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Abstract

According to our previous works on cellulose I3 and Ia, the weak interactions, though easily ignored,
play certain role in the stability mechanism of nature cellulose. These weak interactions should never be
ignored or underestimated. In this work, a molecular dynamics study of cellulose o was reported
to evaluate the weak interactions under various temperatures. The polar and non-polar solvation
interactions and hydrogen bonding were taken into account. The Van der Waals, electrostatic, polar
solvation and non-polar solvation energy per chain were estimated up to —131.68, —56.38, 29.16 and
—41.76 Kcal/mol at room temperature. The weak interactions behaviors of cellulose Ie, including that of
the cellulose I3 and I« reported previously, were compared. The results indicate that hydrogen bonding
contribute obviously for the intrachain stability. The interchain electrostatic interaction maintain a
reasonable level under 300 K but decreases rapidly with the ascending of temperature. The polar and
non-polar solvation interaction plays an important role not only to interchain under high temperature
but also to the intersheet stability. In addition, the hydrogen bonding in intersheet is weaker than that
of intrachain and interchain. The result is same as cellulose I3 that relatively weak hydrogen bonding
and strong nonbonded interactions keep the intersheet stability collaboratively.
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1 Introduction

Serving as reinforcement of wood, glass, cotton, and ramie and so on, cellulose is widely recognized
as a sustainable source for every trade [1, 2]. Cellulose is a linear polysaccharide, and always
forms with high crystallinity ranging from 1000 to 10 000 [3]. Because of its abundance and
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sustainability, cellulose has been under investigation since early years of polymer science [4-
9]. Natural cellulose occurs as two different crystal phases, Ia and 15 [4, 10]. Cellulose I« is
predominant in bacterial, algae, and fungi, whereas higher plants have a bigger percentage of
cellulose 15 [11]. According to the CP/MAS NMR spectra recording, the proportion of cellulose
I was estimated to be 60-70 percent for Acetobater cellulose, 65 for valonia cellulose, and 60-70
percent I3 within cotton fibres [4, 12]. Since then, a considerable part of cellulose research was
devoted to decipher the atomic structure of the dimers. Roman and infrared spectroscopy was
employed to uncover the meticulous details of a cellulose structure and it was discovered that
cellulose I was less thermally stable than 15 [3, 13, 14]. Nishiyama et laid down the basement of
more accurate assessment of potential structure, and accurate positions of all atoms and hydrogen-
bonding network were revealed with Synchrotron X-ray and electron diffraction methodology [15,
16]. The fine structure of native crystalline has important implications for understanding of
physical properties within many other cellulose-based materials.

For the existence of the dimorphism, the thorough understanding of native cellulose requires
the determination of both two, not only one. Therefore, the study of cellulose I« is a favor-
able supplement of native cellulose. Various improved models were proposed to elucidate the
hydrogen binding networks and molecular arrangement [3,17], and Nishiyama et proposed the
re-orientation including the cell parameters and dihedrals of cellulose Iev [16]. According to the
electron microscopy research, Cellulose la has a triclinic structure with one cellobiose in each
unit cell of P1 symmetry, where a=6.717 A, b=5.962 A, ¢=10.4 A (chain direction), o = 118.08°,
G = 114.8°, v = 80.37, while cellulose I3 crystallizes with a two-chains monoclinic unit of P2,
symmetry [15,16]. Constituted by stacking cellulose sheets, cellulose Iav has linear chains along
the ¢ direction and the repeat unit has different glucose monomers. Hydrogen bonding bindings
are widely perceived as the major reason for the stable structure of native cellulose. The most
frequently occupied hydrogen bonds are intrachain O2HO2- - - O6’, O3HO3- - - O5’ and interchain
O6HOG- - - O3’. All of those are identified as the primary effect factors to keep chains rigid by
Heiner et [18]. The hydrogen bonding interaction has been estimated that between 4.06 and
7.17 Kcal/mol [16]. Hydrogen bonding is experimentally most demonstrative, but insufficient to
elucidate solvent resistance [19]. It is essential to reveal the intricate interplay of the relevant
molecular interactions.

There is not much work focused on the weak interactions in cellulose before. French evaluated
the energies of cellulose I with the MM3 force field, and found that the lattice energies is the
major difference between celluloce I, while the lattice energies are mostly consituted with Van
der Waals interaction [20]. The models they used were not based on high resolution experimental
results. Heiner attributes the stability of cellulose I to intermolecular Coulomb interactions [18].
Our previous work shows that electrostatic interaction also play a certain role in cellulose Ia
and 15 [21,22]. The nonbonded interactions polar solvation and non-polar solvation should also
be taken into account to acquire more comprehensive knowledge of the interaction network in
native cellulose. The GLAYCAM 06 force field has been shown to be reasonably reliable in the
prediction of structures and energies of saccharide [21,23]. GLYCAM 06 force field is a universal
force field for biological macromolecules designed and developed by KIRSCHNER et al [24].
GLYCAMOG6 force field uses hydroxyl van der Waals parameter compatible with Amber, and fits
the electrostatic potential energy calculated by quantum mechanics, so the GLYCAM 06 force
field can express the interaction better between molecules. Considering the relationship between
partial charge and molecular conformation, GLYCAMO06 can reduce the influence of intersheet
hydrogen bonding on cell parameter, then more reasonable cell parameters can be accuged with
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this force field [24].

2 Molecular Dynamic Simulation

The crystallographic model, presented in Fig. 1 was used in all-atom molecular dynamic sim-
ulations. Cellulose chains stack together to form elementary cellulose fibrils, then consistitute
the crystal structure. The cell parameters are as follows: a=6.717 A, b=5.962 A, ¢=10.400 A,
a = 118.08°, f = 114.80°, v = 80.37° [16]. In higher plants such as cotton fibers, elementary
cellulose fibers are aggregated into rosette-shaped bundles. Generally, the structure of cellulose
bundles is composed of 5-48 glucose chains. Referring to the previous work of molecular modeling,
the model was constructed with 36 chains. The degree of polymerization of each chain was 20

[25].

Fig. 1: Structure of cellulose Iov and the definition of direction a, b, ¢

The molecular dynamics simulations are adopted to investigate the crystallization in water
solution under the conditions of various temperatures (300 K, 350 K, 400 K, 450 K, 500 K and
550 K). All molecular simulations were performed with the package Amber. The crystalline fibril
was parametrized by GLYCAM-06 force field. The microfibril was immersed in TIP3P water,
with at least 12 A thickness in all directions. The solution system was optimized and then
equilibrated by NVT MD (constant numbers of particles, volume and temperature). Then NPT
MD was carried out to implement the equilibration and achieve the atmospheric pressure of 1
bar. With total pressure fixed, density of cellulose changed and remained almost constant after
equilibration. The time step was 2 fs. The long-range electrostatic interactions were treated by
the particle mesh Ewald method. All bond distance involving hydrogen atoms were constrained
by SHAKE. The Langevin thermostat controlled the temperature. Non-bonded interactions were
truncated at 12 A. The production runs were carried out in the NPT ensemble. Berendsen
barostat was used to control system pressure. 10 ps was selected as pressure relaxation time
and the compressibility was 1 x 1075 bar~!. The simulations lasted for 100 ns, with the atomic
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coordinates collected per 10 ps. The change of temperature and total energy in every system
over simulation progressing is presented in Fig. 2. No sudden downs or ups appear, suggesting
that the dynamic simulations are relatively equilibrium. The interactions were calculated by the
post-processing program MMPBSA.py. Pairwise interactions decomposed with 1-4 terms were
added to internal potential terms. The average values of each chain are taken from every part of
36 chains:

n

where the r represents the chain number, and &, j are the residue numbers. There n is the total
chain number, 36. FE is the total energy (Van der Waals, electrostatic, polar solution, non-polar
solution interactions).
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Fig. 2: The change of temperature and total energy under different systems

3 Results and Discussions

Different from previous works made on cellulose 15 and Ia, the polar solvation and nonpolar
solvation energy were taken as the research topic [21,22]. The interaction are constituted by four
parts: internal energy, Van der Waals, electrostatic and solvation energy. The results show that
internal energy keeps the value at zero, so the other three parts are considered to influence the
stability of cellulose Ia. It can be concluded that Van der Waals force is much more important
in balancing the structure at high temperature than electrostatic interaction and Van der Waals
also makes more devotion in interchain and intersheet when temperature ascends in the paper
presented in TBIS [22]. In this work, solavtion energy is taken into consideration to probe for
more through understanding of weak interaction mechanism in cellulose Ila.. Solvation energy is the
interaction between a solvent and molecules or ions of a solute [26]. The solute is the compound
that is going to be dissolved in the solvent. When immersed in polar solvent, polar solvation energy
is presented, otherwise the nonpolar solvation appearing. Solvation energy is responsible for many
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properties of a solute. Such as stability, solubility or reactivity. The following is organized in four
parts: firstly, the whole impression is given about the whole interaction per chain. And then,
the whole is splitted into three sections-intrachain, interchain, and intersheet. The definition of
intrachain, interchain and intersheet is shown in Fig. 3. Besides, the hydrogen bonding network
was also analysed to elucidate the mechanism quantitatively. The weak interaction mechanisms
of intrachain, interchain, intersheet are described respectively.

The intersheet (b)

The interchain

MM The unit cell

The intrachain

Fig. 3: The schematic diagram of cellulose Ice. a: The ab plane of cellulose Iav and the definition of the
unit cell, the intersheet, the interchain. b: The 3D model of cellulose along ¢ direction and the definition
of the intrachain

3.1 The Weak Interaction Per Chain

Fig. 4 shows the variation trend of nonbonded interactions per chain in cellulose o under different
tempratures. The Van der Waals, electrostatic, polar solvation, and non-polar solvation interac-
tions per chain are —131.68, —56.38, 29.16, —41.76 Kcal/mol in 300 K. The results means that
Van der Waals, electrostatic and non-polar solvation interactions appear to be attraction forces,
while polar solvation energy is the repulsion force. The results showed that the average Van der
Waals and electrostatic interactions per glucose (—6.58, —2.82 Kcal/mol) were in good accor-
dance with those of Heiner (—6.48, —2.75 Kcal/mol) [18]. Compared with previous work made
in cellulose Ia, Van der Waals interaction is beyond other nonbonded interactions, and solvation
energy keep the same order of magnitude with electrostatic interaction [22]. The situation is same
as that of cellulose 13, in which the Van der Waals interaction is higher than electrostatic and
solvation energy. Besides, according to the research on cellulose 13, the solvation and electrostatic
energy play a major role in intersheet [21]. Therefore, polar and non-polar solvation energy need
to be analysed to see what roles they play in the stability of cellulose Ia. In order to present
the changes of energy more intuitively, the absolute values were taken to draw graphics below.
According to Fig. 4, the polar and non-polar solvation interactions keep the same trend with that
of Van der Waals and electrostatic energy, for they all decrease with the increase of temperature
[22]. Compared with the situation in room temperature, the rate of decrease of each interaction
is 5.42%, 31.11%, 13.65%, 4.57% respectively at 550 K, which means under high temperature, the
electrostatic interaction decreases most obviously, followed by polar solvation energy. In other
words, overall, Van der Waals and non-polar solvation interactions contribute significantly to the
thermal stability of cellulose Iae. So the study of solvation energy is important not only to the
structural stability of cellulose but also the thermal stability.

In order to further verify the relationship between the interactions and temperature, one-way
ANOVA test was conducted. One-way ANOVA method is used to test whether the same factors
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Fig. 4: The average non-bonded interactions per chain

at different levels affect the outcome variables, also known as F-test. The influencing factors there
are temperatures. The magnitude of temperature represents different levels. The result variables
are Van der Waals, electrostatic, polar and non-polar solvation interactions. According to the one-
way ANOVA test result in Table 1, the F values of one-way ANOVA test are 3.869, 73.69, 48.32
and 5.11, respectively. The significant coefficients are 0.002, 0.000, 0.000 and 0.000, which are less
than 0.05. Therefore, it can be deduced that there may be different weak interactions mechanism
under different temperatures. In addition, many scientists believe that hydrogen bonding is
the main stabilizing factor. Our previous work in cellulose I3 have concluded that hydrogen
bonding dominates in intrasheet, while Van der Waals, electrostatic and solvation interactions
are of significance in intersheet [21]. But whether the same situation is happenning in cellulose
I or not deserves our attention. The quantitave analysis of hydrogen bonding is also needed to
understand the weak interaction mechanism. Based on the experimental data, it is assumed that
there may be a synergistic effect between weak hydrogen bonding and nonbonded interactions in
intersheet, which jointly maintains the intersheet stability of cellulose lov and makes it difficult
to hydrolyze [16, 27-29]. Therefore, hydrogen bonding was also taken into considerition in this
work.

Table 1: The ANOVA test of nonbonded interactions under different temperatures

F P
Van der Waals 3.869 0.002
electrostatic 73.69 0.000
Polar solvation 48.32 0.000
non-polar solvation 5.11 0.000

The calculation of hydrogen bonding is restricted by several conditions. The restriction condi-
tions are that the distance between two oxygen atoms is less than 3.5A, and the angle between
donor-hydrogen acceptor atom is greater than 150°. The trend of change in average occupancy
and numbers of hydrogen bonding is shown in Table 2. Taking the occupancy at 300 K as the
reference, the hydrogen bonding occupancy at 350-550 K is lower than that at room temperature.
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That is to say, the occurrence frequency of hydrogen bonding decreases with the increase of tem-
perature. The reduction rates of hydrogen bond occupancy were 6.1%, 20.97%, 15.52%, 28.65%,
26.25% respectively. This indicates that the hydrogen bonding is not sensitive to temperature
change in the range of 300-350 K, but the occupancy decreases significantly at 400 K, which is
obviously different from the reduction ratio of hydrogen bond less than 15% at 400 K in cellulose
I [30]. That is to say, the hydrogen bond network of cellulose I changes dramatically around
400 K, and the transition temperature is lower than that of cellulose I3 [30]. And the number of
hydrogen bonds in cellulose Iav does not decrease with the increase of temperature. The numbers
of hydrogen bonds under 300-550 K are 1 784, 1 793, 1 784, 1 825, 1 903 and 1 788 respectively.
The effect of temperature on the number of hydrogen bonds are not obvious, but for cellulose
I3, the opposite law appears [31, 32]. With the increase of temperature, the hydrogen bonds
in cellulose Ia may be broken, and a considerable number of hydrogen bonds were formed but
relatively weaker. Therefore, although the hydrogen bond occupancy was inversely proportional
to temperature, there was no significant difference in the number of hydrogen bonds.

Table 2: The average occupancy and numbers of hydrogen bonding under different temperature

300 K 350 K 400 K 450 K 500 K 550 K
average occupancy 0.783 9 0.729 8 0.619 5 0.662 2 0.559 3 0.578 1
The number of hydrogen bonding 1784 1793 1784 1825 1903 1788

3.2 The Weak Interactions in Intrachain

Distribution of intrachain nonbonded interactions and change of intrachain hydrogen bonding of
cellulose I are presented in Fig. 5(a) and Table 3. Seen from the Fig. 5(a), at room temperature,
the Van der Waals, electrostatic and solvation interactions are obviously minimal. The mean
value of polar solvation energy is highest of those four weak interactions with the mean value
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Fig. 5: The distribution of nonbonded interactions in (a) intrachain, (b) interchain, (c) intersheet
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Table 3: The average occupancy and numbers of intrachain hydrogen bonding under different temper-

ature
300 K 350 K 400 K 450 K 500 K 550 K
average occupancy 0.846 3 0.801 8 0.714 9 0.727 3 0.653 0.670 3
The number of hydrogen bonding 1108 1019 811 712 730 691

being 0.949 1 Kcal/mol. The non-polar solvent energy is close to 0. From our previous findings,
the intrachain Van der Waals and electrostatic interactions are minimal and weaker than the
intrachain polar solvation, and those interactions are obviously tiny compared with cellulose 13
[21, 22]. For cellulose 13, when the temperature is below 400k, the electrostatic interaction
of intrachain has some contributes to the stability of cellulose. Under high temperature, the
electrostatic has teeny contribution to the thermal stability just as Van der Waals, and solvation
energy has little contribution to the stability of cellulose [21]. So, the intrachain interactions are
weak in cellulose I and I3. The intrachain energetics of cellulose lav decreases with increasing
temperature. At 550 K, the polar solvation, electrostatic and Van der Waals interactions are
0.231 3,0.167 4 and 0.091 2 Kcal/mol, respectively [22]. Under the same force field, the interaction
of cellulose I3 shows different changing rules. Van der Waals interaction in cellulose 13 increases
firstly, then decreases under 500-550 K, and electrostatic energy decreases significantly. Solvent
energy decreases as a whole [21]. From those comparison with the work made on cellulose Iav and
I3, it is found that intrachain interactions are all small and there must be some other factor to
keep the balance of intrachain structure [21, 22].

According to Table 2, although the intrachain non-bond interactions of cellulose I« is relatively
weak, its hydrogen bond occupancy is obviously high. The average hydrogen bond occupancy at
various temperatures is 0.846 3, 0.801 8, 0.714 9, 0.727 3, 0.653 and 0.670 3, which are higher than
the overall hydrogen bond occupancy, showing a downward trend with the increase of temperature.
The number of hydrogen bonds decreases gradually. At 300 K, the number of hydrogen bonds is
1 108. At 550 K, the number of hydrogen bonds is 691. It is inferred that new hydrogen bonding
network has been formed and there must be some fracture between intrachain hydrogen bonding.

3.3 The Weak Interactions in Interchain

Distribution of interchain nonbonded interactions and change of interchain hydrogen bonding
of cellulose la are presented in Fig. 5(b) and Table 4. At room temperature, the electrostatic
interaction has more contribution than Van der Waals and solvation energy. The average value
of electrostatic interaction is 1.793 3 Kcal/mol, followed by Van der waals, non-polar and polar
solvation interactions with the average values being 1.4712, 1.177 9 and 0.862 8 Kcal/mol, re-
spectively [22]. The interchain electrostatic interaction in cellulose 15 is also stronger than Van
der Waals force and solvent energy [21]. With the increase of temperature, the interchain Van
der Waals and polar solvation erergy of cellulose Iov increase firstly and then decrease [22]. The
change is relatively stable. The electrostatic interaction decreases as a whole. At 550 K, the
electrostatic interaction decreases to 52.55% compared to room temperature [22]. The nonpolar
solvation energy is inversely proportional to the temperature change. The mean values of Van
der Waals, electrostatic, polar solvation, nonpolar solvation interactions at 550 K are 1.323 7,
0.942 3, 0.930 8, 0.721 6 Kcal/mol [22]. So under high temperature Van der Waals interaction
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is more important than electrostatic, polar solvation, nonpolar solvation interactions, while the
structural stability contribution of electrostatic interaction in cellulose 13 is always the highest
than Van der Waals and solvation interactions [21].

The interchain nonbonded interactions of cellulose I« is stronger than that of intrachain, how-
ever, from Table 4, the occupancy of interchain hydrogen bond is weaker than that intrachain.
The average interchain hydrogen bond occupancy at different temperatures is 0.741 3, 0.689 8,
0.596, 0.668 7, 0.558, 0.550 7, respectively. At 400 K, the interchain hydrogen bond occupancy
decreases sharply. The number of hydrogen bonds increased gradually. At 300 K, there are 577
hydrgen bondings. At 550 K, the number of hydrogen bondsis 738. So there must be some
fraction in strong hydrogen bonding and formation of relatively weak ones. Meanwhile, the syn-
ergistic effect can be concluded because the hydrogen bond complements with Van der Waals,
electrostatics, polar solvation and non-polar solvation interactions.

Table 4: The average occupancy and numbers of interchain hydrogen bonding under different temper-

ature
300 K 350 K 400 K 450 K 500 K 550 K
average occupancy 0.741 3 0.689 8 0.596 0 0.668 7 0.558 0 0.550 7
The number of hydrogen bonding 77 645 671 729 745 738

3.4 The Weak Interactions in Intersheet

Distribution of intersheet nonbonded interactions and change of intersheet hydrogen bonding
of cellulose Iav are presented in Fig. 5(c) and Table 5. Van der Waals interaction is the highest
compared with electrostatic, polar and nonpolar solvation interactions in intersheet of cellulose Ia
at room temperature from Fig. 5(c). Its average value is 7.569 5 Kcal/mol, followed by nonpolar
solvation, electrostatic and polar solvation interactions. The average values are 4.250 8, 3.772 7
and 2.372 2 Kcal/mol, respectively [22]. The intersheet Van der Waals energy of cellulose Ia
increases with the ascending of temperature. The mean value at 550 K is 7.843 8 Kcal/mol,
and the electrostatic energy falls into a decline [22]. Polar and nonpolar solvation interactions
show the downward trend on the whole. At 550 K, the mean values of Van der Waals, nonpolar,
electrostatic and polar solvation interactions are 7.843 8, 4.161 3, 2.249 5 and 1.941 6 Kcal/mol
[22]. So under high temperature Van der Waals interaction is more important than nonpolar
solvation, electrostatic, polar solvation interactions. Van der Waals force in cellulose 13 decreases
gradually, accounting for 79.68% of the total at 550 K, but always keep the highest for intersheet
stability of cellulose 15 [21].

The intersheet nonbonded interactions of cellulose Iav is higher than that of intrachain and
interchain. However, according to Table 5, the hydrogen bond in intersheet is weaker than that
of intrachain and interchain. The average occupancy at different temperatures is 0.334 5, 0.360 7,
0.415 3, 0.529 2, 0.401 5 and 0.456 7, respectively, which increases significantly at 400-450 K. In
general, the number of hydrogen bonds increased gradually. At 300 K, there are 99 hydrogen
bondings in intersheet. At 550 K, the number of hydrogen bonds is 359. Just like the trend of
interchain, the number of hydrogen bonding obviously increaes. As for the average occupancy,
unlike the change of intrachain and ininterchain hydrogen bonding, the intersheet occupancy in-
creases at high temperature. At 550 K, the hydrogen bond occupancy of intrachain, interchain,



176 H. Zhang et al. / Journal of Fiber Bioengineering and Informatics 12:4 (2019) 167-178

intersheet is 0.670 3, 0.550 7 and 0.456 7, respectively, which means that under high temperature
the intersheet hydrogen bond occupancy is weaker than that of intrachain and interchain. The
synergistic effect is reconfirmed for the intersheet hydrogen bonding is weaker than that of intra-
chain and interchain, while Van der Waals, electrostatic, polar and nonpolar solvation interactions
in intersheet are higher than that of intrachain and interchain.

Table 5: The average occupancy and numbers of intersheet hydrogen bonding under different temper-

ature
300 K 350 K 400 K 450 K 500 K 550 K
average occupancy 0.334 5 0.360 7 0.415 3 0.529 2 0.401 5 0.456 7
The number of hydrogen bonding 99 129 302 384 428 359

4 Conclusion

The weak interaction mechanism of cellulose I has been elaborated with molecular dynamic
simulations. Among the four interactions investigated, polar solvation shows relatively great
significance for intrachain stability. While the nonbonded interactions are relatively weak than
interchain and intersheet, the occupancy of intrachain hydrogen bonding is obviously strong. The
electrostatic interaction contributes most to the stability of the interchain structure, followed by
Van der Waals force, non-polar and polar solvent energy at room temperature. At high temper-
ature, Van der Waals force is higher than electrostatic, polar and non-polar interactions. The
occupancy of interchain hydrogen bond decreases sharply. Most of the nonbonded interactions
are distributed in intersheet, relatively different from cellulose I3. We elucidate that the weak
hydrogen bonding and strong Van der Waals interaction keep the intersheet stability collabora-
tively by data statistical analysis. It is also found that there is synergistic effect between hydrogen
bonding and other weak interactions. The strong hydrogen bonding complement with relatively
weak Van der Waals, electrostatic, polar and non-polar solvation interactions, vice versa.
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