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Polyimide is often used as the insulating material of the repulsion coil, which

needs to withstand the collision of the fast repulsion mechanism in high-speed

motion and temperature rise. The polyimide molecular model was established

in this study. The external electric field was applied to the model through the

semi-empirical method to calculate the total molecular energy, dipole

moment, molecular orbital energy, and energy gap of polyimide. It was

found that the total molecular energy of plasma-modified polyimide was

lower, the energy gap was smaller, and the corresponding molecular

properties were more stable. Then, the cell models of ordinary polyimide

and plasma-modified polyimide were established by molecular dynamics

simulation. The effects of plasma modification on the micro properties of

polyimide were studied and compared. The free volume, mean square

displacement, cohesive energy density, mechanical properties, and relative

dielectric constant of polyimide models with different modified ratios were

calculated. The results show that the introduction of polar groups through

plasma modification can inhibit the movement of the polyimide molecular

chain and improve the thermal stability of the polyimide system. The

mechanical properties of polyimide are also improved due to plasma

modification, and the elastic modulus is the largest when the modification

rate is 20%. At the same time, the relative dielectric constant of polyimide

increases with the increase of the modification rate.

KEYWORDS

polyimide, molecular dynamics simulation, thermal stability, mechanical properties,
relative permittivity

Introduction

Polyimide, as a polymer composite material, has attracted much attention because of

its excellent mechanical properties, stable structure under extreme environments, good

insulation performance, relatively weak acid resistance, and radiation resistance (Ohya

et al., 1997; Kausar, 2017; Li, 2019; Yang et al., 2020). As the core component of a

mechanical DC circuit breaker, a fast repulsion mechanism is gradually required to
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withstand high voltage and large current (Pan et al., 2018; Li et al.,

2022). Polyimide is often used as the insulating material of a

repulsion coil due to its excellent mechanical properties, stable

structure under extreme environments, and good insulation

performance. It needs to withstand the collision of the fast

repulsion mechanism in high-speed motion and temperature

rise. The performance of polyimide directly determines the

service life of electrical equipment. Therefore, it is urgent to

improve the mechanical, thermodynamic, and insulating

properties of polyimide.

In recent years, low-temperature plasma technology has been

widely used in the surface modification of polymer materials to

enhance the mechanical, thermodynamic, and insulating properties

of polyimide (Fang, Zhi et al., 2010; Hu, Wen et al., 2015). The

performance changes of polyimides at different temperatures were

analyzed (Gao, Mengyan et al., 2021). Also, most of the research on

polyimide focuses on improving its physical and chemical

properties through nano-modification methods such as adding

silica, zinc oxide, and titanium dioxide (Jia et al., 2016; Gong,

Ying et al., 2018; Yang, Jiaming et al., 2018; Jia, Yanjiang et al., 2021)

to the model. Most of the aforementioned studies have studied the

effects of different conditions on the molecular properties of

polyimides through experiments but have not analyzed and

predicted the molecules at the microscopic level. In recent years,

with the development of molecular simulation technology

(Seyedzavvar, 2021; Takari et al., 2021; Yuan et al., 2021), the

design and preparation of polyimides with better performance

using simulation methods have gradually become a research

hotspot (Xu, Jingcheng et al., 2018; Huang, Xuwei et al., 2020).

More and more researchers have begun to pay attention to

exploring the micro mechanism of the influence of plasma

modification on polyimide.

Because PMDA-ODA (pyromellitic dianhydride-oxydianiline)

polyimides have good heat resistance and are widely used in the

production and processing process (Razdan et al., 2010), this study

first uses quantum chemical calculation software to study the effect

of plasma modification on the micro characteristics of polyimides

under an applied electric field and then builds polyimides and

plasma-modified polyimides with different proportions through

molecular dynamics simulation to calculate the influence of the

introduction of polar groups on the thermal stability, mechanical

properties, and insulation performance.

Oly amine monomer model
establishment and calculation

Polyimide molecular model establishment

The use of quantum chemical computing software in the

establishment of polyamide monomers and plasma-modified

polyamide monomers is shown in Figure 1 and Figure 2. Based

on the key level analysis, we can know that polyamide

molecular C-H, C-N key, N-H key, and C-C key are more

likely to be destroyed. When the ionic body modifies, the

molecular system will introduce -COOH and -OH groups.

Based on this, it is selected for fracture. A C-N key on the ring,

connecting the branch-OH group at C = O, adds an H at N. For

a system with a large molecular weight, such as polyamide

molecules, the use of semi-experience approximate calculation

methods ignores certain points at the same time to replace

some experience parameters instead of some points in the

similar RHF equation and UHF equation (Zhang 2011), to

ensure accuracy while shortening calculations time. Under the

effect of adding electric fields, the Hamilton volume of the

polyamide molecular system can be represented by the

following formula:

H � H0 +Hint. (1)

Among them, H0 is the Hamilton when no external

electric field is applied, and Hint is the Hamilton of

FIGURE 1
Polyimide molecular model.

FIGURE 2
Plasma-modified model.
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the interaction between the electrical field and the

molecular system. Under dipole approximation,

the Hamiltonian corresponds to the interaction between

the electric field intensity E and the polyimide

molecular system and can be expressed as the following

formula:

Hint � −μ · E. (2)

In the formula, μ is the molecular electric dipole moment

(Wu, Yonggang et al., 2017; Yin, Wenyi et al., 2018).

Quantum chemical calculation software is used for

theoretical calculation. The electric field intensity of the

molecular system is gradually applied from 0 to 0.012 a. u.

along the main direction of the x-axis with a gradient of

0.001 a. u. (1 a. u. = 5.142 ×1011v/m). The frequency and

space optimization calculation of the polyimide molecular

system is carried out by the PM6 Hamilton semi-empirical

method. The stable structural characteristics of the two

polyimides under the action of the external electric field are

obtained.

Effect of the applied electric field on
molecular energy

The external electric field at 0 ~ 0.012 a. u. gradually

increases, and the total energy change of the molecular

system is shown in Figure 3. It can be seen from the figure

that the total molecular energy of plasma-modified polyimide

is lower than that of pure polyimide, and both are in a

gradually decreasing trend. This is because the external

electric field makes the internal electrons of polyimide shift

toward the electric field, and the electric dipole moment μ gets

bigger. According to Eq. 2, with the increase of the electric field

and dipole moment, the potential energy value of Hamiltonian

H increases numerically, and the total energy of the system

decreases, that is, the total molecular energy decreases. With

the gradual increase of electric field strength, the changing

trend of the molecular dipole moment is shown in Figure 4. It

FIGURE 3
Variation of total molecular energy with electric field
intensity.

FIGURE 4
Variation of the molecular dipole moment with electric field
intensity.

FIGURE 5
Change of frontier orbital energy of the polyimide molecule
with electric field.
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can be seen from the figure that the dipole distance shows

an upward trend, and there is also a dipole moment μ = q d (q

is the number of charges and d is the distance between

positive and negative charges). In this study, the charge of

polyimide molecules will accumulate and become larger

under the applied electric field. At the same time, d

will also increase under the influence of the applied

electric field, making the molecular dipole moment μ

increase. At the same time, it can be seen from the figure

that when no external electric field is applied, the dipole

moment of the polyimide molecule is not 0, indicating that

the polyimide molecule shows polarity and the plasma-

modified polyimide has stronger polarity due to the

introduction of polar groups.

Effect of the applied electric field on
molecular orbital energy

With the increased applied electric field, the changing

trend of the front-line orbital energy of polyimide

molecules and plasma-modified polyimide molecules is

shown in Figure 5 and Figure 6. With the increase in the

applied electric field, the energy EL of the lowest space

orbit (LUMO) gradually decreases, and the energy EH of

the highest occupied orbit (HOMO) gradually increases

in both molecular systems. Based on the front-line orbital

theory, the larger the EL value, the smaller is the

tendency of the molecular system to obtain electrons; the

larger the EH value (Xu, Guoliang et al., 2012), the greater

is the tendency of the molecular system to lose electrons. The

changing trend of the energy gap EG is shown in Figure 7,

where EG is calculated according to Eq. 3 (Li, Shixiong et al.,

2020).

EG � (EL − EH). (3)

It can be seen from the figure that the molecular energy gap

of the two polyimides decreases with the increase of the

external electric field, and the energy gap of pure

polyimides decreases faster. The smaller the energy gap, the

more active the molecular chemical properties are, and the

greater is the possibility of transition (Li 2016; Liang 2018).

It can be concluded that the applied electric field will

improve the electron transition ability in polyimide

molecules and make the electrons excite from the

originally occupied orbit to the empty orbit to form holes.

When the electric field reaches a certain extent, it will affect the

stability of the molecular structure and even lead to its

destruction.

FIGURE 6
Variation of frontier orbital energy of the plasma-modified
polyimide with electric field.

FIGURE 7
Variation of the energy gap with electric field.

FIGURE 8
Polyimide molecular chain.
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Establishment and calculation of the
polyimide cell model

Polyimide cell model establishment

The aforementioned calculation results show that the

chemical properties of plasma-modified polyimides are more

stable, and their polarity is stronger than that of pure polyimides

under the applied electric field environment. In the actual

production process, polyimide usually exists in the form of a

polymer. According to the literature, a polyimide molecular

chain with a polymerization degree of 15 is established by

molecular simulation software. At this time, the energy of the

system is not stable, so it is necessary to use the Forcite module to

minimize the energy to obtain the polyimide molecular chain, as

shown in Figure 8.

Geometric optimization of the molecular chain was

continued. An amorphous molecular model with a density of

1.34 g/cm3 was established under the conditions of temperature

300 K and pressure 0.1 MPa, and then, the structure of the model

was optimized to obtain more reasonable polyimide periodic

cells, as shown in Figure 9.

Using the same method, the plasma-modified polyimide

molecule shown in Figure 2 was selected to establish periodic

cells of plasma-modified polyimide with grafting ratios of 10%,

20%, and 30%, as shown in Figures 10A–C, respectively.

Molecular dynamics simulation

At this time, the polyimide periodic model is still in an

unstable state. The geometry optimization in the molecular

dynamics module is used to optimize the structure and

minimize the energy of the model. In order to avoid the

influence of the potential depression of the local minimum

value on the accuracy of the calculation process, the annealing

treatment is carried out; under the pressure of 0.1 MPa, the

temperature rises from 300 K to 800 K in the gradient of 20 K, the

NPT ensemble is selected for one-time dynamic simulation, and

then, the temperature is reduced from 800 K to 300 K under the

same method for the second dynamic simulation. The structure

of the model is optimized in each annealing treatment. After five

FIGURE 9
Polyimide cell.

FIGURE 10
(A–C) are plasma modified polyimide models, the difference is that the proportions are different. (A) represents 10% modified proportion, (B)
represents 20%modified proportion, and (C) represents 30%modified proportion, which has been mentioned in the paper, The title can serve as an
overview.
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cycles of annealing, the polymer molecular chain is further

relaxed, and the structure of the system is more reasonable.

The conformation with the lowest energy is selected for

molecular dynamics simulation. First, 1ns dynamic simulation

is carried out under an NPT ensemble to make the model

temperature at 300 K, and then 500-ps dynamic simulation is

carried out under an NVT ensemble. The configuration gives an

output every 100 steps in the process. Finally, the trajectory file of

the equilibrium dynamic process under the NVT ensemble is

analyzed. The structure and properties of different plasma-

modified polyimide systems were studied.

Free volume analysis

The internal volume of polymer materials is divided into the

free body (VFV) and occupied volume (VOV). The volume of

defects with atomic size and holes due to irregular stacking of

atoms is the free volume, and the volume occupied by the atoms

or molecules of the polymer material is the occupied volume. It is

because of the existence of free volume that the molecular chain

can adjust its conformation through rotation and displacement.

According to the free volume theory and molecular motion

theory (Fox and Flory, 1950) of Fox and Flory, holes are one

of the important reasons for the movement of microparticles in

materials. Therefore, the free volume theory can be used to

explain the changes in thermal stability and mechanical

properties of molecules in insulating materials.

The stacking capacity between polyimide molecules is

characterized by calculating the fractional free volume (FFV),

which is calculated by Eq. 4.

FFV � Vf

Vo + Vf
× 100%. (4)

In this study, the Connolly surface of polyimide is calculated

by using the Atom Volumes & Surfaces tool in molecular

simulation software. The radius of the hard ball probe is the

van der Waals radius of water, i.e., 0.145 nm. The Connolly

surface diagrams of pure PI, 10% ion-modified PI, 20% ion-

modified PI, and 30% ion-modified PI are calculated by using this

method, as shown in Figures 11A–D, respectively. See Table 1 for

specific data.

In the figure, the blue part is the free volume of the material,

and the gray part is the occupied volume of the material. It can be

seen from Figure 11, and the data in the table that plasma

modification will reduce the free volume of polyimide make

the polyimide molecular chain more compact and orderly, and

the free volume of polyimide with a 20% plasma modification

rate is the smallest.

Polyimide chain movement

As a polymer, the movement of the polyimide chain will

affect its mechanical properties and thermal stability. The

stronger the kinematic ability of the polyimide chain, the

worse will be the mechanical properties and thermal stability

of the polyimide. Mean square displacement (MSD) refers to the

deviation value of the position of the particle relative to the

reference position after a certain evolution time, which can

characterize the displacement capacity of the molecular chain

segment in the model system during the process of molecular

simulation. MSD is calculated by Eq. 5.

MSD � 1
3N

∑N−1
i�0 (|Ri(t) − Ri(0)|2). (5)

FIGURE 11
(A–D) are free volume diagrams of polyimide models. The
difference is that (A) represents free volume diagrams of ordinary
polyimide, (B) represents free volume diagrams of 10% plasma
modified polyimide, (C) represents free volume diagrams of
20% plasma modified polyimide, and (D) represents free volume
diagrams of 30% plasma modified polyimide, which have been
mentioned in the paper, The title can serve as an overview.

TABLE 1 Vvv, Vov, and FFV of each system model.

System VOV/Å
3 VFV/Å

3 FFV/%

Pure PI 11,519.71 3,241.47 21.96

10% modified PI 11,708.89 3,171.76 21.31

20% modified PI 11,861.42 2,676.48 18.41

30% modified PI 11,954.37 2,708.76 18.47

Frontiers in Materials frontiersin.org06

Ding et al. 10.3389/fmats.2022.1018882

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1018882


In the formula, Ri (t) and Ri (0), respectively, represent the

position vectors of i molecule or atom at time t and initial time.

Figure 12 shows the mean square displacement curve

of pure PI and PI with different plasma modification rates

at 300 K. It can be seen from the figure that plasma

modification will weaken the movement of molecular

chains in the system as a whole, making

the mechanical properties and thermal stability of

polyimide more stable. This is consistent with the

aforementioned conclusion that polyimide plasma

modification will reduce the free volume fraction of the

system.

Van der Waals force and cohesive energy
density

The cohesive energy density (CED) can be used to

judge the magnitude of intermolecular force. In general,

the polarity of groups in molecules and intermolecular

forces and the corresponding cohesive energy density

show a positive proportional relationship. The cohesive

energy density of polyimides of different systems is

calculated by using the calculation task cohesive energy

density task of the Forcite module under the modules

directory. The results are shown in Table 2:

It can be seen from Figure 13 that because plasma

modification introduces polar groups into the system,

the cohesive energy density and van der Waals force

of polyimide increase with the increase in the

plasma modification ratio. When the modification rate is

20%, the van der Waals force of the polyimide is the

highest. The greater the intermolecular force, the better

will be the mechanical strength and heat resistance of the

material.

Effect of plasma modification on
mechanical properties of polyimides

The mechanical properties of materials can be characterized

by elastic modulus. For polymer materials, good elastic modulus

makes them suffer less wear under external stress such as

mechanical vibration.

The static constant strain method was used to calculate the

mechanical properties of the composites. Slight stress was

applied to the equilibrium polyimide system to make it

deform, and the stress–strain relationship was obtained.

The polyimide in the simulation can be regarded as an

FIGURE 12
MSD curves of polyimide of different systems.

TABLE 2 Polyimide van derWaals force and cohesive energy density of
different systems.

System Van der Waals/108J/m3 CED/108J/m3

Pure PI 3.934 4.775

10% modified PI 4.065 5.111

20% modified PI 4.175 5.435

30% modified PI 4.121 5.709

FIGURE 13
Van derWaals force and cohesive energy density of polyimide
in different systems.
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isotropic material, so the stiffness matrix can be simplified to

Eq. 6

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

λ + 2μ λ λ 0 0 0
λ λ + 2μ λ 0 0 0
λ λ λ + 2μ 0 0 0
0 0 0 μ 0 0
0 0 0 0 μ 0
0 0 0 0 0 μ

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (6)

In Eq. 6, λ and μ are the elastic constants, and the calculation

method is shown in Eq. 7 and Eq. 8, respectively.

λ � 1
3
(C11 + C22 + C33) − 2

3
(C44 + C55 + C66), (7)

μ � 1
3
(C44 + C55 + C66), (8)

E � μ(3λ + 2μ)
λ + μ

. (9)

The mechanical properties in the Forcite module are used to

calculate the mechanical properties of 20% plasma-modified

polyimide, and the stiffness matrix is shown in Table 3.

The data on C11, C22, C33, C44, C55, and C66 in Table 3 are

brought into Eq. 7 and Eq. 8 to obtain their elastic constants μ =

1.1386 and λ = 3.1149. The elastic constant is brought into Eq. 9,

and the elastic modulus of 20% plasma-modified polyimide is

4.67 GPa.

The elastic modulus of pure polyimide, 10% plasma-

modified polyimide, and 30% plasma-modified polyimide is

calculated by the same method, as shown in the figure. It can

be seen from Figure 14 that the plasma modification

performance significantly improves the elastic modulus of

polyimide. With the increase in the modification rate, the

elastic modulus of polyimide shows an overall upward trend,

and the elastic modulus of polyimide with a 20% modification

rate is the largest.

It can be seen from Figure 14 that plasma modification will

improve the mechanical properties of polyimide. In order to

more intuitively analyze its impact on the performance of the

model, external stress from 0 to 4 GPa is applied to the model

along the x-axis direction. In the process, 0.05 GPa is used as a

gradient, and the corresponding material strain under stress is

recorded, as shown in Figure 15.

It can be seen from the figure that the strain produced by

the pure polyimide and the plasma-modified polyimide

models with different proportions under the action of

external stress shows an increasing trend, and the strain

variation range is relatively stable when the stress is small.

With the increase in external stress, the material gradually

TABLE 3 Stiffness matrix of 20% plasma-modified polyimide.

Cij/GPa 1 2 3 4 5 6

1 5.8458 3.3327 2.4476 0.3169 0.1039 0.2160

2 3.3327 5.6500 2.5067 0.4365 0.2958 0.3891

3 2.4476 2.5067 5.9605 0.0095 0.1906 0.2803

4 0.3169 0.4365 0.0095 1.2014 0.0190 0.1261

5 0.1039 0.2958 0.1906 0.0190 1.5388 0.1359

6 0.2160 0.3891 0.2803 0.1261 0.1359 1.5313

FIGURE 14
Elastic modulus of different polyimide systems.

FIGURE 15
Stress–strain curve.
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deforms greatly, and the pure polyimide model should change

greatly. It is demonstrated that plasma modification can

enhance the elastic modulus of polyimide.

Relative permittivity

Under the action of the external electric field, the medium

will induce a charge inside the medium, which will weaken the

external electric field. At this time, the ratio of the external

electric field to the induced electric field in the medium is the

relative permittivity ε. It is commonly used to indicate the

polarization level of a dielectric, usually ε; the larger the

dielectric, the stronger the polarity is. Dielectric

polarization is the phenomenon in which the dielectric

produces the elastic displacement of the bound charge and

the steering displacement of the dipole under the action of

electricity. It is mainly divided into electron displacement

polarization, ion displacement polarization, steering

polarization, and space charge polarization. In this study,

the dielectric constant is calculated by calculating the

fluctuation of the dipole moment through writing the Perl

script language program, that is, considering the charge

imbalance of polar molecules; each model is run for 50ps

under the NVT ensemble, and then, the dipole moment of

the simulation system is obtained as the output. The

relative dielectric constant is calculated through the

following formula:

εr � 1 + 〈M2〉 + 〈M〉2
3K〈T〉〈V〉ε0

. (10)

Here, M is the output dipole moment of each step, V is the

volume of the box, T is the temperature, K is the Boltzmann

constant, and ε0 is the vacuum dielectric constant. Taking the PI

model as an example, the calculated dielectric constant data are

shown in Table 4:

According to the data, the dipole moment can be calculated,

and the relative dielectric constant of PI is 3.31, which is

consistent with the experimental results in reference (Zhou,

2020), indicating the rationality of the calculation results. The

dielectric constants of plasma-modified polyimide with different

modification ratios are also calculated by the Perl script, as shown

in Figure 16.

Due to the introduction of oxygen-containing and

nitrogen-containing polar groups, the dielectric constant

of plasma-modified polyimide increases with the increase

of the modification rate, which is also consistent with the

stronger polarity of polyimide after modification.

Conclusion

1) Quantum chemical calculation software was used to

calculate the energy and energy gap between polyimide

and plasma-modified polyimide under an applied electric

field. After ionic modification, the molecular energy of

polyimide is lower, the energy gap is smaller, and the

molecular structure and properties are more stable

under the applied electric field.

2) Since the polar groups are connected to the polyimide

molecular chain by plasma modification, part of the free

volume in the original system is occupied. After

modification, the free volume of the polyimide decreases,

the interaction force between the polyimide molecular chains

increases, and the movement capacity of the molecular chain

decreases. Moreover, when the modification rate is 20%, the

free volume fraction is the smallest.

TABLE 4 PI permittivity correlation data.

Dipole mean
x/d

Dipole mean
y/d

Dipole mean
z/d

Dipole deviation
xx/d

Dipole deviation
xx/d

Dipole deviation
xx/d

1.19 11.62 8.85 10.64 10.90 9.78

FIGURE 16
Relative dielectric constant.
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3) Compared with pure polyimide, the mean square

displacement of the molecular chain of plasma-modified

polyimide is also limited, and when the modification ratio

is 20%, the mean square displacement is the smallest. Plasma

modification can effectively inhibit the movement of the

molecular chain of polyimide, thus improving the thermal

stability of the polyimide system.

4) Plasma modification can effectively improve the

mechanical properties of polyimide, and when the

modification ratio is 20%, the maximum elastic modulus

of polyimide is 4.67 GPa. According to the

stress–strain curve, it can be seen that under the same

applied stress, the pure polyimide has a large

corresponding stress change, and the structure is more

vulnerable to be affected.
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