
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 2
:3

5:
55

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Molecular dynam
aSchool of Materials Science and Engineeri

Beijing, Beijing 100083, China. E-mail: h

163.com
bSchool of Materials Science and Engineering

Science and Technology Beijing, Foshan 528

wenhuaitian@ustb.edu.cn
cInner Mongolia Academy of Science and Tec

YARUHANJIAN@163.com
dGuangdong Homeen Organic Silicon Mate

E-mail: roben@hm-sil.com; liuhong@homee

† Electronic supplementary informa
https://doi.org/10.1039/d4ra04784b

Cite this: RSC Adv., 2024, 14, 23840

Received 2nd July 2024
Accepted 17th July 2024

DOI: 10.1039/d4ra04784b

rsc.li/rsc-advances

23840 | RSC Adv., 2024, 14, 23840–
ics simulation and experimental
verification of the effects of vinyl silicone oil
viscosity on the mechanical properties of silicone
rubber foam†

Hongyu He,ab Lulu Li,a Ruhan Ya,c Hong Liu,d Bin Luo,d Zhipeng Li *b

and Wenhuai Tian *b

The molecular motion trajectories of silicone rubber foam (SRF) at various vinyl silicone oil viscosities were

studied via molecular dynamics (MD) simulation from the perspective of all atomic molecules. The influence

of different viscosities of vinyl silicone oil on interaction, compatibility, and aggregation degree of molecules

was determined based on the mean square displacement, diffusion coefficient, binding energy, solubility

parameter, radial distribution function, and radius of gyration. The mechanical properties of the SRF were

also experimentally verified. Results revealed that as the viscosity of vinyl silicone oil increased, the mean

square displacement, fractional free volume, diffusion coefficient, and solubility parameter of the system

decreased, whereas its larger radius of gyration increased. Moreover, the radial distribution function showed

a weaker relative interaction between molecular chains. The calculated binding energy demonstrated that

the system had better compatibility at a viscosity of 0.45 Pa s. This study provided a deeper insight into the

relation between the viscosity of vinyl silicone oil and mechanical properties of the SRF. As the viscosity of

vinyl silicone oil increased, the changing trend in MD simulation results of elastic modulus, shear modulus,

bulk modulus, and Poisson's ratio was consistent with the experimental results. The MD simulations can

promote theoretical predictions and scientific basis for the design of the SRF with desired performances.
1. Introduction

Silicone rubber foam (SRF) is widely applied in vehicles, high-
speed trains, and airplanes owing to its low compression set,
superior temperature resistance, and good resilience.1–3 SRF is
commonly foamed from silicone rubber matrix comprising
polysiloxane, llers, and other additives.4 Chemical foaming
technology is used to produce the SRF due to the characteristics
of one-step and green process.5 The viscosity of the matrix plays
a crucial role in the cellular structure and properties of the SRF.
For example, if the viscosity of vinyl silicone oil is considerably
low or high, the polymer molecular chains will be shorter or
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longer, respectively, which have a signicant impact on the
performance of the SRF.6,7

Molecular dynamics (MD) is a method to simulate the prop-
erties of materials at the micromolecular and atomic levels. It is
used to study the effects and mechanisms of polymer modica-
tion because a large number of atoms ormolecules are simulated
on a large time scale.8–10 MD simulation explores the interactions
between microscopic molecules based on the principle of
statistical analysis of the arrangement and motion of atoms or
molecules, which cannot be experimentally derived. Various
polymer properties have been investigated viaMD simulation.11,12

Pahari et al.11 found that MD simulation can be used to effectively
predict the viscoelastic and thermodynamic properties of rubber.
Lee et al.12 utilized MD simulation to analyze the brillization
process and thermal stability of silicone foams by adding bril-
lated microcrystalline cellulose, and the simulation result of
brillization details was consistent with the experimental result.
Wei et al.13 applied MD simulation method to investigate the
mechanical properties of poly(vinyl alcohol) (PVA)/poly(acrylic
acid) (PAA) blend systems. Results showed that the PVA chain
formed a stronger intermolecular interaction than the PAA chain
at the same quality. Zhu et al.14 studied the dynamic mechanical
property of silicone rubbers with different phenyl units and
phenyl contents via combining experiments and MD simulation.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Currently, the regulation of cellular structure, rheology,
viscoelasticity, and aging of the SRF have been studied.15–19 Few
researchers have conducted in-depth the impact of vinyl sili-
cone oil viscosity on the performance of the SRF via all-atom
molecular dynamic simulation.20,21 This article has investi-
gated in detail the molecular motion trajectories, molecular
interactions, and the crosslinking process of the SRF prepared
from vinyl silicone oil with different viscosities through MD
simulation. The intermolecular motion (such as mean square
displacement, diffusion coefficient, fractional free volume, and
cohesive energy density) and the molecular stereo conguration
(radial distribution function and radius of gyration) were also
investigated. The simulation results of mechanical properties
and the experimental results were in contrast with each other.
This research will provide theoretical basis and data support for
the actual industrial production of the SRF.
2. MD simulation and experiment
2.1 Materials

Vinyl-terminated silicone oils with vinyl group (purity $99%,
viscosity = 0.45 Pa s, 10 Pa s and 200 Pa s) and vinyl-terminated
MQ silicone resin (purity $99%, viscosity = 100 Pa s) were
provided by Jiangxi Bluestar Xinghuo Silicones Co., Ltd (Jiujiang,
China). Hydrogen-containing silicone oil (viscosity = 0.02 Pa s,
purity $98%, active hydrogen mass fraction = 1.6%) was ob-
tained from Zhejiang Runhe Organic silicone New Material Co.,
Ltd (Huzhou, China). Hydroxyl-terminated silicone oil (purity
$98%, hydroxyl value = 5%, viscosity = 0.02 Pa s) was provided
by Zhonghao Chenguang Research Institute of Chemical
Industry Co., Ltd (Zigong, China). The platinum catalyst (Kar-
stedt's catalyst, platinum mass fraction = 0.5%) was obtained
from Tianjin Umicore Catalyst Co., Ltd (Tianjin, China). The
inhibitor (1-ethynylcyclohexanol, purity $99%) was provided by
Guangdong Silicon New Material Co., Ltd (Guangzhou, China).

Vinyl silicone oils with a viscosity of 0.45 and 200 Pa s were
adopted in system I and II, respectively. Tables 1 and 2 show the
experimental formulation of the SRF for systems I and II,
respectively.
2.2 Modeling and simulation details

The amorphous cell modules of the Materials Studio soware
2020 were used to construct the molecular models including the
Table 1 Experimental formulation of the SRF for system I

Component Materials V

A Vinyl-terminated MQ silicone resin 1
Vinyl-terminated silicone oil
Vinyl-terminated silicone oil
Hydroxyl-terminated silicone oil

B Vinyl-terminated MQ silicone resin 1
Vinyl-terminated silicone oil
Vinyl-terminated silicone oil
Hydrogen-containing silicone oil

© 2024 The Author(s). Published by the Royal Society of Chemistry
molecular structures of different components during the SRF
preparation (Fig. 1). The MD simulation modules constitute
molecules a, b, c, d, e, and f corresponding to vinyl mono-
functional silane (M) and tetrafunctional silane (Q) (MQ) sili-
cone resin with a value M/Q ratio of 0.8, vinyl silicone oil with
a viscosity of 10 Pa s, vinyl silicone oil with a viscosity of 0.45
Pa s, hydroxy silicone oil containing 5% hydroxyl, 1.6%
hydrogen-containing silicone oil, and vinyl silicone oil with
a viscosity of 200 Pa s, respectively.

The amorphous cell module was used to build the simula-
tion box with molecules a, b, c, d, e, and f. Considering the
limitation of the computer resources, the atomic number in
a single molecular chain of systems was taken to be about 600–
700. At the same time, the number of repeating units could not
exceed 500. Therefore, it is crucial to choose the appropriate
chain length of silicone rubber foam. According to Hildebrand's
theory,22 the solubility parameter of silicone rubber will tend to
a constant value when the degree of polymerization of silicone
rubber chains exceeded a certain critical value. Reducing the
scale of the repeating units by 10 times met the above condi-
tions. Therefore, the molecular chain of molecules b, c, and f
was reduced in the same proportion during the simulation
process, with a reduction ratio of 10. The repeat unit of mole-
cules b, c, and f was 52, 18, and 364, respectively. The total
number of atoms in the systems I and II was 4388 and 5136,
respectively. The initial density was set to 1 g cm−3. The reactive
atoms on different chains were named R1 or R2 (as shown in the
blue circle of Fig. 1). The cross-linked model was obtained by
simulating the crosslinking process of groups R1 and R2, which
were selected as the alternative crosslinks.

The force eld parameters just like DREIDING and optimized
potentials for liquid simulations (OPLS) will present some error
at the simulation process except the temperature at 0 K.23,24 The
COMPASS force eld is a high-performance and powerful force
eld, which can predict the microstructure, molecular confor-
mation, and thermophysical properties of polymers within a wide
range of temperature and pressure. The Forcite module was
applied to optimize the molecular structure with COMPASS II as
the force eld.25,26 During the geometric optimization process,
the convergence thresholds for maximum energy change,
maximum force, and maximum displacement were
0.001 kcal mol−1, 0.5 kcal mol−1 Å−1, and 0.015 Å, respectively.
Then, 100 ps dynamic simulation was performed under the NPT
ensemble (constant number of particles, pressure, and
iscosity/Pa s Vinyl content/% Mole content/mol

00 1.3 0.00241
10 0.14 0.000691
0.45 0.4 0.00263
0.02 — 0.00471

00 1.3 0.00241
10 0.14 0.000691
0.45 0.4 0.00237
0.02 — 0.064

RSC Adv., 2024, 14, 23840–23852 | 23841
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Table 2 Experimental formulation of the SRF for system II

Component Materials Viscosity/Pa s Vinyl content/% Mole content/mol

A Vinyl-terminated MQ silicone resin 100 1.3 0.00241
Vinyl-terminated silicone oil 10 0.14 0.000691
Vinyl-terminated silicone oil 200 0.02 0.00132
Hydroxyl-terminated silicone oil 0.02 — 0.00471

B Vinyl-terminated MQ silicone resin 100 1.3 0.00241
Vinyl-terminated silicone oil 10 0.14 0.000691
Vinyl-terminated silicone oil 200 0.02 0.00119
Hydrogen containing silicone oil 0.02 — 0.064

Fig. 1 SRF molecular structure. (a) Molecule a; (b) molecule b; (c) molecule c; (d) molecule d; (e) molecule e; (f) molecule f; and (g) the –CH]
CH2 of molecule f (gray: C, yellow: Si, red: O, and white: H).
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temperature) at 0.0001 GPa and 298 K to determine the density
uctuations until the density–time curve was stable. To release
the internal stress of the system, the model was annealed at 300–
500 K, with a total of 200 000 steps. For further optimizing the
structure, a 100 ps dynamic simulation was conducted under the
NPT and NVT ensembles (constant number of particles, volume,
23842 | RSC Adv., 2024, 14, 23840–23852
and temperature), respectively. The precise Nose–Hoover
temperature control mode and Berendsen pressure control mode
were utilized in the dynamic process. The simulations were
conducted at 298 K and a step size of 0.2 fs.

The energy curve of the optimized model is shown in Fig. 2.
During the MD simulation of the SRF, the state of the entire
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Energy curve of the SRF versus simulation time. (a and b) NPT and NVT of system I; (c and d) NPT and NVT of system II.
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View Article Online
simulation process must be meaningful and stable. The energy
curves of these systems uctuated in the range of ∼1–5%,
indicating the effectiveness of the simulation model. These
results also conrmed that the two systems reached an equi-
librium state.
Fig. 3 Model diagram of the SRF before and after crosslinking. (a and b
crosslinking of system II.

© 2024 The Author(s). Published by the Royal Society of Chemistry
2.3 Structure of the SRF before and aer crosslinking

Fig. 3 shows the molecular structure of the SRF prepared using
vinyl silicone oils of varying viscosities before and aer cross-
linking. The proportion of all components in the model for
) Before and after crosslinking of system I; (c and d) before and after

RSC Adv., 2024, 14, 23840–23852 | 23843
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Fig. 5 Schematic of the dumbbell sample.
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preparing the SRF also increased with an increase in the
viscosity of vinyl silicone oil.

According to the research of Messinger,27 it was found that
the cellular microstructure had no effect on the mechanical
properties of the organosiloxane foams. The mechanical prop-
erties were related to differences in molecular composition,
structure, and polymer chain dynamics. This suggests that
bubbles can be disregarded in simulations and that their
presence does not invalidate the results. Therefore, it is
reasonable to use molecular dynamic simulation without
simulate bubbles in the simulation process for studying the
SRF.
2.4 Preparation of the SRF and characterization

The SRF was prepared by vulcanizing components A and B at
room temperature. The remaining components in both the
systems were the same during the SRF preparation. Molecule e
was chosen as the crosslinking agent. The Si–H group in the
crosslinking agents underwent an addition reaction with the
vinyl group in the molecules a, b, c, and f, forming new Si–C
bonds. The Si–H group also condensed with the Si–OH group in
molecule d to form Si–O–Si bonds and produce small molecules
of hydrogen gas.28

Components A and B were stirred in a vacuum defoaming
mixer (vacuum degree of −100 kPa) at 800 rpm. The ow chart
for the SRF preparation is shown in Fig. 4. The two components
were completely mixed in a 1 : 1 mass ratio and stirred for 2 min
and quickly poured into a mold at room temperature. Then, the
molding plate was cured at 60 °C and post-cured at 150 °C for
15 min, yielding the SRF. Post-curing improved the degree of
curing and the components reacted completely at 150 °C, which
improved the mechanical properties of the SRF and eliminated
any volatile substances.

There has two main methods for analyzing the mechanical
properties of system, static and dynamic method in MD simu-
lation, respectively. In the static method, the bond angle was
xed, whereas the inuence of conguration entropy on the
elastic constant was disregard. Contrarily, the dynamic method
is time-consuming and suffers from uncertainties in the results
due to strain uctuations. Therefore, the static method was
used for simulation herein.
Fig. 4 Flow chart for the SRF preparation.

23844 | RSC Adv., 2024, 14, 23840–23852
The static mechanical properties of the SRF were measured
using an electronic universal testing machine (E43.104, MTS)
and an axial extensometer (ZEM5.204, ZHIXIN). A schematic of
the dumbbell sample is shown in Fig. 5. The effective part of the
sample was 33 mm × 6 mm × 5 mm (length × width × thick-
ness). During the experiment, the sample was uniformly
stretched with a stretching rate of 50 mmmin−1. For each set of
data on the materials' properties, at least ve samples were
tested for each system and the values were averaged.

The VTMR12-010V-I nuclear magnetic resonance (NMR)
crosslinking densimeter was used to test the crosslinking
density of the foaming materials. The effective detection range
of the sample was 48.5 × H20 mm. The magnetic eld intensity
was set to 0.5± 0.05 T. The crosslinking density was determined
at 30 °C. LX-C shore hardness testers were utilized to measure
the shore hardness (shore C) of the SRF. The tensile strength
and elongation at break of the SRF were tested using the WDW-
10 universal testing machine at a tensile rate of 500 mmmin−1.
The sample was stretched uniformly during the experiment.
Five samples were measured, and the average value was used as
the nal value in the experiment.
3. Results and discussion
3.1 Motion of molecular chains

3.1.1 Mean square displacement. The mean square
displacement (MSD) can effectively reect the mobility of
polymer chains,29 which is an important index of polymer
materials. The motion of polymer chains considerably impacts
on the mechanical properties of polymer materials.30 MSD is
calculated as follows:20,31

MSD = hjri(t) − ri(0)j2i (1)

where ri(t) and ri(0) are the position vectors of the atom i at time
t and 0, respectively. The brackets h i denote for the average
square of the displacement.

Fig. 6 shows the MSD curves of molecular chains of different
components in the two systems at 298 K. A linear correlation
existed between the MSD and the simulation time, indicating
that the diffusion system was in a state of normal diffusion.
MSD curve showed an upward trend as the simulation time
increased. Fig. 6(a) and (b) show that the MSD of system II is
smaller than that of system I. To accurately analyze the MSD
curves, the MSDs of functional groups in the system were
determined (Table 3). The MSD of the Si–H bond was the
highest, whereas those of –CH]CH2 in molecules c and f is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 MSD curves for various systems, (a) system I; (b) system II.

Table 3 MSD of the SRF in two systems I and II

Component

MSD/Å2

System I System II

Si–O–Si (silicon resin) 31.99 21.62
–CH]CH2 (vinyl silicone oil of 0.45 Pa s) 16.6 —
–CH]CH2 (vinyl silicone oil of 10 Pa s) 28.59 20.26
–CH]CH2 (vinyl silicone oil of 200 Pa s) — 18.30
Si–H (hydrogen containing silicone oil) 37.39 24.43
Si–OH (hydroxy silicone oil) 18.37 17.45

Table 4 D value of the SRF in systems I and II

Component

D/(Å2 ps−1)

System I System II

Si–O–Si (molecule a) 0.0352 0.0189
–CH]CH2 (molecule
b)

0.0314 0.0184

–CH]CH2 (molecule
c)

0.0173 —

Si–OH (molecule d) 0.0182 0.0168
Si–H (molecule e) 0.0477 0.0215
–CH]CH2 (molecule
f)

— 0.0196
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relatively smaller, primarily because hydrogen-containing sili-
cone oil has shorter molecular chains. Thus, the molecules can
easily move, which results in a larger MSD. Contrarily, vinyl
silicone oil has longer molecular chains, which cannot move
easily, resulting in a smaller MSD. Moreover, system I has
a shorter molecular chain and a larger free volume than system
II, which facilitates easier molecular chain movement. A shorter
molecular chain length implies that the resistance of motion in
the system is lower, and the MSD of the molecular chain is the
larger.

3.1.2 Diffusion coefficient. The diffusion coefficient (D) is
one of the essential parameters in determining the mobility of
polymer chains. The D is selected the linear part of the MSD
curve for each component of the SRF.32 The D can be obtained as
follows:33

D ¼ lim
t/N

1

6t

D
jriðtÞ � rið0Þj2

E
¼ MSD

6t
(2)

where ri(t) and ri(0) are the position vector of the atom i at time t
and 0, respectively. MSD is mean square displacement. The
brackets h i denote for the average square of the
displacement.

Table 4 shows the D of the SRF in systems I and II. It can be
seen that system I had a larger D. This is due to the 0.45 Pa s
vinyl silicone oil has short molecular chains, relatively small
molecular weight, and large free volume within the system,
allowing easy molecular chains movement.

3.1.3 Fractional free volume. The fractional free volume
(FFV) of a polymer is dened as the ratio of the free volume to
the total volume of the polymer composite.34 The free volume is
© 2024 The Author(s). Published by the Royal Society of Chemistry
obtained by subtracting the occupied volume of molecular
chains from the total volume of polymer materials. It provides
space for the movement of polymer molecular chains. Gener-
ally, as the free volume decreases, the molecular motion of
polymer materials becomes more difficult. The FFV is calcu-
lated as follows:35

FFV ¼ 1� V0

V
(3)

where V0 denotes the occupied volume and V denotes the total
volume of a polymer.

Fig. 7 shows the free volume morphology of the SRF with
different vinyl silicone oil viscosities. The free and occupied
volume of the SRF are denoted in blue and gray, respectively.
The FFV of the SRF with different viscosities of vinyl silicone oil
is shown in Table 5. Fig. 7 and Table 5 show that the free volume
and FFV decrease as of vinyl silicone oil viscosity increases. This
is due to the 200 Pa s vinyl silicone oil has a long molecular
chain, relatively large molecular weight, larger volume of poly-
mer chains, and smaller FFV. A larger FFV allows for more active
movement of molecules within a larger space, thereby
increasing the diffusion coefficient.36 This nding is consistent
with the previous results of MSD and D values.

3.1.4 Binding energy. Binding energy (Ebinding) is dened as
the negative value of the intermolecular interaction energy
(Einter).37 Ebinding reects the energy consumed to overcome the
intermolecular attraction for separating all the molecules in
RSC Adv., 2024, 14, 23840–23852 | 23845
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Fig. 7 Free volume morphology of the SRF with different vinyl silicone oil viscosities. The blue denotes the area of free volume. (a) System I; (b)
System II.

Table 5 FFVs of the SRF with different viscosities of vinyl silicone oil

Systems System I System II

Free volume/A3 11 252.53 13 069.62
Occupied volume/A3 41 551.33 48 563.77
FFV/% 21.31 21.21

Table 7 Ebinding of systems I and II

Item Ebinding/kcal mol−1

System I 551.52
System II −604.30
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a system to innity. Ebinding can also reect the compatibility
between the components of a system. In general, a higher the
Ebinding indicates a stronger the attraction between the system
components, better system compatibility, and a more stable the
blend system. The Ebinding is calculated as follows:38,39

Ebinding = −Einter = −(Etotal − E–CH]CH2
− ESi–OH − ESi–H) (4)

where Einter, Etotal, ESi–OH, and ESi–H are the interaction energy,
total system energy, free energy of molecular d, and free energy
of molecule e, respectively. E–CH]CH2

is the free energy of
molecules a, b, c, and f, respectively.

Tables 6 and 7 show the free energies of different compo-
nents and the Ebinding of systems I and II. Aer simulation, the
Ebinding of the SRF prepared using vinyl silicone oils of 0.45 and
200 Pa s were 551.52 and −604.30 kcal mol−1, respectively. The
absolute value of the Ebinding in system II was slightly higher
than that in system I, with a difference of ∼52.78 kcal mol−1.
Based on the sign of the Ebinding, the compatibility of two
components of the SRF can be conrmed.39 A negative Ebinding
indicates that the components have a poor compatibility, and
Table 6 Free energies of different components in systems I and II

Functional group/item

Free energy/(kcal mol−1)

System I System II

Etotal −34 545.413 −36 946.094
Si–O–Si (Ea) −11 581.263 −4884.269
–CH]CH2 (10 Pa s) (Eb) −8343.170 −3381.280
–CH]CH2 (0.45 Pa s) (Ec) −7727.943 —
–CH]CH2 (200 Pa s) (Ef) — −986.613
Si–OH (Ed) −2344.130 −1693.140
Si–H (Ee) −3997.385 −26 605.088

23846 | RSC Adv., 2024, 14, 23840–23852
a positive Ebinding indicates their good compatibility. A larger
positive Ebinding implies the components of the two systems will
have better compatibility.40 The stability of the SRF is affected by
the magnitude of Ebinding. A larger absolute value of the Ebinding
will enhance the system stability.41 Moreover, the Ebinding is
inuenced by the molecular chain length. System I has better
compatibility for the two components due to the positive
Ebinding and shorter molecular chains; therefore, the molecules
are compatible with each other in this system.

3.1.5 Cohesive energy density and solubility parameter.
The cohesive energy density (CED) is the energy required per
unit mole of a polymer transitioning from liquid to gas in per
unit volume.42,43 The CED is also a physical quantity for
describing the magnitude of intermolecular forces and can be
utilized as a criterion for evaluating the material stability. The
CED of polymers can be determined via MD simulations
without damaging their molecular structure. The CED of the
SRF can be calculated as follows:44

CED ¼ Ecohesive

V
¼ Einter

V
(5)

where Ecohesive is the cohesive energy of the system, V is the
volume of the system, and Einter is the total intermolecular
energy of the system.

The solubility parameter (d) is applied to determine the
compatibility and dissolution characteristics of different
components or polymers. It is the square root of the CED and
can be determined for the SRF as follows:40

d ¼
ffiffiffiffiffiffiffiffiffiffiffi
CED

p
(6)

where d is the solubility parameter and CED is the cohesive
energy density.

Table 8 shows that the CED and d of the SRF prepared using
vinyl silicone oils of 0.45 and 200 Pa s are 1.717 × 108 J m−3 and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 8 CED and d of the SRF in systems I and II

Item CED/(J m−3) d/(J cm−3)1/2

System I 1.717 × 108 13.104
System II 1.540 × 108 12.408
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13.104 (J cm−3)1/2 as well as 1.540 × 108 J m−3 and 12.408 (J
cm−3)1/2, respectively. As the viscosity of the vinyl silicone oil
increases, the CED and d of the SRF decrease, indicating weak
interaction between the SRF components. The higher the CED
and d, the better the compatibility between the components in
the SRF. Thus, system I has better compatibility than system II.
This nding is consistent with the Ebinding results.

Moreover, d decreases with increasing viscosity of vinyl sili-
cone oil and the number of repeating units. This result is
consistent with that reported previously,40 where the d of NR
and SBR gradually decreased as the number of Nunit (chain
repeating units) increased.

3.1.6 Radial distribution function. The radial distribution
function (RDF) is the probability of nding other atoms at
a distance r from the central atom.45,46 It can also reect the
characteristics of material microstructures and reveal the
properties of interactions between nonbonded atoms. The RDF
is calculated as follows:47,48

gC�DðrÞ ¼ nDV

4pr2drND

(7)

where nD is the number of D atoms surrounding atom C at
a distance r, ND is the total number of D atoms, and V is the
volume of the whole system. Atom C is the Si–H bond in
molecule e. Atom D is –CH]CH2 of molecules a, b, c, and f, and
Si–OH in molecule d.

Fig. 8 shows the RDFs of the SRF for the vinyl silicone oil
viscosities of 0.45 and 200 Pa s, respectively. The RDFs of other
atoms (such as Si–OH and –CH]CH2) found around the Si–H in
hydrogen-containing silicone oil as the central atom has
a signicant peak at a certain distance. This indicates that Si–H
has a strong attraction to other atoms around this distance.
Moreover, the RDFs of the ve components in the SRF are
similar in the number, distribution, and patterns of peaks, but
the peak values are different.
Fig. 8 Total g(r) of Si–H for different viscosities of vinyl silicone oils; the p
System II.

© 2024 The Author(s). Published by the Royal Society of Chemistry
As vinyl silicone oil viscosity increases, the SRF forms looser
aggregates and a relatively large g(r) peak is observed. As shown
in Fig. 8(a), the maximum g(r) of molecules a, b, c, and d are
0.96, 1.51, 1.40, and 1.48, respectively. These peaks are observed
at positions of 5.37, 5.53, 5.09, and 7.49 Å from the Si–H bond,
respectively. As shown in Fig. 8(b), the maximum g(r) of mole-
cules a, b, f, and d are found to be 1.78, 1.16, 2.46, and 0.89,
respectively. These peaks are observed at positions of 5.01, 9.69,
5.85, and 7.45 Å from the Si–H bond, respectively. Overall, the
RDF of system I is smaller than that of system II. The shorter the
molecular chain of system I, the higher the vinyl content, and
the tighter the molecular conguration of the SRF aer cross-
linking. The g(r) peak values of the components in the system I
are relatively low, the aggregation of molecular chains is
stronger, and the distribution of system components is more
uniform. These results are consistent with the solubility
parameters and Ebinding results.

3.1.7 Radius of gyration. The radius of gyration (Rg) is one
of the parameters for describing the three-dimensional cong-
uration of a molecule. It is the distance between the molecular
center of mass and the atom farthest from that center of mass.
Rg can also be used to measure the compactness and molecular
aggregation of the SRF.49 A larger Rg implies a smaller aggre-
gation degree of the molecular chain. A lower Rg indicates that
the molecular structure of the SRF is more aggregated or closely
packed. If the structure of the polymer is highly stable, Rg will
also be relatively stable. It is determined as follows:50,51

Rg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pi¼1

n

miri
2

Pi¼1

n

mi

vuuuuuut (8)

where Rg is the radius of rotation of the molecular chain; n is the
number of atoms in the molecular chain;mi is the atomic mass,
and ri is the distance from the atom to the centroid of the
molecular chain.

Fig. 9 shows the Rg of the SRF at different vinyl silicone oil
viscosities. The Rg value is 12 and 31 Å at viscosities of 0.45 and
200 Pa s, respectively. The structure of system II has a lower
aggregation degree. The reason is that vinyl silicone oil has
a higher molecular weight and lower vinyl content; therefore, it
lots on the left and right represent different distances (r). (a) System I; (b)

RSC Adv., 2024, 14, 23840–23852 | 23847
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Fig. 9 Rg of 200 ps for various viscosities of vinyl silicone oil.
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forms fewer new chemical bonds. This nding is consistent
with the RDF results, indicating that the peak value of the RDF
is higher in system II.

An increase or decrease in Rg implies disaggregation or
aggregation between the molecules, respectively.52 If the
molecular aggregates are stable, Rg will be relatively stable.
Contrarily, if the molecular aggregates undergo rearrangement
or rebonding during the MD simulation, Rg values change over
time. Fig. 9 shows Rg values of systems I and II are stable,
indicating that the structure did not undergo signicant
expansion or contraction of during the crosslinking process and
conrming its stability during the simulation of components.
3.2 Static mechanical properties

Mechanical properties are an essential basic property related to
the preparation and application of the SRF.53–55 The static
mechanical properties of the SRF aer crosslinking were
calculated via MD simulation at 298 K. The mechanical prop-
erties of the models were calculated using the constant-strain
energy minimisation method. Molecular dynamic simulations
allowed stress and strain analysis of systems under small
deformation. By applying a micro strain to a system that has
reached equilibrium, the stress–strain relationship follows
Hooke's law, and the elastic stiffness tensor can be expressed as
follows:56

si = Cij3j (9)

where si represents the stress tensor element, 3j represents the
corresponding symmetric strain tensor element, and Cij is
stiffness matrix.

The stiffness matrix Cij can be obtained from eqn (9) as
follows:57,58
Table 9 Experimental and simulation results of the static mechanical pr

Item

Experimental results

E/MPa G/MPa B/MPa v

System I 2.450 2.694 2.811 0.3
System II 0.997 1.370 0.663 0.2

23848 | RSC Adv., 2024, 14, 23840–23852
Cij ¼

2
6666666666664

lþ 2m l l 0 0 0
l lþ 2m l 0 0 0

l l lþ 2m 0 0 0

0 0 0 m 0 0

0 0 0 0 m 0

0 0 0 0 0 m

3
7777777777775

(10)

where l and m are the elastic constants.
The elastic constants can be calculated from the stiffness

matrix as follows:

l = 1
6
(C12 + C13 + C21 + C23 + C31 + C32) (11)

m = 1
3
(C44 + C55 + C66) (12)

The mechanical properties parameters such as elastic
modulus (E), shear modulus (G), bulk modulus (B), and Pois-
son's ratio (v) of the system are determined as follows:59–61

E ¼ mð3lþ 2mÞ
ðlþ mÞ (13)

G = m (14)

B = l + 2m/3 (15)

n ¼ l

2ðlþ mÞ (16)

Table 9 shows the experimental and simulation results of
static mechanical properties in systems I and II, with some
errors. The values of parameters determined via MD simula-
tions were slightly higher. The errors between the experimental
and simulation values were related to the molecular chain
length of the polymers. The degree of polymerization of mole-
cules b, c, and f was reduced in the same proportion during the
simulation process. The molecules repeat units simulated by
molecular dynamics is about 10 times shorter than that of the
molecules in the experiment. A shorter the molecular chain
implies a higher the vinyl content, and a tighter the molecular
conguration of the SRF aer crosslinking, leading to higher
mechanical properties of the SRF. Thus, the reduction in
molecular chain length is the main reason for the higher
simulation results of the SRF.

The changes in the mechanical properties of the SRF with
the increasing of the vinyl silicone oil viscosity determined via
MD simulation were consistent with those determined experi-
mentally. A comparison of the SRF in systems I and II shows
operties of systems I and II

Simulation results

E/GPa G/GPa B/GPa v

66 0.7217 0.9512 0.6452 0.4592
47 0.6422 0.2920 0.3575 0.4279

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Stress–strain curves of the SRF in systems I and II.
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that the static mechanical properties of system II decrease. As
the viscosity of vinyl silicone oil increases, the elastic modulus,
shear modulus, bulk modulus, and Poisson's ratio of the SRF
decrease to ∼59.3%, 49.1%, 76.4%, and 32.5%, respectively, as
determined experimentally. These values were determined via
MD simulation as ∼11.0%, 69.3%, 44.6% and 6.8%,
respectively.

Fig. 10 shows the stress–strain curves of the SRF in systems I
and II. The slope value of the elastic stage in the stress–strain
curve represents the elastic modulus of each system. System I
had a relatively large slope, indicating its higher elastic
modulus than system II. This nding is consistent with the
results shown in Table 9. These results indicated that changing
the vinyl silicone oil viscosity considerably impacted on static
mechanical properties of the SRF.

Fig. 11(a)–(d) show the crosslinking density, shore C, tensile
strength, and elongation at break of the SRF in systems I and II,
respectively. The crosslinking density of the SRF decreases from
4.62 to 4.07 mol mL−1, and shore C decreases from 44.5° to 29°.
The tensile strength decreases from 0.86 to 0.61 MPa, whereas
Fig. 11 Mechanical properties of SRF in systems I and II. (a) Crosslinking

© 2024 The Author(s). Published by the Royal Society of Chemistry
the elongation at break increases from 83.4% to 153.5%. As the
viscosity of vinyl silicone oil increases, the crosslinking density,
shore C, and tensile strength of the SRF decrease, whereas the
elongation at break increases. As the viscosity of vinyl silicone
oil increases, the length of polymer molecular chains increases
and the vinyl content decreases, which loosens the cross-linked
network structure of the SRF. The network structure tightens
when the vinyl content is high. This indicates that the viscosity
of vinyl silicone oil can inuence the structure and properties of
the SRF. Vinyl silicone oil with a lower viscosity can enhance the
crosslinking density of silicone rubber, thereby increasing its
tensile strength and hardness. In contrast, vinyl silicone oil with
a higher viscosity can impart greater elasticity and longer
elongation to silicone rubber. These results were also reported
in a previous study.62 Thus, by selecting an appropriate the
viscosity of vinyl silicone oil, the SRF with a desired structure
and performance can be prepared.

The performance of the SRF cannot be determined solely
based on one parameter. For instance, a larger MSD of the
system does not necessarily indicate poor performance. A
comprehensive analysis must be conducted by considering
various parameters such as RDF and d as well as the application
prospects. The cross-linked network structure of the SRF
considerably affects the mechanical properties of the SRF.
Additionally, the application and requirements of the SRF, such
as sealing or cushioning and shock absorption, must be
considered to determine its performance.

However, the effect of high-viscosity vinyl silicone oil on the
movement of molecular chains and the aggregation degree of
molecular structure of the SRF needs futher elucidation. To this
end, we noted the following observations. (1) A longermolecular
chain implies smaller free volume of the system, the weaker
activity of the system's molecular chain, and the lower MSD. (2)
density; (b) shore C; (c) tensile strength; (d) elongation at break.

RSC Adv., 2024, 14, 23840–23852 | 23849
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System II has a negative Ebinding and lower CED and d; therefore,
its components have poor compatibility. (3) The low vinyl
content in the system, fewer crosslinking agents, and low-
density network structure increases the Rg. (4) The RDF shows
that the aggregation degree of molecular structure in system II
is relatively low. Thus, the mechanical property of the SRF is
affected by the ability of molecular motion, the size of free
volume, multicomponent compatibility, binding energy of the
whole system, and the aggregation degree of its molecular chain
structure. The mechanical properties of the SRF can be opti-
mized based on the aforementioned parameters.

4. Conclusions

Herein, MD simulation was performed on themolecular motion
trajectories of the SRF prepared using vinyl silicone oil of
varying viscosities from the perspective of all atomic molecules
using Materials Studio. Moreover, the simulation and experi-
mental results were analyzed and compared. The following
main conclusions were drawn:

(1) The polymer molecular chain length is crucial for the SRF
performance. As the viscosity of vinyl silicone oil increases, the
MSD of the system decreases and Ebinding increases. Meanwhile,
the CED and the solubility parameter decrease, leading to poor
compatibility between the system components. The aggregation
degree weakens with increasing Rg. Thus, the mechanical
properties of the system are inuenced by the viscosity of vinyl
silicone oil.

(2) As the viscosity of vinyl silicone oil increases, the vinyl
content decreases, and fewer network structures are formed
within the system. The elastic modulus, shear modulus, bulk
modulus, and Poisson's ratio of the SRF decrease. The cross-
linking density, shore C, and tensile strength of the SRF also
decrease, whereas the elongation at break increases. Thus, by
selecting an appropriate the viscosity of vinyl silicone oil, the
desired performance of SRF can be obtained.

(3) Although some minor differences were observed between
the MD simulation and experiment results, they were largely
consistent. This provides theoretical support and reference
value for the industrial production of the SRF from a micro-
scopic perspective.
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