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Abstract
Cellulose is a linear polysaccharide, serving as reinforcement in plant cell walls.
Understanding its structure and properties is of importance in the development
of nanostructured cellulose materials. The aim of this thesis is to address this
question by applying the computer simulation technique Molecular Dynamics
(MD) onto an atomistic model of a native crystal form of cellulose.
A molecular model of crystalline cellulose Iβ was developed and simulated
with the GROMACS simulation software package.
Temperature dependence of the crystal bulk model was investigated. A gradual transition was observed between 350 K and 500 K in concordance with experimental results. The high temperature structure differed from the original
structure in terms of crystal cell parameters, hydrogen bonding network and
elastic modulus.
Spin-lattice relaxation times, T1 , from solid-state Nuclear Magnetic Resonance spectroscopy were compared with values calculated from the dynamics of
the C4-H4 vector in MD simulations. Calculated T1 compared well with experimentally obtained, suggesting well reproduced dynamics. Moreover, a difference
in T1 of about a factor 2 was found for C4 atoms at surfaces parallel to different crystallographic planes. This supports a proposed explanation regarding an
observed doublet for C4 atoms in the NMR spectrum.
Interaction energies between crystalline cellulose and water and 6− hydroxyhexanal (CL) were determined from simulations. Water was found to interact
stronger with cellulose than CL. Moreover, the effect of grafting CL onto surface
cellulose chains was examined. For both water and CL interfaces, grafting led
to increased interaction. Electrostatic interactions were dominating in all cases,
however grafting increased the importance of van der Waals interactions.
The experimental approach to investigate polymer desorption by pulling it
from a surface by the use of Atomic Force Microscopy (AFM) was enlightened
with a modelling study. A single cellulose octamer was pulled from a cellulose
crystal into water and cyclohexane. Resulting pull-off energies proved a clear
solvent effect, 300 − 400 [kJ/mole] in cyclohexane and 100 − 200 [kJ/mole] in
water.
In general, MD was shown to be useful when applied in combination with
feasible experimental techniques such as NMR and AFM to increase the fundamental understanding of cellulose structure and properties.
Keywords: cellulose, molecular dynamics simulations, interfaces

iii

Sammanfattning
Cellulosa förstärker cellväggen i växter i form av nanostrukturerade och mycket
starka fibriller. För utvecklingen av nya cellulosamaterial från dessa fibriller är
en förståelse för cellulosans struktur och egenskaper viktig. Syftet med denna
avhandling är att med hjälp av en atomistisk modell och molekyldynamiska
datorsimuleringar (MD) öka kunskapen om cellulosa på atomär nivå.
En atomistisk modell av kristallin cellulosa Iβ utvecklades och simulerades
med simuleringsprogrampaketet GROMACS.
Temperaturberoendet hos kristallin cellulosa i bulk undersöktes. Mellan
350 K och 500 K skedde en gradvis kristallin strukturomvandling. Vid högre temperatur hade cellulosan annorlunda kristall-enhetscellsparametrar, vätebindingsmönster och elastisk modul jämfört med orginalstrukturen.
Systemet cellulosa-vatten har stor praktisk betydelse. Spinn-gitter-relaxationstider T1 beräknades därför från dynamiken hos C4-H4-vektorn i MD-simuleringar och jämfördes med värden uppmätta med fastfas-NMR. De beräknade
värdena stämde väl överens med de experimentella och dynamiken vid ytan kan
antas vara välreproducerad i modellen. Dessutom kunde en skillnad i T1 med
en faktor 2 för C4-atomer på ytkedjor vid olika kristallografiska plan påvisas.
Simuleringsresultaten stödjer därmed en tidigare föreslagen förklaring till en
dubblett för C4-atomer i cellulosans NMR-spektrum.
Växelverkansenergier mellan cellulosa och polymeren PCL är intressant för
nanokompositmaterial. Därför bestämdes växelverkansenergier mellan kristallin
cellulosa och vatten och cellulosa och 6-hydroxyhexanal (CL). Växelverkan mellan cellulosa med vatten visade sig vara större än mellan cellulosa och CL.
Ympning av CL-molekyler på cellulosaytan ledde till ökad växelverkan för såväl
gränsytor mot vatten som mot CL. Elektrostatisk växelverkan dominerade vid
samtliga gränsytor, även om CL-ympning orsakade ökad andel av van der Waalskrafter.
Polymerdesorption kan undersökas med hjälp av atomkraftmikroskopi (AFM).
Ett simulerat experiment med MD utfördes därför genom att en cellulosaoktamer drogs från en cellulosayta in i vatten eller cyklohexan. Det krävdes avsevärt mindre energi att dra loss oktameren i cyklohexan (300−400 kJ/mol) jämfört med vatten (100 − 200 kJ/mol). Resultaten analyserades i termer av specifik
växelverkan mellan cellulosaoktameren och identifierbara kemiska grupper på
cellulosaytan.
MD har stor potential att öka förståelsen för cellulosa på molekylär nivå.
MD-simuleringar kan inspirera experimentella mätningar genom upptäckter av
nya fenomen. MD kan dessutom tillföra nya aspekter vid analys av experimentella resultat. Det har i avhandlingen demonstrerats för metoder som NMR,
AFM, mekanisk provning och mätning av termisk utvidgning.
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Chapter 1

Background
1.1. Cellulose
The natural macromolecule cellulose has been a popular research subject ever
since the early days of polymer science. Cellulose is a linear semi-crystalline
polysaccharide synthesised by living species for all in the vegetable kingdom,
but also by other species such as bacteria and the sea-animal tunicate. Not
only scientists, but human kind in general has a great interest in cellulose. Its
abundance makes it cheap, accessible and also an environmentally friendly alternative to petroleum-based synthetic polymers. In addition its extraordinary
mechanical properties are useful in material design. Nature takes advantage of
these properties by using cellulose as the load bearing component in plant cell
walls. There are numerous applications where cellulose is involved in a more or
less pure form, for example in textiles, paper products and packaging materials.
Despite the substantial efforts trying to reveal the structure and properties of
cellulose over the years there are still many questions to be answered. Within
this thesis, cellulose is modelled with an atomistic computer model. The overall aim is to shed some light on different experimental issues, especially those
regarding cellulose surface and interfaces by providing modelled data with atomistic resolution.

1.1.1. Chemical structure and molecular arrangement
The elementary composition of cellulose was first determined by Payen (1842);
44% carbon, 6% hydrogen and the remainder being oxygen led to the empirical
formula C6 H10 O5 . Later on, Haworth (1928) (as cited in Krässig (1993)) discovered the nature of the β-D-glucan units and the 1 → 4 glucosidic bonds between
them forming the cellobiose unit shown in in Figure 1.1. However, there were
many years with an open discussion on whether cellulose was an aggregation
of small oligomers or if it was actually a macromolecule until Staudinger (1932)
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Figure 1.1. Chemical structure of cellulose

could prove its high polymer nature. Today, it is generally accepted that native cellulose has a high, source-dependent degree of polymerisation (DP) often
around 10 000 glucose units in wood (Sjöström (1993)), although measuring DP
of native cellulose is a difficult task due to degradation. Native plant cellulose
is synthesised at the cell plasma membranes. As the cellulose chains polymerise, they also organise in extended chain conformation into fibrils with a
lateral dimension of 3 − 5 nm in the case of wood. The fibrils themselves are
further aggregating into fibril aggregates which together with the other cell wall
polymers lignin and hemicelluloses build up the plant cell walls in which they
coexist with water. This native structure is only true for living plants. Cellulose
as it is used by humans has always been processed in some way prior to use
and its structure is dependent on the processing history. For instance, paper
products are often made from wood pulp and the effects of pulping of wood on
supermolecular structure has been investigated by Hult et al. (2000) and Hult
et al. (2003). A pictorial view of the different scales within a typical wood cell
and differences between native and processed cellulose is depicted in Figure 1.2

1.1.2. Crystalline cellulose
The native organisation of cellulose molecules within plant cell walls is a somewhat controversial subject and still an open issue. The way nature is constructed is not always easy to detect and describe in a generalised way. In
the case of cellulose structure, source dependence and different experimental
conditions, for all differing from in vivo conditions, may partially explain the
controversy (Okano and Koyanagi (1986)). The interested reader is suggested to
look further into literature, for reviews, see e.g. Azizi Samir et al. (2005) and
O’Sullivan (1997).
Despite the controversies, it is at least possible to conclude that thanks to
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Figure 1.2. Wood structure at different levels in native and processed states. SEM
picture of freeze-dried MFC from Henriksson and Berglund (2007)

its linearity and ability to form hydrogen bonds, there are several ways for the
cellulose chains to crystallise. The degree of crystallinity of native cellulose is
source dependent, wood cellulose is typically around 60% crystalline. There are
six known different crystal polymorphs for cellulose; I, II, IIII , IIIII , IVI and IVII
(O’Sullivan (1997)). In nature, cellulose polymerization and crystallization occur
simultaneously and its native crystalline form with parallel chains is named cellulose I. Native cellulose has often been the subject for new experimental characterization techniques when trying to reveal its structure. For instance, Atalla
and VanderHart (1984) used solid-state cross-polarization magic angle spinning
carbon-13 nuclear magnetic resonance (CP/MAS 13 C NMR) to study cellulose.
One of their important findings was that native cellulose I was shown to consist
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of two crystalline allomorphs, called Iα and Iβ. Crystallographic studies using synchotron X-ray and neutron diffraction data, as performed by Nishiyama
et al. (2002) and Nishiyama et al. (2003), have confirmed the existence of the
two crystal forms. The Iα allomorph contains one chain in a triclinic unit cell
whereas the Iβ has two chains in a monoclinic cell. The two phases are found to
be co-existing in nature but with different ratio depending on source (Wada et al.
(1993) and Newman (1999)). The Iα allomorph is thermodynamically metastable
and may be converted into Iβ by annealing in different media (Horii et al. (1987)).
The Iα and Iβ form are readily distinguished in some sources such as the alga
Valonia (rich in Iα) and the sea animal tunicate (rich in Iβ). Plant cell walls
from wood are somewhat more difficult to characterize because of broad and
overlapping peaks in both 13 C NMR and X-ray (Newman (1994); Wada et al.
(1995)) and reports on composition has suggested both Iα (Newman (1994); Hult
et al. (2000)) and Iβ (Wada et al. (1997)) dominance. The crystal phase of cellulose is responsible for the good mechanical properties of cellulosic fibrils. The
cellulose I crystal is stiff, it has a Young’s modulus in chain direction with experimentally determined values between 120 − 143 GPa (Sakurada et al. (1962);
Nishino et al. (1995); Matsuo et al. (1990); Sturcova et al. (2005)) and theoretically somewhat higher, 124 − 155 GPa (Kroon-Batenburg and Kroon (1997);
Tanaka and Iwata (2006)). This is higher than glass fibres (around 80 GPa) and
comparable to Kevlar 49 (around 140 GPa), therefore cellulose is an interesting
alternative to use as reinforcing material in composites.
Cellulose II is the second most studied form of cellulose. It is irreversibly
formed by regeneration or mercerisation of cellulose I and it differs from native
cellulose by that the chains are aligned anti-parallel instead of parallel. It is also
found to be somewhat less stiff than cellulose I (Nishino et al. (1995); Eichhorn
et al. (2005)), possibly due to the fact that its structure contains only one intramolecular hydrogen bond whereas cellulose I has two. The forms cellulose IIII ,
IIIII , IVI and IVII are less extensively studied and will not be further discussed
here.
As depicted in Figure 1.2, processed cellulose materials only contain cellulose I if the process is not regenerating the crystal structure (or completely destroying it), since the transformation into cellulose II is an irreversible process.
An example of a material, almost purely consisting of cellulose, which is still
in its native crystal structure is microfibrillated cellulose MFC (see e.g. Turbak
et al. (1983); Herrick et al. (1983)). This particular material is used for fabrication of nanocellulosic composite materials in the author’s current research
group (Svagan et al. (2007); Henriksson et al. (2008)) and contributed to inspire
the modelling studies in this thesis due to its structure at the sub-micrometre
scale. The crystal allomorph cellulose Iβ was chosen as a representative crystal
structure.

1.1.3. Cellulose thermal expansion
Material use as well as processing often involve elevated temperatures and it
is of interest to study the behaviour of cellulose as temperature is increased.

1. Background

9

In addition, fibrillated cellulose used as reinforcing component in composite
materials has been found to have a significant decreasing effect on the overall
thermal expansion of the material (Nakagaito and Yano (2008)).
Studies on thermal degradation and decomposition of cellulosic materials
indicate an initial degradation temperature of cellulose between 546 K and 615 K
(Huang and Li (1998)). Before that, at modestly increased temperature, structural changes are expected to take place although not yet fully understood. Fundamental studies on structural changes in native cellulose at modestly elevated
temperature are unfortunately rare. Most of the studies on pure cellulose crystals are performed under ambient conditions at temperatures around 300 K.
Early thermal studies also had the deficiency that they were performed on samples with low crystallinity. Recent experimental studies have been performed on
highly crystalline cellulose at elevated temperatures with with FT-IR by Watanabe et al. (2006) and X-ray diffraction (Wada (2002)). These experiments show
the existence of a transition into a high-temperature crystalline phase and show
some details on restructured hydrogen bonds, but they lack information at the
atomistic level. Temperature dependence of cellulose crystal structure is further
explored in Paper I.

1.1.4. Cellulose interfaces
Interfaces are present in many material systems and to understand and predict their properties and behaviour is of immense interest. For instance, when
developing new composite materials it is particularly important to characterise
the interface between the composite constituents. In cellulose nanocomposite
materials consisting of a polymer matrix reinforced by fibrillated cellulose, the
cellulose fibres have lateral dimensions of 10 − 100 nm resulting in a large surface area to volume ratio which simply means that there is a large amount of
interfacial area within a given volume. The mechanical properties of such a
nanocomposite is highly dependent on the adhesion between fibre and matrix
and cellulose interfaces are therefore explored in this thesis.
Plants need water for their photosynthesis and cellulose in its native state is
always co-existing with water inside the plant cell wall. Crystalline cellulose is
insoluble in water, and consequently interfaces are formed between water and
the cellulose fibrils. Experimental NMR studies (Viëtor et al. (2002); Larsson
et al. (1997)) and earlier modelling approaches (Heiner et al. (1998)) indicate
that cellulose at surfaces differs structurally from bulk cellulose. Among the
crystal faces of cellulose Iβ, the surfaces parallel to the (110) and (11̄0) crystal
planes are considered most likely. This is suggested by for instance experimental observations by AFM (Kuutti et al. (1995)) and gas chromatography and
modelling (Perez et al. (2004)). It might be worth noting that microscopical studies on cross-sections of cellulose fibrils (Xu et al. (2007); Hanley et al. (1992))
show a rectangular cross-section for laterally larger fibrils, e.g. from Valonia (algae) whereas the smaller found in wood, with larger relative amount of surface
chains, have a less distinct geometry.
Within this thesis work, interfaces between crystalline cellulose Iβ and water
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have been simulated for different purposes. In Paper II, the goal was to address a question regarding a doublet for the C4 atom in the CP/MAS 13 C NMR
spectrum. To this end, simulations of both (110) and (11̄0) parallel interfaces
with water were performed. The dynamics at the interfaces was compared to
NMR experiments by comparing calculated spin-lattice relaxation times T1 with
experimentally obtained. In Paper III, part of the aim was to investigate the energetic interactions at cellulosic interfaces and in Paper IV a cellulose oligomer
was pulled from a cellulose surface into water and also in the presence of an
organic solvent.

1.2. Adhesion
The general term adhesion refers to a number of complex phenomena responsible for that material interfaces stick together. All atoms, as long as the do not
have a net charge, adhere with considerable force at the atomic scale. This is
called molecular adhesion. Despite this, everything around us does obviously
not stick together. To a large extent it is due to surface roughness since even
roughness at the nanometre scale has a crucial effect. Another common source
of reduced adhesion is contamination of foreign particles at the interface. In
addition, other effects may dominate at larger scales, such as mechanical interlocking or diffusion at the interface. These effects are complicating the understanding of practical macroscopic adhesion. Within the present work, focus is
on small pieces of material in a molecular model and the phenomenon of primary
interest is the above mentioned molecular adhesion sometimes termed contact
adhesion. For a long time there was a lack in theoretical knowledge about ad-

Figure 1.3.
situation.

Contact angles showing the non-wetting, partial wetting and wetting

hesion. Isaac Newton observed the phenomenon during the 18th century but
could not explain it and almost 200 years later, Johannes Diderik van der Waals
provided a model with the presence of attractive forces between molecules. Today, adhesion is still important in many practical and technical applications but
not yet fully understood. A number of theories and experimental techniques for
measuring and understanding adhesion have been developed. As mentioned,
adhesion plays an important role in the field of composite materials. The idea
with a structural composite material is to transfer mechanical load from the
weak matrix material to the stronger reinforcing component. Good adhesion
between matrix and reinforcing component is therefore required, otherwise the
material will fail prematurely at the interface. In the case of cellulosic composites it is a question of adhesion between cellulose and matrix polymer, possibly
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WA

Figure 1.4. Work of adhesion.

in the presence of water.
Experimental techniques for measuring macroscopic adhesion often involves
pulling, peeling or scraping off one component from another. These techniques
are indeed of practical importance but since they deal with practical adhesion
and not molecular adhesion the are not suited for studies of molecular mechanisms. More intricate techniques such as Atomic Force Microscopy (AFM), Surface Forces Apparatus (SFA) or Micro adhesion measurement apparatus have
been developed lately and provide more detailed information on molecular adhesion.
Solid-liquid interfaces are commonly investigated in terms of wetting. A drop
of the liquid is put on top of the solid surface and the characteristic equilibrium
contact angle θ is measured. In general, two competing effects will determine the
behaviour of the drop. One is the potentially advantageous interaction between
liquid and solid, quantified by the interfacial surface energy γ sl . If favourable,
it will strive to increase the contact area between the solid and the liquid. The
other is the surface tension of the liquid (γ lv ) striving for a minimised liquidvapour interface. In addition the surface energy of the solid surface against the
surrounding vapour medium γ sv is involved. Depending on the relative magnitudes of these properties, the liquid is either wetting (θ = 0), partially wetting
(0 < θ < π) or non-wetting (θ = π) the surface as depicted in Figure 1.3. When
experimental circumstances allow, one can determine this equilibrium contact
angle (also referred to as Young’s contact angle). The famous Young equation
can be derived by energy balance between solid, liquid and vapour and it reads
γ lv cos θ

=

γ sv − γ sl

(1.1)

A commonly used property for characterising interfaces in general is the thermodynamic work of adhesion, WA . It can intuitively be understood as the
change in free energy per unit area when separating two phases at an interface as depicted in Figure 1.4, simultaneously creating free surfaces of the two
materials. The thermodynamic work of adhesion is defined by the Dupré equa-
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tion which reads
WA

=

γ sv + γ lv − γ sl

(1.2)

Now, if Equation 1.1 and Equation 1.2 are combined, WA may be calculated
from the modified Young-Dupré equation:
WA

=

γ lv (1 + cos θ)

(1.3)

Equation 1.3 requires only measurement of the contact angle between a solid
and a liquid and the surface tension of the liquid. This is advantageous, since
the terms γ sv and γ sl are difficult to determine experimentally.

1.2.1. Modelling polymer adhesion and compatibility
There exist a number of semi-empirical approaches to predict polymer properties such as solubility and adhesion. For polymers in solution, the theory of
solubility parameters (Hildebrand (1916)) and group contribution methods (van
Krevelen (1990)) have been extensively used. These methods rely on the assumption that these polymer properties can be extrapolated from properties of
the functional groups that constitute the polymer. For many practical applications these methods provide enough information although they do not give any
detailed information about the underlying reasons for solubility. Moreover, such
solution theories require free accessibility of all monomeric units by the solvent
and are therefore not applicable on semi-crystalline cellulose fibrils.

1.3. Computer modelling of materials
Materials science is driven from both industrial interests and scientific curiosity.
For both, different computer modelling techniques are useful. For industrial
testing purposes for instance, it is a cheap and fast alternative when sifting
among candidate compounds for a drug or testing the mechanical behaviour of
a complex frame structure. In fundamental research, modelling is a powerful
complement to experiments when trying to understand and explain material
behaviour.
When modelling material properties, it is important to choose the appropriate modelling technique for the property of interest. Just as hierarchies can be
convenient in other situations to disregard unnecessary details, it is useful to
study the hierarchy of material models. Some of the commonly used computational techniques and their relative length and time scales are presented in Figure 1.5. Quantum mechanical phenomena such as bond vibrations take place at
length scales in the order of Ångströms and time scales in the order of femtoseconds whereas fracture mechanics in composite materials is typically modelled
at millimetres and seconds. In between, there are modelling techniques such
as atomistic models, which uses atoms as their smallest entity, coarse-grained
models with units corresponding to small molecules or monomers and soft fluid
technique in which polymers are the smallest unit. It is also possible to use

1. Background

13

multiscale simulations, which involves bridging between the different scales.
This thesis deals with atomistic models only, with length scales in the order
of nanometres and time scales about nanoseconds. The simulation technique
used is Molecular dynamics (MD) and a more explicit description of this method
is given in Section 2.1.

Finite
Elements
Soft
fluid
TIME
Atomistic
force-field

Coarsegrained
models

Quantum
chemistry
LENGTH
Figure 1.5. Some material modelling techniques and their relative time and length
scale relationship.

Chapter 2

Methods
2.1. Molecular dynamics
Along with the development of computers, the use of numerical methods has become increasingly manageable. Molecular dynamics computer simulations (MD)
began with Alder and Wainwright (1957) who performed computer simulations
of phase transitions for colliding hard spheres in the 1950’s and now the method
has evolved into a standard tool in computational chemistry. The principles of
MD are fairly straightforward. A standard system consists of a number of interacting material points or ‘particles’ (typically atoms or groups of atoms) placed
in a computational box. Their interactions are purely classical and described
with force potential functions Φi (r) (the force field). The time evolution of their
momentary positions and velocities (the trajectory) is calculated by iteratively
integrating Newton’s equations of motion Fi = mai . The force Fi on each particle
is obtained as the gradient of the potential function

Fi = −∇ri Φi (r)

(2.1)

Integration of the equations of motion is performed a number of pre-determined
time steps for every particle in the system in order to obtain its position and
velocity in every time step. In an ordinary MD simulation, the number of particles is finite, the temperature is kept constant and either volume or pressure
is held at a constant value (NVT or NPT ensemble). The system size is typically small, the size of the computational box is usually in the order of cubic
nanometres. However, periodic boundary conditions are usually applied on the
computational box and the macroscopic world is thereby modelled as an infinite
number of identical copies of the microscopic system.
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2.1.1. Force-fields
The force-field yields the potential function Φ(r) for the system, with potential
energy for each particle as a function of particle coordinate. The potential function consists of a number of co-acting functional forms for potential energies
and a set of empirical parameters to be used within the functions. An important
point is that the reliability of the results from a MD simulation is strongly dependent on the quality of its underlying force-field. Parametrisation of force-fields
is a tedious work as the number of parameters grows rapidly with the number
of different particle types. As a consequence, compromises between accuracy
and generality are required. The access of computation time is a limiting factor. Reducing the number of interactions to be computed in every time step is
a very efficient way to increase simulation speed and a loss in accuracy of the
force-field is often the price that has to be paid. Despite this, there are still
many properties of various systems that allow to be correctly reproduced with a
limited number of interaction functions.
All inter-atomic interactions are electrostatic in some way but it is feasible to
divide them into categories depending on the way they act and how they change
with inter-atomic distance. There are many ways of implementing force-fields
and they differ both in the categorisation of interactions and in the functional
forms used for the potentials. Throughout this thesis work the potentials defined
in the GROMOS 45a4 force-field by Lins and Hünenberger (2005), based on the
force-field GROMOS 45a3 (Schuler et al. (2001)) was applied. Originally, this
particular force-field was developed for hexopyranose-based carbohydrates in
solution but, as will be shown, it works well also for cellulose in crystal form.
The following detailed description is of the different functional forms used within
this force-field.
To start with, a distinction is made between bonded and non-bonded interactions:
Φ(r)

=

Φbonded (r) + Φnon−bonded (r)

(2.2)

The bonded interactions (Φbonded ) are intra-molecular only, i.e. acting on particles
that are covalently connected within the same molecule. The atoms they act on
are pre-determined and do not change since covalent bonds cannot be created
nor broken within a MD simulation. The non-bonded interactions (Φnon−bonded )
are pairwise interactions acting between all particles in the system, both intraand inter-molecular. Furthermore, both Φbonded and Φnon−bonded are themselves
divided into sub-contributions:
Φbonded (r)
non−bonded

Φ

(r)

=
=

Φbonds (r) + Φangles (r) + Φdihedrals (r)
LJ

Φ

Coulomb

(r) + Φ

(r)

(2.3)
(2.4)

Each of these sub-potentials, as they are implemented in the GROMOS 45a4
force-field, will now be described in detail.
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Bonded interactions
The bonded interactions are those depicted in Figure 2.1 associated with covalent bonds between two atoms, angles between triplets of atoms and dihedral
angles involving four atoms. The functional forms for these bonded interactions
all involve some reference value as parameter and a force constant.
In the
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Figure 2.1. Bonds, angles, proper and improper dihedrals.

GROMOS force-field the covalent bond is defined as a fourth power potential:
Φbonds
(bij )
ij

=

b `
´2
kij
b2ij − b20
4

(2.5)

b
Here, bij is the actual bond-length distance, b0 is its reference value and kij
is the force constant. The bonds described with this potential are allowed to
fluctuate around their reference value. However, within the simulation work
in this thesis, this potential is mainly applied during equilibration. For longer
simulations, the bonds are kept at constant bond lengths for computational
reasons. There exist several alternative algorithms for this purpose and here
LINCS, the Linear Constraint Solver developed by Hess et al. (1997), is used
for cellulose and SETTLE (by Miyamoto and Kollman (1992)) for water. For the
angles, a cosine-harmonic potential energy term is used and it is defined as:

Φangles
(θijk )
ij

=

θ
kijk
(cos(θijk ) − cos(θ0 ))2
2

(2.6)

In a similar way, θijk is the actual bond-angle value, θ0 is the reference angle and
kijk is the force constant. For dihedrals, two different potential functional forms
are defined. They are applied on ordinary proper dihedrals and on improper
dihedrals respectively. The latter is used here to enforce a tetrahedral geometry
around the aliphatic carbon atoms in the glucose ring and ξijkl is defined as the
angle between the planes (i, j, k) and (j, k, l), see Figure 2.1. The functional form
of the potential energy associated with deformation of improper dihedral angles
is a harmonic potential and it reads:
Φimproper
(ξijkl )
ijkl

=

ξ
kijkl
(ξijkl − ξ0 )2
2

(2.7)

The ordinary proper dihedral angles are kept around their reference values with
the following functional form:
φ
Φproper
(φijkl ) = kijkl
[1 + cos(nφijkl − φ0 )]
ijkl

(2.8)
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Figure 2.2. Functional form of Lennard-Jones potential for cyclohexane.

The proper dihedral angle φijkl is again defined as the angle between the (i, j, k)
and (j, k, l) planes with zero corresponding to cis configuration. The reference
angle is φ0 and n is the multiplicity.
Non-bonded interactions
Non-bonded interactions act between all pairs of particles in the system. The
classification here distinguishes interactions described with a Lennard-Jones
(LJ) potential from those acting with a Coulomb potential.
The LJ potential is combining attractive van der Waals interaction with soft
repulsion. The functional form of the widely used 6 − 12 LJ potential reads:
"„
«12 „
«6 #
σij
σij
LJ
Φij (rij ) = 4ǫij
−
(2.9)
rij
rij
Depicted in Figure 2.2 is an example of a typical Lennard-Jones potential. More
specifically, it is the model for cyclohexane at room temperature which is applied
in Paper IV. At large separations rij it is weak and attractive. As the distance
decreases attraction becomes stronger and stronger until the two particles are
brought so close so that they repel each other due to overlapping of wave functions. The repulsion at these small distances is very large. The parameters used
in the LJ potential can be physically interpreted, σ is related to the particle size
and ǫ describes the attraction strength in terms of the depth of the potential
well. The Coulomb potential originates from the theory of static electric fields.
Two point charges qi and qj interact with the Coulomb potential:
ΦC
ij (rij )

=

qi qj
4πǫ0 rij

(2.10)
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Here, ǫ0 is the permittivity of free space and rij is again the separation of the
atoms. The relative permittivity or dielectric constant, ǫ, is usually included in
this expression but here it is not explicitly stated but effectively included via
the interactions with the other, surrounding, particles. Each particle (atom or
group of atoms) is assigned a point charge, the so called charge distribution of
the system. Mostly, molecules do not have a net charge so it is important that
the charge distribution gives a zero total charge. However, the fact that different
parts of a molecule may be unequally charged makes a number of interesting
features possible, such as dipole behaviour and dipole moments. Coulomb interactions are generally much stronger than the van der Waals interactions and
assigning a correct charge distribution is of great importance for the correctness of the force-field. Charge distributions can either be obtained by quantum
mechanical calculations or other methods, for instance the charge equilibration method by Rappe and Goddard (1991) based on geometry and experimental
atomic properties. For the cellulose molecule modelled in this thesis, a charge
distribution obtained from quantum mechanical calculations on a cellotriose
molecule as published by Lins and Hünenberger (2005) was applied.
As mentioned, for every interaction that has to be calculated there is a cost
in terms of computation time. Saving computation time by simply not calculate interactions of minor magnitude is a common way to speed up the simulations. It is therefore useful to treat short-range and long-range interactions
differently. To this end, only short-range interactions are explicitly calculated
and some assumption with an infinite sum is made for long-range interactions.
More specifically, for the Lennard-Jones type of interactions it is common to
introduce a cut-off radius outside which no interactions are calculated explicitly. The strong decrease in magnitude with increased separation of particles
for the Lennard-Jones potential justifies such a simplification. The repulsive
part is completely neglected outside the cut-off but the dispersive contribution
is included with a dispersive correction term, as described in Allen and Tildesley
−1
, much slower than the Lennard(1987). The Coulomb potential falls off with rij
Jones potential. In a periodic system, which indeed is the case in a MD simulation with periodic boundary conditions, the cut-off for Coulomb interactions
is often combined with an Ewald or the more computational efficient, Particle
Mesh Ewald summation as developed by Darden et al. (1993). These methods
allow for long-range Coulomb interactions to be included to infinity.

2.1.2. Trajectory analysis
In physics and thermodynamics the ergodic hypothesis says that, over long periods of time, the time spent by a particle in some region of the phase space of
microstates with the same energy is proportional to the volume of this region,
i.e., that all accessible microstates of the same energy are equally probable over
a long period of time.
This hypothesis allows us to calculate the time average of any property A(t)
from a sufficiently long MD trajectory and assume that it is equal to the ensem-
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ble average of that property.
hAi

T
1 X
A(t)
NT 1

=

(2.11)

Important is, to have some idea about whether equilibrium has been reached
or not. Although it is impossible be certain at this point, it is common to judge
equilibrium from time evolution of properties like energy or pressure. They will
always fluctuate in a MD simulation but fluctuations should occur around some
constant value. Moreover, the definition of fundamental characteristics in this
kind of microscopic system may not be obvious, therefore a brief description is
given in the subsequent section.

2.1.3. Temperature and pressure in MD simulations
Macroscopic concepts such as temperature and pressure are easily measured
experimentally and important when studying the thermodynamics of a system.
These properties are collective and cannot be assigned to the individual particles
within an atomistically modelled system. Nevertheless, they are necessary for a
definition of thermal and mechanical equilibrium. Now, what is the definition of
temperature and pressure at this microscopic scale?
The momentary temperature T at time t in a simulation is directly related to
the average kinetic energy of the particles and given by
T (t)

N
1 X
mi vi (t) · vi (t)
Df kB i=1

=

(2.12)

Where Df is the number of degrees of freedom, kB is Boltzmann’s constant, N
is the number of particles in the system and vi is the velocity of particle i. When
setting up an initial state of a simulation, coordinates and velocities have to be
assigned to each particle in the system. Initial coordinates must be set so that
the particles do not overlap and they should also fit into the computational box.
Velocities may be taken from a Maxwell distribution at the given temperature.
Pressure p at time t is derived from the basic definition of force per unit
area of the walls of the computational box and may be calculated using the
virial theorem (for a more extensive derivation, see for instance Hansen and
McDonald (1976).
K(t) − Ξint (t)
V
Where K(t) is the full average kinetic energy tensor
=

p(t)

K(t)

2

N
1X
mi vi (t) ⊗ vi (t)
2 i=1

=

(2.13)

(2.14)

and Ξint (t) is the internal component of the virial of the system caused by the
internal forces Fi
Ξint (t)

=

−

N
X
i=1

ri (t) ⊗ Fi (t)

(2.15)
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Now, with these two important intensive system properties defined, how can
they be controlled within a MD simulation? The strategy is to use a rescaling
algorithm for the velocities to control the temperature (the thermostat) and another rescaling algorithm for the coordinates and the box size (the barostat) for
pressure control. The algorithms for these scaling procedures used within this
thesis is the Nosé-Hoover thermostat (Nosé (1984) and Hoover (1985)) and the
Berendsen barostat (Berendsen et al. (1984)).

2.1.4. Limitations
Despite being a powerful tool for modelling molecular systems in order to predict or understand physical phenomena, MD has its limitations too. It is important to point these out and understand them in order to interpret the results
correctly. The major limitation is computational power and the consequence
is limited simulation time and system size. Although continuously increasing
thanks to faster computer hardware and software with enhanced efficient parallelisations, the limits in size and time are considerably reducing the possibilities.
Systems typically contain tens to hundreds of thousands of atoms and simulated
time is around tens of nanoseconds up to a microsecond. These parameters
vary with type of system, type of hardware and software and aim of simulation.
It is also important to bear in mind that the method is not macroscopic and
nor quantum mechanical. Covalent bonds cannot be created or broken during
simulation and electrons are not explicitly modelled but effectively included as
charge distributions.

2.2. Molecular models
Throughout this thesis, the compound of main interest is the cellulose crystal.
Details within the applied model for crystalline cellulose is here presented along
with descriptions of other compounds modelled.

2.2.1. Cellulose crystal
In the beginning of this thesis work, the aim was to build a model of crystalline cellulose Iβ to be simulated with the GROMACS package (van der Spoel
et al. (2005)) for the ultimate purpose of studying interfacial phenomena. The
program suite GROMACS was chosen due to its well parallelised and fast simulation code with the hope that large cellulose crystals could be simulated within
reasonable time. The united-atoms parameters from the GROMOS 45a4 forcefield developed for hexopyranose-based carbohydrates (Lins and Hünenberger
(2005)) were applied. The force-field uses united-atoms for aliphatic carbons
but includes explicitly hydroxyl hydrogens. Earlier studies on infinite cellulose
chains using former versions of GROMOS for carbohydrates were performed by
Heiner et al. (1995), Kroon-Batenburg et al. (1996) and Kroon-Batenburg and
Kroon (1997). However, since GROMOS 45a4 contains a new charge distribution as well as a new set of parameters for torsion angles we could not know in
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Figure 2.3. Average structure for the modelled cellulose Iβ crystal at 300 K indicating
directions of the computational box and the crystal unit cell.

advance how this force-field would work on crystalline cellulose. Even though
the ultimate goal was to investigate interfacial phenomena we started by evaluating the force-field with a study on a bulk crystal. The cellulose Iβ crystal
model consisted of cellulose chains originally placed in a computational box at
coordinates determined from X-ray diffraction (Nishiyama et al. (2002)). This
structure has earlier been used as starting coordinates for similar MD simulations on crystalline cellulose (Mazeau and Heux (2003)) and was the latest
coordinate set available. Within the experimentally obtained structure, two mutually exclusive hydrogen bonding networks are presented, only the dominant
one was applied for the starting structure of this model. Each cellulose chain
consisted of 8 glucose units (Figure 1.1) covalently bonded to each other and
at the ends also to their own periodical image, mimicking infinite chains. The
number of chains vary in the different studies in this thesis. The study in Paper
I on bulk crystalline cellulose consisted of 8 × 4 chains or 3584 united atoms. The
interfacial studies in Paper II and Paper III were performed on cellulose crystals
of doubled size with 8 × 8 chains in the computational box or 7168 united atoms
for the cellulose crystal only. The study in Paper IV used again the smaller crystal, 8 × 4 chains, with an additional position restraint on the two central layers
to mimic a stiff bulk.

2.2.2. Other compounds
In addition to the cellulose Iβ crystal, a few other compounds have been modelled within this thesis work. Here they are briefly presented, for more detailed
descriptions it is suggested to look into the respective paper in which they occur.
6-hydroxyhexanal In Paper III, interfaces between cellulose and a molecule
named 6-hydroxyhexanal, here called CL, were modelled. The chemical
structure of CL is depicted in Figure 2.4. When modelled in its free state,
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Figure 2.4. The chemical structure of the 6-hydroxyhexanal molecule (CL). R’ is a
hydrogen for free CL and the structure in Figure 2.5 when grafted onto cellulose.
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Figure 2.5. Chemical structure of cellobiose showing where the substitution for surface grafting of CL molecules was performed. R corresponds to the molecule in Figure 2.4 for 50 % (Water50 and CL50)and 100 % (Water100 and CL100) of the surface
cellobiose units.

the R’ atom was a hydrogen, i.e. the C7 atom was a united CH atom. The
rest of the aliphatic hydrogens were also included in united CH2 atoms.
The hydroxyl hydrogen H8 was explicitly modelled. The charge distribution published by Gardebien et al. (2004) was used. In the interfacial
simulations, 512 CL molecules, totally 4608 united atoms, were simulated.
Grafted cellulose Additionally, in Paper III, the cellulose crystal was grafted
with the CL molecule described above. The grafts were performed on a
cellulose surface equilibrated with water. Grafting was done by replacing
the H6 atoms on cellulose surface chains by a CL molecule as shown in
Figure 2.5, with R corresponding to CL in Figure 2.4. The grafting was
done with all surface H6 atoms substituted (CL100 and Water100), and
with every second surface H6 atom substituted (CL50 and Water50).
Cellulose octamer In Paper IV, a free octamer of cellulose was pulled from the
crystalline cellulose surface. The free octamer structure was identical to
the cellulose chains that build up the crystal, except for the ends. A hydrogen was connected to the C4 atom at the non-reducing end and a hydroxyl
group was connected to the C1 atom at the reducing end.
Solvents In Paper IV, the pulling simulations were performed in explicit solvents. One of them was the ordinary SPC (Simple Point Charge) water
(Berendsen et al. (1981)). The other one was the organic solvent cyclohexane with chemical formula C6 H12 . The two solvents are illustrated
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Figure 2.6. Modelled solvents: Polar SPC water and non-polar cyclohexane as a
uncharged soft sphere.

in Figure 2.6. Water is polar and the hydrogens in SPC water are assigned an effective charge of 0.41 each. The oxygen has the charge −0.82.
Cyclohexane on the other hand, is nonpolar. Here it is modelled as a
pure Lennard-Jones liquid, i.e. as a soft sphere with Lennard-Jones parameters estimated from surface tension calculations performed by Iatsevich and Forstmann (2001). The applied Lennard-Jones parameters are
σ = 0.5344 nm and ǫ/kB = 430.3 K. The corresponding functional form was
shown as an example Lennard-Jones potential in Figure 2.2.

2.3. Modelling thermal expansion of bulk crystal (Paper I)
To investigate structural changes within the cellulose Iβ bulk crystal at increased temperature, the crystal model as described in Section 2.2.1 consisting of 8 × 4 infinite chains (8 glucose units within the computational box) was
simulated at different temperatures. Initially, the simulations were performed
10 ns at 300 K for validation of the force-field. Subsequently, the equilibrated
structure from 300 K was taken as input structure to simulations at five higher
temperatures; 350, 400, 450, 500 and 550 K respectively. Hence, the structure
was instantly brought to a higher temperature and simulated 10 ns at that temperature.

2.4. Modelling cellulose interfaces (Paper II, III and IV)
Interfaces between cellulose and water parallel to the (11̄0) and the (110) crystallographic planes were modelled. The computational box was expanded in
the corresponding surface normal direction, i.e. in the y direction for surfaces
parallel to (11̄0) and x direction parallel to (110) (see Figure 2.3 for direction definitions) and filled with water. When studying other interfaces than with water
(CL or cyclohexane), a surface previously equilibrated with water was used and
water was exchanged for the other compound.
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2.5. Modelling NMR spin-lattice relaxation (Paper II)
Solid state cross-polarisation magic angle spinning Carbon-13 nuclear magnetic
resonance (CP/MAS13 C NMR) spectroscopy has been used during the last three
decades for studying cellulose. The calculation of spin-lattice relaxation time T1
from MD simulations has been made successfully on other systems such as lipid
bilayers in the liquid crystalline phase (Lindahl and Edholm (2001) and Wohlert
and Edholm (2006)). In Paper II, the 13 C spin-lattice relaxation time T1 for the
rotational dynamics of the C4-H4 bond (illustrated in Figure 2.7) at cellulosewater interfaces is calculated from MD simulations. The underlying theory that

Figure 2.7. Illustration of cellulose C4-H4 rotational dynamics.

render this calculation possible is fairly extensive and will not be derived in
detail here. Only a compact explanation of the calculations will be presented
and the interested reader is referred to the reference literature (Abragam (1961)
and Brown (1984))

2.5.1. Auto-correlation functions
Correlation functions are widely used and their theory is well established. They
exist in many different shapes, one of them is the so called time auto-correlation
functions. These functions are informative for comparing how a given property
correlates with itself over time. In general, a time auto-correlation function CA (t)
for a quantity A(t) can be defined by
CA (t)

=

hA(0)A(t)i

(2.16)

Here, A is the dynamic quantity of interest and the angle brackets represent an
ensemble average. Moreover, we can choose any starting time t0
CA (t)

=

hA(t0 )A(t0 + t)i

(2.17)

Due to the MD simulation being an ergodic process, the time correlator formalism can be applied to a MD trajectory. At short times, the two values A(t0 ) and
A(t0 + t) will be correlated but at longer times the correlation is lost. This decay
of CA (t) will therefore contain information about dynamical processes.
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2.5.2. Calculating spin-lattice relaxation times
For the case when the dominating relaxation mechanism is spin-spin interaction between the 13 C nucleus and one attached proton, T1 can be expressed as
a linear combination of the spectral densities of the rotational auto-correlation
functions of the spherical harmonics, Y2m (Ω), Ω = (θ, φ) that define the direction of the C-H bond in spherical coordinates. The rotational auto-correlation
function of the C4-H4 bond vector is then expressed as:
Cm (t)

=

∗
hY2m (Ω[t0 ])Y2m
(Ω[t0 + t])it0

(2.18)

The average is taken over all time origins. The Wiener-Khinchin theorem states
that spectral density is the Fourier transform of the auto-correlation function.
Since the auto-correlation function is per definition an even function over time,
its Fourier transform is a cosine transform and it is defined as
Jm (ω)

=

Z∞

Cm (t) cos ωt dt

(2.19)

0

The heteronuclear spin-lattice relaxation time is related to the spectral density
as
1
T1

=

4π 2
χ [J0 (ωH − ωC ) + 3J1 (ωC ) + 6J2 (ωH + ωC )]
10 0

(2.20)

Here, ωC and ωH are the Larmor frequencies of the 13 C nucleus and the proton
respectively. The constant χ is a combination of a number of natural constants
(the permeability of free space, µ0 , the magnetogyric ratios of the nuclei γc and
γH and Planck’s constant divided by 2π, ~) and the C-H bond distance, rCH :
χ0

=

“µ ” γ γ ~
C H
0
3
4π
rCH

(2.21)

Many experiments are performed under conditions where all orientations of the
relevant C-H vectors relative to the magnetic field is equally probable. In contrast to a liquid, where rapid tumbling of the molecules causes loss of orientation correlation over fairly short periods of time, it is not motions of individual
molecules that gives rotational invariance in solid state NMR. Instead, the rotational invariance originates in that molecules are disordered within the sample
itself (a powder sample), so that the ensemble average of all vectors in the sample amounts to zero. Collective motions will be present but they are assumed
to appear on time scales much longer than the relaxation and thereby not contributing to the spectral density at the frequencies of interest. With all orientations of the C-H bond equally probable, the spectral density simplifies due to
the addition theorem of spherical harmonics
Jm (ω)

=

j(ω)
1
=
4π
4π

Z∞
0

C(t) cos ωt dt

(2.22)
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where
C(t)

=

hP2 (cos ∆[t0 , t0 + t])it0

(2.23)

Here P2 is the second order Legendre polynomial and ∆[t0 , t0 + t] is the angle
between the C-H vectors at times t0 and t0 + t. As a consequence, the expression
for the relaxation rate is simplified:
1
T1

=

1 2
χ0 [j(ωH − ωC ) + 3j(ωC ) + 6j(ωH + ωC )]
10

(2.24)

Now, the procedure to calculate spin-lattice relaxation times T1 is established.
Auto-correlation functions are determined from MD simulations according to
Equation 2.23. Their complex decays cannot be fitted to a single exponential
function with only one correlation time, C(t) ∝ exp−t/τ . Instead the widely
used stretched exponential function (Kohlrausch-Williams-Watts function, see
Alvarez et al. (1991)) can be applied and fitted to the decays. The functional
form reads exp −(t/τ )β and depends on the two parameters τ and β. Unfortunately they lack an analytical Fourier transform and therefore a numerical Fast
Fourier Transform (FFT) has to be applied instead. Finally, the spin-lattice relaxation time T1 can be calculated as linear combinations of the spectral densities
according to Equation 2.24.

2.6. Interfacial properties
The modelling work within this thesis was initiated as an enlightening complement to experimental work on cellulose nanocomposite materials. When processing cellulosic materials, one has to deal with the two-component interface
between cellulose and water. Naturally, the primary interface to be modelled
was between cellulose and water (Paper II and III). For comparison a system with
cellulose and a small monomeric molecule 6-hydroxyhexanal was also studied
(Paper III). At room temperature, these interfaces can be considered solid-liquid
interfaces.

2.6.1. Work of adhesion
The solid-liquid interface is often described in terms of its thermodynamic work
of adhesion calculated from contact angle measurements as discussed in Section 1.2. Imagine perfect separation between liquid and solid taking place in
vacuum. The work needed to perform the separation may be expressed as in
the Dupré Equation (recalled from Equation 1.2):
WA

=

γ sv + γ lv − γ sl

(2.25)

Here, in the case of separating an interface between cellulose (s) and some liquid
(l) in vacuum (v) ,γ is in all cases the free energy per unit area. In the field of
solid surface science, the terms surface tension and surface energy have unfortunately been used interchangeably for γ leading to misunderstandings and
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misconceptions. Therefore the subsequent section aims to clarify this issue. The
discussion is based on the work of Eriksson (1969) and personal communication with Eriksson (2008).
On the definitions of γ
In Gibbs’ original work with a thermodynamic treatment of surfaces and interfaces, he recognised the convenience of introducing a geometric surface, ‘Gibbs
dividing surface’. In the dividing surface model, all thermodynamic quantities
associated with the interface are considered surface excess quantities. Surface
excess is the difference between the amount of a component actually present in
the system, and that which would be present in a reference system if the bulk
concentration in the adjoining phases were maintained up to the arbitrary chosen but precisely determined in position dividing surface (Mitropoulus (2008)).
Let us consider a system where a solid (component 1) is in contact with a particle
bath of liquid particles (component 2). There are nS
1 excess particles of the solid
with chemical potential µ1 and nS
2 liquid excess particles with chemical potential
µ2 . The first law of thermodynamics states that a small increment dU in internal
energy is due to the sum of increment in (reversible) work dwrev performed on
the system and (reversible) heat increment dqrev .
dU

=

dqrev + dwrev

(2.26)

Assume work is performed on the system
dqrev + dwrev

S
T dS S − pdV S + γdA + µ1 dnS
1 + µ2 dn2

=

(2.27)

S
The dividing surface is chosen so that nS
= 0 so
1 = 0 and per definition V
Equation 2.26 and Equation 2.27 reduce to

dU(1)

=

S
T dS(1)
+ γdA + µ2 dnS
2(1)

(2.28)

The subscript (1) is to show that the equimolar dividing surface for component
1 is used, hereafter it will be omitted. In this theoretical case, the solid is in
contact with a liquid particle bath, which implies that the chemical potential
µ2 is only dependent on temperature. Therefore, we have a grand canonical
ensemble and the grand potential Ω is chosen to define the free energy:
ΩS
F

S

=
=

S
is Helmholtz free energy
F S − nS
2 µ2 where F
S

U − TS

S

(2.29)
(2.30)

Differentiating Equation 2.29 yields
dΩS

=

S
dU S − (S S dT + T dS S ) − (nS
2 dµ2 + µ2 dn2 )

(2.31)

which together with Equation 2.27 yields
dΩS

=

−S S dT + γdA − nS
2 dµ2

(2.32)
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i

ii

Figure 2.8. Two ways to increase a solid surface area: cleaving and stretching.

from which gamma may be defined as
„ S«
∂Ω
∂A T,µ2

=

γ

(2.33)

In addition, by dividing the surface excess free energy ΩS by the surface area
A we obtain per definition the work needed to (reversibly) cleave the system at
the interface and simultaneously create surfaces of components 1 and 2. In the
case when component 1 is also a liquid, then γ is independent of surface area
and it is possible to integrate Equation 2.32.
ΩS
≡ ωS = γ
(2.34)
A
A solid surface, on the other hand, may increase its area in two different ways
as illustrated in Figure 2.8:
i Surface area is increased by bringing atoms from bulk to surface to form a
completely new surface. Here, total surface energy grows proportionally to
the surface increment but the specific surface energy remains unchanged.
ii An existing area is increased by stretching it without altering the number
of atoms, i.e. bringing it to a strained state.
In case i, the specific surface energy remains the same and is independent of A
whereas in the case ii it changes as the surface is stretched. In the latter case,
Equation 2.34 is not valid. We may instead go further and define
ωS

≡

ΩS
FS
=
− ΓS
2 µ2
A
A

(2.35)

where ΓS
2 is the surface excess particle density of component 2. Differentiating
Equation 2.35 now yields
dω S

=

−

SS
dA
dT + (γ − ω S )
− Γ2 dµ2
A
A

(2.36)
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At constant temperature and chemical potential, Equation 2.36 implies that
„ S«
∂ω
(2.37)
γ = ωS + A
∂A T,µ2
Now it becomes clear that for a liquid, γ must equal ω S since bulk material
∂ω
always migrate to the surface, and ∂A
= 0. In the case of a solid this is not
always true and hence, in general, ω S 6= γ. This leads to the following important
conclusions
• For liquids the surface free energy (or cleavage work) is identical to surface
tension γ lv .
• For solids, the aspect of internal stresses might be important and has to
be taken into account. The surface free energy is in general nonequivalent
to surface tension.

2.6.2. Estimating interfacial properties from MD simulations
An overall goal with this thesis is to investigate interfaces between crystal cellulose and other compounds found in cellulose nanocomposites. The characterising properties surface tension (γ lv ) for the liquids, surface energy (γ sv ) for
cellulose and work of adhesion (WA ) for their interfaces, were chosen to be investigated. Here, the methods used to estimate these properties from MD simulations are presented.
A straightforward route to characterise surfaces and interfaces in MD simulations is to consider their interaction energies. For an estimation of the surface
energy of the crystalline cellulose face parallel to the (11̄0) plane against vacuum, γ sv , a bulk simulation and a simulation with two surfaces parallel to (11̄0)
against vacuum were performed. The bulk simulation was undertaken at NPT
conditions and extended 10 ns and the average equilibrated structure is depicted
in Figure 2.3. Subsequently, this equilibrated structure was inserted into a new
computational box of fixed volume. Its lateral box sides were Lx = 4.64 nm
and Lz = 4.21 nm, corresponding to the average cross-sectional area from the
bulk simulation. In the surface normal direction (the box y direction, recall Figure 2.3), the box side was set to a large value, Ly = 20 nm, so that 2 surfaces
exposed to vacuum were created. The surface system was simulated 10 ns as
well. Average total energies Esurf and Ebulk were obtained from the last 5 ns.
The energies were inserted into Equation 2.38 together with the cross-sectional
area, Area = 2 × Lx × Lz , for the calculation of γ sv .
γ sv

≈

Esurf − Ebulk
Area

(2.38)

This approximation excludes entropy contributions, which are assumed to be
small for the crystal surface.
For liquids, an expression for the surface tension can be derived by using
the virial and the pressure tensor and hence this method was used to estimate
surface tension γ lv from a MD simulation. This is a well-known approach (Hill
(1962)) and the surface tension is defined by regarding the difference in pressure

2. Methods

31

normal and lateral to the surface. The average pressure tensor is obtained from
a simulation with liquid surfaces and the definition of the surface tension reads
„
«
Ly
Pxx + Pzz
lv
γ
=
Pyy −
(2.39)
n
2
Here Pyy is the pressure tensor component in the normal direction of the surface
an Pxx and Pzz are the pressure tensor components in the two lateral directions
of the surface. The length Ly is the box length in normal direction and n is the
number of surfaces in the model, in this case equal to 2.
Concerning the interfaces between the cellulose crystal and a liquid, the
work of adhesion (WA ) as defined in Equation 2.25 was estimated directly from
the non-bonded energies acting between the cellulose surface and the liquid in
the simulation. Simulations of interfaces between cellulose crystal and liquids
were performed under NPT conditions and the sum of the interactions via the
sl
Coulomb and Lennard-Jones potentials over the interface (Einter
) was divided by
the average interfacial area. The long-range electrostatic and dispersive energy
sl
terms were not included in Einter
. This estimation of the work of adhesion, WA ,
is the result of two combined approximations which will now be described.
The first step is to approximate all surface energies γ sv , γ lv and γ sl according
to Equation 2.38 (omitting the superscript sv). Work of adhesion as defined in
Equation 2.25 can now be written
WA

≈

s
s
l
l
sl
s
l
(Esurf
− Ebulk
) + (Esurf
− Ebulk
) − (Esurf
− (Ebulk
+ Ebulk
))
(2.40)
Area

All contributions from bulk energies cancel out and the work of adhesion may
be calculated from total energies of three separate surface simulations
WAtriple

≈

s
l
sl
Esurf
+ Esurf
− Esurf
Area

(2.41)

Now, the second approximation is that the total energy of the interfacial simusl
lation containing the solid-liquid interface (Esurf
) can be expressed as the sum
of total energies for surface systems of solid and liquid respectively and the interfacial energy corresponding to the interactions between solid and liquid over
sl
the interface Einter
.
sl
Esurf

≈

s
l
sl
Esurf
+ Esurf
+ Einter

(2.42)

Combining Equations 2.41 and Equation 2.42 yields the final approximation
WAsingle

≈

sl
Einter
Area

(2.43)

The gain in using this approximation is that a characteristic property for the
interface is obtained directly from only one interfacial simulation. Therefore,
WAsingle was used for comparing the different interfaces in Paper III. It is not
the true thermodynamic work of adhesion and nor does it correspond to experimentally measured work of adhesion by for instance peel tests. Importantly
though, it provides a measurable characteristic of the interfaces that quantifies
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the interfacial interaction and it is good enough for internal comparison. An intuitive view of the approximation may be achieved by looking at Figure 1.4. The
approximated work of adhesion, WAsingle , is simply the work needed to break
the bonds at the interface to the left in the figure, neglecting the energetic gain
achieved when restructuring the surface groups that have lost their bonds at
the breakage as well as entropic contributions.

2.7. AFM pulling of single molecules
Single Molecule Force Spectroscopy by using Atomic Force Microscopy (AFM
based SMFS) is a recognised method for studying the flexibility of single polymer
molecules as well as their adhesion to surfaces. A detailed introduction to the
technique is for instance given by Hugel and Seitz (2001). Intermolecular forces
between a single polymer adsorbed onto a surface can be measured by attaching
the tip of an AFM cantilever to the adsorbed polymer chain and pull the cantilever in the surface normal direction as schematically depicted in Figure 2.9.
The deflection of the cantilever upon retraction reflects the interactions between

Figure 2.9. Schematic picture of the AFM-based single molecule pulling experiment of
adsorbed polymer.

surface, polymer and tip. The goal is to achieve fundamental understanding of
the intermolecular forces between polymer and surface by interpreting the obtained normal force versus distance curves. Many different factors contribute to
the experimental results and the interpretations are not readily made. In Paper
IV, an attempt to model such an experiment with MD was performed to provide
details on the desorption process which might help when interpreting experimental results. The chosen system was a cellulose octamer which was adsorbed
onto a cellulose crystal surface and pulled into a polar and a non-polar solvent
(water and cyclohexane). The modelling approach will now be further explained.
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2.7.1. Simulating pulling of single molecules with MD
The aim of this study was to investigate the desorption of a single cellulose
octamer from a cellulose Iβ crystal surface when it is pulled into water and
cyclohexane. The octamer was adsorbed onto the surface in vacuum at four different orientations relative the surface chains on the crystal surface as depicted
in Figure 2.10; parallel to the surface chains (s0 ), perpendicular to the surface
chains (s90 ), diagonal over the surface chains (s45 ) and with no specific orientation with respect to surface chain orientation (srandom ). Cellulose crystal, with

s0

s45

s90

srandom

z

x
Figure 2.10. Snapshots showing the top view of cellulose crystal surface and the four
different starting conformations of the cellulose octamer, s0 , s45 , s90 and srandom .

8 × 4 chains and surfaces parallel to the (11̄0) crystal plane were equilibrated
against the solvents with NPT dynamics for a few nanoseconds. Afterwards, the
cellulose octamer was inserted into the system close to the cellulose surface so
that the distance between centre of mass of octamer and surface chains was
about 0.8 nm in y direction. Next, the octamer was adsorbed onto the surface.
The adsorption process was performed by steepest descent energy minimisation and 100 ps NPT MD simulation. In the case of no specific orientation with
respect to surface chains (srandom ), the octamer was isolated prior to adsorption and simulated 1 ns in vacuum. After adsorption, the AFM cantilever was
modelled by a harmonic spring potential attached to the C4 atom at the nonreducing end of the octamer. The force constant was set to k = 830 pN/nm and
the spring was thereafter pulled away from the surface in its normal (y) direc-
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tion with a constant velocity of v = 1 m/s. Two control simulations of s0 into
the two solvents were performed at the lower pulling rate v = 0.1 m/s. During
the pulling simulations, the two central layers (everything but the surface layers) of the cellulose crystal were kept rigid by an external constraint potential.
The pulling simulations were performed under NVT conditions with a time step
of 1 fs and extended until the octamer was orderly separated from the surface,
typically around 4 − 5 ns. The force on the spring was calculated as
F = k(rspring − rC4 )

(2.44)

where rspring and rC4 were the positions of the spring and the pulled group (C4)
respectively. Their coordinates were stored every ps. Desorption behaviour was
investigated in terms of the appearance of the curves displaying force versus
separation from the surface. These curves were correlated with hydrogen bonds
between octamer and surface and the results are presented and discussed in
Section 3.4.

Chapter 3

Results and Discussion
3.1. Bulk properties (Paper I)
Crystalline cellulose Iβ was simulated as an infinite bulk crystal with MD at
different temperatures for the study in Paper I. Here, the major results from
those simulations are presented and discussed. Starting from coordinates as
experimentally revealed by Nishiyama et al. (2002), 10 ns MD was performed at
300, 350, 400, 450, 500 and 550 K and the structure was analysed by using statistics
from the last 5 ns.

3.1.1. Structure at room temperature
Primarily, the cellulose Iβ crystal bulk structure at room temperature (300 K) as
revealed from MD simulations was investigated. The result was a stable sheet
structure as depicted in Figure 2.3, with unit cell parameters a (inter-sheet),
b (intra-sheet) and c (chain direction). The chain direction coincides with the
z axis of the computational box. The average density of the system was 1498
kg/m3 , somewhat less dense (2.9%–8.8%) than density calculated from unit cell
parameters as determined in diffraction experiments (see Table 1 in Paper I for
an extensive comparison).
The corresponding lengths of unit cell axes a,b and c and angles α, β and γ
had different relative deviations from their respective experimental values. All
values are presented here in Table 3.1 as well as the values from the applied
starting structure. The interactions responsible for the crystal stability in its
different directions are of different kinds and the discrepancies may therefore
indicate which parts of the applied force-field (GROMOS 45a4) that are less
suited for this particular structure.
The intra-sheet distance b and the chain length c were both well reproduced
within the bulk simulations and the angles α and β, between bc ac respectively,
seem also to be coherent with experimental values. The inter-sheet axis a and
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the angle γ (between ab) deviated more, about 7.2% (a) and 6.1% (γ) from the
values determined by Nishiyama et al. (2002).
In the c direction (chain direction), the distance is mainly dependent on the
ring geometry and the glycosidic bonds, both being principally controlled by
bonded interactions. In the b direction (intra-sheet) hydrogen bonds between
the chains within each sheet are stabilising the structure. Within the applied
force-field there is no explicit hydrogen bond potential. Nevertheless, the ordinary Coulomb potential gives rise to hydrogen bonding interactions which
may be detected by geometric criteria. Two intra-chain hydrogen bonds were
abundantly found between O3H3 · · · O5 and O2H2· · · O6 and one intra-sheet
hydrogen bond between O6H6· · · O3 in adjacent chains (see Figure 3.1). The
accordance with experimental values of the unit cell parameters in these directions suggest that the bonded parameters as well as the charge distribution for
the hydroxyl groups are well parametrised for crystalline cellulose.
The discrepancies for a (inter-sheet axis) and the angle γ between a and b are
probably caused by too weak non-bonded interactions (Coulomb and LennardJones types) between the sheets, to a large extent involving the united atoms
(C1,C2,C3,C4,C5 and C6 in Figure 1.1). This suggests that possibly, the charge
distribution for the united atoms and their Lennard-Jones parameters are not
perfectly suited for this crystal structure.
It is encouraging that structural parameters, such as orientation of the hydroxymethyl group and conformation around the glycosidic bonds, were in accordance with experimental results. The conclusion of this initial simulation of
the cellulose crystal was that the structure is satisfactory reproduced and useful
as a model structure.

T1
T2
Exp

average length (nm)
a
b
c
0.8378 0.8168 1.0523
0.9005 0.8659 1.0470
0.778

0.820

1.038

average
α
89.97
77.62/
103.17
90

angle (degrees)
β
γ
89.97
90.92
78.30/ 88.30
101.41
90
96.5

Table 3.1. Unit cell parameters from simulations at T1 = 300 K and T2 =500 K and experimental values from X-ray and neutron diffraction experiments at room temperature
by Nishiyama et al. (2002).

3.1.2. Structure at high temperature
At higher temperatures, the cellulose crystal changed into a high temperature structure, as already detected experimentally by recent X-ray experiments
(Wada (2002)) and FT-IR studies (Watanabe et al. (2006)). At the first glance,
the high temperature crystal structure seemed strikingly similar to the original
structure. The chains were still organised in sheets and the unit cell seemed
only to be expanded. However, when structural details were more carefully
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Figure 3.1.
Intra-molecular (O2H2· · · O6 and O3H3· · · O5) and inter-molecular
(O6H6· · · O3) hydrogen bonds at 300 K.

examined, it became clear that the high temperature structure was indeed different compared to the original structure at 300 K. Numerous differences were
found.
The unit cell parameters for the structure at 500 K are given in Table 3.1. In
the a and b directions the crystal had expanded by 7.4% and 6.0% respectively.
The c axis though, had barely changed; only a contraction of 0.5% was observed.
Moreover, the chains had changed their relative positions in the chain direction
by sliding, which caused the angles α and β to adapt bifurcated populations.
The chain sliding was also found to be intimately associated with changes in the
orientation of the hydroxymethyl group. The orientation of the hydroxymethyl
group is defined by the torsion angle ω (see Figure 1.1 for definition) which has
three staggered conformations; gt, tg and gg at 60◦ , 180◦ and 300◦ respectively.
The conformational distribution of ω changed from all-tg to about 80% gt and
20% gg in the high temperature structure.
Consequently, the high temperature structure had a completely different hydrogen bonding pattern. At room temperature, the hydrogen bonding network
was equivalent to the dominant network reported by Nishiyama et al. (2002),
which was applied as starting structure. As already mentioned and depicted in
Figure 3.1, a characteristic feature for cellulose Iβ is the presence of two intramolecular hydrogen bonds between O2H2· · · O6 in adjacent glucose units and
O3H3· · · O5 in the same unit. The presence of these two hydrogen bonds at
300 K and 500 K is presented in Figure 3.2 in percentage, where maximum possible corresponds to presence at each glucose unit in the system. It is clear that
O2H2· · · O6 was present everywhere at 300 K but had completely disappeared at
500 K. The O3H3· · · O5 hydrogen bond shows a slightly decreased presence at
500 K compared to 300 K.
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Hydrogen bonds [% of max. possible]

100
O2H2..O6
O3H3..O5

90
80
70
60
50
40
30
20
10
0

300 K

500 K

Figure 3.2. Intra-molecular hydrogen bonds at 300 K and 500 K. Atom names are
given in Figure 1.1.

3.1.3. Transition mechanisms
One should be cautious when analysing the route of transition from the low
temperature structure obtained at 300 K to the high temperature structure at
500 K. The different structures are obtained by instant heating of the room temperature structure, which is impossible to do experimentally. The transition is
a complex process with a number of changes that take place at different time
scales. As already mentioned, the cellulose crystal has many different forms,
more or less stable. The cellulose Iβ form is already found not to be the most
favourable (Kroon-Batenburg and Kroon (1997)), and it can irreversibly transform into other structures such as cellulose II. The cellulose chains have many
possibilities to form hydrogen bonds, both intra- and inter-molecular. Adding
kinetic energy to the system by heating it render it possible for the crystal to
explore new molecular arrangements.
Being the real route of transition or not, Figure 3.3 shows the different unit
cell parameters as a function of temperature and it deserves a careful analysis.
The transition seems to be a gradual process. At moderate temperature increase,
from 300 K to 400 K, the distance between the sheets in the crystal increased, as
indicated by an increased a parameter. The entire sheets have also moved with
respect to each other in the b direction, causing a decrease in angle γ.
The second stage of the transition is at 450 K. Here, a dramatic change in the
sheet structure is achieved. The structure is depicted in Figure 3.4 and every
second chain is found to be rotated around 30◦ in the ab plane, forming hydrogen
bonds with chains in the adjacent sheet. This completely new structure resulted
in a wide spacing between the sheets, the a parameter is therefore very large.
Moreover, the chains have now slided with respect to each other within the
sheets, causing a bifurcated population of the b parameter and the angle α. At
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Figure 3.3. Variation of unit cell parameters with temperature. Axes a and b, angles
α and β, chain axis c and angle γ.

450 K we also note that the hydroxymethyl groups have different conformations if
they are located on a rotated (principally in gg) or non-rotated chain (principally
gt).
Finally, above 450 K, the sheets have again slided with respect to each other.
Now sliding is in the chain direction, causing a divided population of the angle
β. The rotation in the ab plane was no longer present and the hydroxyl groups
were mainly in gt.

3.1.4. Comparison with experiments and discussion
In conclusion, we found a transition of the cellulose Iβ crystal into a hightemperature crystalline structure in agreement with experimental indications.
The experimental studies by Wada (2002) and Watanabe et al. (2006) both point
to a transition into a high-temperature structure, gradually from room temperature up to 493 K where a more drastic change takes place in the experiments. The gradual disruption of intra-molecular hydrogen bonds O2H2· · · O6
and O3H3· · · O5 in the temperature interval 303 − 473 K as revealed from FT-IR
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Figure 3.4. Crystal structure by the end of simulation at 450 K.

experiments is coherent with the simulation results in this study. Moreover,
the expansion of the cellulose crystal shows anisotropic behaviour with a larger
expansion in a compared to b direction, similar to X-ray experimental results.
There are also differences between the experimental and simulated results.
Although revealed by both experiments and simulations that the transition is
a gradual process, there is a temperature at which drastic structural changes
take place. In the simulations this temperature is somewhere around 450 K,
which is somewhat lower compared to experiments, which suggest 493 K. The
anisotropic increase in unit cell parameters a and b as revealed by X-ray is also
more pregnant than the anisotropy between the simulated unit cell parameters.
The simulations differ from the experiments in several ways and it is not clear
what effects the differences have. A few possible sources of discrepancy might
be worth mentioning.
• The chains in the model crystal are infinitely long, whereas real chains
have chain ends.
• The modelled crystal is bulk only, excluding all surface effects. Real crystals have surfaces and this will affect the behaviour.
• The modelled original crystal at 300 K deviates somewhat from the structure found by experiments, especially in the inter-sheet unit cell distance
a.
• It is not known to which extent the applied force-field is valid at higher
temperatures.
Native cellulose crystal response of modest heating is still far from completely
understood. It is clear that cellulose has many different ways of forming hydrogen bonding patterns. The cellulose Iβ crystal seems to explore new patterns
as a consequence of changes in surrounding conditions. In its chain direction
though, the thermal expansion is extremely low or even negative.
There are several ways in which the modelling effort on this subject could be
extended. One interesting feature is the observed crystal transformation from
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cellulose Iα to Iβ by annealing in different media (Yamamoto et al. (1989) and
Wada et al. (2003)). Other possibilities is to extend the existing study by also
simulate gradual heating, cooling or compare with expansion of finite crystal
models.

3.2. Surface dynamics (Paper II)
Cellulose-water interactions are important in most applications of cellulose materials and it is of interest to understand structure and dynamics of these interfaces. CP/MAS13 C NMR has been used to study cellulose, e.g. by Larsson
et al. (1997). The cellulose spectrum for the C4 atom was specifically interesting due to its resolution. Parts of the C4 spectrum were found to come from
surface signals and these were further investigated by Wickholm et al. (1998)
and spin-lattice relaxation times T1 were determined for surface C4 atoms. In
Paper II, MD simulations of cellulose crystal forming an interface with water
were performed to calculate these NMR spin-lattice relaxation times T1 . The
purpose of this study was twofold. To begin with, the determination of T1 from
MD simulations was a relevant test of the dynamics in the model since the experimental data available may be used for comparison. Next, a question raised
in the literature regarding the origin of a doublet for the C4 surface signal in
the NMR spectrum was addressed. Two peaks located around 84 ppm yield two
different T1 relaxation times as measured by Wickholm et al. (1998). One of
the suggested reasons for their existence is the non-equivalence of the glucose
units, since half of them have their hydroxymethyl groups protruding from the
surface and the hydroxymethyl groups of the other half are pointing inwards.
The second proposed explanation is that the signals originate from C4 atoms located at surfaces parallel to different crystallographic planes, (11̄0) (type A) and
(110) (type B).

3.2.1. Spin-lattice relaxation times for surface C4-H4 vectors
The rotational auto-correlation functions for the C4-H4 vectors were calculated.
The united-atoms model does not explicitly include the H4 atom, so their positions were calculated from the positions of the C4 atoms assuming perfect
tetrahedral symmetry. The main decay of the rotational auto-correlation functions C(t) was observed at a time scale of a few picoseconds. Separating the calculations for C4 belonging to glucose units having their hydroxymethyl groups
pointing in different directions did not yield any difference in C(t). However,
separating C(t) with respect to C4 atoms belonging to surfaces parallel to different crystallographic planes did in fact yield a difference as shown in Figure 3.5.
Now, the spin-lattice relaxation times T1 could be calculated according to the
methodology explained in Section 2.5. Spectral densities were calculated using
the numerical Fast Fourier Transform (FFT) on the fitted stretched exponential
functions (also shown in Figure 3.5) and finally, T1 could be calculated as linear
combinations of the spectral densities according to Equation 2.24. The resulting
curves showing T1 as a function of carbon Larmor frequency are presented along
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Figure 3.5. Rotational auto-correlation functions and fitted stretched exponential functions for C4-H4 vectors belonging to surfaces parallel to the different crystallographic
planes (11̄0) (type A) and (110) (type B).

with some experimental points in Figure 3.6. The figure shows that all T1 values, experimental as well as calculated, fall within the same order of magnitude
3 − 20 s for the whole frequency range. From this observation we can deduce
that the dynamics in the model is coherent with the dynamics observed by NMR,
possibly slightly slower. Moreover, the calculated T1 for C4-H4 vectors on type
A and type B surfaces respectively yield a difference of a factor 1.6 at 75 MHz
(7.7 and 4.8 s). This matches the ratio between 18.5 s and 11.1 s from Wickholm
et al. (1998). Therewith, we could assign the different signals around 84 ppm
to surfaces parallel to different crystallographic planes. The signal at 84.3 ppm
belongs to surfaces parallel to (11̄0) and the one at 83.4 ppm belongs to surfaces
parallel to (110). The reason for the observed doublet is not definitely proved,
other possible reasons could also be considered. One suggestion is if the fibril
geometry is exposing substantial amounts of other kind of surfaces than the two
parallel to (110) and (11̄0).

3.2.2. On the surface differences
The two types of surfaces (A and B) do not exhibit any obvious differences
that could immediately explain the difference in relaxation dynamics. A minor variance is found in their inter-chain repeat distances, which are in average
0.578 nm and 0.590 nm for type A and type B respectively in our model. However, additional simulations with box sides constrained to give the larger spacing
for type A and the smaller for type B did not yield any significant difference in
relaxation behaviour.
The torsional angles Φ and Ψ (defined in Figure 1.1) describe the conformation around the glycosidic linkage between the glucose units. Their direct
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Figure 3.6. 13 C spin-lattice relaxation times for cellulose C4-H4 dynamics as function
of carbon Larmor frequency. Calculated values for the two surfaces of type A (solid) and
B (dashed) are compared to experimental points from (♦) Horii et al. (1986) and Teeäär
and Lippmaa (1984), () Newman et al. (1996), ( ) Love et al. (1998), (▽) Kristensen
et al. (2004) and (△) Wickholm et al. (1998).

connection to the C4 atom make them interesting when searching for reasons
for the different dynamics of C4-H4 vectors at surfaces A and B. We could not
find any structural differences, the angular distributions looked more or less the
same for both types of surfaces. Nevertheless, we did find a similar dynamic behaviour for the correlation functions of the two torsion angles as for the rotation
of the C4-H4 vector. The appropriate interpretation must be that the difference
in C4-H4 vector dynamics between the surfaces and thus the difference in spinlattice relaxation times, is a direct consequence of the dynamics of the glucosidic
torsional angles. Since type A surfaces show faster relaxation than type B surfaces, we conclude that type A has stiffer links than type B. Unfortunately we
were not able to find a clear way to distinguish type A from type B surfaces, this
remains an open question. However, this study shows that MD simulations of
the applied cellulose model are able to reproduce surface dynamics of the cellulose surface. We were also able to show different dynamic behaviour for the
two types of surfaces. Cellulose surfaces and interfaces are complex and interpreting results from NMR spectra and other dynamical experimental methods
is sometimes ambiguous. In combination with MD simulations it might be possible to facilitate the interpretation. Further combinatorial work with MD and
NMR on cellulose surface characteristics is suggested.

3.3. Interfacial adhesion (Paper III)
In Paper III cellulosic interfaces were investigated. The intention was to use the
atomistic model to shed light on the practical problem how to increase interfa-
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cial adhesion between cellulose and polymer matrices in composite materials. A
potential way to improve interfacial adhesion in cellulose composites is to graft
chains of the matrix polymer onto the cellulose. This was tested in practise in a
study by Lönnberg et al. (2008) and was here considered an interesting starting
point. The modelled system was extensively simplified. Instead of a matrix polymer a liquid of 6-hydroxyhexanal molecules (chemical structure in Figure 2.4),
hereafter referred to as CL was used. The cellulose surface was modified by
grafting of different amounts of CL molecules and interfacial comparison with
CL and water were performed on modified as well as non-modified surfaces. The
procedure is described more in detail in Section 2.2.2.

3.3.1. Surface energy of cellulose
Cellulose crystal Iβ surfaces parallel to the (11̄0) crystallographic planes were
investigated in terms of their surface energies as calculated from energy differences between a surface and a bulk simulation (Equation 2.38). Here, the obtained value of γ is discussed in terms of its contributions from different kinds
of specific molecular interactions. The classification of energy contribution and
the terminology defined in Section 2.1.1 will be used.
First of all, an important finding is that even the bonded interactions seem to
contribute significantly to the total surface energy. The reason is primarily that
some dihedral angles are stuck in non-favourable conformations within the bulk
crystal. When a surface is created, hydroxyl groups on the surface lose some of
their hydrogen bonds with adjacent chains and they are allowed to adapt more
favourable conformations in terms of dihedral potential energy.
ff
γ Angles
= −3
γ Bonded = −27 [mJ/m2 ]
Dihedrals
γ
= −24
The Lennard-Jones interactions give a positive contribution to the surface energy of cellulose due to loss of neighbours at the surface.
γ LJ

=

95

[mJ/m2 ]

The Coulomb interactions within the cellulose crystal are in general of large magnitude. Their contribution is further divided into intra-molecular Coulomb interactions between pairs that are separated with three bonds (γ Coul14 ), Coulomb
interactions between pairs within 1 nm cut-off (γ CoulSR ) and long-range Coulomb
interactions, as calculated with Particle Mesh Ewald summation out to infinity
(γ CoulLR ).
9
γ Coul14
=
90 =
¯
γ Coulomb = 138 [mJ/m2 ]
γ CoulSR =
80
;
γ CoulLR = −32

The total surface energy of the surface parallel to the (11̄0) plane of cellulose Iβ
crystal is calculated as the sum of its contributions
sv
γCellulose

=

γ Bonded + γ LJ + γ Coulomb

=

206

[mJ/m2 ]
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Experimental values of γ for cellulose that have been estimated from contact
angle measurements and fall within the range of 56 − 70 mJ/m2 (Forsström et al.
(2005), Toussaint and Luner (1993), Felix (1993)). The dispersive contribution
has been separately determined and was found to be between 26 − 42 mJ/m2
(Felix (1993), Eriksson (2006)). These experimental values are measured on
cellulose films and there are numerous reasons for the value to differ from a
theoretical value of γ estimated from a model of an infinite crystal. One reason
is that the experiments are not performed solely on this specific surface parallel
to the (11̄0) crystal plane of cellulose Iβ. The films contain cellulose in different
forms, and even though the crystallinity is high, it is not clear how much of the
surface of the cellulose films that are (11̄0) parallel surfaces. It is also known
that in general, surfaces able to form hydrogen bonds are difficult to characterise properly. Another difference is the experimental conditions. The energetic
calculations are performed from simulations for an infinite bulk and an infinitely
large surface against vacuum. The experiments are performed under ambient
conditions, with the presence of air and the specimens are obviously not infinite.
Experimentally, it is also a difficult task to separate the different contributions.
The dispersive part measured experimentally, should for instance correspond to
the sum of Lennard-Jones and bonded contributions in the simulation. A difference is to be expected, and it is not clear how much of the discrepancy originates
from that the force-field is not perfectly parametrised for this system and how
much is due to differences between experimental and modelling conditions.
To set the surface energy values in a perspective, we can note that the obtained value for the cellulose crystal surface parallel to the (11̄0) plane is still
much less than many metals, e.g. gold (1400 [mJ/m2 ]) or lead (560 [mJ/m2 ]) (Tabor (1991)). Polymers in general often have low surface energies around 30 − 50
[mJ/m2 ]. Interesting though is that experimental measurements on crystalline
polymer surfaces show increased surface energy compared to amorphous surfaces. For instance this has been shown for PE, with a crystal surface energy
of 70 [mJ/m2 ] compared to 36 [mJ/m2 ] for an amorphous surface (van Krevelen
(1990)).
In conclusion, the cellulose surface being modelled here has a rather high
surface energy with fairly large contributions from both Lennard-Jones and
Coulomb interactions although the latter is somewhat larger.

3.3.2. Surface tension of water and CL
Surface tension for pure liquid systems, where water and CL simulated with an
vacuum interface, were calculated according to Equation 2.39. The resulting
values are presented in Table 3.2. The values of γlv obtained from pressure tensor seem reasonable. For CL the pressure difference yields indeed a value very
close to the only literature value the author could find. The SPC water model,
which is the one being used here, yielded a surface tension of 53.5 [mN/m] at
300 K. This is somewhat lower than experimental results but according to a recent study on the ability of different water models to reproduce surface tension
in MD simulations (Chen and Smith (2007)) it is the value to expect from the
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SPC model.
For comparison, the energetic method according to Equation 2.38 was also
applied onto the liquid systems and hence additional bulk simulations were
performed. For the two liquids in this study, the energetic method overestimates
the surface tension. In addition, in the case of CL, the long-range correction for
dispersive energies together with the long-range Coulomb interactions played
an unexpected large role. A possible reason was that the applied cut-offs for
both Lennard-Jones and Coulomb interactions were on the small side (1 nm).
Indeed, control simulations with larger cut-offs (1.3 nm) yielded a smaller value,
around 60 [mN/m]. We now move on from surfaces against vacuum to interfaces

Water
CL

From pressure tensor
53.5
36.5

γ lv [mN/m]
Energetic method
130.4
104.5

Literature
71.6
34.4

Table 3.2. Surface tension of water and CL, Literature values from The Handbook of
Chemistry and Physics (2007) for water and Chemspider (2008) for CL.

between the liquids and cellulose.

3.3.3. Energetics at cellulose-liquid interfaces
Interfaces between cellulose and CL or water were characterised by estimating
the molecular work of adhesion between cellulose and liquid. The work of adhesion WAsingle was calculated according to Equation 2.43 from a single simulation.
Six different interfaces were investigated, and the energetic contributions from
grafts and cellulose were separated as shown in Figure 3.7. The different interfaces were
Water0 Pure cellulose - water
Water50 Cellulose with 50% of surface H6 atoms exchanged for CL - water
Water100 Cellulose with 100% of surface H6 atoms exchanged for CL - water
CL0 Pure cellulose - CL
CL50 Cellulose with 50% of surface H6 atoms exchanged for CL - CL
CL100 Cellulose with 100% of surface H6 atoms exchanged for CL - CL
The work of adhesion as calculated from interactions over the interfaces, was in
general of larger magnitude for all interfaces between cellulose and water compared to those between cellulose and CL. For both cellulose-water and celluloseCL interfaces did the WAsingle increase with increasing amount of grafted CL. The
contribution from the grafts to the work of adhesion is significant in all systems
with grafted cellulose surfaces. Interestingly, it becomes completely dominant
at the interfaces where all H6 atoms protruding from the surface are substituted with CL grafts (Water100 and CL100). At the same time, the interaction
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Figure 3.7. Work of adhesion Wsingle
between cellulose surfaces (non-modified and
A
modified) and water (top) and CL (bottom).

between the non-modified parts of the cellulose surface chains and the surrounding medium decreases, both in absolute values and relative to the total
amount of interaction over the interface. The grafted chains ‘steal’ interactions
from the underlying cellulose surface and they also cover parts of the surface
so that it is not accessible to surrounding medium. Moreover, the WAsingle was
separated into contributions from Lennard-Jones and Coulomb interactions respectively according to their distinction in the force-field as described in Section 2.1.1. Their relative proportions of each calculated WAsingle is illustrated in
Figure 3.8. As for the cellulose surface energy against vacuum, these celluloseliquid interfaces are dominated by Coulomb interactions. At the water interfaces, the Lennard-Jones part is almost negligible, whereas in the systems with
CL interfaces, they do constitute a significant part. The relative importance of
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Lennard-Jones interactions do also increase with increasing amount of grafted
CL. For comparison, the approximated work of adhesion from a single simula-

Water0

Water50
4%

Water100
7%

WA=312
96%

8%

WA=405

WA=442

93%

92%

Coulomb interactions
Lennard−Jones interactions
CL0

CL50
25%

WA=245
75%

CL100
29%

71%

WA=313

31%
W =245
69% A

Figure 3.8. Relative proportions of contributions from Lennard-Jones and Coulomb
single
given in
interactions to the work of adhesion in the different systems (Total WA
[mJ/m2 ]).

tion, WAsingle , was compared to a value obtained by performing three separate
simulations (one interfacial and two with free surfaces). The corresponding work
of adhesion, WAtriple , was calculated according to Equation 2.41. The control was
done for Water0 and CL0. The WAtriple differed less than 7% from WAsingle in both
cases, as long as long-ranged interactions were neglected. However, in the case
of CL, the energy term correcting long-range dispersive energy contributions
turned out to have a significant impact on the energy difference in WAtriple . This
is probably a consequence of that the chosen cut-off radii for Lennard-Jones
interactions was on the small side as discussed in Section 3.3.2.
In conclusion, grafting CL molecules onto the cellulose surfaces resulted in
increased WAsingle at both interfaces with CL and with water. Interactions between cellulose and water is mainly electrostatic, whereas significant LennardJones interactions are present at interfaces between cellulose and CL. In general, long-range, or at least mid-ranged, interactions seem to contribute significantly to interfacial behaviour of CL interfaces. If further simulations are to
be performed on similar systems containing CL, a cut-off larger than 1 nm is
suggested for all non-bonded interactions.
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3.3.4. Structure at cellulose-liquid interfaces
In addition to the energetic analysis, it might be of interest to study the structure
of the different interfacial components at the interfaces. For that purpose density profiles, separating the relative normalised densities at the interfaces, are
shown in Figure 3.9. Density versus distance from interface in normal direction
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Figure 3.9. Normalised density as a function of distance from interface in the surface
normal direction.

is depicted. The interfacial zero point is set to where the densities of cellulose
and surrounding medium is equal. In the water systems, one peak of higher water density is found at about 2.5 Å from the interface and a less distinct peak at
5.0 Å after which water bulk density is reached. The unmodified CL system CL0
shows a layered structure almost out to the end of the system at 25 Å, whereas
the modified systems CL50 and CL100 seem to reach bulk density at an earlier
point around 15 − 20 Å. The grafted CL molecules protrude in a similar way into
CL and water as surrounding medium.
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3.3.5. Discussion on MD in the context of cellulose nanocomposites
This work had the character of a pilot study to investigate the potential of MD
simulations as a tool for characterising cellulose-liquid interfaces. The modelling efforts can be extended to investigate cellulose surfaces modified with
other molecules. One example is carboxymethylated cellulose. The question on
cellulose solubility may also be addressed, for instance by studying its behaviour
in water-free dimethyl acetamide (DMA) containing dry LiCl or other solvents.
For the development of cellulose nanocomposites, choosing the right method
for the scale of interest as discussed in Section 1.3 is important. For instance,
when studying mechanical failure behaviour of the entire composite material,
atomistic models simulated with MD is not (yet) feasible. On the other hand,
by studying cellulose interactions with atomistic models and on different kinds
of cellulose (cellulose in solution, crystal surfaces, modified cellulose etc.) one
may achieve valuable insight into cellulose interfacial behaviour at the molecular
scale which can help when analysing its macroscopic behaviour as well.
In order to illustrate how MD can be used for the development of cellulose
nanocomposites, an elucidating example is presented:
The process to convert cellulose as it is produced by nature, for instance
in a tree, to a cellulose nanocomposite is a complex procedure involving several different processing steps. Moreover, there are several processes involved
when manufacturing cellulosic nanocomposites. To emphasize and explain the
complexity and to point out some parts where atomistic models may be useful, an example will now be described. This particular route to produce cellulose - melamine formaldehyde nanocomposites was applied by Henriksson and
Berglund (2007);
Cellulose is biosynthesised in a tree and is in its native state. In the wood cell
wall it is in contact with water and other cell wall material (i.e. lignin and hemicelluloses). The tree is harvested and the wood material is milled and further
processed (pulping) to achieve wood dissolving pulp, mostly consisting of cellulose. The dissolving pulp is further processed in a mechanical and enzymatic
manner to produce so called microfibrillated cellulose (MFC, recall Figure 1.2),
a product with almost pure cellulose associated in slender nanoscale fibrils or
fibril aggregates. A water suspension with approximately 0.5% MFC is obtained.
The water suspension is stirred and vacuum filtrated and thereafter dried at
353 K. The resulting product is a MFC film which is subsequently immersed
in a water solution of melamine formaldehyde (MF). After immersion, the films
are dried at 323 K and then hot-pressed at 433 K. The melamine formaldehyde
polymerizes and becomes cross-linked at this elevated temperature. The final
products are semi-transparent stiff films, mostly consisting of MFC but with
between 5% and 13% MF.
Atomistic models and MD simulations may be used to (in some cases modelling attempts have already been made):
• Investigate native cellulose and its interactions with other components in
the living tree such as water, hemicelluloses and lignin. How does cellulose
interact with these components in the cell wall?
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• Achieve insights in the pulping processes. What happens when lignin is
removed? Does pulping affect the cellulose structure?
• What is the effect of heating and cooling cellulose in a liquid medium?
• Study enzymes on cellulose fibrils. How do the enzymes interact with the
cellulose?
• Study interactions with melamine formaldehyde in its initial state, when
polymerised and cross-linked and at elevated temperature. Where is the
melamine formaldehyde when it starts polymerising, at the cellulose surface or in solution? How attracted is the melamine formaldehyde to the
cellulose surface?
MD simulations can provide detailed information at the atomistic level on substeps within the processing procedure. With well-adapted force-fields and even
faster hard- and software it will be an important tool when trying to reveal the
secrets of cellulose.

y

z
Figure 3.10. Pulling cellulose octamer in cyclohexane, originally adsorbed parallel to
surface chains (s0 ) (solvent molecules are omitted).

3.4. AFM pulling of single molecule (Paper IV)
Desorption of a single polymer chain from a surface has in several cases been
experimentally studied by the use of atomic force microscopy (AFM) to gain insight into interactions between polymer and surface. In this study, such an
experiment was simulated by MD by the method described in Section 2.7. A
cellulose octamer was adsorbed onto a cellulose crystal surface and pulled into
water and also in an organic solvent (cyclohexane). The cellulose octamer was
pulled in the crystal surface normal direction starting from the different conformations depicted in Figure 2.10 (s0 ,s45 ,s90 and srandom ). A typical pulling
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simulation, here the s0 conformed chain pulled into cyclohexane, is shown in
Figure 3.10.
The act of pulling was simulated by attaching a harmonic potential, the
‘spring’, to the C4 atom of the reducing end of the octamer. The spring position was moved with constant velocity in the surface normal direction (the y
direction) and the C4 atom was thereby forced to follow as long as the pulling
force was larger than the attraction to the surface. Simulation results from
the s0 simulations in both cyclohexane and water is presented in Figure 3.11.
Within this figure, the normal separation of the pulled group (the C4 atom) and
corresponding spring from the initial position is shown as a function of simulation time. A clear difference between the octamer behaviour in the two different
solvents is observed. In cyclohexane the octamer jumps gradually off the surface
whereas it slides off more smoothly in water.
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Figure 3.11. Normal separation of C4 atom and spring from initial positions as a
function of simulation time. Data obtained from s0 starting conformation in cyclohexane
(left) and water (right). Forces are different for the two cases, see Figure 3.12.

3.4.1. Normal forces
As the spring is pulled away from the surface, the distance between the spring
and the C4 position gives rise to a force on the spring according to Equation 2.44. The resulting force is a vector with components in the x, y and z
directions of the computational box. The y component is representing the force
in the surface normal direction. Simulation results showing normal force on the
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spring versus normal separation of C4 from its original position is presented in
Figure 3.12 for all simulations. Data was slightly processed by that the separation was binned with a resolution of 0.05 nm and the corresponding forces within
each bin was averaged to yield a less noisy curve, rendered possible to integrate
numerically. Note that the drop to zero force for the srandom cyclohexane curve
is an artefact from data processing. Pulling off the octamer in cyclohexane gives
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Figure 3.12. Normal force component versus normal separation of the C4 atom from
its original position.

rise to higher forces as compared to water. As already noted in Figure 3.11,
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the octamer desorption behaviour in cyclohexane is stepwise with distinct force
peaks between 200 − 400 pN whereas during the desorption in water, the normal
force on the spring is fairly constant around 30 − 50 pN. This striking difference
indicates that different mechanisms are involved for the octamer desorption depending on in which solvent desorption takes place. Furthermore the total desorption energies from the different simulations were compared by calculating
cumulative numerical integrals of the force-distance curves in Figure 3.12. The
results are presented in Figure 3.13. Again a pronounced effect of solvent is
observed. The total pull-off energy in cyclohexane is apparently larger than the
energy in water.
In contrast, there seems to be no difference depending on orientation, only
possibly the s0 curve in cyclohexane is an exception. Two large peaks in the
beginning of the pull-off process in Figure 3.12 is the reason why the s0 curve
rises above the other curves in the beginning in Figure 3.13. Whether this
feature is a real effect of the orientation or within the statistical error cannot be
concluded from these results only. However, it is obvious that the octamer had
found an advantageous way to stick to the surface in this case.
One key difference between the two solvent models is that cyclohexane is
modelled as a pure Lennard-Jones liquid with no Coulomb type interactions at
all whereas water is a highly polar liquid as described in Section 2.2.2. Water is
thereby likely to form hydrogen bonds with the hydroxyl groups on the cellulose
crystal surface as well as with the cellulose octamer. This is most probably the
reason for the observed difference in pull-off behaviour. A cellulose octamer
resting on a cellulose surface forms hydrogen bonds with the surface hydroxyl
groups which have to be broken during pull-off. In water it is possible for the
octamer to form new hydrogen bonds with the solvent during the pull-off, which
facilitates the process.

3.4.2. Lateral forces
During the pull-off simulations lateral forces of significant values in x and z
directions were observed. The evolution of these forces as a function of the C4
normal separation is presented in Figure 3.14. It is clear that lateral forces play
an overall important role for the total force on the spring since their magnitudes,
varying from 0 pN up to 3800 pN, are sometimes much larger than the normal
components shown in Figure 3.12, which were at most about 400 pN. No solvent
effect on lateral forces can be confirmed from the simulations but there is an
observable difference with orientational variation.
For the simulations starting with the octamer in s0 conformation, the octamer is aligned with the surface chains. The force component in z-direction
(chain direction) increase continuously to a large value whereas it is small and
fairly constant in the other lateral (x-) direction. The s90 conformed chains show
an analogous behaviour, with an increasing large force in x-direction and a
smaller constant component in the z-direction. In the s45 direction both x and y
components increase with increased normal separation. The reason for the increase in lateral force components is that the lateral distance between the pulled
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Figure 3.13. Cumulative integral of normal force-distance curve for all systems.

C4 atom and the point where the chain is anchored at the surface increases as
the octamer becomes more ‘unzipped’ from the surface.
In the case when the chain is pulled from a conformation with no specific
orientation relative to the crystal surface chains (srandom ), the lateral forces
are small in both lateral directions. Since the molecule is adsorbed in a nonextended conformation, the entire molecule is located just below the C4 atom
in y direction during pulling. Thus the lateral force is small in both x and z directions. These results indicate that lateral forces provide information on chain
orientation with respect to the surface chains and conformation of the adsorbed
molecule.

3.4.3. Hydrogen bonds
Hydrogen bonds play an important role for cellulose crystal structure. The crystal surface in this study (parallel to the crystal (11̄0 plane) exposes several hydroxyl groups and is likely to form hydrogen bonds when possible. Here, hydrogen bonds (HBs) between the pulled octamer and the surface are investigated.
Geometric criteria are used for HB definition; a maximum donor-acceptor
distance of 0.35 nm and donor-hydrogen-acceptor angle of 30◦ . Analysis was
performed on HBs between the pulled octamer and the crystal surface in the
pulling simulation trajectories with coordinates stored every ps. Data was pro-
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Figure 3.14. Lateral forces in x and z directions as function of C4 separation in normal
direction.

cessed in a similar way as the force data; the normal separation of the pulled
C4 atom from its original position was divided into bins of 0.05 nm size and
corresponding hydrogen bonding data was averaged within the bins. It might
be important to note that the pulling simulations are unlikely to be performed
under equilibrium conditions. Therefore a complete analysis of the thermodynamics and kinetics is not feasible but still the general trends in hydrogen
bonding behaviour is of interest.
Initially, all octamers form 8 − 15 hydrogen bonds with the surface in all systems as shown in Figure 3.15. Subsequently, the number of hydrogen bonds
between octamer and surface decreases with time as the octamer is pulled away.
Finally, when the distance between the octamer and surface is large enough,
there are no hydrogen bonds left. All simulations showed similar behaviour
but a few differences are worth mentioning. From the beginning, there are less
HBs between octamer and surface in water than in cyclohexane, since some of
the hydroxyl groups on the octamer form HBs with water instead. The smaller
number of initial HBs in water is at least partially explaining the lower forces
in water in Figure 3.12 and the lower pull-off energies in Figure 3.13. In general, the octamer in water is more inclined to break its hydrogen bonds with the
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surface than it is in cyclohexane. This is to be expected, since the presence of
the surrounding water molecules provide alternative hydrogen bond formations
with the solvent. In fact, water is known to act as a ‘lubricant’ in biomolecular
systems (Barron et al. (1997)). When HBs are broken in a nonpolar environment,
the consequence is diffusion of hydrogen bonding groups through hydrophobic
media, which is obviously unfavourable as concluded in a study by van der Spoel
et al. (2006). The simulations which start with the octamer in extended conforTotal number of HBs
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Figure 3.15. Total number of hydrogen bonds between pulled octamer and cellulose
surface as a function of normal separation of pulled C4 atom.

mation (s0 , s45 and s90 ) show a similar behaviour where the HBs are disrupted
one after another, with a few new formations when the octamer slides laterally,
until the entire molecule is pulled off the surface. In contrast, the chain with no
specific orientation (srandom ) shows a somewhat different behaviour. The initial
drop to zero in cyclohexane is again an artefact due to data processing. The
hydrogen bonds formed between octamer and surface at adsorption of srandom
stay fairly constant during the pull-off until the separation becomes larger than
2 nm, then they gradually disrupt. This supports the conclusion drawn from the
lateral forces, that the distance from the C4 atom to the anchoring point of the
octamer onto the surface is larger for the extended chains compared to srand at
a given normal separation. As a consequence, a larger fraction of the octamer is
in contact with the surface for srandom at moderate normal separation of the C4
atom and thus the number of HB does not decrease so fast.
The dependence on pulling rate was investigated by supplementary simulations of s0 conformed chains at v = 0.1 m/s instead of v = 1 m/s. The result
showed a large effect for the desorption behaviour in water, where the chain
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desorbed much earlier, when the C4 atom was only pulled about 2.5 nm from
the surface. In cyclohexane the behaviour was very similar to the desorption at
higher rate. The total pull-off energies were found to decrease by 35% in water
but remained the same in cyclohexane.
A few major points may be drawn from this study. The most obvious result is of course the different behaviours in water and cyclohexane, which gives
rise to an apparent effect on the normal force. Another important outcome is
that lateral forces depend on initial conformation and orientation with respect
to surface chains. In typical AFM experiments, only the normal force is available but here we see that measuring the lateral forces will provide interesting
information as well. Hydrogen bonding issues are of great importance especially
when pulling in water and it would be of interest to go further and investigate
the equilibrium hydrogen bonding formation and breakage if possible.

3.5. Conclusions
In summary, a few conclusions from the modelling studies within this thesis
work may be drawn. Molecular dynamics (MD) simulations of the applied atomistic model of the cellulose Iβ crystal was supported structurally by comparison
with experimental data. In addition, the model was able to reproduce dynamical experimental data in terms of T1 spin-lattice relaxation times from 13 C NMR
experiments.
A thermally induced transition of the cellulose Iβ bulk crystal into a hightemperature crystal structure above 450 K was supported by modelling data. The
transition was suggested to be a gradual process where disruptions of hydrogen
bonds and the change in conformation of the hydroxymethyl groups play a key
role.
When studying dynamics at cellulose-water interfaces, we could assign the
different signals belonging to a peak doublet around 84 ppm as earlier determined from 13 C NMR experiments to C4 atoms located on surfaces parallel to
different crystallographic planes. The signal at 84.3 ppm belongs to surfaces
parallel to (11̄0) and the one at 83.4 ppm belongs to surfaces parallel to (110).
Interfaces between cellulose and liquids may be characterised by considering interaction energies from MD simulations. A comparison between cellulosewater and cellulose-6-hydroxyhexanal (CL) interfaces show that cellulose interacts stronger with water than with CL. The interfacial energies are dominated
by Coulomb interactions.
Simulations of a mimicked AFM-experiment where a single cellulose octamer
chain was pulled from a cellulose crystal surface into water and also into organic
solvent were successfully performed. The results point at a clear effect of solvent for the desorption mechanisms. An apparent difference was also found in
total pull-off energy, less energy was needed to pull off the octamer in water as
compared to the organic solvent.
In general, MD has been shown to be useful when applied in combination
with feasible experimental techniques such as NMR and AFM to increase the
fundamental understanding of cellulose structure and properties.
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