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Abstract The quintessential form of cellulose in

wood consists of microfibrils that have high aspect

ratio crystalline domains embedded within an amor-

phous cellulose domain. In this study, we apply united-

atom molecular dynamics simulations to quantify

changes in different morphologies of cellulose. We

compare the structure of crystalline cellulose with

paracrystalline and amorphous phases that are both

obtained by high temperature equilibration followed

by quenching at room temperature. Our study reveals

that the paracrystalline phase may be an intermediate,

kinetically arrested phase formed upon amorphisation

of crystalline cellulose. The quenched structures yield

isotropic amorphous polymer domains consistent with

experimental results, thereby validating a new

computational protocol for achieving amorphous cel-

lulose structure. The non-crystalline cellulose com-

pared to crystalline structure is characterized by a

dramatic decrease in elastic modulus, thermal expan-

sion coefficient, bond energies, and number of hydro-

gen bonds. Analysis of the lattice parameters shows

that Ib cellulose undergoes a phase transition into high-

temperature phase in the range of 450–550 K. The

mechanisms of the phase transition elucidated here

present an atomistic view of the temperature dependent

dynamic structure and mechanical properties of cellu-

lose. The paracrystalline state of cellulose exhibits

intermediate mechanical properties, between crystal-

line and amorphous phases, that can be assigned to the

physical properties of the interphase regions between

crystalline and amorphous cellulose in wood microfi-

brils. Our results suggest an atomistic structural view

of amorphous cellulose which is consistent with
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experimental data available up to date and provide a

basis for future multi-scale models for wood microfi-

brils and all-cellulose nanocomposites.

Keywords Cellulose � Amorphous cellulose �
Paracrystalline � Phase transition

Introduction

Cellulose constitutes roughly half of all plant structural

material when considered in dry mass, which makes it

the most abundant biopolymer on earth (Dinwoodie and

Building Research Establishment 2000). Furthermore,

cellulose is the main polysaccharide used in numerous

industries, with broad applications ranging from drug

delivery to packaging (Moon et al. 2011). Its broad use

arises partly from its abundance, low cost and extraor-

dinary mechanical properties, mainly high Young’s

modulus, ranging from 100 to 150 GPa (Eichhorn

2012; Tashiro and Kobayashi 1991) comparable to

Kevlar in crystalline form. The main source of cellulose

is wood pulp, chemically or mechanically separated

wood fibres. In wood, cellulose crystals are aggregated

into microfibrils. Wood microfibrils are 3 nm by 3 nm

in cross section and up to few micrometer in length

(Andersson et al. 2003). The outer regions of wood

microfibrils are strongly disordered, mostly due to the

direct contact with hemicellulose, which is largely

amorphous in nature. These regions can show the form

of paracrystalline or fully amorphous cellulose. The

crystallinity of microfibrils ranges from 40 to 60 % in

softwood (Andersson et al. 2003; Agarwal 2006). In

general, the amorphous to crystalline ratio is a function

of the microfibril cross section (Cheng et al. 2009;

Eichhorn and Young 2001; Tanpichai et al. 2012;

Eichhorn et al. 2010) and can be related to the surface to

volume ratio of a microfibril. Mechanical properties of

microfibrils, such as elastic modulus or tensile strength,

depend strongly on crystallinity and organization of

both cellulose phases (Sinko et al. 2013). Therefore, in

order to properly model the behavior of microfibrils,

nanostructural features and mechanical properties for

both the crystalline and amorphous cellulose phases

need to be established.

The structure of native cellulose crystals, either Ia
or Ib, is well studied and has been characterized

through NMR, X-ray scattering experiments, electron

diffraction and neutron diffraction methods (Hardy

and Sarko 1996; Chen et al. 2012; Nishiyama 2009;

Nishiyama et al. 2002a, b, 2003; Sugiyama et al.

1991a, b). Within a crystal, the cellulose chains are

organized in sheets, kept together by Van der Waals

and weak C…H and O…H hydrogen-bonding inter-

actions. Within a sheet, the cellulose chains are

stabilized by numerous hydrogen bonds between the

glucose hydroxyl groups.

Ib crystalline phase is the most common form of

cellulose, present in large quantities in plant cells, thus

this form has been widely studied both by experiments

and molecular dynamics (MD) modeling using the

GROMOS force field (Charlier and Mazeau 2012;

Chen et al. 2012; Bergenstrahle et al. 2007, 2008a;

Matthews et al. 2012; Wohlert et al. 2012; Bergen-

strahle et al. 2010; Hadden et al.; Zhang et al. 2011;

Chen et al. 2013). MD simulations provide molecular

level insight into the cellulose structure, its organiza-

tion, surface and interfacial properties that comple-

ment experimental studies.

In contrast to crystalline cellulose, there are

numerous aspects pertaining to the structure and

properties of amorphous cellulose that are relatively

less understood. Experiments suggest that the amor-

phous state is characterized by an absence of long-

range ordering and greater orientation disorder of

cellulose chains (Fink et al. 1987; Muller et al. 2000).

Transitions from crystalline to amorphous phase have

been obtained experimentally, for instance, by boiling

native cellulose in water bath at 320 �C under 25 MPa

(Deguchi et al. 2006, 2008). However, the changes in

the major structural characteristics of cellulose such as

the occupancy of hydrogen bonds, bond energies, and

structural morphology during the amorphisation have

not been understood so far.

Whereas the structure and mechanical properties of

crystalline cellulose are relatively well understood,

the properties of paracrystalline interphase regions

within microfibrils and the fully amorphous domains

remain poorly characterized both experimentally and

theoretically. Moreover, the nature and the physical

properties of the paracrystalline, not fully amorphized

phase, which are essential for understanding the

mechanical properties special arrangement of wood

microfibrils, have not been explained at molecular

level yet.

To address these issues, here we investigate the dif-

ferences in structural and mechanical properties of crys-

talline, paracrystalline and amorphous cellulose states.
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We note that cellulose Ib (Bergenstrahle et al. 2007;

Matthews et al. 2006; Mazeau and Heux 2003;

Bergenstrahle et al. 2008b) and amorphous cellulose

have been modeled and studied by MD simulations in

earlier studies (Mazeau and Heux 2003; Liao et al.

2012; Chen et al. 2004a, b, 2007). However, here we

present a computational approach to obtaining well-

equilibrated amorphous structures and present a new

analysis comparing amorphous cellulose properties

with available experimental results and the character-

istics of crystalline cellulose (Derome et al. 2012).

Moreover, we demonstrate that cellulose Ib undergoes

a phase transition at 500 K, confirming experimental

observations (Wada et al. 2001). The purpose of this

study is to investigate and understand the physical

properties of the key constituents of a wood microfibril,

i.e. crystalline, paracrystalline and amorphous cellu-

loses, through a consistent and comparative simulation

approach. Moreover, this research will help determine

whether the non-amorphous regions of cellulose

microfibrils are paracrystalline or fully amorphous.

Materials and methods

All the simulations are carried out using GROMACS

4.6 software (Hess et al. 2008) and GROMOS 53a6

united atom force field (Oostenbrink et al. 2004; Lins

and Hünenberger 2005), where an aliphatic carbon

together with its hydrogen(s) is represented by one

bead. The cut-off radii of Coulomb and Van der Waals

forces are set to 1.0 nm, long-range Coulomb inter-

actions are accounted for by Particle-Mesh Ewald

summation, the energy and pressure are corrected for

dispersion forces, and the OH bonds are constrained.

The initial coordinates of cellulose Ib crystal structure

have been generated by a script (Gomes and Skaf

2012) using the most recent crystallographic structure

reported by Nishiyama et al. (2002b). The equation of

motions are integrated with a 1 fs time step and the

coupling methods for temperature and pressure are

velocity-rescaling (Bussi et al. 2007) and Berendsen

barostat (Berendsen et al. 1984), respectively. Before

equilibration, a steepest descent followed by conju-

gated gradients energy minimization method is per-

formed. The values of compressibility for crystalline

cellulose are as follows: (2.5e-5, 2.2e-5, 7.9e-7,

1.2e-5, 4.2e-5, 4.4e-5) for crystalline, (2.0e-5,

2.0e-5, 7.9e-7, 1.0e-5, 1.0e-5, 1.0e-5) for

paracrystalline, and (2.0e-5, 2.0e-5, 2.0e-5, 1.0e-

5, 1.0e-5, 1.0e-5) for amorphous cellulose.

Our model of crystalline cellulose consists of 32

cellulose chains, ten cellobiose units long, with periodic

boundary conditions and covalently bonded across the

periodic boundary, in order to create an infinite crystal

without defects. We note that the constructed crystalline

cellulose is a model without defects. However, both

introducing some defects and dealing with finite-size

crystal will increase the pace of amorphisation, as the

process of amorphisation always starts from defects, e.g.

chain ends. We expect that introducing defects will

increase potential energy terms and decrease the elastic

modulus of the crystalline cellulose.

The simulation box is first equilibrated for 10 ns in

isobaric–isothermal (NPT) ensemble at 1 bar and

300 K. The simulated crystalline structure is presented

in Fig. 1a. Figure 2a defines the lattice parameters of

crystalline cellulose: a, twice the intersheet distance;

b, the chain-to-chain distance within a sheet; c,

corresponding to the length of cellobiose unit; a, the

tilt of the cellulose sheets in the plane parallel to the

chain direction; b, the angle between the cellulose

chains within a sheet; and c, the tilt of the cellulose

sheets in the cross section perpendicular to the chain

direction. The key parameters of the simulated struc-

ture are presented in Table 1.

In order to investigate the influence of temperature

on the crystal structure and long-range ordering, in the

crystalline Ib cellulose, the system is gradually heated

from 250 to 650 K in 50 K steps, equilibrating the

system in NPT ensemble for 1 ns at each temperature,

resulting in 9 ns of the total simulation time. The

simulation time was enough to equilibrate pressure

and system volume. An anisotropic pressure barostat

is applied, such that all 6 components of the stress

matrix are varied independently.

The paracrystalline state is obtained from the

crystalline structure by heating the crystalline cellu-

lose structure at 700 K until it loses its ordering,

typically after 1 ns. This step is followed by a

quenching simulation at 300 K for 1 ns, with an

intermediate simulation at 500 K for 100 ps. 700 K is

the minimum temperature at which crystalline cellu-

lose loses its ordered structure. At higher tempera-

tures, a similar effect is expected but the process of

disordering will be accelerated. 300 K is chosen to

study the properties of different cellulose forms

because it is most relevant for material applications

Cellulose (2014) 21:1103–1116 1105
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and also the standard temperature in experiments. To

obtain the paracrystalline state, we rely on the caging

effects of other chains, which restrict the relaxation of

the cellulose chains and prevent complete disordering.

The final paracrystalline structure obtained through

this procedure is shown in Fig. 1b.

In order to obtain a representative amorphous

cellulose model, we build 5 initial structures that

consist of 2–4 cellulose chains with the degree of

polymerization (DP) ranging from 10 to 40, and large

interchain spacing. The 5 built structures have the

following parameters: four chains of DP = 20 with

parallel chains arrangement, four chains of DP = 20

and random arrangement, four chains of DP = 10 and

parallel arrangement, three chains of DP = 30 and

random arrangement, two chains of DP = 40 and

random arrangement. Large spacing between the

chains and high temperature enables free twisting

and folding of the cellulose chains, which leads to the

loss of long-range ordering and formation of an

amorphous isotropic phase. The obtained isotropic

amorphous phase is then quenched and equilibrated at

300 K and 1 bar until the potential energy and the cell

volume are fluctuating around a constant value. The

key metric that we use for assessing the amorphous

phase is density, which is typically 10–20 % smaller

than the density of the crystalline phase (Mazeau and

Heux 2003). The amorphous cellulose average density

obtained in our simulations is 1.285 g cm-3 (Table 1),

which is 14 % less than crystalline phase density and

agrees with the general trend mentioned above. The

resulting amorphous structure is presented in Fig. 1c.

In order to calculate the elastic modulus, the system

is simulated in NPT ensemble with anisotropic

barostat. A constant stress in a given direction is

imposed and the strain is measured once the system

has reached the equilibrium state. For each direction,

at least three stress–strain points are calculated. The

anisotropic expansion coefficients are calculated by

changing the temperature in the range 200–400 K in

50 K increments and measuring the changes in box

lengths, while keeping the pressure at 0 bar.

The criterion of hydrogen bond existence combines a

cut-off radius of 0.35 nm between donor and acceptor

(corresponding to the first minimum of the radial

distribution function of SPC water (Apol et al. 2010))

and a hydrogen-donor–acceptor angle with a cutoff of

30�. The hydrogen bond pattern considered here is

pattern A, by far the most common, as specified in

(Nishiyama et al. 2002b). The tool used to determine

hydrogen bonding existence is ‘g_hbond’ and the

puckering parameters are determined with ‘g_pucker-

ing’, both provided with GROMACS package.

Results

Temperature phase transition of crystalline

cellulose

We first investigate the effect of temperature on the

crystal structure and long-range ordering of the

crystalline cellulose as shown in Fig. 2. First, looking

at the characteristic angles, Fig. 2b shows that a and b
remain constant over the wide range of temperatures.

In contrast, c, that defines shear of the unit cell, has

undergone a drastic change from 91� down to 70� in

the temperature range 450–550 K, indicating that

Fig. 1 Atomistic structure and simulation box of crystalline Ib (a) paracrystalline (b) and amorphous (c) cellulose

1106 Cellulose (2014) 21:1103–1116
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structural changes are due to the reordering of the

hydrogen bonding patterns between the cellulose

chains. Looking at the characteristic lattice

dimensions (Fig. 2c), in the same temperature inter-

val, the lattice parameter a is found to increase by

9 % and the lattice parameter b to increase by 1 %.

Fig. 2 a Crystal structure

of the crystalline Ib
cellulose. Temperature

dependence of b the lattice

angles and c lattice

dimensions, d density and

unit cell volume, e hydrogen

bonds per glucose unit and

hydrogen bonds density.

A Transition from Ib to

high-temperature phase of

the crystalline cellulose

occurs in the temperature

range 450–550 K

Table 1 Experimentally measured (Nishiyama et al. 2002b) and simulated density and lattice parameters of Ib crystalline cellulose

Cell parameters q (g cm-3) a (Å) b (Å) c (Å) c (�)

Experimental 1.656 7.784 8.201 10.38 96.5

Simulations 1.501 8.37 ± 0.13 8.16 ± 0.14 10.51 ± 0.13 91.0 ± 0.1

Cellulose (2014) 21:1103–1116 1107
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This sharp change in the lattice parameters indicates a

phase transition of the Ib allomorph into high-

temperature phase. Such a transition has been previ-

ously observed experimentally (Wada et al. 2001), as

well as by other MD simulations (Chen et al. 2012;

Bergenstrahle et al. 2007).

The cellulose crystals are strongly anisotropic.

Whereas the parameter c is shrinking with the temper-

ature, a and b are increasing (Fig. 2c). This can be

explained by the fact that a corresponds to the stacking

distance between sheets, which interact primarily

through weak van der Waals interactions. As such, an

increase in temperature results in a greater expansion

along this direction. On the other hand, b is increasing,

as more hydrogen bonds are broken due to the

increasing temperature. The cellulose chains in crys-

talline phase are stretched in the longitudinal direction,

i.e. the harmonic potential of bonds and angles is far

from its minimum state, which, in turn, is stabilized by

numerous hydrogen bonds between the chains. How-

ever, an increase in temperature causes breaking of

some hydrogen bonds, mostly intrachain HO3…O5 and

HO2..O6, in the phase transition. The shrinkage of

chains (c parameter) can be related to the fact that non-

native celluloses have smaller value of c than native

cellulose, while having smaller number of hydrogen

bonds (Wada et al. 2004; Langan et al. 1999).

As shown in Fig. 2d, the density of the cellulose

decreases from 1.5 g cm-3 at 300 K to 1.38 g cm-3 at

650 K, which is well correlated with the increase in

unit cell volume (Fig. 2d) and the drop in average

number of hydrogen bonds per glucose unit, from 2.97

down to 2.06 (Fig. 2e). This drop is due to the fact that

the cellulose chains coil at high temperature due to

chain entropy, and lose their well-ordered structure.

Similarly, the hydrogen bonds density, which is the

total number of hydrogen bonds divided by the system

volume, decreases from 18 to nearly 10 nm-3

(Fig. 2e).

The temperature affects also the relative position of

hydroxymethyl group (carbon C6), given by the

dihedral angle between glucose ring and hydroxy-

methyl group, x (Fig. 3), which is another key

characteristic of the conformation adopted by cellu-

lose chains is various phases. The position of the

hydroxymethyl group can be trans-gauche (TG),

gauche–gauche (GG) or gauche-trans (GT). The

torsion angle x is affected by temperature as shown

in Fig. 3. We find that the TG conformation is the only

conformation observed at low temperatures. At 500 K,

GG and GT conformations are preferred since they are

more favorable energetically according to an MD

study (Chen et al. 2012). At 500 K, all the three

conformations are observed. Yet at 600 K, at the end

of the phase process, only GG and GT are present.

Despite the fact that TG is the conformation of the

highest dihedral energy (Chen et al. 2012), it facilitates

formation of interchain hydrogen bonds, that decrease

significantly their occupancy at higher temperatures

(Fig. 2d). As the temperature increases, the hydroxy-

methyl groups start to change from the TG conforma-

tion (central peak) to GG and GT conformations (side

peaks). The largest structural transition appears in the

450–550 K temperature range, which corroborates

well with the trend observed in density and hydrogen

bond temperature profiles in Fig. 2.

Dihedral angles and puckering parameters

To compare the crystalline, paracrystalline and amor-

phous states of cellulose, we first present the distribu-

tions of dihedral angles in each cellulose phase in

Fig. 4. The chosen dihedral angles are x (O5–C5–C6–

O6), corresponding to the position of the hydroxy-

methyl group, and / (O5–C1–O4–C4
0) and w (C1–O4–

C4
0–C5

0), being the characteristic torsion angles of the

glycosidic linkage between the two consecutive glu-

cose rings. The x distribution of amorphous cellulose

resembles that of crystalline at 600 K, shown in Fig. 3,

although the trans-gauche conformation occurs in 7,

versus 3 % for crystalline at 600 K (almost disap-

peared). The thermodynamic state of x dihedrals in

amorphous cellulose can thus be found as a more

preferred, lower energy configuration. Our well-

relaxed structure shows clearly the three distinct peaks

in the dihedral distribution. On the other hand, the

much broader distribution of / confirms the non-

ordered character of amorphous cellulose. The x
distribution for paracrystalline is identical to that of

amorphous cellulose, proving that the relaxation of the

cellulose structure at high temperature is enough to

reach the lowest energy conformation of the hydroxy-

methyl group.

Likewise, the distribution of U angles in paracrys-

talline and amorphous phases are overlapping and

show an additional peak at 60�, that is a footprint of an

additional, minor mode of glucopyranose ring-to-ring

tilt in cellulose chain, and that is shifted by 180� from

1108 Cellulose (2014) 21:1103–1116
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the major peak. The W distribution (Fig. 4c) is similar

to the U distributions, with one major peak for

crystalline cellulose, broadened peaks for non-crys-

talline cellulose, as well as a minor, although well

distinguished, peak at 90�. This observation has not

yet been confirmed experimentally, but provides

potentially a new metric that could help to distinguish

the noncrystalline phase from other phases of cellu-

lose. In contrast, s, the glycosidic linkage angle (C1–

O4–C4), does not vary with phases, as s = 117.3� for

crystalline and paracrystalline and s = 117.4� for

amorphous cellulose.

Cellulose phase can be characterized also by the

puckering parameters, /, h and Q, of a glucopyranose

ring (Cremer and Pople 1975). The puckering param-

eters define unambiguously the shape of a six-mem-

bered ring. The relevance of the distortions of

pyranoid rings lies in their influence on the viscoelas-

tic properties of polysaccharides (Heymann and

Grubmüller 1999; Rief et al. 1997). The distribution

maps of the puckering angles, / and h, for the

discussed cellulose phases, are presented in Fig. 5. We

do not present here the distribution of the Q parameter,

as it does not show any distinct difference between the

Fig. 3 Probability density

distribution of x torsional

angle which determines the

relative position of the

hydroxymethyl group as

function of temperature

Fig. 4 Probability density

distributions of dihedral x
(a), U (b) and W (c) angles

for crystalline,

paracrystalline and

amorphous states of

cellulose, at 300 K

Cellulose (2014) 21:1103–1116 1109

123



studied cellulose phases, with an average value of

Q = 0.58 nm. For h = 0� (4C1 ‘chair’), the occur-

rence of ring puckering is almost equally possible for

any value of /. In contrast to crystalline cellulose, the

non-crystalline phases exhibit two additional ‘modes’,

namely for h equal 90� (‘boat’) and 180� (1C4 ‘chair’).

The paracrystalline phase has a particularly well

pronounced mode at / = 0� and h = 90�, that

corresponds to the B3,0 conformation. The more

detailed study shows that, for crystalline cellulose,

almost all the rings are 4C1 conformers. However, in

the amorphous (paracrystalline) phase, the percentage

of 4C1 conformations decreases to 63 % (64 %), and,

additionally, new conformations show up: 1C4 with

19 % (25 %) and boat or skew with 18 % (11 %). This

analysis reveals that puckering in crystalline and non-

crystalline cellulose shows important differences,

whereas the paracrystalline and fully amorphous

phases differ in the number of boat conformers. More

boat conformers in amorphous cellulose can be related

to less ordered structure and entangled chains. Some of

these differences were also obtained by (Mazeau and

Heux 2003). Interestingly, the percentage of boat

conformations (11–18 %) is near the occurrence of the

60� mode in U and W distributions (5–10 %), which

suggests that these two phenomena can be are related

and occur as e result of severe changes in chain

direction. The authors realize, that the presented

analysis may be force field dependent and a result

that arises from the use of the GROMOS 53a6 force

field which not optimized for puckering, and thus may

not necessarily be confirmed via experiments (Nishiy-

ama et al. 2002b; Dowd et al. 1994).

Radial distribution function

The radial distribution function (RDF), g(r), is the

probability of finding a pair of atoms of given type at a

distance r. The RDF of crystalline, paracrystalline and

amorphous cellulose provides a detailed insight into

the extent of the long range ordering in these phases

(Fig. 6). In particular, we quantify the probability of

finding an atom within a given distance from a chosen

atom, in this case pair correlation between C4 carbon

atoms in the cellulose backbone. The RDF curve of

amorphous cellulose is the average over RDF curves

of the 5 different amorphous cellulose structures. The

Fig. 6 shows that only the first maxima of RDF at

about 5 Å are overlapping for each cellulose phase. At

longer distances, the peaks of amorphous cellulose are

much broader, which demonstrates that the long-range

ordering diminishes beyond 5 Å distance. Moreover,

the second maximum on the RDF of amorphous

cellulose is positioned at a higher distance than that of

Fig. 5 Puckering parameters, / and h, distribution map for a crystalline, b paracrystalline and c amorphous cellulose

1110 Cellulose (2014) 21:1103–1116
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crystalline, which indicates larger spacing between the

chains.

The RDF of the paracrystalline cellulose shows that

the long range ordering is lost, however the peaks

intensity is still in between that of corresponding

amorphous and cellulose peaks. This result is corrob-

orated by the torsion angles distribution presented in

Fig. 4. Moreover, one can observe a shift in the

position of the second maximum on the RDF when

going from crystalline to paracrystalline and amor-

phous. The second peak, corresponding to the distance

to the closest glucose monomer from different chain,

the value of r is respectively 6.32, 7.18 and 7.26. One

should notice that some peaks of the crystalline RDF

are ‘merged’ to a single broad peak in the case of

paracrystalline and amorphous, thus in the presented

range the RDF of non-crystalline phases have only

three discernable peaks.

Another MD study (Mazeau and Heux 2003) where

the RDF of a crystalline and amorphous cellulose was

presented taking into account every atom pair, in

contrast to our paper where we compare C4–C4 pair

correlation, cannot be directly compared. However,

we note that the characters of the RDF of amorphous

cellulose are the same, relatively uniform, without

significant peaks after the distance of larger than one

glucopyranose unit.

Potential energy

The structural models of crystalline, paracrystalline

and amorphous cellulose were quenched to and

equilibrated at 300 K in order to examine the

differences in the total potential energy and in

structure of the different cellulose polymorphs. In

Fig. 7a the total potential energy is broken down into:

bonded (bonds, angles, dihedrals and impropers), non-

bonded (short- and long-range Lennard–Jones inter-

actions) and electric (short- and long-range Coulomb

energy) interactions, for crystalline, paracrystalline

and amorphous cellulose. The error bars for amor-

phous cellulose are the standard deviations that come

from different amorphous cellulose structures run with

the same parameters. The results show that the total

energies of paracrystalline (343 kJ mol-1) and amor-

phous cellulose (348 kJ mol-1) are roughly equal and

are slightly above that of crystalline cellulose

(342 kJ mol-1).

The amorphous phase exhibits lower energy of

bonded interaction, which is compensated by higher

non-bonded and Coulomb interactions. The lower

energy of bonded interaction is a result of the process

of obtaining amorphous cellulose: high temperature

and large spacing enable the chains to adjust their

bonds and angles to the minimum energy conforma-

tion, resulting in chain recoil and twisting. On the

other hand, larger inter-chain spacing in these systems

give rise to an increase in both electrostatic and

Lennard–Jones interaction energy. One should notice

that, for each contributing type of energy, the energy

values of paracrystalline cellulose always show a trend

between the ones for amorphous and crystalline states,

which suggests that paracrystalline is a non-equilib-

rium intermediate structure. We note that Mazeau and

Heux (2003) obtained an amorphous cellulose model

by inserting in the box one cellulose residue after

another and randomly attributing x and W torsion

angles, and reported comparisons of the potential

energy. In their study, all of the energy components of

amorphous cellulose were found to be higher than

those of crystalline cellulose, including bonded poten-

tials. Contrary to this observation, we find that the

energy of bonded interactions of crystalline domains is

actually higher to the energy of interaction of amor-

phous domains, which is reasonable when considering

that these chains are more extended and thus will have

higher bond energy. The discrepancy with respect to

the previous numerical studies of cellulose could be

attributed to the differences in force fields used (PCFF,

all-atom) or relaxation state of the amorphous

domains. Our modelling approach of amorphous

cellulose is based on high-temperature equilibration,

Fig. 6 The radial distribution function of C4–C4 pair correla-

tion, plotted for crystalline, paracrystalline and amorphous

cellulose
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which facilitated overcoming kinetic barriers and

helps to obtain lower energy conformations of glucose

units. The error values for amorphous cellulose stress

come from the statistics obtained from 5 different

simulations that give rise to slightly different

structures.

Thermal expansion coefficients

We examine next the mechanical properties. Table 2

contains the thermal expansion coefficients (TEC) for

each cellulose state. The TEC are valid in the range

250–350 K, where the expansion is linear for crystal-

line cellulose. Above 400 K the expansion of crystal-

line cellulose starts to be non-linear, the threshold

being close to 470 K as found by (Hori and Wada

2005). The values in ‘a’ direction and the volumetric

TEC are close to the ones obtained experimentally

(Hori and Wada 2005). One can notice a significant

anisotropy of TECs in different directions of the

crystalline cellulose lattice. The anisotropy is due to

the different bonding types along each lattice direction,

as discussed above, and is related to the data presented

in Fig. 2c, that show different character of temperature

profiles between ‘a’ or ‘b’ (decrease only in the

transition region, increase otherwise) and ‘c’ (always

decreases). As the inter-chain distance increases due to

thermal motion, the stretched cellulose chains are able

to reach lower energy state by shrinking, which in turn

results in a negative TEC in ‘c’ direction.

The smaller volumetric expansion coefficient of the

amorphous cellulose is a result of its porous structure:

an increase in temperature allows the chains to expand

toward their inter-chain space rather than outwards.

This is not the case for crystalline; its structure is non-

porous and the space between the cellulose sheets is

\1 nm, therefore its TEC is greater than that of

amorphous cellulose.

Elastic modulus

Now we study Young’s modulus values along each

lattice directions of crystalline cellulose, paracrystal-

line and the average modulus of amorphous cellulose,

which values are given in Table 3. The elastic moduli

of the crystalline cellulose obtained in our study are in

good agreement with experiments (Tashiro and Ko-

bayashi 1991), for example, the modulus along c-axis,

obtained by X-ray diffraction, is typically in the range

100–160 GPa (Eichhorn et al. 2010). In their study,

(Wohlert et al. 2012) used GROMOS force field to

quantify the elastic modulus and obtained a value of

113 GPa, that is lower than ours. This difference can

be attributed to finite chains and the presence of water.

Crystalline cellulose is strongly anisotropic. The

anisotropy of the elastic properties of crystalline

cellulose Ib from first principles density functional

theory with dispersion correction was reported in (Dri

et al. 2013). As mentioned above, this difference

comes from the different bonding types. The largest

modulus was measured in c direction and is a result of

strong covalent bonds. The weakest bonding by van

der Waals forces is reflected by the lowest modulus

value in a direction. On the other hand, the elastic

modulus of amorphous cellulose averaged over all

directions has value 5.6 GPa, which is even smaller

than the modulus of the crystalline cellulose in the

a direction (11.3 GPa). The a-axis modulus is higher

Fig. 7 a Comparison of total potential energy and contributing

bonded, non-bonded and Coulomb interaction energies for three

states of cellulose: crystalline, paracrystalline and amorphous.

Values are given at T = 300 K and are normalized by the

number of glucose monomers. b Intramolecular, intermolecular

and total number of hydrogen bonds per glucose units for

crystalline, paracrystalline and amorphous cellulose
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in the crystalline phase because of higher packing of

cellulose sheets, which increases the density and

effective modulus, the collective direction of the van

der Waals stacking interactions and the amphiphilic

sheet interactions that arise from the ordering of the

sheets, which is lost upon loss of crystalline structure

(Sinko et al. 2013). This finding suggests that van der

Waals bonds are the ones that are mostly distorted and

the main strain contributors, when amorphous cellu-

lose is under tension or compression. The obtained

Young’s modulus value of amorphous phase is lower

than 10.42 GPa that was obtained by MD in (Chen

et al. 2004a, b), and 8.45 GPa, that was reported for

viscose rayon experiments (Chen et al. 2004b). The

average value of Young’s modulus for paracrystalline

phase in cross-sectional directions (3.0 GPa) is

smaller than average modulus of amorphous cellulose.

This is the result of the fact that in the cross-sectional

plane only non-bonded interactions contribute to the

strain. This finding confirms that chain ordering has a

strong influence on the material stiffness.

The smaller modulus of amorphous cellulose

correlates with the lower value of total number of

hydrogen bonds per glucose unit (Fig. 7b). This value

is divided into intramolecular (within a chain) and

intermolecular (between the chains) hydrogen bonds.

The obtained values suggest that the largest change

occurs in the intermolecular bonding system, which

leads to larger spacing between chains and thus creates

porous structure of amorphous cellulose. In crystalline

cellulose, the number of hydrogen bonds within chains

is about twice than the one between chain, in

agreement with experiment (Nishiyama et al.

2002b). However, during amorphisation, the number

of intrachain hydrogen bonds substantially decreases

in favor of interchain hydrogen bonds. This comes

from chain twisting and breaking up the well-

organized sheet structure. In the case of paracrystal-

line, the average number of hydrogen bonds, 2.43, is

between the values 2.97 and 2.31 for crystalline and

amorphous, respectively. This correlates with the

value of elastic modulus (35.3 GPa), being between

the corresponding values of crystalline and amorphous

cellulose: 150.4 and 5.6 GPa, respectively (Table 3).

The number of hydrogen bonds in paracrystalline is

closer to that of amorphous cellulose, which suggests

that the large number of hydrogen bonds in crystalline

cellulose is due to near perfect chain alignment in

sheets that decreases quickly at elevated temperatures.

Conclusion

The three cellulose allomorphs: crystalline Ib, para-

crystalline and amorphous, have been constructed and

studied in this paper using all-atoms MD simulations.

Equilibration of the crystalline cellulose at an

elevated temperature, followed by quenching, resulted

Table 2 Thermal

expansion coefficients of

crystalline cellulose, along

the lattice directions, and of

paracrystalline and

amorphous state, averaged

over box dimensions, due to

isotropy

Volumetric expansion

coefficient are given for

comparison

Model Thermal expansion coefficient

a (9 10-5 K-1) b (910-5 K-1) c (910-5 K-1) volumetric

(910-5 K-1)

Crystalline 10.8 0.91 -0.68 11.3

Crystalline experimental

(Hori and Wada 2005)

13.6 -3.0 0.6 11.1

Paracrystalline 6.04 1.57 10.87

Amorphous 2.8 ± 1.7 6.6 ± 0.5

Table 3 Young’s modulus

of crystalline cellulose,

given for each lattice

direction, paracrystalline

cellulose, for cross-

sectional and longitudinal

directions, and of

amorphous phase, averaged

over three directions

Model Young’s modulus (GPa)

a b c

Crystalline [experimental

(Tashiro and Kobayashi

1991)]

11.3 (15.16) 72.6 (54.55) 150.4 (167.79)

Paracrystalline 3.0 33.5

Amorphous 5.6 ± 2.8
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in the formation of paracrystalline cellulose. The

pathway to a paracrystalline state is certainly not

unique, but the obtained physical features are distinct

(e.g. anisotropy and elastic modulus) from both

crystalline and amorphous phases. The obtained

model is an example paracrystalline structure that

captures partial ordering effect and might be relevant

to the surface chains of cellulose microfibrils. By

comparing the mechanical properties, dihedral distri-

bution, hydrogen bonding, chain ordering and poten-

tial energy, the paracrystalline cellulose was shown to

be an intermediary state between crystalline and

amorphous cellulose. Grasping the key differences

between different states of cellulose will help to

understand the amorphisation process and structure at

interfaces between crystalline and amorphous phases

of cellulose in complex biological structures. The

amorphous phase was obtained by high temperature

equilibration of randomly arranged cellulose chains.

The high temperature compensates the short simula-

tion time, characteristic for MD simulations, and help

to find minimum energy state without being trapped in

local minima. In this way the amorphous cellulose

structure is a complex dynamic phase in slow evolu-

tion, similar to glassy solids.

The structure of amorphous cellulose obtained in

this work corroborates experimental findings on the

mechanical and topological characteristics. The main

criterion to distinguish between the three cellulose

phases is their mechanical properties: whereas the

crystalline cellulose has distinct elastic moduli in three

different directions, only two distinct elastic moduli in

the paracrystalline phase can be measured correspond-

ing to the directions along and normal to the cellulose

chains, and amorphous cellulose is indeed mechani-

cally isotropic.

We anticipate that the hydration will significantly

lower mechanical properties such as the elastic

modulus, and induce swelling in amorphous cellulose.

However, crystalline cellulose should remain dry due

to its impenetrable core structure, but may be affected

at its surfaces. Paracrystalline is expected to behave as

an intermediate scenario between the two extremes.

Future studies will consider these effects on the

structure and mechanics of cellulose systems at the

nanoscale. The importance of non-crystalline cellu-

lose comes from being an interface between crystal-

line cellulose and semicrystalline hemicellulose

phases in a microfibril model. The main contribution

of this paper is the establishment of the structural and

mechanical characteristics of the three distinct phases

of cellulose, which paves the way for multi-scale

studies on the mechanics of wood and cellulose based

materials.
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