final state N"
compared to the deformed state S:

R¢
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VN — VN
R.=—— 7-6
T Ys— N (7-6)
A fixation ratio 1 means full fixation, and a recovery ratio 0 means full recovery. A fixation ratio
0 means no fixation, and a recovery ratio 1 means no recovery. When the fixation and recovery
ratio are nonzero and equal to each other, there is no recovery, and almost no SME.

The deflection, fixation and recovery ratios of the three models are listed in Table 7-3. It is noted
that the deflection ratios used are the values at the right edge x = 72 nm. From Table 7-3, it is clear
that model 3 shows the highest fixation and recovery ratios, while model 2 the lowest. Remark that
the fixation and recovery ratio are almost equal for models 1 and 2, which means they show almost
no recovery and thus no SME.

Table 7-3 Summary of the models: deflection, fixation and recovery ratios.

model [¥nl l¥sl [yl lynl Ry R,
1 0 0.073 0.0112 0.0116 0.154 0.152
2 0 0.069 0.005 0.004 0.066 0.064
3 0 0.081 0.029 0.021 0.356 0.260

7.3.2 The origin of shape memory effect: fixation and recovery mechanisms.

The moisture induces three changes to the system, namely the swelling of the matrix, the
weakening of the matrix, and the weakening of the interfaces. These three effects can be turned on
and off by tweaking the constitutive relation. To turn off matrix swelling, the swelling coefficient
of the matrix can be set to 0. To turn off the weakening of the matrix and interfaces, the parameter
m in their controlling functions can be set equal to 0. In total 2° = 8 different cases can be generated
by switching the three effects on and off. It is found that fixation and recovery are only dependent
on the interface mechanics, and not on the swelling and weakening of the matrix.

In addition to model 3, a model 4 is built by turning off the weakening of the interfaces of model
3. The fixation ratio of model 4 is zero. This means that after the removal of external displacement,
the system fully regains its original shape and no fixation is present. By eliminating the interface
weakening, fixation and SME is eliminated. In other words, the interface weakening and
strengthening, the so-called molecular switch, is at the origin of the moisture-induced shape
memory effect. On the molecular level, the interfaces switch between hydrogen-bonded and non-
hydrogen-bonded states controls the fixation and recovery of the system.

The molecular switch can be viewed from the aspect of sliding distance. The average sliding
distance dsiig. Of the models is shown in Figure 7-12a. The two interfaces are shown in separate
groups: CC-GGM for all models and CC-CC for model 2 and model 3. It is observed that model 3
shows much larger sliding distances compared to the other models. Model 1 shows small sliding
distances in CC-GGM interfaces, while model 2 shows that it mainly slides in its CC-CC interfaces.
It is reminded that model 2 has to lowest fixation, followed by model 1, while model 3 shows the
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highest fixation and recovery. All models show a sliding in the final N", meaning there is no full
sliding back and thus no full recovery.

Now the model 3 is discussed more in detail. The CC-GGM interface shows larger sliding than the
CC-CC interface, which is because CC-GGM is weaker than CC-CC interface. For both interfaces,
the state N" after wetting again the specimen has a lower value of sliding distance than N', when
the load is removed in dry state. At state N', the interface is at the strong dry state and is prevented
in slipping back at the interfaces, which also prevents the spring back of the specimen. During the
wetting again of the specimen (N'-W'-N" steps), the interface is weakened by the moisture and can
slip back releasing part of the deformation, until the point where shear stress is in equilibrium with
friction provided by the wet weak interface. The elastic energy stored in the material is the driving
force for the recovery. The equilibrium of forces at the interface is at the core of fixation and
recovery. In contrast, when the weakening of the interface is turned off in model 4, the slide
distances are negligible, shown in Figure 7-12b, and therefore the mechanism of SME is
incapacitated. The comparison between model 3 and 4 clearly indicates the determining role of the
molecular switch and the consequent sliding in shape memory effect.
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Figure 7-12 Sliding distance of the interfaces: a) model 1, b) model 2, ¢) model 3 and d) model 4.

Following the discussion above, the moisture-induced shape memory effect can be summarized as
shown in Figure 7-13:

1. N, the initial state without deformation and stress. The interfaces are strong achieved by
rich hydrogen bonding. The molecular switch is off, i.e. resistant to deformation.
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. W, the material is wetted and swells. The hydrogen bonds are broken weakening the
interfaces. The molecular switch is on, i.e. prone to deform.

. WS, the vertical load is applied on the wet material. Materials slide against each other at
the interfaces, forming a new material configuration.

S, the moisture is removed with the loading kept at place. The hydrogen bonds are regained
strengthening the interface. The molecular switch is off, locking the material configuration.
N', the external loading is removed. Most of the deformation is kept by the locking of the
interfaces, referred to as fixation. Part of the deformation is lost due to the release of elastic
energy. The shear stress at the interface is in equilibrium with the strength of dry interface.
. W', the material is wetted again. The interface is weakened, and thus losing the ability to
keep the deformed shape and recovery occurs. The deformation retained in state N' reduces.
A part of the deformation remains due to the non-negligible friction provided by the weak
interface. The shear stress at the interface lowers to the level of the strength of the wet
interface.

N", the material is dried again. Compared with the initial state N, there is residual
deformation.
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Figure 7-13 Schematic of the moisture-induced shape memory effect.

7.3.3 At the core of interface-controlled shape memory effect
Through the comparison between the cases with and without interface sliding, it is shown that the
interface mechanics is at the core of shape memory effect, at least for the model systems presented

A more abstract and conceptual representation of shape memory effect can be elucidated in terms
of an energy landscape involving reduction of potential energy and energy barriers that may block
changes.
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The potential energy of the system is denoted by I which is a function of the location of the system
in the phase space denoted by a variable q(y, dsiia.), that combines the influence of y, the deflection
ratio, and dsiia,, the sliding distance. Therefore the state of the specimen is characterized by its
loading state g and energy state I" .
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Figure 7-14 Schematic potential energy profile of the shape memory effect.

The 7-step loading protocol can be shown in terms of potential energy profiles. The system starts
at the initial state 1-N located at the minimum of the dry potential surface. When wetting to state
2-W, the molecular switch is on and the system moves from the dry to the minimum of the wet
potential surface. It is noted that the potential energy change induced by drying and wetting are
omitted for simplicity. When mechanically loaded, the system moves away from the minimum on
the wet potential energy surface to state 3-WS. When drying to state 4-S, the system moves from
wet to the dry potential energy surface, remaining at high energy state since the mechanical loading
is still present. When mechanically unloading to state 5-N’, the system follows the dry potential
energy surface to its minimum, remaining at a certain potential energy level due to fixation
(molecular switch off). When wetting again (molecular switch on) to state 6-W’, the system moves
again to the wet potential energy surface, but energy is lost, and the system moves down on the wet
energy surface. Remark that state 6-W’ is located right of and above state 1-N, meaning there is
still some deformation and energy stored in the system. Finally, the system is dried to state 7-N"’.

The two energy minima correspond to the fixation and recovered states, while moisture acts as the
activator. Through the wet potential energy surface, the system can migrate from the surface of
high potential energy to the low energy surface.
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For any material to show shape memory effect, there has to be at least two energy local minima/
stable states. Under the activation of external stimuli, e.g. moisture in this case, the energy barrier
between the two states are lowered, and therefore the kinetically locked potential energy will be
released, and the system reaches a more thermodynamically stable state.

7.4 Discussion and perspectives

The shape memory effect of wood is a complex phenomenon, involving multiple scales and a wide
range of physical and chemical sub-mechanisms. This chapter presents a possible mechanism of
moisture-induced shape memory effect of wood cell wall composite material. Unlike most of the
existing studies, where SME is attributed to bulk properties, such as crystallization, glass transition
and chemical bonding, this chapter aims to show that the interface mechanics may play an
important role, a factor largely overlooked. It is demonstrated that, with the moisture-dependent
interface mechanics, the material is able to exhibit SME including fixation and recovery. While the
removal of such moisture dependency eliminates SME.

It should be noted that this study is focused on the possible shape memory effect of wood cell wall
material. Up to now, the finest scale experiment is the half-cell study (Derome et al. 2012), where
cellular structure, the so-called honeycomb, may play a role on that scale which is beyond the scope
of the current study. It is possible that the shape memory effect of wood is of multi-scale origin,
where tissue and cell structures and nanoscopic material arrangements are each involved, which
could be the topics of future research.

Although the composite in this study is able to capture the major moisture-related behaviors of cell
wall composite, it differs from the realistic cell wall material in several important aspects: 1. the
materials being considered are CC and GGM, whereas the other hemicelluloses and lignins are not
included. 2. Materials are assumed to act elastically which might be true under small deformation
and short timescale.

Based on these considerations, future studies can be expected to include the following features: 1.
more components of cell wall to be introduced into FE model. 2. Adding non-linear material laws,
such as mechano-sorptive effects described by poromechanics (Carmeliet et al. 2013) and time-
dependent visco-elastic effect and moisture transport through diffusion, etc. 3. Three-dimensional
models can be used, which may present a more obvious shape memory effect.

7.5 Conclusions

This chapter probes into one of the possible mechanisms of shape memory effects (SME) of wood
cell wall composite material, i.e. moisture-controlled molecular switch based on interface
mechanics.

This prototypical system proposes a mechanism of SME that is dominated by the stick-slip
behavior of the interface: first, the breakage and reformation of hydrogen bonding at the fiber-
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matrix interface serve as the molecular switch responsible for shape fixation and recovery; second,
the elastic energy stored in the fibril serves as the driving force of shape recovery.

The atomistic insights from previous chapters are used as constitutive laws of materials and
interfaces which are implemented into finite element models. Three representative models are built
covering some possible material arrangements in wood cell wall. Under the 7-step loading protocol,
all the models show fixation, but only some show large SME, where mechanical hotspots
strengthen both fixation and recovery. The fact that the removal of moisture dependency of the
interface eliminates the shape memory effect clearly indicates the deterministic role of interface
mechanics in moisture-induced shape memory. The shape memory steps are also explained from
the view of energetics. For any material to show shape memory effects, there have to be at least
two sub-stable states, here corresponding to the different moisture conditions.

While this study uses two-component composite as the prototype and successfully reproduces one
possible mechanism of the moisture-induced shape memory effect, the real wood cell wall
composite is much more complex with many types of hemicelluloses and lignins. The next chapter
endeavors to build a reality-mimicking atomistic model wood cell wall S2 layer composite material.
The individual components, as well as their mixtures, are mechanically characterized providing the
missing micromechanical properties that are vital to wood modeling.
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Chapter 8 Mechanics of Softwood Cell Wall Layer Studied with Molecular
Simulations

In the previous chapters, wood cell wall S2 layer components and their interfaces are investigated
with molecular simulation, and the shape memory effect could be explained based on a simplified
S2 model. The challenging yet feasible final step is to build an atomistic model for a composite
assembly resembling more closely the S2 layer. Thus, in this chapter, a state-of-the-art atomistic
model of softwood S2 layer is constructed using a bottom-up approach, taking great care to reflect
the state of knowledge of the molecular structure of this cell layer. Individual polymer components,
including cellulose, hemicelluloses namely glucomannan and xylan and two types of lignin, as well
as two mixtures of hemicelluloses and lignins and different interfaces are built and mechanically
characterized in separate simulations, gathering a complete set of micromechanical properties,
including hydrogen bonding, swelling and weakening, over the full hydration range. Predictions of
the behavior of the mixtures and the S2 composite are made using the rule of mixture and are shown
to be in accordance with the simulation measurements, while providing further insights on the MD
data. The determined hygromechanical properties fill the gap of previously unknown
micromechanical parameters critical for modeling wood cell wall. This extensive atomistic model
leads to a better insight into the impact of intermolecular interactions induced by components
forming the composite and allows to identify the role of different components and their interactions.
The most important factors that determine wood mechanics at the nanometer scale are thus
highlighted.

8.1 Introduction

Along the endeavor of this thesis to provide a view into the behavior of wood cell wall
nanocomposites, the last piece of work reported in this chapter is strongly inspired by wood, one
of the most used natural materials. Several features of wood are particularly attractive. Wood has
outstanding mechanical properties, e.g. a stiffness-to-density ratio higher than steel. Wood interacts
strongly with moisture because the cellulosic and hemicellulosic polymers of wood feature
multiple hydroxyl groups on their repeating units, strongly attracting water molecules. The
presence of water induces physical and mechanical changes, such as swelling, mechanical
weakening, diminution of adsorption heat, etc. In fact, most aspects of the moisture-induced
behavior are nonlinear and involve intricate molecular interactions originating from the atomistic
scale. The understanding and eventually the control of this hygromechanical behavior are needed
as moisture plays an essential role in several wood-based applications. Despite the rich literature
on the mechanical aspects of wood-moisture relationship, the fundamental microscopic
mechanisms at play are still not fully elucidated.

As introduced in Chapter 2, this thesis chooses wood cell wall S2 layer as the system of
investigation for its dominating role in the mechanical behavior of wood. The S2 layer itself can
be considered as a fiber-reinforced composite where the cellulose crystals are the stiff fibers, of
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diameters around 3 nm, surrounded by the compliant mixture of hemicelluloses and lignins, which
thickness varies from 3 to 14 nm. The cellulose fibers are roughly aligned and this alignment forms
an angle, called microfibril angle (MFA), with the longitudinal direction of tracheid cells. The
oriented cellulose fibers endow the S2 layer with excellent stiffness, reaching 60 ~ 100 GPa along
the longitudinal direction. The relatively regular atomistic arrangement of cellulose crystals is
detectable in experiments, e.g. using X-ray diffraction. In contrast, the delineation of the
amorphous matrix is much more difficult as the access of such molecular-level information is
beyond the resolution limit of current imaging instruments. Recent atomic force microscopy (AFM)
results offered a theoretical resolution of 4 nm per pixel (Casdorff et al. 2017) which is
unfortunately still not enough for the inference of matrix material arrangements in the plane of
investigation, not to mention their complex three-dimensional structures. Numerous reports have
speculated on the ultrastructure of the S2 layer based on indirect experimental evidences, through
several spectrocopy means, and proposed manifold hypotheses that remain to be verified.

To fill the experimental gaps, different paths of computational studies, including continuum and
discrete methods, could enable the exploration of the nanoscopic structural hypotheses and lead to
the understanding of the microscopic mechanisms of moisture-induced phenomena. For continuum
models, constitutive laws of constituents and their interfaces are needed as input. The currently
known mechanical properties of cell wall materials are summarized in Chapter 2. Clearly, data is
lacking regarding the full hydration range, a dearth that is hindering the predicting power of
continuum models.

There is a small number of molecular dynamics (MD) studies that have investigated the impact of
moisture on plant cell wall systems such as wood and bamboo. However, as mentioned in Chapter
2, only Kulasinski et al (2017b) have used the current most advanced molecular simulation to look
at the impact of moisture on a S2 layer surrogate system, consisting of CC microfibrils embedded
in galactoglucomannan (GGM) and surrounded with a low polymerization degree lignin (LGN). A
more realistic model of softwood S2 layer is expected to consist of the hemicelluloses xylan and
galactoglucomannan and both condensed and uncondensed types of lignin, as performed in this
study.

With the aim of modeling the S2 layer, its components and sub-units atomistically, this study
systematically presents molecular models of S2 layer-related materials, interfaces and mixtures,
and finally builds a S2 composite whose chemical composition and material arrangements comply
with the most recent knowledge in this field. The encompassed systems are crystalline cellulose
(CC), galactoglucomannan (GGM), arabinoglucuronoxylan (AGX), uncondensed lignin (ULGN),
condensed lignin (cCLGN), M1 (AGX mixed with uLGN), M2 (GGM mixed with cLGN) and finally
a S2 composite system comprising CC, GGM, AGX, uLGN and cLGN. These choices of wood
polymers refers to softwood, given its dominance in the northern hemisphere including northern
Europe, North America and Russia (Rennel and Dillén 2001) and for its widespread use in
construction.
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The objectives of this study are the following: 1. To present an atomistic model of S2 cell wall
layer that complies with the most recent experiments; 2. To offer a complete set of hygro-
mechanical data of S2-related polymers and their mixtures; 3. To investigate the impact of
intermolecular interactions between components; 4. To identify the most important factors of S2
mechanical performance; 5. To characterize the structural, physical and mechanical responses of
wood cell wall to hydration, especially at the fibril-matrix interface.

This chapter starts with the methodology of material modeling. The numerical framework of
building the investigated systems, especially the polymers that may not be adequately modeled by
previous studies, are described in detail. The strategy of constructing the S2 composite atomistic
model follows. Characterizations such as distribution of components and adhesion energies are
presented, serving as the necessary justifications of the complex assembling procedure of this
unprecedented composite model. The metrics used to probe the systems are introduced, including
hydrogen bonding, swelling strain, elastic moduli and interface shear stress. The results section
starts with the mechanical characterization of S2-related material systems and covers hygroscopic
swelling and mechanical weakening. A rule of mixture rule analysis is used to identify the impact
of molecular interactions between components induced by mixing. Finally, a specific section is
dedicated to the S2 composite, addressing its unique aspect, i.e. the fibril-matrix interface.

8.2 Materials and Methods

This section describes the retained material systems, including five components (CC, GGM, AGX,
ULGN and cLGN), two mixtures (M1 and M2) and one composite (S2). Their chemical structures
are explained, first reviewing the chemical structures as reported by literature, then presenting the
decisions taken towards the atomistic model used for MD simulation, including the different steps
in building the systems. Finally, the hydration process and mechanical characterization methods
are presented.

8.2.1 Preparation of dry polymer systems

8.2.1.1 General MD parameters

GROMACS 5.0 package (Abraham et al. 2015) and GROMOS 53a6 force field (Oostenbrink et al.
2004) are used for the MD simulation. The integration time step of the equations of motion is 1fs.
The temperature is controlled by the Nose-Hoover thermostat. For NPT simulations, the pressure
is controlled by the Parrinello-Rahman barostat. The Coulomb and VVan der Waals interactions have
cut-off radii of 1.0 nm and the particle-mesh Ewald summation is used to account for long-range
Coulomb interactions.

8.2.1.2 General procedure for preparation of amorphous systems

The procedures to obtain equilibrated molecular structures are the same for GGM, AGX, uLGN,
mixture 1 and 2, not including cLGN which is special due to cross-linkages. As summarized in
Figure 8-1, generally, the chains are inserted into a very large periodic box with random location
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and orientation. Then the box is subjected to a high compression pressure, ~ 1 GPa, at 300 K. The
system is then relaxed at an elevated temperature (800 K) without any pressure applied to allow
the release of internal stresses induced by the initial compression. Finally, the structures are
equilibrated at room temperature at O pressure.

s N s N s N

Insertion Compression Relaxation 1 Relaxation 2

eRandomized
orientation

& location

Figure 8-1 General procedure for the preparation of a bulk or mixture material system of polymer
chains.

8.2.1.3 Cellulose crystal

Though cellulose comprises about half of the mass of cell wall layers and is studied the most among
all wood polymers, some basic facts about cellulose are still not clear, such as the number of
cellulose chains in a microfibril, the location of amorphous cellulose, the shape of fiber cross-
section, etc. as summarized in Chapter 2.1.2. Most frequently, researchers assume the number of
cellulose chains in a cellulose nanocrystal, the reinforcement phase of the wood cell wall, to be
multiples of 6, based on the fact that six cellulose synthase proteins form a cellulose synthase
complex subunit (Delmer 1999; Mutwil et al. 2008). Under this premise, researchers propose
models comprised of 18, 24 and 36 chains based on different indirect measurements (Ding et al.
2014). In this study, the widely accepted 36 chain model is chosen. However, it is known that the
arrangement of the 36 chains is subject to debate, not only in number of chains, but also in
configuration. In MD studies, popular models are crystalline structures with square and hexagonal
cross-sections.

In order to support the decision process, these two types of models are compared here in terms of
the most stable structure, thus most likely to occur. The equilibrated single-crystal structures of
hexagon and square cross-sections are shown in Figure 8-2a and b. The initial structure of each
cellulose crystal is generated using the cellulose builder toolkit (Gomes and Skaf 2012) based on
the crystallographic information from Nishiyama et al. (2002). The canonical ensemble (NVT) is
applied, with the temperature set to 300 K. The structure is then energy minimized and equilibrated
in NPT at 10° Pa and 300 K (Kulasinski et al. 2014b). The length of the cellulose chains is 10
monomers and the two ends of a cellulose chain are bonded using cross periodic boundary covalent
bonds to achieve an infinitely long cellulose chain.

From the surface to the core, there are four layers in the hexagon layout, for a total of eight, and
six layers in the square layout, for a total of eleven layers, as indicated by Arabic numbers on Figure
8-2a and b. The stability of the two structures is evaluated based on the adhesion energy of each
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layer. To calculate the adhesion energy of layer i, the crystal is divided into two parts, one
consisting of layer 1 to i, another consisting of the rest layers. The adhesion energy of layer i is
defined by the summation of the potential energy of the two separate parts subtracted from the
potential energy of the whole crystal. The adhesion energy of each layer for both configurations is
shown in Figure 8-2c. It is noted that the 6" layer of the hexagon being at the core position, no
adhesion energy corresponds for this position. Generally speaking, the hexagon crystal shows a
better stability than the square crystal, as indicated by the larger adhesion energy of layers 2 and 3.
Thus, the hexagonal 36 chain crystal is retained as the model used in this chapter.
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Figure 8-2 Two different arrangements of cellulose crystals consisting of 36 cellulose chains. a)
Hexagonal arrangement, exposing hydrophilic and hydrophobic planes. Four layers from the edge
to the core are indicated by Arabic numbers. b) Square arrangement, exposing only hydrophilic
planes. Six different layers from edge to core are indicated by Arabic numbers. ¢) Adhesion energy
of different layers for the two configurations.

In the S2 cell wall layer, it is speculated that cellulose crystals may be in close association with
some amorphous cellulose regions based on the observation that rod-like cellulose crystals can be
extracted from cellulose fibrils through hydrolysis (Moreau et al. 2015; Liu et al. 2017). There are
multiple models for the location of amorphous cellulose. It is currently widely acknowledged that
the amorphous regions are distributed along the fibril as kinks, formed by strain distortion and
twisting during cell formation (Rowland and Roberts 1972; Fernandes et al. 2011; Ding et al. 2014),
However other reports attribute the existence of kinks to sample processing, as indicated by the
non-Gaussian distribution of kink angles of cellulose fibrils (Usov et al. 2015). In this study,
amorphous regions of cellulose are not specifically included due to the uncertainty of their presence
but also to the need to limit computation costs by controlling the size of the computation domain.
Nevertheless, some less perfect crystalline cellulose is present as the cellulose chains at the surface
of cellulose nanocrystals are less ordered than the ones at the core.

149



8.2.1.4 Hemicelluloses: galactoglucomannan and arabinoglucuronoxylan

The atomistic models of hemicelluloses used in the current study, i.e. GGM and AGX, have been
used previously in the studies reported in Chapters 3, 6 and 7. Similar to cellulose, the detailed
chemical structures of these hemicelluloses are still under debate, as explained in Chapters 2 and
3, but the retained systems are described below.

The validation and characterization of AGX can be found in Chapter 3 and ref. (Zhang et al. 2020).
It is reminded that the composition of AGX, has three types of monomers, i.e. 67% Xxylose, 20%
glucuronoacid-xylose and 13% arabinoxylose, which are randomly polymerized, shown in Figure
2-4a. Force field parameters are obtained from the automated topology builder (Malde et al. 2011).
For the simulation of pure AGX, the AGX system contains five chains of 100 monomers. When
AGX is used in mixture or in S2, a total of four chains of 50 monomers are used for the sake of
saving computational costs.
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Figure 8-3 Chemical structure of a) arabinoglucuronoxylan and b) galactoglucomannan.

For GGM, two types of monomers, i.e. glucose and mannose, comprise the backbone with a ratio
of 1:4, and galactose side groups are branched on mannose (~ 8 wt. %) units, shown in Figure 2-4b.
The GGM model is constructed following ref. (Kulasinski et al. 2015d). The GGM system consists
of four chains of 80 monomers. When GGM is used in mixture, three chains of 100 monomers, or
in S2, a total of 58 chains of 10 monomers are used. The chain length of GGM in S2 is shortened
for the ease of modeling, as shorter chains are easier to disperse randomly in the simulation box of
limited size.

The initial structures of these two polymers are built with Material Studio software 8.0 based on
the chemical structure indicated above.

8.2.1.5 Lignins: condensed and uncondensed types of lignin

Lignin has been investigated extensively by experiments, and its chemical structure is known to be
tridimensionally complex without a well-defined organization (Gellerstedt 2015). Softwood lignin
mainly comprises coniferyl units. Depending on the chemical bond types, there are mainly two
types of lignin, a more linear type (uncondensed, uLGN) and another more branched type
(condensed, cLGN).

For uLGN, the linkages between monomers are all B-O-4, and the polymer chain is linear. The
initial structure is built in Material Studio 8.0. The force field parameters for the lignin monomer

150



are built in the automated topology builder (Malde et al. 2011). The polymer chains are assembled
into bulk material through the procedure shown in Figure 8-1. Five chains of uLGN with a degree
of polymerization of 100 are first placed in a periodic box and equilibrated at 300 K and 0 bar. For
the mixture and S2, four chains of 50 monomers are used.

For cLGN, the most common covalent linkage is $-O-4 (40~60%), followed by B-5°, 5-5°, B-v, B-
B> and 4-O-5" linkages (Akerholm and Salmén 2003; Higuchi 2014). Due to the inherent
complexity in cLGN structure, a more sophisticated modeling path, referred to as random
branching, must be taken. Based on the uLGN structure above, crosslink bonds are added. For force
field simplicity, only 5-5’ bonds are considered in this study. When two C5 atoms from two
monomers are within 6 A of each other, a crosslink bond is formed. For 5-5° bond, an equilibrium
bond length of 0.149 nm and bond constant 1.4*107 kJ mol™* nm2 are used. Through these steps, a
highly bonded system is built. This highly bonded system is used as a template of the initial
structure of cLGN. To get the final cLGN, the next step needed is the random removal of some of
the linear linkages and/or cross-linkages, thus achieving a randomly branched lignin polymer with
the desired ratio of linear- to cross-linkages. Then the structure is energy minimized with steepest
descent and conjugate gradient algorithms and equilibrated in NPT ensemble with 300 K and 0 bar.
The resulting cLGN is quite heterogeneous and possesses a distribution of degree of polymerization.
In total, the cLGN system consists of 136 cLGN molecules where the number of monomers per
molecule ranges from 1 to 43. The Herman's orientation function of the cLGN system shows a
value around 0 indicating the isotropy of the built system (Hermans and Platzek 1939). The cLGN
in mixture 2 consists of 19 molecules of DP ranging from 1 to 43. The cLGN in S2 consists of 57
molecules of DP ranging from 2 to 15. For all these systems the ratio of linear- to cross-linkages is
2:1 (Akerholm and Salmén 2003; Higuchi 2014).

Due to the complexity of cLGN structure and the ensuing difficulty in modeling and force field
construction, cLGN is seldom studied with molecular simulation, especially in the GROMOS force
field. It is worthwhile to note that, concurrently with this study, a convenient tool to model the
complex 3D structure of lignin in the CHARMM force field was recently developed (Vermaas et
al. 2019a), but unfortunately, given the different force field used, this new tool could not benefit
this study. Advantages of this method, if applicable here, would have greatly relieved the burden
of manually setting up the coordinates and force fields files.

8.2.1.6 Mixtures 1 and 2

The structural arrangement of the cell wall matrix is still subject to debate. Chemical analysis and
immunolabelling results reveal that GGM and cLGN are in close proximity to the cellulose fibers,
while AGX and uLGN are somewhat further (Ruel and Joseleau 2005; Lawoko et al. 2005). The
different components in the cell wall are in a mixture state (Salmén and Burgert 2009), which
necessitates the modeling of mixtures of the different types of polymers chains.
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Mixture 1 is composed of AGX and uLGN, mass ratio of 1:2. Mixture 2 is composed of GGM and
cLGN, mass ratio 7:4. The mass ratios comply with experimental observations of the S2 layer, as
summarized in Table 8-1.

Starting from the chains built in the previous sections, the bulk material is prepared through the
procedure shown in Figure 8-1. Different chains are inserted with random locations and
orientations to the simulation box and to be then successively compressed and relaxed. Molecules
of all types may traverse a boundary and have cross-linkages across the periodic boundaries.

8.2.1.7 $2 composite

Softwood cell wall S2 layer is composed of cellulose (~ 45% mass ratio), hemicelluloses (~ 27%)
and lignins (~ 28%). There could also be some tiny portion (< 3 %) of pectins, ions and extractives
that are omitted here due to their reported insignificant roles in mechanics. The mass ratio of
different polymers is chemically analyzed and summarized in Table 8-1.

Table 8-1 Chemical composition of the constructed softwood cell wall S2 layer atomistic model.

component  component exp. mass MD model  # monomers

) ) . # chains
category polymer ratio mass ratio per chain
CcC 27.5% + 2%
.109 10 36 * 4
¢ AC 17.6% + 8%! 44.10%
HE GGM 18.6% + 9%? 20.90% 10 38 + 20
AGX ~80p23 7.54% 50 4
cLGN ~12%*%4 12.08% 2~15 57
LGN 14
uLGN ~15%™ 15.39% 50 9

Experimental data: 1 (Dinwoodie 2000), 2 (Pettersen 1984), 3 (Scheller and Ulvskov 2010), 4 (Hon
and Shiraishi 2013).

Softwood S2 layer can be seen as a fiber-reinforced composite where crystalline cellulose is
embedded in a multi-component matrix. The various aforementioned components of S2 need to be
positioned in certain arrangements corresponding to the structure of the S2 layer of wood. The
exact structural details of each component and their arrangement within the S2 layer are the object
of ongoing research, with many critical issues remaining to be clarified (Terrett et al. 2019). The
state-of-the-art atomistic model of the S2 layer is constructed following the steps described below.
As come across situations that required to make assumptions, these are explained.

Four crystalline celluloses, each consists of 36 chains of 10-monomer chain forming hexagonal
cross-sections as shown in Figure 8-2, are first placed in the simulation box separated from each
other by at least 1.5 nm (Figure 8-4a). The void spaces are filled in the later assembling steps by
the insertion of the other polymers. The periodic box is shown with gray lines in Figure 8-4a. A
non-orthogonal periodic boundary condition is used, where the two base vectors in the transverse
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plane have an angle of 65. The depth of the periodic box, i.e. the dimension along the longitudinal
direction, is 5.3 nm corresponding to the length of the 10-monomer cellulose chain.

--> jnsertion —> relaxation

Figure 8-4 Assembling procedure of S2 layer model.

Studies have suggested that hemicellulose is the intermediate polymer joining crystalline cellulose
and lignin together (Takeichi et al. 2013). Quartz crystal microbalance and Fourier transform IR
spectroscopy indicated that crystalline cellulose is closely associated with GGM (Salmén and
Fahlén 2006). Accordingly, in the MD model, GGM chains are the first to be deposited on the
crystalline cellulose surfaces, i.e. 38 chains of GGM inserted next to the surface crystalline
cellulose with relatively even distribution (Figure 8-4b). From the 38 molecules, 10 are
predominantly between two crystals and the rest surrounds the four crystals. It should be noted that
the length of the GGM is relatively short, i.e. 10 monomers per chain. As GGM is adjacent to
cellulose crystals and enters inter-crystal space, forming the so-called microfibril, which is a bundle
of crystalline cellulose glued together by GGM, the feasible size of the GGM chain is limited,
hence the chosen degree of polymerization of 10. Seven steps of energy minimization and
relaxation follow: steepest descent energy minimization, 100 ps relaxation in NVT (300 K) with
cellulose fixed, another 100 ps relaxation without constraining cellulose, conjugate gradient energy
minimization, 100 ps relaxation in NVT (300 K), 100 ps relaxation in NVT with high temperature
(800 K), 100 ps relaxation in NVT at room temperature and stress-free state. The cellulose atoms
are constrained during the high temperature relaxation to avoid unphysical decrystallization.

Along with GGM, cLGN is also speculated to stay relatively close to cellulose (Salmén and Fahlén
2006; Salmén and Burgert 2009), which is supported by the observation that cLGN, similar to
GGM, forms an ordered structure aligned to the fiber axis (Atalla and Agarwal 1985; Terashima
1990; Akerholm and Salmén 2003). As intermolecular forces are short-range forces, the distance
between cLGN and cellulose should be close enough to ensure that the crystalline cellulose can
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cast an influence over cLGN. Therefore, as the next step of assembling, a mixture of 20 GGM
chains and 57 cLGN molecules, mass ratio 3:5, are inserted randomly around the previously built
system of cellulose enveloped in GGM (Figure 8-4d). Five steps of energy minimization and
relaxation are launched: steepest descent energy minimization, conjugate gradient energy
minimization, 100 ps relaxation in NVT (300 K), 100 ps relaxation in NVT (800 K) and 100 ps
relaxation in NVT (300 K). Also in these steps, cellulose atoms are restrained with a strong
harmonic potential to prevent the introduction of unphysical defects of the crystal when subjected
to high-temperature relaxation. After relaxation, the system reaches the state shown in Figure 8-4e.
As a point of clarification, mixture 2 studied on its own is a mixture of 58 GGM chains and 57
cLGN molecules, mass ratio 7:4. In the S2 model, the same amount of GGM chains is used, i.e. 58,
however it is noted that 10 of these molecules are mostly located between crystals, slightly
changing the amount of GGM in contact with cLGN.

The uLGN and AGX components are then introduced to the system (Figure 8-4f), forming the
matrix between cellulose microfibrils, as suggested by (Salmén and Burgert 2009). In total 9 chains
of ULGN and 4 chains of AGX, each with 50 monomers per chain, are inserted to the system with
a randomly chosen initial location, referred as mixture 1 with ratio 1:2 above. The chains chosen
are relatively long here, as an attempt to stay as close as possible to the experimentally reported
degree of polymerization (100~200) (Pettersen 1984; Gorshkova et al. 2012). The energy
minimization and relaxation steps are as follows: steepest descent and conjugate gradient energy
minimization, relaxation in NVT (300 K) for 100 ps, relaxation and densification (3000 bar of
pressure on the transverse direction with stress-free on axial direction) in NPT at elevated
temperature (400 K) for 1 ns and another relaxation in NPT (300 K, 0 bar) for 1 ns. In the last step
of relaxation, the system gradually recovers from the densified status, and the density is seen to be
decreasing and then approaching equilibrium after 0.4 ns. The final state is shown in Figure 8-4g.
It is noted that Figure 8-4g shows only one periodic cell, whereas in other plots, e.g. Figure 8-5,
more periodic images are presented. This does not mean any structural change and is merely a
different style of visualization.

The material distribution of the dry S2 system is shown in Figure 8-5, using color to identify the
polymers. In general mixture 2, in red, locates nearer to the CC, in cyan, surface than mixture 1,
shown in gray. As shown schematically in Figure 8-5b, the GGM covers the surface of CC, while
the rest of mixture 2 covers the CC aggregated glued together by GGM.
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GGM:cLGN = 3:5

v
mixture 2
GGM:cLGN=7:4

A

mixture 1
AGX:uLGN=1:2

Figure 8-5 a) Material distribution of S2 with CC, mixture 1 and mixture 2 shown in cyan, red and
gray, respectively. b) Schematic of the same material distribution of S2,

8.2.2 Hydration

The systems are characterized in dry state and at different moisture contents. As mentioned in
previous chapters, in MD, there are various models of water molecule. GROMOS force field is
designed to work with either the SPC or SPC/E water models (Berendsen et al. 1987). The SPC is
chosen in this study because its saturation vapor pressure is closer to the value of experiments than
the one of SPC/E (Errington and Panagiotopoulos 1998).

Regarding obtaining hydrated systems, intuitively, the process of hydration itself could have been
modeled with water molecules in a reservoir diffusing into the material. However, such approach
would be computationally expensive. Instead, in this study, as done in previous chapters, water
molecules are inserted manually one after another, to randomly chosen locations that do not overlap
with existing atoms of polymers nor previously inserted water molecules in the system. Following
the successful insertion of each water molecule, steepest descent, conjugate gradient energy
minimizations, and an equilibration run of 10 ps are carried out. All the polymer systems, except
for CC which is not affected by moisture, are subjected to this hydration process.

Take the S2 composite system as an example of the hydration protocol. The initial locations of
each inserted water molecule, for a total of 5200, are superimposed and shown in Figure 8-6a. As
locations of water molecules are chosen randomly, positions within the cellulose crystal are also
filled with water, although water is expected to only access the cellulose crystals surfaces and not
core (Frey-Wyssling 1954; Belbekhouche et al. 2011). Therefore, water molecules inserted within
the cellulose crystal cores are discarded. The system is then subjected to NPT relaxation at O bar
and room temperature for 20 ns. A snapshot of the equilibrate system of m ~ 0.3, i.e. with 4947
water molecules, is shown in Figure 8-6b. It is clear that the water molecules have been attracted
to the more hydrophilic regions close to the crystalline cellulose surface. As the crystals are
observed to relax and lose some of their ordered structure, a few water molecules manage to enter
the cellulose crystal probably due to the imperfection or disordered structure of surface chains.
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With this example, the manually inserted water molecules have first to land in an empty location
and, afterwards, move to locations that resemble the natural adsorption.

Once equilibrated, the moisture content (m) is defined as the ratio of the mass of water to the mass
of the polymers, except for the mass of crystalline phase. This definition of m is chosen for ease of
comparison of the results of the component/mixture systems with the results of S2. Thus, the
moisture content of S2 model is defined as the ratio of the mass of water to the mass of the matrix,
excluding CC. Multiplying any reported moisture content by the mass of amorphous polymers and
dividing with the mass of S2 model yields the moisture content in the full S2 system, which could
be useful e.g. for comparison with wood studies.

Figure 8-6 a) Schematic representation of all locations probed by water molecule insertions in the
S2 system, celluloses are shown in dark grey, and all the other polymers are omitted for clarity. b)
Snapshot of one state of the system equilibrated at m ~ 0.3, with all the polymers shown in gray
and water in red and white.

Sorption is characterized by sorption isotherms that describe the relation between chemical
potential or relative humidity and moisture content. Due to the uncertainty of chemical potential
determination in MD, the isotherms are not included in this work.

8.2.3 Characterization

Hydrogen bond, swelling strain, elastic moduli and Poisson’s ratio are characterized for the systems
including individual polymers, their mixtures and composite. For the heterogeneous S2 model, the
density distribution of water and matrix and the interface shear stress are additionally characterized.
All systems are tested in the moisture content range of 0 ~ 0.3 with an interval of ~ 0.02.
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8.2.3.1 Hydrogen bond
As performed in previous chapters, the establishment of hydrogen bonds is based on geometric
criteria:

r<035nmand a < 30° (8-1)
where 1 is the distance between the donor oxygen atom and the acceptor oxygen atom, and o is the

angle of acceptor oxygen atom — donor oxygen atom — donor hydrogen atom. The interoxygen
distance criterion of 0.35 nm refers to the first minimum of the radial distribution function of SPC
water (Soper and Phillips 1986; Luzar and Chandler 1993). The angle of 3(' is approximately the
angle of vibrations that break HBs (Teixeira and Bellissent-Funel 1990). All the systems are tested
in the moisture content range of 0 ~ 0.3.

8.2.3.2 Swelling strain
Swelling strain refers to the uniaxial swelling strain instead of volumetric swelling strain, unless
otherwise stated. The uniaxial swelling strain is defined as:

ex(m) = W (8-2)
where X (m) is the length of the system at moisture content m, and X (0) is the size of the system
in dry condition using a Lagrangian approach. The uniaxial swelling strains in the three orthogonal
directions (ex, where X=x, y, z) of are measured. The volumetric swelling strain e, is defined
similarly except for replacing lateral size X with the volume V. All the systems are tested in the

moisture content range of 0 ~ 0.3.

8.2.3.3 Elastic constants and Poisson’s ratio

For isotropic systems, including GGM, AGX, uLGN, cLGN, mixture 1 and mixture 2, the elastic
constants are determined from the slope of the linear regime of stress-strain curves at room
temperature. To construct the stress-strain curve for bulk (K), Young’s (E) and shear moduli (G),
volumetric tensile, uniaxial tensile and shear strains are applied respectively, and the resulting
stresses are collected. The stresses in MD are computed from the kinetic energy and the virials, as
detailed in Abraham et al. (2015). Stepwise strains are applied to a given structure with each step
straining around 0.01% of the initial dimension. Every step is followed by a relaxation run of 100
ps to allow molecular rearrangement. The relaxation conditions for bulk, Young’s and shear moduli
are different. For bulk moduli, the strained structure is relaxed in the NVT ensemble. For Young’s
and shear moduli, the structure is relaxed with the strained dimension fixed and the other
dimensions coupled to the barostat (P=0 Pa). For example, in Young’s modulus measurement, for
a sample undergoing uniaxial strain in the x-direction, the relaxation will be carried out with the x
coordinates fixed while the y and z coordinates are coupled to a barostat to allow fluctuation. Due
to the stepwise straining and the following relaxation, the influence of the strain rate is minimized.
For Young’s and shear moduli, the moduli measured in three principal straining directions are
collected and averaged. The Poisson’s ratio is defined as:
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vij = —— (8'3)
with subscripts i and j referring to orthogonal directions.

For the S2 composite, the system is orthotropic due to the crystalline cellulose fiber, where the
elastic relation can be expressed as:

1 Ve Va
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where €, v, E, G, v, o and t denote normal strain, shear strain, Young’s modulus, shear modulus,
Poisson’s ratio, normal stress and shear stress, respectively.

In the composite, the z-axis denotes the longitudinal direction (L). Here the x-y plane is assumed
to be isotropic making the composite transversely isotropic, and both x and y axes are denoted as
transverse direction (T). In the transverse plane, the following relations are thus established:

ET
2(1+vTT) (8-5)
According to the symmetry of stress and strain tensors, the following relations hold: ’;ﬂ =2z —

z X

Ex = Ey, Vaz = Vyz, Vax = Vzy, Gr7 =

1%, Vey = Vyy. T0 cONclude, for S2 composite model, five independent mechanical parameters are
y
needed to describe the constitutive relation: E, = Ey, Ex = E), = E1, Gy = Gzx = Gyy = Gyy =

Gt = Gu1s ny = ny = Grr, Vax = Vzy = VLT

8.2.3.4 Spatial density distribution of S2 composite

Spatial density distribution shows the density of matrix or water at a certain location with
coordinates (X, y, z). To obtain this distribution, the periodic box is partitioned into a number of
cubes of identical volume Vi, volume which equals to the ratio of total volume V of the periodic
box to the number of cubes. The center of the cube is (X, y, z). The density of cube i equals the mass
of the atoms within that cube divided by the cube volume Vi:
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mass(x,y, z,t)
. = 8'6
pl(‘x'yﬁz) < Vl(x,y,Z, t) >t ( )

where the bracket denotes time-averaging, over 10 ns of simulation, a time span sufficiently long
that spatial fluctuations can be averaged out.

8.2.3.5 Interface frictional mechanics of S2 composite revealed by pulling tests

To measure the interface frictional mechanics, a study is performed along the lines of the study
presented in Chapter 5 and 6, i.e. the CC is pulled along the longitudinal and the stress is extracted.
The atoms of CC are attached to a virtual spring of constant k = 83 J m, which is in the weak
spring stiffness case. The other end of the spring is moving at a constant velocity v =1 m s along
longitudinal axis of CC, as shown in Figure 8-7a. The shear stress is defined as the force acting
on the virtual spring divided by the surface area of the four CCs, i.e. 353 nm?. A sample of the
stress vs. time curve of the dry S2 system is shown in Figure 8-7b.

b)

Tv=1 m s’

Figure 8-7 a) Schematic of pulling test setup. b) Interfacial stress as a function of time of dry S2
system, where the maximum shear stresses associated each with a displacement event are marked
with triangles.

From the curve, the maximum shear stress max, Shown in Figure 8-7b) as the peak values marked
with triangles, are collected and their averages are reported, following a s protocol similar to the
ones used in Chapters 5 and 6, as they define the shear strength of the interface. The average value
and standard deviation are collected. Pulling tests along two opposite directions (+z and -z) are
carried out and the max Values are averaged. The system is tested in the moisture content range of
0~0.3.
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8.3 Results

8.3.1 Hygromechanics of S2-related materials and composites

This section presents the hygromechanical characterization, including hygroscopic swelling and
moisture-induced mechanical weakening of S2-related materials and composites, namely
components AGX, GGM, uLGN, cLGN, mixtures M1, M2 and composite S2.

8.3.1.1 Hygroscopic swelling

The hygroscopic swelling is characterized as the uniaxial swelling strain as a function moisture
content, as shown in Figure 8-8. Such swelling is generally linear except for some initial non-
linearity explained by initial porosity filling mechanism (Kulasinski et al. 2017). The studied
materials systems are of nanometer sizes and show nanoporous porosity. Water molecules first
enter these existing pores explaining the lower swelling, and then new pore space between the
polymeric chains is created and filled by water molecules resulting in swelling.

For the studied systems, at m ~ 0.3, the uniaxial swelling strain is ~ 0.1, agreeing well with
experimental reports on wood cell wall of Douglas fir (Murata and Masuda 2006). More recent X-
ray tomographic study of wood cell wall micropillar reported the average of uniaxial swelling of ~
0.08 at RH ~ 85% (Rafsanjani et al. 2014). The swelling of wood cell wall material is found to be
considerably larger than that of the wood, since the free swelling at cellular wall level is hindered
by the other cell walls, namely S1 and S3 and, at higher scales, by the presence of rays and growth
rings (Rafsanjani et al. 2014).
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Figure 8-8 Uniaxial hygroscopic swelling strain of the systems as a function of moisture content,
with MD measurements are represented by symbols and the fit by lines.

To fit the swelling curves, a piece-wise linear function is proposed:

. { Bam, m < mp (8-7)
Be(m —my) + Bamy, m = my
The swelling coefficient is S, for m < m,, and is g for m = m,. The incremental form of the
equation (8-3) is:

_ (BalAm, m < mp )
Ae = {ﬂBAm, m = mpy (8-8)
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Following these forms, the swelling curves are fitted, and shown as lines in Figure 8-8. The fitting
parameters are summarized in Table 8-2:

Table 8-2 Fitting parameters of uniaxial swelling strain as a function of moisture content.

material B\ m, PBg
AGX 0.010 0.018 0.379
GGM 0.198 0.150 0.340

uULGN - 0 0.328
cLGN - 0 0343
M1 0.214 0.011 0.391
M2 - 0 0.303
S2. - 0 0.002
S27 0.308 0.096 0.336

The parameter m, indicates the moisture content extent of the initial nonlinear region. S2
transverse direction shows a high m, value with a swelling coefficient 8, slightly lower as the
swelling coefficient Sg, which can be understood as the higher volume of initial pores caused by
structural mismatch between the crystalline fiber and amorphous matrix to be filled by water
causing less swelling.

The parameter Sy is seen as the main swelling coefficient that describes the swelling in the higher
moisture content range. Hemicelluloses generally swell more than lignin which can be explained
by the higher hydrophilicity of hemicelluloses due to the larger density of hydroxyl groups. It is
interesting to find that M1, which consists of AGX and uLGN shows higher swelling than its
components, whereas M2 swells less than its components, namely GGM and cLGN. The mixing
of AGX and uLGN somehow causes effective "repulsion” that enhances the swelling, while the
mixing of GGM and cLGN results in effective "attraction” for m > 0.15. The swelling of S2 is
assumed transversely isotropic and described by longitudinal and tangential swelling coefficients.
In the longitudinal direction, the swelling is ~ 170 times less than in the tangential direction. This
is caused by the stiff fibers that do not swell and restrain the composite in longitudinal direction
from swelling. The tangential swelling of S2 is comparable to the swelling of the other components
and mixtures M1 and M2,

The volumetric swelling of isotropic and transversely isotropic materials can be expressed as:

g =0+ sx)(l + sy)(l +e,)—1
_ (1+¢)3 -1, isotropic (8-9)
B {(1 +e)(1+ep)?—1, transversely isotropic
In these polymer systems, where swelling is accompanied with the creation of new pore space, the

porosity ¢ is a function of the volumetric swelling strain:
N 1+ &y

¢ (8-10)

162



The porosity will be used in the later sections, to model to moisture dependence of elastic properties.

8.3.1.2 Moisture-induced weakening

Elastic moduli, namely bulk, Young's and shear moduli, are measured in the full hydration range
and all display a weakening trend upon hydration, as shown in Figure 8-9. Generally,
hemicelluloses show higher mechanical stiffness than lignins and stiffnesses of the two mixtures
locate roughly in between the ones of their hemicellulose and lignin components.

a) 6 - ‘ b) 7 - .
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Figure 8-9 Bulk moduli as a function of moisture content. a) M1 and its components AGX and
ULGN. b) M2 and its components GGM and cLGN. MD measurements are represented by symbols
and fitted with equation (8-13) represented by lines.
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Figure 8-10 Young's moduli as a function of moisture content a) M1 and its components AGX and
ULGN. b) M2 and its components GGM and cLGN. ¢) S2 longitudinal. d) S2 transverse and
mixtures M1 and M2. MD measurements are represented by symbols and fitted with equation (8-13)
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Figure 8-11 Shear moduli as a function of moisture content. a) M1 and its components AGX and
ULGN. b) M2 and its components GGM and cLGN. c) S2 longitudinal, transverse and mixtures
M1 and M2. MD measurements are represented by symbols and fitted with equation (8-13)

represented by lines.

The MD measured moduli are in accordance with the available literature data, most of which is
Young's modulus, as summarized in Chapter 2. In brief, the Young's moduli of xylan and
glucomannan range from 1.8 ~ 5.4 GPa (Hdije et al. 2005; Escalante et al. 2012; Kulasinski et al.
2016) and 2.5 ~ 4.3 GPa (Kulasinski et al. 2016), respectively. The reports on lignin Young's
modulus gave 2.8 ~ 6.7 GPa (Cousins et al. 1975; Cousins 1976, 1977), which is higher than the
MD results here. This is possibly due to their specimen preparation, where lignin powder was

molded into rods where the pressurizing treatment densifies and stiffens the material.
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The S2 composite exhibits a longitudinal Young's modulus of 36 ~ 44 GPa depending on the
moisture content. Recent nanoindentation measurement suggested a similar range 26 ~ 40 GPa
(Muraille et al. 2017). The longitudinal Young's modulus of S2 composite is ~ 10 times of the
transverse one, which can be explained by the strong reinforcement effect by CC fiber. The axial
Young's modulus of the CC fibrils is determined in MD by removing the matrix materials and then
applying the protocol identical to the determination of the modulus of S2. It yields a value of 90
GPa, which is lower than the range, i.e. 100 ~ 160 GPa, suggested by the large number of
mechanical characterizations of crystalline fibril, including experiments and simulations (Sakurada
et al. 1962; Tashiro and Kobayashi 1991; Nishino et al. 1995; Sturcova et al. 2005; Rusli and
Eichhorn 2008; Wu et al. 2014). The cellulose fibril in this study is weaker because the crystal here
is not perfectly crystalline. More specifically, the chains at the surface of CC fibril moderately
deviate from perfect crystal configurations as a consequence of relaxation and interaction with
matrices, and therefore the CC fibril is weakened.

For homogeneous and isotropic materials, the bulk, Young's and shear modulus and Poisson's
follow the relations:

G =L andv = £ (8-11)
9K-FE 6K

It is confirmed by comparing all MD results, that the material systems, namely AGX, GGM, uLGN,
cLGN, M1 and M2, comply with this relation. In other words, the shear moduli and Poisson's ratio
can be well predicted using equation (8-11).

For transversely isotropic materials, the equation (8-12) holds. The S2 composite is found to
comply roughly with this equation as shown in Figure 8-12.

Gy = —2T (8-12)
™= 2(1 + VTT)
1.5 :
¢ Gy
O Gy =E 2/(14v.)
1 4
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Figure 8-12 Shear modulus of S2 composite in the TT plane, comparison between MD
measurement (solid symbol and line) and the prediction made by Young's modulus and Poisson's
ratio (open symbol, dashed line).

MD results show that the elastic properties depend on moisture content. In this work, such moisture
dependence is modeled by a dependence on porosity, as often done in literature (Nielsen 1984), a
quantity related to swelling strain as defined in equation (8-10). The following power laws are used:

K=K(1—9)*, E=E1—-@), G=G(1-¢) (813)
where K, E, and G, are the elastic properties at zero moisture content, and Ak, Az and A are
fitting parameters. The lines in Figure 8-8 to Figure 8-11 are the fitting results and the parameters
are summarized in Table 8-3.

Table 8-3 Fitting parameters of elastic moduli as a function of moisture content. The units of K,
E, and G, are GPa.

material K, Ag E, Ag Gy Ag
AGX 5.658 1.660 4.418 2.818 2.122 3.598
GGM 4653 0.420 4.957 3.497 2176 4.291
ULGN 2546 0.423 1.896 3.475 1.079 3.217
cLGN 2.734 0.067 1875 1.791 0.791 1.789

M1 3561 1.772 2747 3.709 1162 2541
M2 4182 1.007 3.470 4.071 1.665 3.818
S2. - - 43.764 0.931 2.038 5.164
S27 - - 3.540 5.242 0.624 4.753

The exponents Ay, A; and Ak indicate the decay rate of moduli with increasing hydration. The
hemicelluloses are found to show the most severe weakening compared to the lignins. The
transverse Young's modulus of S2 is also strongly influenced by hydration. In contrast, the
longitudinal Young's modulus of S2 is the least weakened, which is due to the strong reinforcement
of cellulose fibrils whose mechanical properties are independent of moisture content.

8.3.2 Mixture rule analyses

The compilation of hygromechanical data of wood polymers paves the way for comprehensive
mixture rule analyses, allowing to reveal which mixing effect is at play. In this section, rule of
mixture (RoM) analyses of density, swelling and weakening curves are presented. The RoM taking
into account an interphase, representing interaction between the different components apart from
simple mixing, is found to reproduce the MD measurements with good agreement.

8.3.2.1 Density

Density is an important property of material. As shown by Kollmann (1975), the mechanical
properties of wood polymers were shown to be related to their densities. The density of M1, M2
and S2 can be predicted by the fraction and density of each component. More specifically, with the
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knowledge of the volume fraction of component fv‘}, weight coefficient w?, and density pj, of
component j, the compound density p;, can be estimated by the following RoM:

pi =Zf°-p-
"L (8-14)

The prime symbol denotes prediction instead of MD measurement. The subscript M denotes the
compound, i.e. M1, M2 or S2. The subscript O denotes the case where no interphase is present,
showing the values before mixing. The volume fraction of component j is estimated by the weight
coefficient wj0 and density p; of component j using the following equation:

w;'/p;
£ =t (8-15)
7 Eiwl /e
where (z—lo/p) is the density of the compound system. The MD measured densities and the
Wi lPj

estimated volume fractions according to equation (8-15) are summarized in Table 8-4.

Table 8-4 Densities measured by MD and volume fractions.

material p(gcm?®)  fy;

AGX 1.30 0.361

uULGN 1.22 0.639 }Ml
GGM 1.24 0.615

cLGN 1.30 0.385 }MZ
M1 1.28 0.242

M2 1.24 0.360 }52
CcC 1.50 0.398

S2 1.28 -

The RoM results are shown in Figure 8-13 by the orange bars. For all the compound systems, the
RoM prediction without interphase is higher than the MD measurement. This difference stems from
the mixing assuming no interaction between components and must be corrected. In polymer blends,
in addition to the simple mixing of components, interactions between the components may occur.
In general, a mixing rule may include, beside the contributions of each component, as well as an
additional interaction term. In these blends, the different components may connect along their main
chain with themselves leading to a local self-concentration effect (Lodge and McLeish 2000). On
the other hand, there may be also connections between different components. These concentration
and interaction effects lead to fluctuations in concentration of the components over the blend and
as a result also in its density. The local fluctuations are not considered. Only the three phases,
namely component 1, component 2 and the interphase between the two components, are considered.
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Figure 8-13 Density of compounds predicted by mixture rules.

An indication for the local self-concentration may be the number of hydrogen bonds formed
between the component itself, while the number of hydrogen bonds formed between the two
components is an indication of the interaction between the two components. The region where two
components are affected by each other showing properties different from either party is referred to
as the interphase. The interphase is included in the RoM as an individual component. In other words,
in the equation (8-14) which describes the RoM without consideration of interphase, an extra
interphase component term denoted by subscript i is added:

M viFi : vjFj (8-16)

Here the volume fraction of the interphase f,; is taken as the relative fraction of number of
hydrogen bonds formed between the different components at dry condition &:

Y jzk #HBjy
Y. Y #HBy, + 3., #HBj; (8-17)

fvizS:

where #HB;, = #HB,; denotes the number of hydrogen bonds formed between component j and
k, while #HB;; are the hydrogen bonds within the component j. Consequently, the volume fractions

of the other components are (1-8) times the value when no interphase is present and simple mixing
applies:

foj = A= 8)f) (8-18)
The relative fraction of number of hydrogen bonds formed between the different components ¢ for

M1, M2 and S2 at dry state equal §=0.210, §=0.176 and §=0.156, respectively. Details are shown
in Table 8-5.
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Table 8-5 Density of hydrogen bonds #HB/Vo (nm®) in M1, M2 and S2 at dry condition. § denotes
the fraction of number of hydrogen bonds formed between the different components.

M1 #HB/Vo M2 #HB/Vo S2 #HB/Vo
(nm3) (nm?3) (nm-3)
total 2.34 total 5.43 total 8.50

AGX-uLGN 0.49 GGM-cLGN 0.96 CC-M1 0.02
AGX-AGX 1.14 GGM-GGM 4.15 CC-M2 1.01
ULGN-uLGN 0.72 cLGN-cLGN 0.32 M1-M2 0.30

§ 0.210 ) 0.176 CC-CC 5.37
M1-M1 0.37

M2-M2 1.43

) 0.156

The interphase density p; is determined by substituting the MD measured compound density p,,
into equation (8-14) and solving for the interphase density p;. As shown by the red bars in Figure
8-13, the interphase densities are lower than the densities of the compounds, which may be the
result of either structural mismatch or immiscibility. The mismatch is less in mixture M2 compared
to the one in mixture M1, which is in accordance with the observations about the swelling
coefficient, where it is found that the mixing of AGX and uLGN somehow causes effective
"repulsion”. Compared with M1 and M2, the interphase density of S2 is significantly lower than
its composite overall density, which can be explained as the result of the structural mismatch at the
cellulose crystal fiber and amorphous matrix interface, resulting in an increase in porosity. This
aspect will be discussed in more detail below.

8.3.2.2 Sorption isotherms

The moisture content of the different components in a compound differs with each other. In the
previous sections the mechanical properties of wood-related systems are reported as functions of
moisture content. A more rigorous way is using relative humidity (water activity) or chemical
potential as governing variable of the hygroscopic behavior instead of using moisture content.
Wood polymers adsorb water following sorption isotherms, showing moisture content versus
relative humidity (RH) or water activity (aw). As adsorption isotherms are used, in this work
hysteresis between adsorption and desorption is neglected. Due to the large uncertainty in
determining the chemical potential by MD, the isotherms of xylan, glucomannan and lignin from
literature (Muraille et al. 2015) are retained to represent the sorption isotherms of AGX, GGM,
CLGN/ULGN.

The Guggenheim-Anderson-de Boer (GAB) model has been shown to successfully describe the
experimental sorption isotherms of cellulosic materials. The GAB model is written as follows:

c CeKgapaw
™ (1 — Kgapaw)(1 — Kgapay + CoKgapay) (8-19)

m =
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where C,, corresponds to the concentration of the adsorbed monolayer (dry basis); C; is the
Guggenheim constant that is related to the heat of sorption of the monolayer; K5 is related to the
heat of sorption of the intermediate layer. The parameter a,, denotes water activity or RH. The
parameters for AGX, GGM, LGN and their mixtures are summarized in Table 8-6. The uLGN and
cLGN uses the same set of parameters as LGN.

Table 8-6 GAB model parameters for AGX, GGM, LGN and their mixtures (Muraille et al. 2015).

material Cn C; Kgap
AGX 0.065 24 0.98
GGM 0.085 30 0.8
LGN 0.043 17 0.76

AGX:LGN =1:1 0.053 3% 091

GGM:LGN =1:1 0.059 22 0.83
It is noted that the mixtures in Ref. (Muraille et al. 2015), films made of AGX:uLGN = 1:1 and
GGM:cLGN = 1:1 (mass ratio), are different from the M1 and M2 in terms of mass ratio. To
construct the sorption isotherm for M1 and M2, the following mixture rule using weight
coefficients is applied:

m(RH) = ) w?m;(RH)
Z 7 (8-20)

The sorption isotherm of binary blend AGX:LGN=1:1 and GGM:LGN=1:1, measured by (Muraille
et al. 2015) and predicted by equation (8-20), are shown by the dots in Figure 8-14. The mixture
rule predictions are found to be in good agreement with the experimental measurements of mixtures,
except for a slight overshooting at high RH for AGX-LGN blend. Therefore, it is concluded that
the sorption isotherms of mixtures can be reliably predicted from the isotherms of their components
using equation (8-20).
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Figure 8-14 a) Sorption isotherms of GGM, LGN, GGM:LGN=1:1 (Muraille et al. 2015) and the
prediction of mixture rule. b) Sorption isotherms of AGX, LGN, AGX:LGN=1:1 (Muraille et al.
2015) and the prediction of mixture rule.

Thus, equation (8-20), the sorption isotherms of M1, M2 and S2 are predicted by the isotherms of
their components, as shown in Figure 8-15a, b and c. In general, M1 shows a stronger sorptive
behavior than M2, due to the stronger sorption of AGX component. The S2 sorption isotherms is
not too much different from M1 and M2. The variable # is defined as the fraction of the total
moisture content of the mixture present in component 1, or »m, while the remaining part
represented by (1-7)m is present in component 2 of the mixture, or

m=mm+ (1 —-n)m (8-21)

Using equation (8-20), it is found that:

m=ngm+ (1 —n)m=wdm; + wim, (8-22)

where the subscript 1 stands for component 1, i.e. AGX in M1, GGM in M2, and M1 in S2, and
subscript 2 stands for component 2, i.e. uLGN in M1, cLGN in M2, and M2 in S2. The equation
(8-22) implies:

wim,

n= (8-23)
m
The parameter # as a function of RH is shown in Figure 8-15d, with the average values indicated

by dashed lines. In this way, the relations between the moisture content of the component and
compounds are established as:

m; =1 Wﬂg and m, = (1 — 1) Wﬂg (8-24)
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These relations are used when given the moisture content of a compound to determine the moisture
content of the components within that compound. This moisture content is needed to estimate the

free swelling in the components of the mixture, which has to be known to determine the swelling
of the compound, as will be seen below.

1 . 1 .
a) AGX (Muraille 2015) b) GGM (Muraille 2015)
08! = LGN (Muraille 2015) | 08! = = LGN (Muraille 2015)
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Figure 8-15 Sorption isotherms predicted by components based on mixture rule: a) M1 predicted
by AGX:LGN=1:2. b) M2 predicted by GGM:LGN=7:4. c) S2 predicted by M1:M2=2:3. d)
Parameter # as a function of RH.

8.3.2.3 Mixture rule analyses of matrices M1 and M2
The mixtures M1 and M2 are considered as homogeneous and isotropic materials. Their elastic

moduli can be predicted by RoM with or without the presence of an interphase. Without an
interphase, the RoMs read:
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Ky = fvlel + fvzzKZ
Ey = fo1E1 + fioEs
" 8-25
Gy =0fv01G%) + G (8-23)
) ) ) for+fz =1
while when an interphase is present, the RoMs read:

KI(/I = fo1 K1 + [ Ko + [ K
EI(/I = flel + vaEZ + fvi Ei (8'26)
GIIVI = fo1G1 + f2G2 + [, Gi

fvl +fv2 +fvi =1
The subscripts M, 1, 2 and i denote compound, component 1 and 2, and interphase, respectively.

As mentioned in the previous sections, the moisture dependence of elastic moduli is modeled as a
function of porosity as shown in equation (8-13). It is noted that the elastic properties of the
interphase are assumed to also depend on porosity similarly as the properties of the components
do, thus equation (8-13) is also used for the interphase. The porosity is determined from the
volumetric swelling strain of the compound using equation (8-10). The determination of the
volumetric swelling strain of the compound is presented below (equations (8-27) and (8-28)), but
since this swelling strain depends itself on the Young’s moduli of the components, the elastic
properties are discussed first. The volume fractions are determined based on equations (8-17) and
(8-18).

The RoM predictions of the elastic properties of M1 are shown in Figure 8-16. Without the
presence of an interphase, i.e. simple mixing without interaction, the RoM predictions are generally
larger than the MD measurements. The interphase region due to the interaction of the two
components is therefore assessed to be weaker than a simple mixture of the two components would
be.
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Figure 8-16 Elastic moduli of M1, comparison of MD measurements with RoM predictions without
and with interphase: a) bulk moduli, b) Young's moduli and ¢) shear moduli.

The RoM predictions of M2 are shown in Figure 8-17. The bulk and Young's modulus predicted
by RoM without interphase give higher values than the MD measurements. This means that the
interphase is weaker than the simple mixture of the two components would be. The shear modulus
predicted by RoM without interphase is almost the same as MD measurements.
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Figure 8-17 Elastic moduli of M2, comparison of MD measurements with RoM predictions without
and with interphase: a) bulk moduli, b) Young's moduli and ¢) shear moduli.

The swelling strain of the matrices can be predicted by the mixture rule (Srisuk 2010), assuming
the same swelling strain in mixture as in the components, and the internal stresses taken up by the
components according to their volume fractions:

Al = fv01E1%51 + vaZEZAEZ (8-27)
_  JuEi T iRk _ _
Note that the denominator equals the stiffness of the mixture predicted by RoM. Taking the

interphase into account gives:
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Ael, = fo1E1Der + fioEoAe, + fy,; EilAg;
for E1+ foo B2 + £ Ei

It is noted that, since the swelling strain depends on the stiffness and the stiffness depends on the

porosity and thus swelling strain, equations (8-25) and (8-27), and equations (8-26) and (8-28) are

solved iteratively, respectively.

(8-28)

The swelling strain RoM predictions with and without interphase are shown in Figure 8-18. It is
observed that the prediction works very well even without consideration of an interphase.
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Figure 8-18 Swelling strains of M1 and M2, comparison of MD measurements with RoM
predictions without and with interphase.

8.3.2.4 Mixture rule analyses of S2 composite

The mixture rules for the S2 composite is different to the RoMs of the mixtures M1 and M2, as S2
is heterogeneous, consisting of a fibril CC and a matrix, and considered transversely isotropic. Due
to the orthotropic behavior of the fibril, the fibril directions need to be taken into account. The CC
fibril, denoted by subscript f, is moisture independent exhibiting neither swelling nor weakening.
Assuming the fibril to be a transversely isotropic material, the CC phase follows the following
elastic relations in the LT plane:

1
o = —————(Evsérs + vrorEpreny)
1 —virsvrLys
1 8-29
orp = —————— (viLrErpers + Erpery) (8-29)
1 —virpvris

ity = GurseYury
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The properties of CC are given in Table 8-7, where E_ is estimated by this study as described in
the method section and the other values are taken from literature (Mark 1967; Nakamura et al. 2004;
Kulasinski et al. 2014b, 2015d; Chen et al. 2015):

Table 8-7 Elastic properties of CC (Mark 1967; Nakamura et al. 2004; Kulasinski et al. 2014b,
2015d; Chen et al. 2015).

Young's modulus (GPa) shear modulus (GPa) Poisson’s ratio

EL=90 Er=42 GLr=44 vt =0.38 vrr=0.48

The elastic behavior of the composite is also assumed transversely isotropic, following the same
equations (8-29). The elastic properties of the composite can be derived applying the following
assumptions for the normal stress and strain in longitudinal and transverse directions, and for shear
stress and strain:

longitudinal oL = frrous + fom10uma + fomz0imz (8-30)
direction &L = &Lf = €LM1 = ELM2
Or = Orf = OrM1 = O

transverse R (8-31)
direction &L = forerr + fom€tmr + fomz€mz

Tur = Tutf = TutM1 = TLTM2 (8-32)
shear =f + £ + £

YLt = Jug¥Yirs T Jum1YiT™M1 T Jom2VLTM2

Using these assumptions, the RoMs without interphase for S2 composite read:

longitudinal modulus E', = fyrErp + fomrEm1 + fomaEmz (8-33)
0 0 0

transverse modulus E'r=1/ (f”f PRI LES) (8-34)
Erg Em1  Ewm2

Poisson's ratio Vit = fopvirs + fomiVma + foMaVmz (8-35)
for  fomr . fol

shear modulus G = 1/(=L + LML M2y (8-36)
Girr Gvn Gme

0 0
N i EviAey + EypAc
longitudinal swelling Ag] = f”0M1 MM fomz Te Mz (8-37)
forErr + fomiEma + fomzEmz
transverse swelling Aer = fomr (1 + vm)Aemy + fmz(1 + Vmz)Aey, — virde,  (8-38)

Note that, in the equation (8-38) for transverse swelling, the last term in the equation takes into
account the Poisson’s effect of the swelling of the composite in longitudinal direction. Due to the
high stiffness of the fiber in longitudinal direction, the swelling of the composite in this direction
is very small and the last term in equation (8-38) can be neglected.
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Similarly, the RoMs with interphase for S2 composite read:

longitudinal modulus E'y = forEip + fomiEm1 + fomzEmz + foi Ei (8-39)

transverse modulus Er=1 /(f vy fom + fomz + f”_i) (8-40)
Ery Em1  Emz E;

Poisson'’s ratio Ve = fopviry + fomaVma + fomzVmz + foi Vi (8-41)

shear modulus G'ir=1/( for + fom + fomz + fv_i) (8-42)

Giry Gvmi Gmz G

Ev1Aey + EvoAen, + [ EiAg;
longitudinal swelling Aeng"““ miems F fomzEmzAema ¥ foi Eile (8-43)

forEvr + fomiEma + fomzEmz + i Ei
Aer = fymr (1 + vm1)Aems + fumz (1 + vmz) Ay, (8-44)
+ foi (1 +v)Ag

transverse swelling

The prediction of Young's moduli is shown in Figure 8-19. The inclusion of an interphase improves
the prediction. The role of interphase is opposite in the two directions. While stiffening the
composite in longitudinal direction, it weakens the composite in transverse direction. The different
behavior of the interphase region between CC and matrix in longitudinal and transverse directions
shows that the interphase is no longer isotropic, but, due to the interaction between matrix and fiber,
the interphase becomes transversely isotropic, more stiff in longitudinal direction and weaker in
transverse direction. It is speculated that this anisotropy is due to the alignment of the GGM
polymer along the fibril axis due to intensive interaction, which will be discussed in the next section
in more detail. It is important to note that, while the elastic properties of CC are not moisture
dependent, the elastic moisture properties of the S2 layer shows a moisture dependence, especially
in transverse direction, which has a high influence on the structural behavior of wood in different
moisture conditions.
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Figure 8-19 Young's moduli of S2, comparison of MD measurements with RoM predictions
without and with interphase.

The prediction of shear modulus and Poisson's ratio are shown in Figure 8-20. While the RoM with
interphase works better in predicting Poisson's ratio, the shear modulus is well predicted by both
RoMs. The Poison's ratio vt predicted by RoM without interphase is too low compared to the MD
results, indicating a weaker interphase present between CC and matrix, which is in line with the
transverse Young's modulus results.
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Figure 8-20 Shear modulus and Poisson's ratio of S2, comparison of MD measurements with RoM
predictions without and with interphase.
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8.3.3 Structure of S2 model and the mechanics of its fiber-matrix interface
Using the RoM, it is found that an interphase region is present around the fiber. In this section the
structure of S2 is analyzed in more detail and the mechanics of its fiber-matrix interface is presented.

In Figure 8-21a, the S2 layer model is viewed from longitudinal direction in dry state. The
dimensions of the S2 layer model is 10.7 * 11.5 * 5.3 nm3, with a density of 1.28 g cm™, a value
very close to the experimental ones (Kellogg and Wangaard 1969). The material distribution of the
model is shown in Figure 8-21b. Visually inspection, aided by colors, yields that the location of
mixture 2 (GGM+cLGN, red and blue) is next to CC forming an interphase region. Mixture 2 is
then surrounded by the mixture 1 (AGX+uLGN, green and orange) forming the bulk matrix.

______,__-—-?
/ 10.77:1m o \

<«— 10.7nm — 53
’\ nm
l $12.7 :
1.5 “nm
nm N \
___________________ d eA..tI;\]5'.3.an.]4
a) b b)

Figure 8-21 Final S2 layer model in dry state. a) View from longitudinal direction. Carbon, oxygen
and hydrogen atoms are colored cyan, red and white, respectively. b) 3D view of dry S2 composite.
Color denotes different components, namely CC in black, GGM in red, cLGN in blue, AGX in
green and uLGN in orange.

8.3.4 Enrichment of matrix and water at interface

The spatial density distribution of the matrix and of water is calculated around the CC. The three-
dimensional data is projected onto the transverse plane. The density distribution in the matrix under
three different moisture contents, i.e. 0.02, 0.16 and 0.3, is shown in Figure 8-22a, b and c,
respectively. With increasing moisture content, the dimensions of the system increase indicating
the swelling of matrix material. Meanwhile, the density of matrix decreases with hydration (lighter
color), meaning that new pore space is created, especially in the proximity of cellulose fiber surface.
The dark spots at the CC interface indicate local density maxima of GGM aligning with the CC.
As can be seen from Figure 8-22d, e and f, water density increases with moisture content and is
evidently higher at the interface and in the interphase region around the fiber. It should be noted
that the maximum value interfacial water density is around 0.8 g cm3, lower than that of bulk water
(1gcm?).
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Figure 8-22 Spatial density distribution of a) b) c) matrix and d) e) f) water at three moisture
contents. Note that the CC is left white for clarity, and is not representing its density.

The information can be further reduced into a one-dimensional plot, i.e. density as a function of
distance to the CC surface dcc, as shown in Figure 8-23. The density is zero within 0.2 nm of the
CC surface, a result of prevailing repulsive forces in the immediate vicinity of the CC surface. This
phenomenon is referred to as depletion. The depletion thickness reflects the interaction of the
surface with the matrix or water (Huang et al. 2008). For both matrix and water, the density at the
interface is higher than in the bulk, showing an enrichment. The difference is that while the matrix
enrichment weakens with increment of moisture content, the water enrichment strengthens.
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Figure 8-23 Density of matrix and water as a function of distance to the CC surface dcc, for three
moisture content, 0.02, 0.16 and 0.3.

The CC plays an important role in the sorption process of this composite system. While the core of
the crystal fiber remains intact, the CC surface is heavily loaded with water molecules. The CC is
the load bearing component of wood cell wall and the CC-matrix interface greatly defines the
ability of load transfer, thus the overall mechanical performance of the composite. The interfacial
enrichment may strongly affect the mechanics of wood cell wall which will be discussed further in
the next section.

8.3.5 Interface weakening and hydrogen bonding

The interface shear strength is characterized via pulling test of the CC in presence of the S2
amorphous polymers, similarly to what was performed in Chapter 7. The shear stress -
displacement of CC shows a stick-slip behavior. In the stick phase, shear stress increases while the
displacement remains almost zero. Once the stress reaches a certain limit, called maximum shear
stress max, the CC abruptly slides for some distance, called slip phase, and then sticks to a new
location until the next slip event. The maximum shear stress zmax at different moisture contents is
collected and shown in Figure 8-24. Moisture sorption reduces the shear stress by ~ 3 times,
indicating the weakening effect induced by moisture.
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Figure 8-24 Maximum shear stress as a function of moisture content. Grey shade denote the
standard deviation, and the dashed line is the dots fitted with a exponential function.

In S2 there are many kinds of hydrogen bonds formed between the different phases. One way of
categorizing the hydrogen bonds is: within the matrix (M) and within the crystalline cellulose (CC),
i.e. M-M, CC-CC, where the matrix is taken to be M1 and M2 together. The second group is HBs
between matrix and fibril, i.e. M-CC, and the third group is between water (W) and matrix, i.e. W-
M and between water and fibril, i.e. W-CC. Finally, the HBs between water molecules are
considered, i.e. W-W. The number of hydrogen bond is normalized by the volume of S2 at dry state
Vo. In addition to absolute number, the number of hydrogen bond can be rescaled using equation

(8-45) and shown in Figure 8-25.
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Figure 8-25 a) Absolute number of hydrogen bonds, b) rescaled number of hydrogen bonds
within the S2 system in function of moisture content.

As can be seen in Figure 8-25a, at m ~ 0, the CC-CC HBs are the most abundant, accounting for ~
65% of the total number of HBs in S2, which agrees well with literature (O’Sullivan 1997). The
CC-CC HBs stay almost unchanged as sorption goes on, supporting the assertation that CC is not
affected by sorption. The adsorbed water stays at the surface instead of entering the crystal core
and disrupting the HBs inside CC. It is noted that there is an important number of HBs within the
matrix and at fibril-matrix interface.

With sorption, HBs within the matrix and at the fiber-matrix interface are broken, while the number
of HBs affiliated with water rapidly grow. The previous section shows that water molecules tend
to accumulate at the CC-matrix interface. The water replaces CC-matrix HBs with CC-water and
matrix-water HBs, and thus weakening the interface, causing a reduction of maximum shear stress
and its stiffness. The mechanical performance of fiber-reinforced composites depends on the
stiffness and strength of the fiber-matrix interface. With the weakening of the interface induced by
water, it can be expected that the ability of the interface to transfer load will diminish and
irreversible deformation can happen.

The trend of HB changes can be seen more evidently after rescaling, shown in Figure 8-25b. It is
noted that the rescaled number of CC-CC HBs seems to fluctuate a lot which is caused by
amplification of the very small amount of total change, resulting in a rather small value for the
denominator of equation (8-45). The number of matrix affiliated HBs diminishes and the number
of water affiliated HBs increases. It is interesting to note that, after rescaling, the HBs of CC-M
and M-M follow almost the same decreasing curve, while the HBs of W-M and W-CC follow the
same increasing curve, showing similar behavior in HB breaking mechanism.
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When the matrix material is categorized into finer subclasses, such as M1 and M2, or even the
individual components, such as AGX, uLGN, GGM and cLGN, many more types of HBs emerge
by combination of these categories. While some types remain largely unchanged with hydration
and are thus omitted, the most affected types of HBs are shown in Figure 8-26. The x-axis is ordered
in the ascending of A#HB/Vo. The CC-M HBs suffer the largest loss and the main reason is the
significant loss of CC-GGM HBs. Within the matrix, the most loss is again bore by GGM-GGM.
This leads to the conclusion that GGM acts as a sort of “glue” and its moisture dependence plays
a fundamental role in the hygromechanical behavior of the composite, especially at the fiber-matrix
interface and in the interphase region around the fiber, as will be discussed in detail in the next
section.

9
3 = A#HB/VO #HB(0.3)/VO =——#HB(0)/VO
6
5
4
3
2
1
Y LRELEEE T oS
1 25235389G65558C056593252%
2 0902408395433 9220233
g =237 s32=223: 2
O O
O VNG

Figure 8-26 Rescaled number of different types of hydrogen bonds: dry condition in green line, m
~ 0.3 in blue line and the difference in purple bars.

8.4 Discussion and perspectives

Multiple evidences suggest the pivotal role of GGM in cell wall mechanics. For S2 in dry state, the
GGM affiliated HBs are the second largest in number following the HBs formed within CC. The
GGM HBs connect CC and the remaining part of the matrix and therefore is important for the
overall mechanical performance of wood cell wall. Under hydrated condition, the GGM affiliated
HBs suffer the most loss in number, especially the CC-GGM HBs. This loss is partly caused by the
strong hydrophilicity of GGM as well as the large number of polar groups at the CC surface that
are next to GGM. Moisture accumulates at the fiber-matrix interface. Such concentration of
moisture leads to intensified disruption of interfacial hydrogen bonding, which consequently
deteriorates the function of the interface of transferring shear stress. In many applications, wood is

used as a load bearing component. It can be concluded that to achieve more stable wood material
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with reduced tendency of swelling or weakening, the amount of GGM should be reduced, or the
moisture sensitivity of GGM or of the CC surface should be modified. It is also possible that by
introducing proper cross-linking between fiber and matrix the wood mechanical performance is
improved (Stamm 1964).

Wood is known to be orthotropic. The swelling orthotropy is attributed to multiscale origins,
including the alternation of late- and earlywood, the influence of rays, the arrangements of cells
(Kollmann et al. 1968; Rafsanjani et al. 2014). In this study, the longitudinal swelling of S2 is
almost negligible while the transverse swelling is comparable to the swelling of the matrix
materials. The transverse mechanical performance of wood is strongly influenced by hydration.
The sizable difference between longitudinal and transverse swelling and weakening of S2 supports
that the swelling anisotropy is, at least partly, rooted at cell wall material scale. The mixture rule
analyses reveal the mechanics of the interphase in S2 being orthotropic, i.e. stiffening and
strengthening the composite in longitudinal direction, while weakening it in transverse directions.
It can be concluded that the wood cell wall orthotropy stems not only from the oriented CC fiber
but also the interphase formed by the interacting components that are mixed together.

It is noted that the modeling of S2 cell wall is a challenging task, for many critical aspects are still
being revealed by ongoing experimental characterizations. The diameter of microfibrils varies from
3 to up to 60 nm according to various experimental reports (Salmén 2004; Fernandes et al. 2011;
Terrett et al. 2019; Lyczakowski et al. 2019). This study models a microfibril consisting of four
cellulose fibrils, which however should not be seen as the only possibility. Nonetheless, modeling
of larger microfibrils can be achieved under the same protocol as shown in this study. It is noted
that the hemicellulose GGM and lignin cLGN chains are chosen to be shorter than the experimental
suggested lengths to facilitate the random insertion in the assembling procedure. This might pose
an effect on S2 mechanics. In the future studies, larger systems can be built and thus allowing
longer chains of GGM and cLGN.

8.5 Conclusion

A state-of-the-art atomistic model of softwood S2 layer is constructed using a bottom-up approach,
taking great care to reflect the state of knowledge of the molecular structure of this cell layer.
Individual components of S2 cell wall layer, including cellulose, glucomannan, xylan and two types
of lignin, as well as two mixtures and different interfaces are built and mechanically characterized
under the full hydration range via separate MD simulations. The work produces a complete set of
micromechanical properties, including hydrogen bonding, swelling and weakening, over the full
hydration range. Two configurations of 36-chain CC, with square and hexagonal cross-sections,
are tested for layer adhesion energy and the hexagonal one is used for further modeling in S2 given
its higher stability. Matrices of S2 are built and characterized using similar protocol. The ultimate
S2 model has four cellulose crystals "glued” together by GGM. The CC and GGM bundle is
wrapped by a mixture of cross-linked lignin and GGM, and then the matrix material made of AGX
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and uLGN fills the remaining space. The resultant S2 system has a density of 1.28 g cm™ and the
mass ratio of each polymer is in accordance with the literature.

A complete compilation of hygromechanical data of S2-related polymers, their mixtures and
composites, is presented, harvested from exercising hydration and mechanical tests. The swelling
curves are fitted by a two-section piecewise linear function which is able to account for the initial
nonlinear swelling region. Hemicelluloses are found to swell more than lignins. The interaction of
AGX and uLGN is "repulsive"”, meaning that the mixture formed by the two swells more than its
two individual contituents. The S2 shows strongly anisotropic swelling, with an almost negligible
longitudinal swelling and an transverse swelling comparable to the swelling of the matrix materials.
The weakening curves are fitted with power functions of porosity.

Comprehensive mixture rule analyses are carried out. The comparison between simple mixing and
MD measurements reveal the effect of intermolecular interactions between different components
and yield the properties of the interphase, i.e. the interacting region where properties differ from
individual components. The interphases in M1, M2 and S2 feature densities lower than the bulk,
indicating the structural mismatch. The interphase in M1 is found to be weaker than the bulk,
supporting the previous claim that the interaction between AGX and uLGN is prone to "repulsion™.
The interphase in S2 is found to be anisotropic, probably due to an alignment of matrix molecules
along the fibril axis, and thus to contribute to the overall anisotropy of S2 composite.

A detailed structural analysis of S2 composite reveals that the number of CC-CC HBs remains
almost unchanged with hydration. Water mainly enters the fibril-matrix interface breaking mostly
the GGM related HBs, the second most populous type of HBs after CC-CC HBs. According to
Chapters 5 and 6, where HBs are found to strongly correlate with interfacial shear strength, this
disruption of HB is highly likely to be the origin of moisture-induced shear stiffness/strength
weakening of the S2 fibril-matrix interface.

To conclude, this chapter epitomizes the atomistic modeling methodology developed and utilized
in the previous chapters, i.e. Chapter 3 and 4 which focus on the mechanics of bulk biopolymers
and Chapter 5 and 6 on the mechanics of biopolymer interfaces. A compilation of hygromechanical
data of S2 related systems is presented here. Through the mining of the dataset, insights about
wood cell wall mechanics and the impact of hydration are gained at molecular level.
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Chapter 9 Conclusions and Perspectives

9.1 Summary

This thesis focuses on the moisture-related mechanical aspects of wood, one of the most important
natural materials. Several unresolved mechanical issues regarding wood have their root deep in the
molecular level interactions and nanoscopic hierarchical ultrastructure, the deciphering of which is
hindered by the limited resolution of current experimental methods. In this thesis, molecular
dynamics (MD) and, after upscaling, finite element modeling (FEM) are employed to interrogate
the thickest layer of softwood cell wall, the second secondary layer S2, that is suspected to largely
determine the mechanics of wood under full hydration range, elucidating the mechanisms at play
on the atomistic scale and meanwhile reproducing ultrastructure and behavior of cell wall layer at
polymeric composite scale.

Wood cell wall S2 layer consists of stiff crystalline cellulose fibrils, surrounded by soft matrix
materials including hemicelluloses and lignins. The matrices are amorphous mixtures and are prone
to sorption-induced isotropic swelling and weakening when subjected to environmental moisture,
while the crystalline cellulose fibrils are rather anisotropic, with behavior almost independent of
moisture conditions. Interfaces form where crystalline and amorphous phases come into contact.
Recent experiments suggest that the fibrils may also come into contact forming interfacial
connections referred to as "mechanical hotspot".

The plan of attack starts with the elaboration of the detailed microscopic picture of the moisture
response of wood materials. One of the main hemicelluloses, arabinoglucuronoxylan (AGX), is
chosen as the representative of wood hydrophilic biopolymers. The dry material possesses initial
pores that are large enough to accommodate water molecules. The first adsorbed water fills the
pores and the material shows a moderate swelling. With adsorption proceeding, polymer chains are
pushed apart by water molecules causing breakage of polymer-polymer hydrogen bonds (HBs),
increment of polymer-water contact area and creation of new porosity. Percolation appears at a
moisture content m ~ 0.11 and the breakage of HBs saturates at m ~ 0.18. Starting from m ~ 0.3,
the newly adsorbed water molecules enlarge the existing water clusters instead of creating new
ones. The impact of moisture adsorption manifests itself in a series of structural, physical and
mechanical consequences. The heat of adsorption decreases, while the thermal expansion
coefficient and heat capacity increase, all of which approach the respective values of bulk water.
The mechanical moduli, specifically bulk, Young's and shear, decrease, referred to as weakening.
It is found that all these thermodynamic and mechanical properties considered in a function of m
collapse into one master curve after rescaling. Noteworthy is that this curve shows a crossover at
m ~ 0.3, the mechanism of which is asserted to be the saturation of the first water adsorption layer
and the growth of the second adsorption layer from this moisture content. Some sparse
experimental reports observed similar saturations yet miss establishing the structure-property
relationship.
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Mechanics is the chief concern of this thesis. Moisture and heat have shown to induce at least two
critical mechanical phenomena, namely non-linear swelling/expansion and weakening. The
mechanistic interpretation of the influence of hydration and heating on a biopolymer is a topic of
fundamental significance and broad implication. Uncondensed type of lignin is employed as the
prototype polymer for this study. Hygric swelling and thermal expansion are shown to occur
concomitantly with hydration and heating respectively, while mechanical weakening is also co-
occurring with each phenomenon, in line with the frequently assumed phenomenological rule
called the time-temperature-moisture superposition principle. A quantity called local stiffness is
introduced to explain the weakening effect. Under the assumption of harmonic vibration and
isotropy, the macroscopic elastic modulus is expressed as a function of the microscopic segmental
motions of the polymer chains, a concise equation with strong predicting power. In effect, the
predicted bulk moduli are in good agreement with the MD measurements, justifying the theoretical
model. From an energetic point of view, the stiffness of the material stems from the strength of the
primary and secondary bonds. While secondary bonds are influenced by both heat and moisture,
the primary bonds are affected by heat alone. This indicates the fundamental difference between
the action, long been assumed to be similar, of moisture and heat.

Complementary to the investigations of homogeneous amorphous systems, the thesis considers
also heterogeneous structures. As cellulose nanocrystal (CC) reinforcements are the main
component of wood cell wall material, two types of interfaces, CC-CC and CC-GGM, where GGM
is referring to the hemicellulose galactoglucomannan, are studied in detail for their prevalence and
importance. The mechanics of these interfaces is relevant not only for wood research but also for
more general research on cellulose fiber-reinforced composites. The shear strength of the interfaces
is measured using pulling tests. The interfaces, regardless of moisture level, show frictional stick-
slip behavior with a periodicity corresponding to the length of the repeating unit of cellulose crystal,
though the cases with dry interfaces have a more regular pattern than the wet cases. Such stick-slip
behavior indicates the recovery of interface strength after irreversible deformation, the origin of
which is ascribed to the re-formation of interfacial HBs. Systematic investigations of the influence
of loading direction, misalignment and presence of moisture reveal direction-dependent behavior
and weakening, all of which are explained by density, orientation or distribution of interfacial
hydrogen bonds. Moreover, the density of HBs is found to correlate with interfacial measurements
such as shear stress, sliding velocity and interface interaction energy, hence the force rendered by
a single hydrogen bond is calculated to be ~ 1.3 E1° N. The CC-GGM composite structure has an
interphase, i.e. a region in the matrix next to the interface, that is influenced by CC and shows very
different behavior from the bulk matrix. GGM polymer forms a rather ordered structure, seen as
an alignment along the cellulose fiber axial direction, which is attributed to the strong interaction
between CC and GGM. The interphase displays an enrichment in matrix and water atoms, which
indicates the preferential adsorption happening near the interface. The stiffness of interphase is
proportionate to the interface shear strength. For infinitely stiff interphase, a hypothetical case, the
interfacial shear stress is solely controlled by HBs, whereas for the case of high compliance of the
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interphase, the interface is considerably weakened. For both CC-CC and CC-GGM interfaces,
moisture lowers the shear strength by about three times, implying that moisture may serve as an
activator of interfacial sliding, a mechanism called the molecular switch.

Moisture-induced shape memory effect (SME) is one of the most intriguing hygromechanical
manifestations of the behavior of wood. To decipher the mechanisms of SME, a finite element
model of a prototype wood cell wall layer is built, with the hygromechanical properties of the
components and the interfaces extracted from atomistic simulations. The swelling and weakening
of the matrix and the weakening of the interface, as extracted by MD, are used as constitutive laws.
Three representative systems of cell wall layer material are tested under a loading protocol that
would resemble a practical treatment of wood to achieve SME. All systems show fixation of a
deformed state while the model with undulating fiber pattern, mimicking the presence of so-called
mechanical hotspots, exhibits a more prominent recovery and thus SME. The removal of interface
moisture dependency eliminates the fixation thus the SME, demonstrating the critical role of
interface mechanics in SME. In the view of energetics, for any material to show SME, there must
be at least two meta-stable states, corresponding to two local minima in the hypersurface of
potential energy. In dry conditions, the friction is high and therefore the system is trapped in one
of the potential wells. The addition of moisture weakens the interface which lowers the energy
barrier and therefore establishes a kinetically possible path allowing the system to a transformation
between states with or without external mechanical loading. In short, it is speculated that the SME
mechanism of wood cell wall material would consist of a fixation phase where deformation and
potential energy are kinetically locked by the dry interface, and a recovery phase where the
potential energy is released and the original shape recovered, as moisture activates the molecular
switch which lowers the energy barrier between states.

With the understanding of the hygromechanics of wood polymers and interfaces achieved in the
previous chapters, a natural and critical next step is to model an S2 layer composite in MD that
offers, to the best efforts, a realistic representation of wood cell wall material. The bottom-up
approach is used, where individual polymers, namely CC, GGM, AGX, condensed and
uncondensed lignins (cLGN and uLGN), their mixtures, namely M1 and M2, are constructed and
characterized in separate MD simulations harvesting the hygromechanical parameters of the
systems. These components are then used as building blocks to build the atomistic model of S2
layer with the guidance of current experimental reports on the ultrastructure. The CC fibrils
strongly restrain the swelling of the matrix along the fibril axial direction. Moisture is found to
preferentially being adsorbed at the fibril-matrix interface, though no bulk water is formed as
indicated by the adsorbed water density that stays below 0.8 g cm™ for moisture content less than
0.3. Such moisture sorption weakens the shear strength of the interface by ~ 3 times. Sorption,
hydrogen bonding, swelling and weakening are all characterized for the composite following the
same protocol as for the individual components and the two mixtures. The collected rich
hygromechanical data permits a systematic analysis relying on the rule of mixture. The mismatch

between the rule of mixture prediction and MD measurement calls for the consideration of the
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interphase, a result of interaction between different components, with which the prediction greatly
improves. GGM plays a pivotal role in associating the fiber and the matrix through hydrogen
bonding.

9.2 Contribution to the research field

In terms of scientific advances, the thesis has original contributions in the field of wood and
polymer sciences, meta-stable systems, molecular dynamics methodology and multiscale modeling
methodology.

This thesis contains systematic investigations of the single polymer systems, respecting the known
molecular structures and studying in-depth their motions and interactions under full hydration
range. The work provides new insights and explanations on mechanisms at play on the atomistic
scale of several moisture-related phenomena. First, the work on xylan led to the identification of
the role played by water configuration. Previous reports suggest the dominant role of hydrogen
bond in mechanics of the wood polymers, and the adsorbed water would be casting its influence
mainly through interruption of the hydrogen bonding network. This thesis shows as a new insight
that the layering structure of adsorbed water may induce a profound transition, the crossover,
observed in the master curve followed by a number of scaled thermodynamic and mechanical
properties. Second, the origin of the mechanical weakening of biopolymer is demonstrated in both
dynamical and energetical ways. The work on uncondensed lignin provides a route to disentangle
the effects of moisture and heat. To do so, an indicator, the local stiffness, is proposed to
theoretically relate the macroscopic modulus to molecular motions. Third, it is shown that, when
mixing different polymers in a blend, interaction between the components in the compound can
change the swelling and elastic properties of the mixture. For polymer mixtures in S2, this
interaction mostly results in a decrease of density and a decrease in elastic properties. Fourth, the
study of S2 with MD and rule of mixture identified that a transverse isotropic interphase region
develops around the CC fibril, which displays a much higher stiffness in the axial direction of the
fibril due to the alignment of GGM along with the CC phase. Finally, the interfaces behavior
between CC and amorphous polymers as well as between CC-CC are shown to be characterized
by a stick-slip behavior. Moisture at these interfaces may play the role of lubricant reducing the
interfacial shear strength and mobilizing the sliding of the interfaces when loaded.

In terms of engineering and modeling advances, this research covers the identification of the
materials and systems hygro-mechanical behavior in a comprehensive way. The studied polymers,
their mixtures and interfaces comprising > 95% of the mass of softwood cell wall S2 layer are
investigated with separate MD simulations under full hydration range. Critical information on
swelling, elastic constants, hydrogen bonding, etc. is systematically presented. A state-of-the-art
atomistic model of softwood S2 layer is constructed using a bottom-up approach. The harvested
micromechanical properties of wood components and composites are validated with available
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experimental reports, providing an unprecedented compilation of dataset which is critical, however,
but was still missing for modeling of the moisture-related behavior of wood material.

Looking at a specific meta-stable mechanism in the intriguing moisture behavior of polymers such
as S2, the mechanism of wood moisture-induced shape memory has yet to be completely
understood. Experimental reports find that the phenomenon may originate from cell wall layer
material. However, the in-depth understanding is hindered by the limited resolution of experiments
and therefore modeling studies at lower scales are demanded. This thesis proposes a possible
mechanism accentuating the key role of interface mechanics, a factor that has been much
overlooked. This study combines computational methods by using finite element modeling of a
prototype of wood cell wall layer based on the micromechanical parameters obtained from MD.
Moisture-induced SME requires a molecular switch that is controlled by the breakage and
reformation of hydrogen bonds upon moistening and drying, respectively, as revealed by the
atomistic model of the interface behavior between CC-CC and CGM. With the interface law
implemented, the SME is successfully reproduced for a system with undulating fiber mesh with
hot-spots and the sub-mechanisms including fixation and recovery are elucidated. A conceptual
picture of SME is presented where the deformed shape is kept kinetically by the high energy barrier
and the elastic energy stored, energy to be released and the shape driven to recover once the energy
barrier is lowered.

In terms of methodology, this thesis presents a computational framework that covers the full
workflow of wood polymers hygromechanical modeling, i.e. the modeling of polymers, mixtures,
interfaces and composites, hydration, thermodynamic and mechanical characterizations. Moreover,
the atomistic insights are shown successfully to be upscaled to FE models which reproduce the
shape memory effect of wood cell wall material. The multiscale modeling scheme can be applied
to other wood behaviors and even other applications.

9.3 Outlook and future work

The carried research converges to establish a state-of-the-art atomistic model of wood cell wall S2
layer while gathering a comprehensive micromechanical dataset. The developed model as well as
methodology open to manifold possibilities in different scales of modeling, and several prospects
are named here:

1. The configuration of S2 is diverse, and the four-cellulose crystals setup as used in this thesis
is not the unique choice. Nanoconfined reinforcement shows significantly different
mechanics to the larger-scale counterparts even when the mass ratio of fiber to the matrix
is the same, namely size-dependency, making the characterization of different sizes of
aggregates of cellulose fibers an interesting topic to explore.

2. The current study can be easily extended to include temperature effects which are an
interesting topic for many reasons. Tweaking temperature grants access to many thermal
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and thermodynamic insights, such as thermal expansion, the energy of hydrogen bonding
and structural evolution.

3. An important characteristic of MD studies is the ability to output explicit trajectories of
atoms. Statistics of the displacement provide rich information about the dynamics of the
system such as molecular diffusion, permeability and heat conductivity, the study of which
is desired for many fields. For example, many biopolymers, e.g. xylan, can potentially be
used as packaging material where the permeability of oxygen is a critical index of
performance.

4. In many conservation applications, additional chemicals are applied to wood. Famous
examples are the Vasa and Mary Rose warships, precious wooden culture relics that were
waterlogged over centuries and vulnerable to degradation. The current strategy of
conservation is to impregnate archeological wood with polyethylene glycol. Fundamental
research on molecular level interactions between wood polymers and polyethylene glycol
should be warranted for better preservation.

5. Wood is often subject to harsh chemical treatment or environmental degradation, such as
delignification or hemicellulose removal in industries like pulp and paper process and the
UV light-induced aging. The cell wall material model in this thesis can serve as an excellent
template or starting point for the research of such chemically treated wood. By partial
removal of certain substances or reduction of the molecular weight of the polymers, wood
samples of different compositions can be generated, and their mechanics studied.

6. Recently, the development of new wooden materials is of high interest in order to increase
the use of wood as a sustainable material resource. New wooden materials are often based
on the densification of wood and treatment of wood with other polymers or mineral
materials. However, the possible spring-back of these materials to the original shape is a
problem. Findings in this thesis could ameliorate the design of these new materials by better
understanding the undesirable SME, by making the material interfaces at nanoscale less
moisture sensitive, so that fixation is kept and no recovery occurs.

7. In plant biology, the atomistic models of wood cell wall can be used as a so-called
"computational microscope" to capture the structural and dynamical aspects of plant growth
and function, e.g. diffusion of nutrients.

8. The developed numerical framework can be applied to fibrous plants other than wood. One
such promising source of natural fibers is flax which is gaining increasing popularity. While
the cell wall structure of flax is very similar to that of wood, its chemical composition
differs which, however, can be modeled using the same protocol developed here.

The current methodology could benefit from improvement as regards the following aspects:

1. Polymers are viscoelastic materials. The full characterization of such materials should
involve dynamical mechanical analysis. This calls for the improvement of the sampling
method because current simulations are limited to timespans of nano- to microseconds
which are insufficient for modeling viscous behavior of wood polymers. The enhancement
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of sampling will enable the modeling of time-dependent behavior such as relaxation and
creep.

2. Wood is a strongly hygroscopic material and sorption is an important issue to deal with.
While the current methodology introduces moisture through random insertion followed by
relaxation, a more rigorous method could be to use Monte Carlo simulations in the grand
canonical ensemble followed by relaxation in MD. Such improvement will allow the
measurement of elastic constants in drained conditions and history-dependent behavior
such as sorption hysteresis.

3. The multiscale approach combining MD and FE modeling can be greatly extended if
poromechanical constitutive laws are implemented. Previously, using a poroelastic
approach for sorption-induced deformation of biopolymer with adequate constitutive
equations coupling mechanical and sorption behavior has been established valid for
nanoporous media, where the state of the fluid is described by molar concentration and
chemical potential of water, enabling the prediction of mechano-sorptive effect, etc. Also,
along the line of poromechanical modeling which include coupling terms, MD studies could
be used to investigate the molecular mechanisms that explains coupling, either of heat and
moisture, as seen in lignin, or of moisture and mechanics.

4. Wood is a multiscale material and the upscaling over different scales, from molecular to
cellular, growth ring and timber scale remains still a challenge. Adequate modeling at every
scale and appropriate coupling of the different models at the different scales require,
amongst other challenge development in upscaling and eventually downscaling, as
phenomena modeled at higher scale might impact the phenomena at lower scales, such as
cracking due to restrained shrinking when wood is dried.

The revealed shape-memory mechanism can be inspiring for innovative material design and
fabrication:

1. The described mechanism for shape memory effect using moisture as the activator to
break/restore hydrogen bonds as a molecular switch might lead to plentiful innovative ideas
to fabricate new materials with well-designed functions, such as attenuators, valves
triggered by moisture or other agents.

2. Materials with undulating fiber mesh with hotspots that can be activated or locked open a
new horizon for composite materials that can change their stiffness when desired.
Especially in the world of 3D woven composites, the behavior of the S2 layer could be a
source of inspiration for developing new materials where 3D printing could be used as a
manufacturing technique.

The molecular modeling of plant cell wall material has shown potential in elucidating the
mechanisms of various physical processes and phenomena. There is a vast number of possibilities
for future research. It can be expected that, with the upgrading of computational power, the
development of enhanced sampling methods and the more solid and available structure information
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of cell wall layer, the numerical modeling can achieve much more sophisticated material
configuration and tackle even more complex behaviors.
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