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ABSTRACT
Cellulose-based materials draw their good mechanical properties from the cellulose crystal. Improved understanding of crystal properties could lead to a wider
range of applications for cellulose-based materials, Cellulose crystals show high
axial Youngs modulus. Cellulose can attain several allomorphic forms which
show unique structural arrangements in terms of both intra-molecular and intermolecular bonding, as well as unit cell parameters and chain packing. Although
several studies have confirmed that mechanical tensile properties of cellulose
differ between different allomorphic forms, few reports have investigated the
deformation mechanisms explaining the differences.
In the first part of this thesis, the tensile elastic Youngs modulus of cellulose allomorphs Iβ, II and IIII were calculated under uniform conditions using Molecular
Dynamics simulation techniques. As expected, a difference in modulus values
could be observed, and the cooperative nature of energy contributions to crystal modulus is apparent. The allomorphs also show large differences in terms
of how contributions to elastic energy are distributed between covalent bonds,
angles, dihedrals, electrostatic forces, dispersion and steric forces.
In the second part of this thesis, the cellulose Iβ and II allomorphs were subjected to a more detailed structural study. The purpose was to clarify how the
deformation of the central glucosidic linkage between the monomer units depends on the hydrogen-bonding structures. This was carried out by studying
simulated vibrational spectra and local deformations in the crystals.
The results presented in this thesis confirm the differences in the tensile elastic properties of these cellulose allomorphs. These differences can in part be
explained by the different intra-molecular hydrogen bonding patterns between
allomorphs. Deformation mechanisms are discussed. The results are in support
of the so called ”leverage effect” proposed in the literature. The present analysis shows significant differences in details of deformation mechanisms compared
with previous simpler analyses.

SAMMANFATTNING
Cellulosabaserade material har goda mekaniska egenskaper pga av cellulosakristallens struktur. Vikten av att utveckla förståelsen för dessa egenskaper kan inte
nog betonas, eftersom detta kan leda till ett bredare spektrum av applikationer
för cellulosabaserade produkter. Cellulosakristaller besitter en hög axiell elasticitetsmodul. Cellulosa har flera kända allomorfer som besitter unika strukturella arrangemang både i intra-molekylära och inter-molekylära bindningar,
samt i cellparametrar och packning av cellulosa kedjorna. Trots att flera studier
har bekräftat att mekaniska egenskaper hos cellulosa skiljer sig åt mellan de
olika allomorfa formerna, har få rapporter undersökt mekanismerna bakom skillnaderna.
I den första delen av denna uppsats, beräknades E-modulen hos cellulosa allomorferna Iβ, II och IIII med hjälp av molekylär dynamisk simuleringsteknik.
Som väntat observerades en skillnad i värdena och de termodynamiska samt
strukturella egenskaper hos allomorferna beräknades för att analysera detta
vidare. Energibidragen till kristallernas modul är av kooperativ natur. Allomorferna visar stora skillnader i bidragen från kovalenta bindningar, vinklar,
dihedraler, elektrostatiska krafter, dispersions- och steriska krafter.
I den andra delen av denna uppsats utfördes en mycket mer detaljerad strukturell studie för cellulosa Iβ och II allomorferna. Detta för att undersöka hur
deformation av centrala glykosidbindingar mellan monomerenheterna samverkar
med vätebindningar i strukturerna för att motstå dragbelastning. Detta gjordes
genom att generera vibrations spektra från molekylär dynamik simuleringar och
beräkna genomsnittliga bindningslängder och vinklar för att göra jämförelser.
Resultaten som presenteras i denna avhandling bekräftar att det finns skillnader
i de elastiska egenskaperna hos dessa tre cellulosa allomorfer. Dessa skillnader
kan delvis förklaras av skillnader i intra-molekylära vätebindningar mellan allomorferna. De intra-molekylära vätebindningarna i Iβ strukturen uppvisar en
geometri som ger styvare struktur än de motsvarande strukturerna i cellulosa II
och cellulosa IIII . Detta eftersom vätebindingsmönstrena i denna allomorf visar
en effektiv synergi mellan bundna och icke-bundna växelverkningar. Resultaten
stöder den s.k. ”hävstångseffekten” föreslagen i litteraturen. Resultaten visar
också på avsevärda skillnader när det gäller detaljer i deformationsmekanismer,
jämfört med tidigare analyser med förenklade antaganden.
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1.

OBJECTIVES

The goal of this project is to improve the understanding of nanocellulose mechanical properties by using theoretical Molecular Dynamics simulations techniques. Focus is put on the deformation mechanisms of cellulose chains in cellulose crystals subjected to tensile strains. The mechanical properties of single
cellulose crystals are the base from which cellulose draws it excellent mechanical properties and forms the basis for the vast technological uses of wood and
wood fibres, which includes traditional paper production. Establishing a better
understanding of these properties could lead to a wider range of applications
for cellulose-based materials, making it possible to develop new cellulose-based
materials.

2.

OUTLINE

This thesis consists of two sections, which are based on work presented in two
different papers (Paper I and Paper II). In the first part (Paper I), the axial
Youngs modulus of three different allomorphs of cellulose are derived by using constant-force simulations with Molecular Dynamics. The structural and
thermodynamic properties of these allomorphs were analysed in order to clarify
molecular scale mechanisms. In the second part (Paper II), a more detailed
study is conducted on two of the cellulose allomorphs under tensile strain, to
show how their corresponding hydrogen bonding deformation interact with covalent bond deformation to enhance tensile modulus. These papers focus on how
cellulose crystals respond to tensile deformation, shedding light on the molecular
mechanisms and thermodynamic properties.
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3.
3.1.

BACKGROUND
Cellulose

Cellulose is the most abundant polymer found in nature and is an important research subject within the field of polymer science. It is a linear semi-crystalline
polysaccharide made up from β-1-4 linked anhydroglucopyranose units. In nature it exists in the form of micro-fibrils which can be several micrometers
in length, with lateral dimensions ranging from ∼3 nm up to several tens
of nanometres, depending on the biological source (Saxena & Brown 2005,
Nishiyama et al. 2010). The hydroxyl groups on one chain form hydrogen
bonds with oxygen atoms on the same chain and neighbouring chains, merging
the chains firmly in a side-by-side conformation and forming micro-fibrils with
high tensile strength. Cellulose is synthesised within the cell wall of plant cells,
and also produced by species such as bacteria and aqueous organisms and algae
(Fig. 1). Due to its abundance and extraordinary good mechanical properties,
high aspect ratio, low density, thermal stability and renewable resource origin,
cellulose has become important in many technical applications. A prominent
example of this is as the load-bearing components in biocomposites (Berglund
& Peijs 2010, Moon et al. 2011). Other applications include such products as
nanopapers and foams, aerogels and organic/inorganic hybrids.

Plant cell

Plant cell wall

Microfibril

Fibril

Cellulose

Figure 1: The hierarchical structure of plants. Cellulose is present in the form
of micro-fibrils consisting of aligned cellulose chains.
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3.2.

Cellulose Allomorphs

Crystalline cellulose exists in several allomorphic forms. Cellulose Iα and cellulose Iβ are the predominant forms of cellulose found in primitive microorganisms and plants (Hayashi et al. 1997). In addition to these natural forms,
there are several allomorphs that can be derived through thermochemical pretreatments (Nishiyama et al. 2002, Wada et al. 2004). Both native cellulose
allomorphs can be converted irreversibly into cellulose II through mercerization or regeneration (Weimer et al. 1991) and into cellulose IIII by treatment
with liquid ammonia and other amines (Wada et al. 2004, 2006). Cellulose
allomorphs mainly differ in their conformations of the hydroxymethyl group
(O5-C5-C6-O6 and C4-C5-C6-O6) of cellulose, with cellulose Iα and cellulose
Iβ adopting a tg conformation, while cellulose II and IIII adopt a gt conformation (Fig. 2).

Figure 2: The cellobiose unit of cellulose consists of two glucosidic monomers
linked by a central covalent linkage. The hydroxymethyl groups are highlighted.

3.3.

Molecular Dynamics

Molecular dynamics (MD) simulations is a powerful and modern method for
atomistic simulations. It has the potential to describe new materials without
actually synthesizing them. MD can be applied to reproduce experiments to
elucidate otherwise unmeasurable microscopic details and further explain the
experimental results. The fundamental concept that makes up molecular dynamics is to apply Newtons equations of motion in solving multi-body interact3

ing systems such as polymers, crystals, nano-composites, etc. The macroscopic
mechanical properties are approximated from average properties calculated from
a large number of replicated systems consisting of thousands of atoms (Matthews
et al. 2012).

3.4.

Elastic modulus

The Young’s modulus E is an important parameter to consider when studying
the mechanical properties of cellulose (Fig. 3). Cellulose based materials are dependent on the mechanical properties of cellulose crystals, and thus it is vital to
form a good understanding of how E depends on structural details. Finding absolute values of Young’s modulus of crystalline cellulose is challenging, as many
studies have attempted this with varying data (Table 1). The commonly used
experimental methods to measure strain in cellulose samples subjected to stress
are X-ray diffraction and Raman spectroscopy. Theory based methods such as
atomistic simulations may provide new insights and are a good complementary
tool to the experimental methods. These simulations typically manipulate cellulose crystals with an applied stress and measure how the crystals are strained.
So far atomistic simulations of cellulose have mainly focused on approaches such
as Molecular Dynamics, Molecular Mechanics and Quantum Mechanical simulations (Moon et al. 2011, Mazeau & Heux 2003, Eichhorn & Davies 2006,
Bergenstråhle et al. 2009, Matthews et al. 2012, Zhang et al. 2011, Paavilainen
et al. 2011).

Cellulose Iβ

Cellulose II

Cellulose IIII

E (GPa)
138
143
93 - 172
88
106 - 112
89
89

method
X-ray
Raman
Theoretical
X-ray
X-ray
Theoretical
X-ray

Reference
Nishino (1995)
Sturcova (2005)
Tanaka, Iwata (2006)
Nishino (1995)
Matsuo, Sawatari (1989)
Kroon-Batenburg, Kroon (1997)
Nishino (1995)

Table 1: Calculated elastic modulus values and methods of cellulose
allomorph. In X-ray diffraction the lattice extension under a constant stress is
measured by incident x-rays that form a diffraction pattern. Raman
spectroscopy observe shifts in Raman band positions under applied stress.
Theoretical predictions make use of constant-force simulations and measure
average strains over a time-frame.

3.5.

Hydrogen Bonds

The hydrogen-bonding network of cellulose is correlated with the rotameric
conformations of the hydroxymethyl group, therefore the allomorphs of cellu4

Young's Modulus
E = Stress / Strain = (F/A) / (∆L/L)

Strain
∆L/L
L

∆L

Stress
F/A

Stress
F/A

Figure 3: For linear objects like wires, rods, columns, which are either stretched
or compressed, a convenient parameter is the ratio of the stress to the strain,
the Young’s modulus of the material.
lose form different hydrogen bonding configurations (Fig. 4). Two types of
hydrogen bonds are distinguished between and divided into intra-molecular and
inter-molecular hydrogen bonds. In cellulose Iβ the tg conformation enables the
formation of inter-molecular hydrogen bonding between OH6 donors and O3
acceptors between adjacent chains, and OH3-O5 and OH2-O6 intra-molecular
hydrogen bonding within the chains, flanking the covalent β-1-4 glucosidic linkage. The inter bonding patterns arrange the cellulose chains to form layers
of sheets that are held in place by dispersion forces (Nishiyama et al. 2002).
The hydroxymethyl gt conformations in cellulose II and cellulose IIII give more
complex inter-molecular hydrogen bonding networks with three-dimensional arrangements (Fig. 5 & 6). One distinct difference is that cellulose II chains have
layers of two crystallographically independent, anti-parallel running chains, referred to as center and origin, in a layer-by-layer arrangement. In other words,
some neighbouring molecules are running in opposite directions in cellulose II.
Inter-molecular hydrogen bonding is more varied in cellulose II and cellulose
IIII , forming bonds OH2-O6 and OH6-O2 between chains of the same type
(center-center, origin-origin), and OH2-O2 and OH6-O6 between center and
origin chains of cellulose II. Intra-molecular hydrogen bonding patterns occur
between OH3-O5 within the chains, with a minor component of O6 atoms as
acceptors within cellulose IIII and the origin chains in cellulose II (Langan et
al. 1999, Wada et al. 2004).
Several studies have expressed the importance of hydrogen bonds for the
strength and stability of cellulose nanocrystals (Eichhorn & Davies 2006, Tashiro

5

Figure 4: Hydrogen bonding patterns in cellulose allomorphs.

Figure 5: Chain packing arrangements and inter-molecular hydrogen bonding in
cellulose allomorph model fibrils. Blue and red lines represent hydrogen bonds.
Cellulose Iβ (left), cellulose II and IIII (right).
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& Kobayashi 1991, Kroon-Batenburg et al. 1986, Cintrón et al. 2011). In
terms of atomistic simulations, hydrogen bonds have typically been evaluated
by simulating models of cellulose where the hydrogen-bonding is completely
removed and compared to the original model. Data from these studies have
shown the removal of hydrogen bonds to strongly decrease the axial Youngs
modulus. There are varying reports of how much hydrogen bonds contribute
to the elasticity, with contributions ranging from 15 to 60 % of the elastic
modulus value. These findings have been somewhat unexpected, since intramolecular hydrogen bonds in cellulose are only about 10 % as stiff as the covalent
glucosidic linkage between monomers. An important explanation is that removal
of hydrogen-bonding may cause the crystal structure to collapse (Wohlert et
al. 2012). A very interesting recent study suggests some form of synergism
between covalent bonding and hydrogen bonding in cellulose Iβ (Altaner et al.
2014). Results showed the OH3-O5 intra-molecular hydrogen bond stretches
much more (factor 2.4) than the monomer unit in cellulose Iβ. This could be
regarded as a form of molecular leverage mechanism, where the hydrogen bond
stretches relative to a fulcrum represented by the glucosidic linkage. This is
suggested to enhance the stiffness of the covalent backbone.

4.

MATERIALS & METHODS

Molecular Dynamics simulations were run with the GROMACS 4.6.1 MD simulation software, with a leap-frog integrator for integrating the Newtonian equations of motion with a time step of 2 fs (Hess et al. 2008). Cellulose models were
simulated with the GLYCAM06 force field (Kirschner et al. 2008) along with
the TIP3P water model for the surrounding water molecules (Jorgensen et al.
1983). Lennard-Jones interactions were adjusted with a cut-off of 1.2 nm and
electrostatic interactions were handled with Particle Mesh Ewald (PME), set
with a cut-off of 1 nm for the real-space part (Darden et al. 1993, Essmann et
al. 1995). The temperature was maintained constant at 300 K using stochastic
term velocity-rescaling (Bussi et al. 2007) with a time constant of 2 ps. The
pressure was scaled to 1 atm during equilibration in a NPT ensamble of 500 ps,
using an exponential relaxation pressure coupling (Berendsen et al. 1984). The
Cellulose-Builder software (Gomes & Skaf 2012) was used to generate model
fibrils of cellulose crystalline allomorphs, based on published cellulose crystal
structures (Fig. 6) (Nishiyama et al. 2002, Langan et al. 2001, Wada et al.
2004). The volumes were maintained the same in all fibril models, consisting of
16 cellulose chains in a 4x4 configuration, with a 3:1 ratio of surface chains to
core chains and 10 cellobiose units in length. Harmonic potentials were applied
in the lateral directions of the atoms in both ends of the fibrils with a force
constant of 1000 KJ mol−1 nm−2 , to restrain the residues at both ends from
turning in the x-y plane.
The goal of both papers was to investigate tensile properties of cellulose allomorphs, and as such, the water immersed models were subjected to an applied
constant force on the end points of the model fibrils. These were defined as the
7
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Figure 6: Model fibril cross-sections of cellulose allomorphs with unit cell parameters.

-F

F

Figure 7: Tensile straining of terminal residues in the model fibrils.
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respective centres of mass of the terminal glucose residues in all chains, at the
reducing- and non-reducing ends respectively (Fig. 7). The force was applied
at both ends, using the same magnitude and directed along the two opposing
directions parallel to the fibril axis. Equilibrated systems were run in NVT
simulations of 10 ns, with applied tensile straining forces of magnitudes 0, 425,
875, 1300, 1750, 2175, 2625, 3500, 4375, 5250, 6125, and 7000 KJ mol−1 nm−1 .
Plotting and curve fitting was made with the XmGrace software, visualizations
were made with Visual Molecular Dynamics (VMD) (Humphrey et al. 1996).

4.1.

Elastic modulus of cellulose allomorphs (Paper I)

The mean length of each model fibril obtained at each applied strain was measured with GROMACS 4.6.1 analytical tools. The elastic moduli were obtained
by plotting linear regressions of the stress versus dimensionless strain (Fig. 8):
E = σ/ [1]

Figure 8: Stress-strain plot.
The cross-sectional area was calculated from the area per chain. To convert
the applied force to stress, it was divided by the fibril cross-sectional area:
σ = F/A0 [2]
The strain at each applied force was obtained from each corresponding fibril
length and the unstrained fibril length:
 = (L − L0 )/L0 [3]
The equilibrium volume of the unstrained fibril V0 was calculated from the
unstrained fibril length and cross-sectional area:
9

V0 = L0 ∗ Acrossection [4]
An alternative to using the elastic modulus E to characterize the tensile
properties is the so-called f-value. It is defined as the force required for stretching one molecule, i.e. one cellulose chain, by 1%. Since it is independent of the
cross sectional area it is better suited for tensile strength comparisons between
allomorphs, since the allomorphs vary in Acrossection value.
One way of investigating the degrees of freedom involved in crystal deformation,
is to look at the energy change during deformation. The elastic modulus E can
be derived as a response to an induced external force on a system, resulting in
a strain  with respect to the total free energy of the system G:
E=

1 d2 G
V0 d2

=

1 d2 U
V0 ( d2

2

− T ddS2 ) [5]

Where T is temperature, and U and S are the internal energy and entropy
terms of the whole system respectively.
Since the kinetic energy in a classical system can be derived by only considering
the temperature, the internal energy in eq. 5 can be replaced by the potential
energy, Upot . In MD simulations, the total potential energy is the sum of contributions coming from the various degrees of freedom such as bonds, angles and
dihedral energies, referred to as the bonded terms. In addition, electrostatic and
dispersion contributions, are referred to as the non-bonded terms. Each of these
contributions was obtained as a function of strain. The total potential energy
and its separate contributions were fitted with a harmonic approximation:
U () = k2 ( − 0 )2 + Upot [6]
Where k is the force constant, which in this definition has the dimension of
energy, and 0 and Upot are constants. By combining equations 5 and 6, E is
derived as E = k/V0 , which means that the f-value is given by f = 0.01k/L0 N ,
where N is the number of chains in the fibril.
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4.2.

Molecular scale deformation mechanisms in cellulose
crystals (Iβ and II) by molecular dynamics - synergy
between covalent and hydrogen bonds (Paper II)

The load-bearing ability of hydrogen bonds in cellulose can be investigated by
vibrational adsorption spectroscopy. When a hydrogen bond is stretched, the
covalent O-H bond of the donor hydroxyl group is strengthened and causes
the stretching frequency to increase (Gierlinger et al. 2006). Hence, vibrational spectroscopy under tension is a potent way to determine which hydrogen
bonds are load-bearing (Salmén & Bergström 2009). Simulated vibrational spectra were generated from unstrained and strained states respectively by Fourier
transforming the velocity auto-correlation functions (Berens et al. 1983, Martinez et al. 2006):
I(ω)pw =

1
2π

R∞
−∞

dte−iωt < δ~vi (0) ∗ δ~vi (t) > [7]

Where I(ω)pw is the power spectral density, ω the angular frequency of
the IR radiation and ~vi is the velocity vector of the ith atom. These spectra
were compared with experimental spectra. The spectra of individual hydroxyl
groups were also generated by selective index groups, to confirm the assignment
of peaks. Traditionally, the complex O-H stretching bands in the vibrational
spectra of wood includes contributions from crystalline and disordered cellulose
chains, non-cellulosic polysaccharides and water. Here, the water and surface
chains were excluded, and thus the bands represent only the O-H stretching
bands of cellulose core chains.
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5.

RESULTS & DISCUSSION

5.1.

Elastic modulus of cellulose allomorphs (Paper I)

5.1.1.

Unit cell dimensions

Unit cell parameters, Experimental

Area per chain
Volume per cellobiose unit
Density
Unit cell parameters, GLYCAM06

Area per chain
Volume per cellobiose unit
Density

Cellulose Iβ
a = 0.788 nm
b = 0.820 nm
c = 1.038 nm
γ = 96.55 ◦
0.317 nm2
0.329 nm3
1.637 g/cm3

Cellulose II
a = 0.801 nm
b = 0.903 nm
c = 1.031 nm
γ = 117.10 ◦
0.322 nm2
0.332 nm3
1.622 g/cm3

Cellulose IIII
a = 0.445 nm
b = 0.785 nm
c = 1.031 nm
γ = 105.10 ◦
0.337 nm2
0.347 nm3
1.552 g/cm3

a = 0.774 nm
b = 0.824 nm
c = 1.080 nm
γ = 97.6 ◦
0.316 nm2
0.341 nm3
1.579 g/cm3

a = 0.840 nm
b = 0.892 nm
c = 1.075 nm
γ = 109.8 ◦
0.352 nm2
0.378 nm3
1.425 g/cm3

a = 0.442 nm
b = 0.809 nm
c = 1.076 nm
γ = 93.3 ◦
0.357 nm2
0.384 nm3
1.402 g/cm3

Table 2: GLYCAM06 simulated and experimental unit cell parameters
(Cellulose Iβ: Nishiyama et al. 2002)(Cellulose II: Langan et al.
2001)(Cellulose IIII : Wada et al. 2004), cross sectional area per cellulose
chain, volume per cellobiose unit and density.
Unit cell parameters were calculated as averages over 5 ns simulation runs,
using core chains only. They are presented in Table 2. The dimensions of all
three allomorphs were well reproduced in simulations, although the dimension in
the c direction (the axial chain direction) was universally a little longer, leading
to densities that were overall too low. The unit cell dimensions agree well with
what have been noted before using this particular force field (Matthews et al.
2012).
5.1.2.

Elastic modulus & stiffness

Experimental f-value [pN]
Simulated f-value [pN]

Cellulose Iβ
412-453
436

Cellulose II
251-360
396

Cellulose IIII
293-411
379

Table 3: Experimental and simulated f-values of crystalline cellulose.
The elastic Young’s modulus was calculated from a linear regression in the
simulated stress-strain curves (Fig. 9). The calculated values were 138 GPa, 112
12

Figure 9: Stress (σ) versus strain () curves plotted for all cellulose allomorphs.
The curves are linear, and the fitted lines are used to calculate the elastic
Young’s moduli.
GPa and 101 GPa for cellulose Iβ, cellulose II and cellulose IIII respectively.
The value of cellulose Iβ agrees well with both experimental and theoretical
estimates (see Table 1). The values also agree qualitatively with experimental
values for the other two allomorphs, since they are fairly similar and significantly lower than the cellulose Iβ value. Values of calculated cross-sectional
areas differ significantly between the allomorphs, as well as their corresponding
experimental values (Table 2). Although this will inevitably affects the calculated moduli, these differences can contribute to around 13 % to the difference
in moduli values at most (when comparing Iβ/IIII ), which is clearly not enough
to explain the whole difference. Hence, there must be other effects than chain
packing contributing to the observed differences, which have to originate from
the differences in crystal structure. By instead plotting f-values (Table 3), a
more straightforward comparison of tensile properties could be made between
allomorphs independent of cross-sectional area. Calculated f-value of cellulose
Iβ agrees very well with experimental values, whereas f-values for both cellulose
II and IIII end up on the high side. One needs to point out that accurate experimental values are difficult to obtain since the structures for experimental work
are not native and need to be formed from cellulose I. Although experimental
f-values for Iβ and IIII nearly overlap, it is safe to assume that both II and IIII
are less stiff than Iβ. Cellulose II and II probably have similar modulus, with
IIII perhaps being slightly higher.

13

5.1.3.

Hydrogen bonds

One aspect that clearly distinguishes the three cellulose allomorphs is their respective hydrogen bond patterns. Intra-molecular hydrogen bonds, i.e. bonds
formed within a single chain, are directed parallel to the tensile direction, as
opposed to intermolecular hydrogen bonds, i.e., bonds formed between adjacent
chains. For that reason, intra-molecular hydrogen bonds may dominate the
hydrogen bond contribution to the stiffness. The cellulose Iβ conformation is
stabilized by two intra-molecular hydrogen bonds, OH3-O5 and OH2-O6, one
on each side of the glycosidic linkage, which are always present in the crystalline
core chains in the simulations. The OH3-O5 hydrogen bond is also highly stable in surface chains, whereas the OH2-O6 bond is disrupted upon contact with
water, with a 50 % reduction (see Fig. 4). In the other two allomorphs, the
OH3-O5 bond is intact, but the OH2-O6 bond absent due to the rotameric hydroxymethyl conformation in these allomorphs being gt. Instead, both cellulose
II and IIII feature a intra-molecular hydrogen bond OH3-O6, which has significantly higher angle and distance than both OH3-O5 and OH2-O6. In addition,
it is also featured relatively less than the other bonds, which makes its contribution relatively weak (Nishiyama et al. 2002, Wada et al. 2004). It is clear
that exchanging the relatively strong OH2-O6 hydrogen bonds of cellulose Iβ
for the weaker OH3-O6 hydrogen bond in cellulose II and IIII , will likely have
an effect on the intrinsic stiffness of the cellulose chains.
Hydrogen bonds are approximately ten times easier to stretch than a typical covalent bond (Tashiro & Kobayashi 1991). By this logic, removing one hydrogen
bond per cellobiose unit could explain the reduction in stiffness of 10 to 15 %
seen here, but hardly the 40 % seen in some experiments (Nishino et al. 1995).
Moreover, simply removing hydrogen bonds from within the cellulose crystal
may destabilize the structural integrity of the crystal, and thus reproducing unreliable estimates of stiffness (Wohlert et al. 2012). This suggests some kind of
cooperativity between hydrogen and covalent bonding, which is studied in Part
II.
5.1.4.

Structural contributions to stiffness

The unstrained conformation and the conformation at maximum strain was calculated for different degrees of freedom to elucidate their levels of contribution
to stiffness amongst different allomorphs (Fig. 10). Generally, bond and angle deformations are concentrated to the glycosidic linkage and rings, whereas
rotations of dihedral angles mainly occur in the hydroxyl and hydroxymethyl
groups. This is likely to optimize the hydrogen bond pattern in the strained
conformation. However, from the figure it is also evident that the chains deform
differently in the three allomorphs. Bond stretching is most significant in cellulose Iβ, and less so in cellulose II and IIII . Angle bending is largely similar in
all three cases, though it should be noted that the largest angular deformation
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Figure 10: Response to tensile strain in different degrees of freedom between
unstrained and strained conformations. Colour scheme goes from green (no
difference) through white, to red (large difference).
in cellulose IIII is on the angles centred on C1, instead of O1 as in Iβ and II.
Dihedral rotation is almost non-existing in Iβ, slightly larger in II, most notably
in the center chains, and most significant in IIII . In the last allomorph it occurs
in the exocyclic groups, and to a relatively large extent in the glycosidic linkage.
Thus, it seems that tensile deformation in cellulose Iβ and II mainly takes place
through stretching the cellulose backbone and the glycosidic linkage, while cellulose IIII shows more pronounced deformations in rotations of the exocyclic
groups and the glycosidic linkage.
Since hydrogen bonding is a large differentiating factor that sets the allomorphs
apart, these differences are probably related to the intra-molecular hydrogen
bonds. Since cellulose Iβ has one hydrogen bond on each side of the glycosidic
linkage, its cellobiose unit will be more resilient to rotations. Having hydrogen
bonds on one side only, as in cellulose II and IIII , leads to a less constrained
cellobiose unit that adopts its conformation more easily to strain by internal
rotations.
5.1.5.

Energetic contributions to stiffness

The total potential energy of the three different allomorphs as a function of
strain was fitted with harmonic functions, eq. 6. The f-values calculated from
the curvature fitting are given in Table 4. When compared to the f-values from
the stress-strain curves it is evident that they differ, especially cellulose II where
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the f-value from Upot is almost 20 % higher than what was given from σ/. It
should be noted however, that f-values from σ/ are calculated from the total
response of the system, which includes contributions from entropy (the second
term in Eq. 5). It has been shown previously that entropy gives rise to a weak
temperature dependence of the stiffness (Wohlert et al. 2012). Also, Upot is the
potential energy of the whole system, which includes the liquid (water).
5.1.6.

Non-bonded terms

The total potential energy was decomposed into its contributions from bonded
and non-bonded terms respectively, as displayed by the results in Fig. 11 and
Table 4. Non-bonded energies decrease upon strain. This has been observed
previously for cellulose Iβ using a different force field (Wohlert et al. 2012).
When segmenting the non-bonded terms, the analysis reveals that this decrease
comes from the Lennard-Jones potentials. This shows that steric repulsions are
relieved during deformation. The second derivative of the non-bonded energy
with respect to strain is positive in cellulose Iβ and cellulose II, giving a positive
contribution to the f-value, most significantly in Iβ. This means that these
energy terms make the chains stiffer when strained. In cellulose IIII , the second
derivative is actually negative, which means that it makes the chains less stiff.
5.1.7.

Bonded terms

Bonded energies increase upon strain, which can be observed from the fact that
the second derivatives are always positive (Fig. 11). The total bonded contributions to the f-values follow the order Iβ < II < IIII , precisely the reverse
order as the total stiffness. Table 4 shows that this comes as a consequence
of the respective contributions from angle and dihedral potential energies. Angles contribute significantly more in the case of cellulose IIII than in Iβ and
II. Dihedral angles contribute significantly in both cellulose II and IIII , while
this contribution is almost negligible in cellulose Iβ. This result correlates well
with the observations in Fig. 10. This is probably an effect of cellulose II and
III showing intra-molecular hydrogen bonds only on one side of the glycosidic
linkage. In contrast, cellulose I has one intra-molecular hydrogen bond on each
side. This configuration will likely resist tensile straining more efficiently. However, if one only considers the bonded terms, cellulose II and IIII are actually
stiffer than Iβ.
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Figure 11: Internal energy contributions to the stiffness from bonded and nonbonded terms respectively. cellulose Iβ (above left), cellulose II (above right) &
cellulose IIII (below).
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Bonded
Bonds
Angles
Dihedrals
Non-bonded
Dispersion and steric (L-J)
Electrostatic (Coulomb)
Total potential energy
Total (σ/)

Cellulose Iβ
222
107
118
8
186
165
40
404
436

Cellulose II
265
70
127
70
206
55
151
471
396

Cellulose IIII
357
123
166
99
-51
-149
101
342
379

Table 4: Contributions to the f-value [pN] of the allomorphs from Upot , (σ/)
and individual bonded and non-bonded energy terms.
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5.2.

5.2.1.

Molecular scale deformation mechanisms in cellulose
crystals (Iβ and II) by molecular dynamics - synergy
between covalent and hydrogen bonds (Paper II)
Simulated vibrational spectroscopy
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Figure 12: Simulated vibrational spectra of core chains in model fibrils of cellulose Iβ (a)(above left) cellulose II origin (b)(above right) and cellulose II center
(c)(below). Spectra are presented for cellulose chains in unstrained state (black)
and in strained state (red) from constant force simulations. Spectra for individual hydroxyl (OH) groups are presented for OH2, OH3 and OH6 in the lower
spectra.
Vibrational spectra were simulated for both cellulose Iβ and cellulose II fibril
models in equilibrated unstrained states and fully strained states. In experimental studies, spectra of cellulosic materials have shown shifts in wave number
during deformation (Salmén & Bergström 2009). Simulation results are presented in Fig. 12, where the wave number region is the hydroxyl (OH) band for
cellulose. In experimental studies, the wave number values of this region have
been assigned to vibrations of OH groups involved in different specific hydrogen
bonds in cellulose crystals (Hinterstroisser et al. 1999).
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Figure 12 a) shows excellent agreement with experimentally obtained cellulose
Iβ spectra (Hofstetter et al. 2006), with the core chain spectrum (upper spectrum) showing some shift to higher wave numbers as the chain is subjected to
tensile strain (Sturcova et al. 2005, Fengel et al. 1991, Ivanova et al. 1989).
There are three distinct peaks in the core chain spectrum of cellulose Iβ. Vibrational spectra of isolated OH groups of interest were generated to verify peak
assignments in the OH region. The most intense peak is at wavenumber 3780
cm−1 , the middle peak in Figure 12 a). This peak correlates with the OH3-O5
intra-molecular hydrogen bonding, as is verified by the individual spectrum of
OH3 presented in the same diagram. The shoulder peak situated at 3757 cm−1
represents the OH2-O6 intra-molecular hydrogen bond, which is situated on the
opposite side of the glucosidic linkage in the cellobiose unit, see lower spectrum.
The peak on the right in the diagram, 3795 cm−1 , is related to OH6-O3 intermolecular hydrogen bond interactions, see also lower OH6 spectrum.
Vibrational spectra of cellulose II are presented in Figure 12 b) & c), where
the anti-parallel chain configuration requires a distinction between chains going
in different directions as origin and center. The spectra are much more complex than for cellulose Iβ, and the peaks are less well-defined. This is due to
the more complex hydrogen bonding patterns in cellulose II. An individual OH
group interacts with several chemical groups, leading to more coupled vibrational modes in cellulose II (Langan et al. 2001). The OH3 peak is distinct,
but its location is different for center and origin chains, which is a key factor
for the complexity of the cellulose II spectra (Carrillo et al. 2004). For origin
chains, the intra-molecular OH3-O5 is at 3785 cm−1 and OH3-O6 is at 3798
cm−1 . For center chains, the OH3-O5 is located at lower wave number than for
origin chains. It was also observed from the simulations that the OH3-O5 bond
length is shorter for center chains. This correlation between lower wave number
and shorter bond length has also been confirmed experimentally (Gierlinger et
al. 2006). The key points of these spectra is to note that inter-molecular bonds
display little significant shift in wave numbers during stretching, for both cellulose Iβ and cellulose II, leading to a more focused analysis on intra-molecular
hydrogen bonds.

5.2.2.

Deformation patterns and hydrogen bonding effects

In order to clarify deformation mechanisms in cellulose Iβ and cellulose II, geometrical deformation parameters at the cellobiose scale were measured (Table
5). Cellulose Iβ and cellulose II crystals were subjected to the same tensile
stress, but the measured overall fibril strains differed due to the differences in
axial crystal modulus (see Paper I). The strain in Iβ was 1.66 % and 1.86 % in
cellulose II. In line with this, the average strain in the monomer unit is higher in
cellulose II than in cellulose Iβ. In a recent study, the main deformation in the
cellobiose unit was assumed to take place in the glucosidic linkage (Altaner et al.
2014), and the glucosidic ring was assumed to be rigid. In contrast, the present
analysis shows that the linkage and ring contribute nearly equally to the total
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Monomer deformation (nm)
Glucosidic ring (nm)
Glucosidic linkage (nm)
Phi φ (C2C1O1C4’) (◦)
Psi ψ (C3C4O1’C1’) (◦)
OH3-O5 (nm)
OH3-O6 (nm)
OH2-O6 (nm)

Iβ origin
0.009
0.00359
0.00396
-1.4
1.0
0.008

Iβ center
0.009
0.00366
0.00408
-1.0
1.3
0.008

0

0

II origin
0.010
0.00394
0.00430
-1.2
2.1
0.008
0.017

II center
0.010
0.00364
0.00433
-1.2
1.5
0.008

Table 5: Deformation parameters for core chains in cellulose Iβ and cellulose II
allomorphs. All values represent the value with which they increase (or decrease)
when cellulose core chains in model fibrils are subjected to strain.
deformation in both allomorphs. Hence, the assumption of a rigid glucosidic
ring is not valid in a general sense. Both torsional angles of the glucosidic linkage show changes as the allomorph fibrils are stretched (Fig. 13). The increase
in psi ψ is larger for cellulose II, which may correlate with the lower stiffness of
this allomorph, since this larger increase can be associated with higher angular
bending (see Supporting information). The higher torsional angle in cellulose II
is related to the lack of intra-molecular OH2-O6 hydrogen bonding. The larger
increase in psi ψ for cellulose II origin chains compared with center chains is
likely related to the presence of OH3-O6 bonds in origin chains.
The final rows in Table 5 show the deformation of intra-molecular hydrogen
bonds. The OH3-O5 hydrogen bond, featured in both cellulose Iβ and cellulose
II models, showed a deformation of 0.08 Å for all cellobiose units. This bond
is situated at the same geometrical position in the cellobiose units of both cellulose allomorphs, facing the outward bending angle of the glucosidic linkage
(Fig. 4). In cellulose Iβ, the OH2-O6 hydrogen bond situated on the opposite
side of the glucosidic linkage, showed no deformation. This demonstrates that
the OH3-O5 intra-molecular hydrogen bond of cellulose Iβ is deformed when
the fibril is stretched, while the OH2-O6 bonds remain unchanged. This observation correlates well with the simulated vibrational spectra in Figure 12 and
experimental FTIR data. In cellulose II origin chains, the bifurcated OH3-O6
intra-molecular hydrogen bond is on the same side of the glucosidic linkage as
the OH3-O5 bond (Fig. 4). This bond deforms with as much as 0.17 Å, and is
much larger than for the cellulose II OH3-O5 bonds.

5.2.3.

Leverage effect from intra-molecular hydrogen bonds

The aforementioned analysis by Altaner et al suggested that hydrogen bonding
has strong effects on axial cellulose Iβ properties due to a so called ”leverage
effect”. Synergistic interaction effects were proposed between the covalent glucosidic linkage of cellulose Iβ and the intra-molecular OH3-O5 hydrogen bond.
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Figure 13: Phi φ (C2C1O1C4’) and Psi ψ (C3C4O1’C1’) torsional angles of the
glucosidic linkage, here illustrated for the cellobiose unit of cellulose Iβ. The
intra-molecular hydrogen bonds are highlighted (green).
The conclusions were based on a theoretical two-dimensional geometrical analysis of the cellobiose unit, where all the deformation is assumed to occur in
the glucosidic linkage, i.e. rigid glucosidic ring. It was concluded that OH3-O5
elongates with 2.4 times as much as the monomer, and this factor is a measure
of the effective leverage. In other words, the hydrogen bond is 2.4 times as
effective in resisting chain stretching, compared with if it was stretching parallel
with the glucosidic linkage.
The present analysis calculated the leverage effect more accurately, but the results could not verify the specific details of the previously proposed leverage
mechanism, the key difference being the elongation of the glucosidic rings The
OH3-O5 hydrogen bonding elongation was not several times larger than the
monomer unit. However, when only considering the elongation of the glucosidic
linkage, there is indeed a leverage effect, where the OH3-O5 hydrogen bond
deformation in cellulose Iβ is almost exactly twice that of the glucosidic linkage
(see Supporting Information). The same effect is observed in the cellobiose units
of cellulose II, confirming a similarly sized leverage effect in both allomorphs.
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6.

CONCLUSIONS

In this thesis, it has been clarified how hydrogen-bonding arrangements play
a key role in the mechanical properties of nanocellulose, by using MD simulation techniques. Cellulose allomorphs possess unique hydrogen-bonding patterns
that form different crystalline structures and unit cell parameters. The cellulose
Iβ allomorph shows the highest modulus, compared with cellulose II and cellulose IIII , yet few attempts have been made to truly elucidate the deformation
mechanisms that explain this difference.
This thesis reveals that hydrogen bonds affect the stiffness of cellulose both
directly and indirectly, by complex molecular mechanisms. When the hydrogen bond network is strained, deformation of cellulose chains can take place
along paths that involve other degrees of freedom. Cellulose II and cellulose
IIII both exhibit intra-molecular hydrogen bonds on only one side of the glycosidic linkage, while cellulose Iβ has one hydrogen bond on each side, stabilizing
the structure. In both cellulose II and cellulose IIII , tensile deformation is accompanied by rotations both around the glycosidic linkage and of hydroxyl and
hydroxymethyl groups. The consequence is that the structures adapt more easily to a strained conformation, minimizing the effect from non-bonded energy
contributions, and storing more elastic energy in bonded energy terms than in
Iβ.
A proposed molecular leverage effect where the OH3-O5 hydrogen bonding acts
as a resisting spring on the outward bending of the covalent β-1,4’ linkage in
cellulose Iβ, was also studied. The hypothesis was put to the test in greater
detail and applied to cellulose II as well. Simulated vibrational spectra agreed
with experimental data, and provided a good overview of crystal stretching effects. While the hydrogen bonding deformation patterns are in good agreement
with experimental reports, this leverage effect proved more complex in nature
than had previously been described. The effect is featured to the same extend in
both cellulose Iβ and cellulose II. Yet the effect is only strong if only the glucosidic linkage elongation is considered. The data shows that there are significant
contributions from the elongation of the glucosidic rings as well, amounting to
nearly as much as the elongation over the linkage. From a three-dimensional
deformation analysis, it was concluded that the cellobiose units of the cellulose
allomorphs deform in the same patterns, with both bending and torsional twisting over the glucosidic linkage. The deformation is greater in cellulose II, as this
allomorph lacks the OH2-O6 hydrogen bonding to help stabilize the monomer
units to resist angular torsions. The lack of this bond leads to greater torsion
and less resistance to tensile straining.
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7.

FUTURE WORK

The projects presented in this thesis leave room for further possibilities for research within the field. The following points should be considered in this regard:
1. Evidently, there is a correlation between the density of cellulose microfibrils and axial elastic modulus (Table 2), something worthy of a more thorough
investigation in higher detail.
2. The effects of hydrogen-bonding arrangements can be outlined in further
detail by selectively cancelling a specific hydrogen bond while keeping other
hydrogen bonds intact and preserving crystal structure, for different cellulose
allomorph chains. To the authors knowledge, this is yet to be investigated.
3. The data presented in the thesis is based on MD simulations of rather large
systems of 10000+ atoms, where cellulose chains are in their native fibril state.
This approach is convenient for getting an overview of average chain values
and behaviour. When investigating deformations in individual molecules such
as those of cellobiose units, one might be better off using more detailed methods such as QM simulations, to get an even more precise view of deformation
patterns.
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