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Abstract: In this paper, a molecular model of cellulose amorphous region-water molecule was
developed using Materials Studio software by applying the molecular dynamics method. The effect
of low temperature on the properties of the lignocellulosic amorphous region, the main component of
wood, was investigated in an attempt to explain the macroscopic property changes from a microscopic
perspective and to provide a theoretical basis for the safe use of wood and wood products in low-
temperature environments and other related areas of research. Dynamic simulations were carried out
at 20 ◦C, 0 ◦C, −30 ◦C, −70 ◦C, −110 ◦C and −150 ◦C for the NPT combinations to obtain the energy,
volume, density, and hydrogen bonding change trends of their models, respectively. The changes
in the microstructure of the water molecule–cellulose amorphous region model were analyzed, and
the mechanical properties were calculated. The results showed that the interaction between the
amorphous cellulose region and water molecules was enhanced as the temperature decreased, the
density of the models increased, and the volume decreased. The number of total hydrogen bonds
and the number of hydrogen bonds between water molecule–cellulose chains increased for each
model, and the decrease in temperature made the cellulose molecular activities weaker. The values
of G, E, and K increased with the decrease in temperature, and K/G decreased with the decrease
in temperature. It shows that the decrease in temperature is beneficial to enhance the mechanical
properties of the amorphous region of cellulose and increases the stiffness of the material. However,
the toughness and plasticity decrease when the temperature is too low.

Keywords: cellulose amorphous region; low temperature treatment; mechanical properties;
molecular dynamics

1. Introduction

Wood is a renewable biomass material that is widely available from natural forests
and plantation forests. It contains natural cellulose and is environmentally friendly, making
it an important resource for human production and life [1–4]. Additionally, wood has
a high strength-to-weight ratio, making it a useful material for materials science and
engineering mechanics. As mineral resources such as oil and metal decrease, wood becomes
an increasingly advantageous renewable resource and is commonly used in structural
construction, interior decoration, and papermaking [5].

Wood is a heterogeneous material, and its mechanical properties are influenced by
several factors, including density, temperature, moisture content, microstructure, and grain
defects. When wood is utilized as a building material, moisture content, and temperature
are two important factors that affect its mechanical properties when other factors are
stable [6,7]. The role of temperature includes both positive and negative temperatures.
Among the available studies, the effect of high temperature (160–230 ◦C) on the mechanical
properties of wood is well established [8–11]. It has been shown that the degradation of
hemicellulose and lignin, which are the main chemical components of wood, after high
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temperatures, leads to a significant increase in the dimensional stability of wood and a
decrease in the mechanical properties of wood [12–15]. The effect of low temperatures
(below 0 ◦C) on the mechanical properties of wood is less studied.

Cryogenic treatment is a physical modification method that has gained popularity
due to its environmentally friendly nature. It is used to improve the stability and structural
properties of materials [16,17]. The process involves the use of liquid nitrogen as a refriger-
ant to achieve an ultra-low temperature of −130 ◦C or below. This extreme treatment, also
known as ultra-low temperature treatment, is an extension of conventional cold treatment
and can reach temperatures as low as 77 K (−196 ◦C) [18]. The technology has been widely
implemented in the treatment of metals, alloys, plastics, and composites to enhance their
physical and mechanical properties [19]. Studies have been conducted on the mechanical
properties of wood in low-temperature environments, including flexural strength (MOR),
the flexural modulus of elasticity (MOE), smooth grain compressive strength, impact tough-
ness, smooth grain tensile strength, and stress wave propagation velocity. It has been
observed that the bending strength and modulus of elasticity of wood tend to increase as
the temperature decreases in low-temperature environments, leading to enhanced mechan-
ical properties [20–22]. The formation and propagation of ice crystals in wood cells under
low-temperature environments were studied by Xu, H. et al. [23]. Li, Z. studied the effect
of moisture content (MC) on the orthogonal viscoelasticity of Chinese fir (Cunninghamia
lanceolata [Lamb.] Hook.) under low-temperature environments [24]. Storage modulus
and loss modulus were determined for six different levels of MC at multiple frequencies
ranging from −120 to 40 ◦C and 0.5, 1, 2, 5, and 10 Hz. Ozkan, O.E. studied and evaluated
the effects of various freezing temperatures (−20, −40, −78.5, and −196 ◦C) on the growth
of beech (Fagus orientalis Lipsky), Scots pine (Pinus sylvestris L.), fir (Abies nordmanniana
subsp. bornmulleriana) and spruce (Pinus sylvestris L.) wood impact flexural strength
compared to non-frozen wood (+20 ◦C) [25]. The results indicate that softwoods have
good impact flexural strength properties in the frozen state and can be applied in low-
temperature environments. At present, the study of the effect of low-temperature action on
the mechanical properties of wood has not been systematized.

The main components of wood include cellulose, hemicellulose, and lignin. With
increasing age, the wood showed lower lignin [26] but a linear increase in holocellulose.
Cellulose constitutes a significant proportion of the wood composition and exerts a greater
influence on its properties. The cellulose macromolecule is composed of numerous glucose
groups, forming a molecular chain. The crystalline region of cellulose is the most com-
pact part of the macromolecule, where the molecular chains are arranged in parallel and
well-oriented. The amorphous region of cellulose, where the density decreases, and the
macromolecular chains are less tightly bound and not arranged in parallel [27], has a more
irregular structure and is more susceptible to structural changes caused by temperature
or small gas molecules [28]. This study focuses on the amorphous region of cellulose to
investigate the changes in wood under ultra-low temperature conditions.

Molecular dynamics is a powerful tool that enables the study of macroscopic prop-
erties of materials at the microscopic molecular level [29,30]. This allows for the de-
termination of physical parameters at a theoretical level with good generalizability of
conclusions. The technique has been widely employed in materials science, chemistry,
and biology to calculate the equilibrium or nonequilibrium properties of experimental
model systems [31–33], including material structure properties, transport properties,
phase transition processes, etc. Molecular dynamics simulations rely on a classical
Newtonian mechanics model, which has its limitations. However, this method can be a
powerful complement to theoretical calculations and experiments. Using molecular dy-
namics simulations requires a good understanding of physical chemistry and computer
skills. The results obtained from these simulations can provide valuable insights that
are difficult to obtain solely through experimental methods. For instance, experimental
studies of low temperatures require the study of a large number of woods at different low
temperatures, which is a time-consuming and challenging task [34]. This paper presents
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a study on the effect of low-temperature treatment on wood using molecular dynamics
simulation methods. The study aimed to improve wood utilization by developing a
model of cellulose in the amorphous region at specific humidity and temperature specific
in a controlled environment. The authors analyzed the microscopic mechanisms of the
effect of low-temperature treatment on various aspects of the model’s properties. By
simulating the experimental environment from a microscopic point of view, the study
provides a more visual explanation of how low-temperature treatment acts on cellulose,
the main component of wood.

2. Materials and Methods
2.1. Model Establishment

The molecular dynamics simulation software in this paper is Materials Studio (2019,
BIOVIA, San Diego, CA, USA), a PC-ready simulation software developed specifically for
researchers in materials science. Before building the overall cellulose amorphous region-
water model, the water molecule model and the cellulose chain need to be built separately.
First, create a 3D document, click the Sketch Ring button on the sketch toolbar, and select
Oxygen from the optional elements displayed. Click on the Adjust Hydrogen button to
automatically add the correct number of hydrogen atoms to the model. Click on the Clean
button to adjust the position of the model atoms so that bond lengths, bond angles, and
torques are displayed appropriately. The structure of the cellulose chain is complex and
can be drawn using the method for building amorphous polymers or by downloading the
desired model from the materials project. Cellulose is composed of -D-glucopyranosyl
(dehydrated glucose) with a simple molecular formula of (C6H10O5)n, where n is the degree
of polymerization. The physicochemical properties of cellulose are not affected by changes
in the degree of polymerization [35], so the degree of polymerization of cellulose chains
established in this paper is 20. Calculations were performed with Amorphous cells to
create a cellulose amorphous region-water model, which consists of 52 water molecules
and a cellulose chain. The density of the model was set to 1.5 g/cm3 [36], and the final
model was created with a box size of 20.5 × 20.5 × 20.5 Å3. Figure 1 shows the cellulose
amorphous region-water model with atoms in the model using the CPK color scheme,
which was proposed and improved by Corey, Pauling, and Koltun, the designers of the
CPK model. The gray, white, and red colors represent carbon, hydrogen, and oxygen atoms,
respectively. To facilitate the distinction, cellulose chains are shown in stick mode, while
water molecules are shown in ball and stick mode.
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2.2. Dynamic Simulation

The model simulations in this paper follow the following steps:

i. Create a molecular model structure of the studied system, including the simulation
box size, the number of model molecules in the simulation box, and the specific
atom types, as in Section 2.1.

ii. Perform initial geometry optimization of the initial molecular simulation model by
the computational options in the Forcite module. The algorithm is chosen as the
Smart algorithm [35], and the total number of iterations was 5000 steps. This step
is to balance the free motion state of the molecules in the model so as to achieve
energy minimization.

iii. The kinetic relaxation of the geometrically optimized model by the computational
option in the Forcite module so that the model is in a lower energy stable state and
the initial internal stress is reduced. The target temperature of the system is set to
room temperature (25 ◦C), and the initial velocity is random. A total length of 1 ns
is simulated under the macroscopic rule (NVT) system and the time step is set to
1 fs.

iv. After the system reached equilibrium and then entered into formal kinetic simu-
lations for six sets (20 ◦C, 0 ◦C, −30 ◦C, −70 ◦C, −110 ◦C, and −150 ◦C). All six
sets of simulations were performed at atmospheric pressure (0.1 MPa) and 1 ns
under isothermal isobaric system synthesis (NPT). The pressure of the simulated
experiments was controlled using the Berendsen method, chosen to be suitable for
calculating the PCFF force field of natural polymer materials [30]. The electron
summation was controlled by the Ewald method, and the van der Waals force
calculation was controlled by the Atom-based method [37–40].

3. Results and Discussion
3.1. The Energy
3.1.1. System Energy

During each set of molecular dynamics simulations, fluctuations in each energy and
temperature occur as the step size increases. The fluctuations of each energy of the system
with the step size are shown in Figure 2.
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The fluctuation value can determine whether the system is in equilibrium or not, and
the system can be judged to be in equilibrium when the fluctuation range is between 5%
and 10% [30]. The simulation accuracy can also be described by the energy convergence
parameter [36], which is defined as follows:

δE =
1
N

N

∑
i=1

∣∣∣∣Ei − E0

E0

∣∣∣∣ (1)

where E0 denotes the initial energy of the simulated system, Ei denotes the energy at which
the molecular dynamics simulation proceeds to step i, and N is the number of simulations.
When 0.001 < δE < 0.003, it means that the simulation results are reliable.

Taking the total energy change of the cellulose amorphous region-water molecule
model at 20 ◦C as an example, δE = 0.001212 is calculated, which proves that the energy of
this simulated system converges. Therefore, it can be known that the system has stabilized
and can be analyzed for interaction energy, etc.

3.1.2. Interaction Energy

Interaction energy reflects the interaction forces between different molecules and
can explain the nature and laws of interactions between substances. The interaction
forces between molecules are expressed in two aspects: on the one hand, the torsion and
vibration of bond lengths and angles, and on the other hand, the non-bond interactions,
including van der Waals and electrostatic interactions, etc. The total interaction energy,
van der Waals interaction energy, and electrostatic interaction energy of matter can be
calculated uniformly by Equation (2), and this calculation method was verified by Dihua
Ouyang et al. [41].

Einter = Etotal − (Ea+Eb) (2)

where Einter is the total interaction energy between substance a and b, kcal/mol; Etotal is
the total potential energy of a and b mixed model, kcal/mol; Ea is the potential energy of
substance a, kcal/mol; Eb is the potential energy of substance b, kcal/mol.

The interaction energies of the cellulose amorphous region-water molecule model
for different temperature effects during the simulation were obtained by compiling the
program, as shown in Table 1.

Table 1. Mean value of bond energy for different temperature models.

Temperature (◦C) 20 0 −30 −70 −110 −150

Etotal (kcal/mol) 1476 1417 1336 1158 1078 1002
Ecellulose (kcal/mol) 2170 2138 2075 1944 1893 1839

Ewater (kcal/mol) −93 −88 −89 −110 −136 −148
Einter (kcal/mol) −601 −633 −650 −676 −679 −689

The positive and negative values of interaction energy indicate that two substances re-
pel or combine each other, and the larger the absolute value, the stronger the interaction [42].
It can be seen from Table 1 that the absolute value of the interaction energy between water
molecules and cellulose chains increases as the temperature decreases. This shows that the
model interacts stronger with decreasing temperature. The interaction energies of all six
groups of models are negative, indicating that the water molecules and cellulose chains are
attracted to each other, and the system can exist stably.

3.2. Model Volume and Density

The model formed by the cellulose amorphous region-water molecules is a square
cubic box, and the size of this model can be expressed in terms of the length, width, and
height of the box. The volume and density of the model change with temperature. Table 2
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shows the cellular parameters of the cellulose amorphous region-water molecule model at
different temperatures.

Table 2. The cell parameters of the cellulose amorphous region-water model at different temperatures.

Temperature (◦C)
Cell Parameters (Å)

The Length The Width The Height

20 20.88 20.88 20.88

0 20.82 20.82 20.82

−30 20.89 20.89 20.89

−70 20.78 20.78 20.78

−110 20.68 20.68 20.68

−150 20.65 20.65 20.65

At each temperature, the model was simulated in 1 ns steps, and the model parameters
for each frame were summed and averaged to obtain the data in Table 2. From Table 2, it
can be seen that the length, width, and height of the models decreased from 20.88 Å to
20.65 Å from 20 ◦C to −150 ◦C. Although there was a small increase in the length, width,
and height of the models from 0 ◦C to −30 ◦C, the overall trend was decreasing. In order
to observe the changes in the models at different temperatures more visually, the average
values of the volume and density of each model were calculated, as shown in Figure 3.
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Bodig and Jayne pointed out that the key factor affecting the tensile shear strength
of wood is dense and that changes in density can also be used to characterize changes in
mechanical properties [43]. The density increases, and the wood densification increases,
further improving the mechanical properties. As can be seen in Figure 3, the density of the
model tends to increase, and the volume tends to decrease as the temperature decreases.
From 20 ◦C to−150 ◦C, the density of the model increased from 1.413 g/cm3 to 1.459 g/cm3,
an increase of 3.26%. The volume decreases from 9098.866 Å3 to 8803.711 Å3, a decrease of
3.24%. The changes in the model parameters can be verified against each other, and as the
temperature decreases, the model interaction energy increases, the volume decreases, and
the density increases, further affecting the mechanical properties.
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3.3. Hydrogen Bonding

Intermolecular hydrogen bonds are position-specific weak bonds and represent an
important non-covalent interaction [44,45]. Hydrogen bonds form between electron-
deficient hydrogen atoms and regions of high electron density, and the formation of
intermolecular hydrogen bonds affects the chemical properties, charge distribution,
and structure of donor and acceptor molecules [46,47]. Hydrogen bonds are essential
structures in various fields of chemistry, physics and biochemistry, and they play an
important role in the structure of biological proteins, DNA, and RNA [48]. As the
temperature changes, the number of hydrogen bonds within the cellulose chain and
between the cellulose chain and water also changes. The change in the number of
hydrogen bonds plays an important role in the chemical and thermal stability and
stability of the mechanical properties of cellulose molecules.

In our simulations, the geometric definition of hydrogen bonding for the simulations
is that the distance between the hydrogen atom and the acceptor is less than 2 Å, and
the angle formed by the donor, hydrogen atom, and acceptor is greater than 110◦. This
hydrogen bonding parameter is the same as the setting conditions for hydrogen bonding
within cellulose determined by Nishiyama’s experiment. Figures 4–6 represent the hydro-
gen bonding distribution within the cellulose amorphous region-water molecule model,
cellulose amorphous region model, and water molecule model, using the kinetic model at
20 ◦C as an example.
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The calculated hydrogen bonding module in Material Studio software was used to
analyze the hydrogen bonds, and Perl scripts were used to count the number of hydrogen
bonds. Table 3 shows the distribution of the number of hydrogen bonds in the cellulose
amorphous region-water molecule model at different temperatures. Htotal indicates the
total number of hydrogen bonds inside the model, Hcellulose indicates the number of hy-
drogen bonds within the cellulose chains, Hwater indicates the number of hydrogen bonds
between water molecules, and Hinter indicates the number of hydrogen bonds between
water molecules and cellulose chains.
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Table 3. Number of hydrogen bonds for different temperature models.

Temperature (◦C) 20 0 −30 −70 −110 −150

Htotal 229.20 232.01 235.22 244.80 244.64 251.59
Hcellulose 87.00 83.85 86.37 89.21 89.60 85.89

Hwater 32.69 30.23 28.62 32.96 38.66 34.99
Hinter 109.51 117.94 120.23 122.63 116.38 130.71

As can be seen from the above table, the number of total hydrogen bonds and the
number of hydrogen bonds between water molecule–cellulose chains increased for each
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model as the temperature decreased. Although there were also small changes in the
hydrogen bonds within the cellulose chains and the hydrogen bonds within the water
molecules, the increase in the total number of hydrogen bonds in each model mainly came
from the increase in the number of hydrogen bonds between the water molecule–cellulose
chains. In terms of the number of hydrogen bonds, the number of hydrogen bonds between
water molecule–cellulose chains accounted for nearly half of the total number of hydrogen
bonds in the model and was far greater than the number of hydrogen bonds within the
cellulose chains. This fully indicates that the hydrogen bonds between cellulose chains
play an important role in maintaining the mechanical properties and chemical stability
of cellulose materials. The decrease in temperature weakens the activity of the cellulose
molecular, and the increase in the number of hydrogen bonds will inevitably improve the
mechanical properties and chemical stability of the cellulose materials.

3.4. Mechanical Properties

Molecular dynamics simulations allow the calculation of the static mechanical proper-
ties of polymers and thus indirectly characterize the compatibility of the blended system
phases and the macroscopic mechanical properties. For an equilibrium blend system, the
mechanical properties parameters of the system can be obtained by applying minor stress
and counting the strain information of the material during the kinetic simulation [49]. The
material stress–strain relationship satisfies Hooke’s law in Equation (3).

σi = Cijε j (3)

where Cij is the material elastic matrix coefficient, σi and ε j are the stress and strain vectors,
respectively, and Equation (3) can be expanded into Equation (4).

σx
σy
σz
σyz
σzx
σxy

 =



C11 C12 C13 C14 C15 C16
C21 C22 C23 C24 C25 C26
C31 C32 C33 C34 C35 C36
C41 C42 C43 C44 C45 C46
C51 C52 C53 C54 C55 C56
C61 C62 C63 C64 C65 C66





εx
εy
εz
εyz
εzx
εxy

 (4)

The stress component can be calculated by Equation (5):

σij = −
1
V ∑

k
mk
(

uk
i uk

j

)
+

1
2 ∑

i 6=k

(
rkl

i

)
f lk
j (5)

The mass and velocity of the kth particle are mk and uk, rkl denotes the relative distance
between particle k and particle i, and f lk denotes the interaction force between particle k
and particle i.

The elastic constant coefficients λ and µ can be calculated by Equations (6) and (7)
based on the elasticity coefficient matrix.

λ =
1
6
(C12 + C13 + C21 + C23 + C31 + C32) ≈

1
3
(C12 + C23 + C13) (6)

µ =
1
3
(C44 + C55 + C66) (7)

The Young’s modulus E, bulk modulus K, shear modulus G, and Poisson’s ratio γ of
the system can be calculated.

E =
µ(3λ + 2µ)

λ + µ
(8)

G = µ (9)
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γ =
λ

2(λ + µ)
(10)

K = λ +
2

3µ
(11)

Young’s modulus (E) refers to the ratio of the force required to stretch per unit length
along the central axis of the material to the cross-section of the material. It is used to
describe the strength of the material, with a numerical magnitude proportional to the
rigid strength of the material. In the linear tensile region of polymers, Young’s modulus is
positively related to the tensile strength of the material. The bulk modulus (K) is used to
characterize the incompressible properties of the material. The shear modulus (G) is the
ratio of the shear stress to the shear strain, which characterizes the ease of shear strain of
the material. The K/G value is the size of the deformation of the material under the same
external stress, which is used to characterize the ductility and toughness of the material.
The variation of the mechanical parameters of each model at different temperatures was
calculated by molecular dynamics simulation, as shown in Table 4.

Table 4. Mechanical parameters for different temperature models.

Temperature (◦C) 20 0 −30 −70 −110 −150

C12 8.29 8.01 10.31 10.30 9.73 11.00
C13 8.38 7.83 9.82 10.54 12.58 11.18
C23 7.49 8.02 9.72 11.71 11.64 11.62
C44 4.07 5.11 8.42 5.28 6.17 9.06
C55 1.97 4.29 7.15 6.32 6.24 7.26
C66 5.61 3.38 8.22 6.79 7.60 7.32
λ 8.05 7.95 9.95 10.85 11.32 11.27

µ = G 3.88 4.26 7.93 6.13 6.67 7.88
E 10.39 11.30 20.27 16.18 17.54 20.40
K 8.23 8.11 10.04 10.96 11.42 11.35

K/G 2.12 1.90 1.27 1.79 1.71 1.44

The mechanical properties of wood tend to increase when it is placed below room
temperature. When wood is heated, its mechanical properties decrease [6,50], and similar
results were observed in the present study. As the temperature decreases, the values of
G, E, and K increase, and the resistance to deformation, incompressible properties, and
the difficulty of material shear strain is enhanced. When the temperature decreases to
−150 ◦C, K/G decreases to the minimum value, indicating that the ductility and toughness
gradually decrease at this time. Overall, it is shown that the temperature decrease is
beneficial in enhancing the mechanical properties of the amorphous cellulose region and
increases the stiffness of the material. However, the ductility and plasticity decrease when
the temperature is too low. In addition, the increase in BS and MOE strength of wood at
temperatures below the freezing temperature may explain the results of our study. Schmidt
and Pomeroy [51] suggested that the increase in wood stiffness at lower temperatures may
be due to the formation of ice crystals in the wood cavities.

4. Conclusions

In this paper, the effect of low temperature on the properties of the amorphous region
of lignocellulose, the main component of wood, was investigated. Molecular dynamics
studies were carried out in NPT combinations at 20 ◦C, 0 ◦C,−30 ◦C,−70 ◦C,−110 ◦C, and
−150 ◦C. The changes in the microstructure of the water molecule–cellulose amorphous
region model were analyzed, and the mechanical properties were calculated by the trends
of energy, volume, density, and hydrogen bonding changes in the model. The data from
microscopic simulations explain and illustrate how the main components of wood change
when it is in a low-temperature environment. It is of great theoretical significance and
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practical value to provide a theoretical reference for expanding the application of wood in
low-temperature environments. The conclusions obtained are as follows:

1. The absolute value of the interaction energy between water molecules and cellulose
chains increases as the temperature decreases. It indicates that the interaction between
water molecules and cellulose amorphous region is stronger by decreasing the temper-
ature. The interaction energies of the six groups of models at different temperatures
are all negative, indicating that water molecules and cellulose chains are attracted to
each other, and the system can exist stably.

2. From 20 ◦C to−150 ◦C, the model density increased from 1.413 g/cm3 to 1.459 g/cm3,
an increase of 3.26%. The volume decreases from 9098.866 Å3 to 8803.711 Å3, a
decrease of 3.24%. The internal structure of the model is influenced by the temperature,
and the changes in the model parameters can be verified with the interaction energy
with each other. As the temperature decreases, the model interaction energy increases,
the volume decreases, and the density increases.

3. The decrease in temperature makes cellulose molecular activity weaker. The total
number of hydrogen bonds and the number of hydrogen bonds between water
molecule–cellulose chains for each model increased with decreasing temperature. The
new interchain hydrogen bonds enhanced the restraining effect on the arrangement
of cellulose molecular chains. The values of G, E, and K increased with decreasing
temperature, and K/G decreased with decreasing temperature. The low-temperature
treatment increased the stiffness and reduced the toughness of the wood. The changes
in mechanical properties were characterized by the number of hydrogen bonds to
each other, and the increase in the number of hydrogen bonds will inevitably increase
the mechanical properties and chemical stability of the cellulose material.
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