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Understanding radiation-thermal aging of
polydimethylsiloxane rubber through molecular dynamics

simulation
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The effect of radiation-thermal aging on the structure and properties of polydimethylsiloxane (PDMS) rubber at the micro-scale was
investigated through molecular dynamics simulation. The aged PDMS models were constructed by incorporating the aging-induced
chemical changes (hydroxyl groups, cross-linking, and scission of main chain). The simulation results show that the introduction of
hydroxyl groups and cross-linking in molecular chains lower the chain mobility and the diffusion of the chains and oxygen molecules
owing to the strong intermolecular interactions and long-chain structure, respectively. The introduction of short chains caused by the
scission of main chains can enhance the mobility, diffusion, and flexibility of the chains and the diffusion range of oxygen molecules,
resulting in the decrease in the free volume and T. In addition, the hardening effect of cross-linking and the softening effect of
scission of main chain collectively contribute to the degradation of mechanical properties of the PDMS rubber.
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INTRODUCTION

Polydimethylsiloxane (PDMS) rubber has been widely used as the
support cushion, coating, and thermal/electrical insulation, due to
its outstanding thermal resistance, and superb electrical and
chemical stability’>. In some applications in the field of aerospace
and nuclear industries, PDMS rubber is often exposed to radiation,
elevated temperature, and oxygen®. Radiation, especially gamma
rays, can lead to the formation of chain scission, additional cross-
linking, and radical®. The additional cross-links are formed via the
radical (radiation-induced silicon radical, methylene radical, and
terminal oxygen radical) coupling reactions®. In addition, the
presence of oxygen (O,) and elevated temperature further
promote the degradation process by propagating oxidation
reactions, such as oxidative cross-linking and chain scission and
the formation of oxidation products and oxidation radicals’. The
radiation and thermal oxidation-induced chemical reactions can
alter or degrade many properties including network structure,
permanent set, and Young’s modulus®. Thus, it is necessary to
explore the synergistic effect of radiation and thermal oxidation
on the chemical structure and properties of PDMS rubber.
Recently, research work on the aging behaviors and mechan-
isms of PDMS rubber exposed to radiation, temperature, and
mechanical load has been reported, especially on the coupling
effect of radiation and other environmental factors”®'". The
quantitative analysis of the chemical reaction was conducted by
Fourier transform infrared spectroscopy (FTIR)'>'3, nuclear mag-
netic resonance (NMR) measurement', thermogravimetric analy-
sis (TGA)'®, and pyrolysis gas chromatography-mass spectrometry
(Py-GC/MS)'S, etc. The types of aging products, such as cross-
linking and chain scission, during the aging process were
indirectly identified by these experimental measures'”'8, How-
ever, it is highly nontrivial to infer the effect of fundamental
chemical events on the network structure and dynamics proper-
ties of the PDMS rubber. In the current scenario, molecular
dynamics (MD) simulation can provide useful insights into the

structure-performance relationships of polymer materials'®2°, It is

particularly well-suited to study the radiation and thermal-induced
chemical effects at the molecular level. Nevertheless, few works
have focused on the effect of radiation and thermal damage on
the microstructure and properties of PDMS rubber at micro
scale?’22, For example, Kroonblawd et al.?' applied ensembles of
quantum-based molecular dynamics (QMD) simulations to predict
the radiation damage of polydimethylsiloxane. They revealed the
changes in radiation-induced network including the formation of
branch points, carbon linkages, and bond scission. Liu et al.??
studied the y radiation-induced chemical reactions and physico-
chemical interactions by reactive molecular dynamics (ReaxFF MD)
simulations. They showed that main chains, gas products, radical
reactive species, and silica fillers were the polyfunctional
participants. Therefore, the investigation on the effect of radiation
and thermal-induced chemical changes on the structure and
properties of PDMS rubber by leveraging advantage of MD
simulation is still warranted.

In this study, the radiation-thermal aging effect of PDMS rubber
on the structure and properties was investigated by MD
simulation. Molecular models of unaged and aged PDMS were
constructed by incorporating radiation and thermal-induced
chemical changes including the formation of oxidation product,
cross-linking, and scission of the main chain. After that, the MD
simulations were performed. Critical parameters, such as density,
fractional free volume (FFV), hydrogen bonds (H-bonds), mean
square displacement (MSD) and self-diffusion coefficients, radius
of gyration, glass transition temperature, and mechanical proper-
ties (stress—strain curves) of the unaged and aged molecular
models were extracted to aid the understanding of the influences
of radiation and thermal-induced chemical changes on the
structure and properties of PDMS rubber. In addition, the effects
of aging-induced chemical changes on diffusion behaviors of O,
molecules in the PDMS matrix were estimated by MSD, diffusion
coefficients and trajectories of O, molecules.

'Graduate School of China Academy of Engineering Physics, Beijing, China. ZInstitute of Systems Engineering, China Academy of Engineering Physics, Mianyang, China.

HMemail: xfguan@gscaep.ac.cn

Published in partnership with CSCP and USTB

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-022-00299-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-022-00299-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-022-00299-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-022-00299-1&domain=pdf
http://orcid.org/0000-0002-5372-143X
http://orcid.org/0000-0002-5372-143X
http://orcid.org/0000-0002-5372-143X
http://orcid.org/0000-0002-5372-143X
http://orcid.org/0000-0002-5372-143X
http://orcid.org/0000-0002-5928-3039
http://orcid.org/0000-0002-5928-3039
http://orcid.org/0000-0002-5928-3039
http://orcid.org/0000-0002-5928-3039
http://orcid.org/0000-0002-5928-3039
https://doi.org/10.1038/s41529-022-00299-1
mailto:xfguan@gscaep.ac.cn
www.nature.com/npjmatdeg

W. Lou et al.

npj
2
RESULTS AND DISCUSSION

Density

The simulated densities of the unaged and aged PDMS models
were obtained by a 500 ps NPT simulation at 101 kPa and 298 K.
Figure 1 shows the changes in the densities of the unaged and
aged PDMS models as a function of simulation time. The average
densities of the unaged and aged PDMS models are shown in
Fig. 2. About 2% fluctuations of the simulated densities for all the
PDMS models can be observed during the simulation process,
which implies that each of the systems has reached the
equilibrium. The predicted average density of the unaged PDMS
model is 0.9952 gcm~3, which is close to the actual densities
(0.95-0.98 gcm 332>, The results indicate the constructed
rubber packing models can be used to represent the actual
materials to a certain extent. It can be found that the PDMS model
presents a slight increase in density along with the introduction of
radiation and thermal-induced chemical changes. The increase in
density during the aging process is mainly due to the formation of
oxidation products and cross-links.

Fractional free volume (FFV)

The free volume is often employed to evaluate the packing
structure of polymeric systems and permeate behavior of gas
molecules in the material. The FFV value of the unaged and aged
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Fig. 1 Density of the unaged and aged PDMS models as a function
of simulation time.
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Fig. 2 The average densities of the unaged and aged PDMS
models. The error bars stand for the standard deviations from five
independent sample.
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PDMS models can be calculated by the following equation?®

Vo
FFV = 1 7 )
where V, and V correspond to the occupied volume and the
specific volume of the unaged and aged PDMS chains, respec-
tively. The FFV was then quantitatively determined using a
probing spherical particle with a radius equivalent to the Van der
Waals radius of oxygen molecules (1.438 A)?7 to test whether a
volume can be accessible. Therefore, the value of Connolly radius
is set as 1.438 A. Figure 3 shows the FFVs of the unaged and aged
PDMS models. The FFVs of the M2 and M3 models show a slight
decrease, indicating that the introduction of hydroxyl groups leads
to the reduction of the free volume. The introduction of hydroxyl
groups in molecular chains contributes to the increase of strong
polar interactions including non-bonded interaction and hydro-
gen bonds between molecular chains, and therefore reducing the
free volume. Figure 4 shows the types of H-bonds in the M3
model. The formation of the first H-bond () or O-H...O is between
the hydroxyl group (Si-OH and Si-CH,-OH) and the hydroxyl group
(Si-OH and Si-CH,-OH). The formation of the second H-bond () or
O-H...O is between the hydroxyl group (Si-OH and Si-CH,-OH)
and the oxygen from the Si-O-Si main chain. The types and
numbers of H-bonds in different aged PDMS models were
obtained by MD simulations and listed in Table 1. In this study,
two molecules are chosen as being hydrogen only if their inter-
oxygen distance is less than 2.7 A, and simultaneously the O-H...O
angle is more than 90°%2%2°, The results indicate that the
probability of the formation of the hydrogen bonds will increase
with the increasing hydroxyl group. An obvious decrease in FFV is
observed in the M4, M5, M6, M11, and M12 models, which implies
that the cross-linking of the main chain reduces the FFV. The FFV
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Fig. 3 FFVs of the unaged and aged PDMS models. The error bars
stand for the standard deviations from five independent sample.

Fig. 4 The types of H-bonds in the M3 model.
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Table 1. The types and numbers of H-bonds in different PDMS
models.

PDMS model M1 M2 M3 M7 M8 M9 M10 M13
No. of H-bond 0 2 5 1 0 0 0 0
No. of H-bond g, 0 8 12 4 3 4 2 2

No. of total H-bonds 0 10 17 5 3 4 2 2
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Fig.5 FFVs of the unaged and aged PDMS models under different
stress levels. The blue and gray regions in the insets represent the
free volume and the occupied volume, respectively.

values of the M4, M5, and M6 models present a relatively small
difference. The reason for these phenomena is that the formation
of the cross-linking structures significantly limited the free motion
of molecular chains. Nevertheless, the type of cross-link plays a
similar influence on the free volume of the PDMS system. In
addition, a slight decrease of FFV can be observed in the M7 and
M8 models, which means that the scission of the Si-O-Si main
chain results in the decrease of free volume. Furthermore, The
FFVs of the M9 and M10 models are greater than that of the M4,
M5, and M6 models. The changes in FFV of M9 and M10 models
are attributed to the coupling effect of hydroxyl groups, cross-
linking and chain scission. The lower FFV value makes it harder for
outside molecules (especially O,) to diffuse into the aged PDMS
models, which may further lower the aging rate.

The FFVs of the typical unaged and aged PDMS models under
different temperatures and stress levels were calculated to
investigate the effect of temperature and stress. Figure 5 presents
the free volume distribution of four arbitrarily chosen models
under different stress levels. The blue and gray regions in the inset
figures correspond to the free volume and the occupied volume,
respectively. The FFVs show a rapid decrease in the stress range of
0 and 6 GPa, and decrease slowly in the range of 6 to 10 GPa. This
phenomenon can be explained by the fact that the increase of
compressive stress gradually compresses the interstitial spaces in
the network structure and inhibits the thermal movement of
molecular chains, and the process reaches a balanced state when
the stress is large enough.

Mean square displacement and self-diffusion coefficients

The mean square displacement (MSD) is widely used to describe
the mobility of segmental molecules and particles, which can
reveal the relaxation behavior of molecular chains. The self-
diffusion coefficients (Ds) are one of the critical parameters in
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quantitatively characterizing the mobility of the polymer chains
and particles. The D; can be calculated by the Einstein equation?®.

1. dd 5
0.~ guim 3 (0 07),
where N is the number of atoms in the main chain, r;(0) and r;(t)
represent the position of atom i at time 0 and t, respectively,

<\r,-(t) fr,-(0)|2>is the mean square displacement (MSD) of the

participating atoms in the course from time 0 to time 3. Figure 6a,
b present the MSD results of the main chain in the unaged and aged
PDMS models and oxygen of the hydroxyl group in oxidative-aging
models as a function of simulation time, respectively. Figure 7a, b
shows the D, of the main chain and oxygen of the hydroxyl group in
PDMS models, respectively.

The results show that the MSD and D, of M7 and M8 models are
larger than that of the unaged PDMS model (M1), which can be
attributed to the fact that the scission of the Si-O-Si main chain
improves the mobility and diffusion of molecular chains due to
the formation of short chains during aging. The MSD and D; of M2
and M3 models are slightly lower than that of the M1 model,
indicating that the introduction of hydroxyl groups decreases the
mobility and the diffusion of molecular chains owing to the strong
polar interaction between molecular chains. In addition, the M4,
M5, and M6 models also show smaller values of MSD and D, than
that of the M1 model. It is noticeable that the M4, M5, and M6
models have similar values of MSD and D;. The MSD of M11 and
M12 models are less than that of the M4, M5, and M6 models.
These phenomena illustrate that the formation of multiple-chain
cross-linking structures decrease chain mobility. The changes in
MSD and D, of M10 and M13 models are due to the coupled effect
of hydroxyl group and cross-linking (including direct cross-linking
between chains and cross-linking after the scission of the Si-O-Si
main chain). The values of MSD and D, of the M9 model are
between that of the M3 model and the M4 model, which further
implies that the introduction of short chains promotes the
mobility and diffusion of molecular chains. The similar behaviors
are observed for the MSD and D, of oxygen of the hydroxyl group
in the M2, M3, M7, M9, M10, and M13, models. The MSD and D, of
the oxygen of the hydroxyl group are larger than that of the main
chain in these models, which may be explained by the faster
molecular mobility associated with the side and the end groups.

Radius of gyration

The radius of gyration (Ry) can be used to describe the flexibility
and compactness of the polymer chains. The term R, can be
calculated by the following equation®'.

Ry = <Z£’7:r|r:| ) 7 (3)

where m; is the mass of atom i and r; represents the position of
atom i with respect to the center of the molecule mass. Figure 8
shows the results of Ry of the unaged and aged PDMS models as a
function of time, where relatively stable R, values for each of the
models were achieved in the 500 ps timeframe of the simulation.
The R, of the aged PDMS models with oxidized chains (M2 and
M3) gradually decreases with the increase in the content of the
hydroxyl group, compared with that of the unaged PDMS model.
This indicates that the introduction of the hydroxyl groups
promotes increases the aggregation of molecular chains due to
the strong polar interaction. However, the R, values of the M4, M5,
M6, M11, and M12 models are smaller than that of the M1 model,
implying that the formation of cross-linking structure also leads to
the aggregation of the chains. The three types of cross-links have
a similar effect on the compactness of chains. In addition, the
smallest R, value is observed for the M7 model, which may
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Fig. 6 MSDs of the unaged and aged PDMS models as a function of simulation time. a main chain, and b oxygen of hydroxyl group.
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Fig. 7 Self-Diffusion Coefficient of the unaged and aged PDMS models. a main chain and b oxygen of hydroxyl group. The error bars stand
for the standard deviations from five independent sample. Note that there is no hydroxyl group in modes M1, M4, M5, M6, M8, M11, and M12.
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Fig. 8 The radius of gyration of the unaged and aged PDMS models
as a function of simulation time.

indicate that the scission of the main chain greatly enhanced the
flexibility of chains. The change in Ry in the three models of M8,
M9, and M10 signifies that cross-linking and chain scission play a
more important role in the flexibility and compactness of chains
than the formation of hydroxyl groups during the aging process.

Glass transition temperature (T,)

The glass transition temperature, T, is one of the critical
parameters of polymers, which characterizes the thermal proper-
ties of polymers. The slope of the change in the FFV of the PDMS
model with respect to the increasing temperature is relatively
small when the temperature is less than the Tg, due to the frozen
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state of polymer chains. However, the FFV rapidly increases with
the increasing temperature when the temperature is above Tg. As
the change in the FFV lead to the change in density, an abrupt
change in density and specific volume (free volume) is expected
to occur at Ty when the polymer is cooled from a rubbery state to
a glassy state®?. In this work, the change in FFV as a function of
temperature is used to estimate Ty of the unaged and aged PDMS
models®3. Based on the FFV vs. temperature results, the Ty can be
evaluated as the intersection of the two fitted lines of the slope of
the change in FFV.

Figure 9 presents the FFV vs. temperature results of the unaged
PDMS model. It can be found that the FFVs of the models increase
monotonically as the temperature increases. This is mainly
because the increasing temperature promotes the free motion
of molecular chains and destroys the formation of the hydrogen
bond. The T4 of the unaged PDMS model is evaluated as 183.5 K
using the results, which is significantly larger than the experi-
mental results (146-150K) for the unaged PDMS**73%, The
deviation can be attributed to the PDMS system without additives
and the difference in pressure and temperature between the
material production process and MD simulations. Figure 10 shows
the Tq values of models M3, M4, M7, and M10 model, respectively.
It can be found that the M3 model has a larger value of Tg4
(191.6 K) compared to the M1 model. The main reason is that
more hydroxyl groups promote the formation of stronger polar
interaction, in particular, the hydrogen bonds, which reduce the
chain mobility. In addition, the M4 model has a larger value of T
(203.8K) than the M1 and M2 models, which implies that the
cross-linking structures significantly restrict the movement of
chains and enhance the thermal stability of the PDMS system,
compared to the effect of hydroxyl groups in the M3 model. On
the contrary, a smaller value of T4 (179.2 K) is observed in the M7
model, indicating that the chain scission promotes the chain
mobility and lowers the thermal stability of the PDMS system. The
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M10 model has the larger value of Ty (208.3K) than the M4
model, which is largely attributed to the synergistic effect of
hydroxyl groups and cross-linking structures. In addition, the
largest Ty of M12 model (210.2K) implies the key role of four-
chain cross-linking structure during degradation process.
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Fig. 9 The glass transition temperature Ty of the unaged PDMS
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Mechanical property
Based on the MD simulation trajectories of the equilibrium
structures at 298 K, the constant-pressure method is used to
predict the mechanical property by the Souza-Martins baro-
stat>’8, The stress-strain curves of the unaged and aged PDMS
models were obtained via a series of gradient loading, as shown in
Fig. 11. It is noted that the simulation results are much larger than
the experimental results of the pure PDMS*° owing to the
difference in the scale between the MD simulation at the atomic
level and the experiment at the macro level*®*2, The micro
mechanical properties in the simulation are calculated by
analyzing the trajectories including the quality and speed of
atoms®. It can be observed from Fig. 11 that the results of the
simulation and experiment show a similar tendency, which
illustrates that the physical and structural evolution of the
constructed PDMS model in the simulation fits the mechanism
running in the experiment. In addition, the stress rapidly increases
during the first stage, followed by a linear regime. No obvious
difference in stress response can be observed between the M1
model and the M3 model, which means that the introduction of
hydroxyl groups in the M3 model has a limited influence on the
mechanical property of the PDMS system. The slope of the stress-
strain curves of the M4 and M12 models show a slight increase
compared with that of the M1 model, which indicates that the

model via FFV -temperature dependence. cross-linking improves the stiffness of the PDMS system.
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Fig. 10 Estimated T, of the typical aged PDMS models via density vs. temperature results. a M3, b M4, ¢ M7, d M10, and e M12.

Published in partnership with CSCP and USTB

npj Materials Degradation (2022) 84



W. Lou et al.
0.5
61— M1
—— M3
—v— M4 0.4
51—w—M7
—~ ]—*—M10 w
g 44 ——M12 L0335
w»
. . w»
2’3 | Simulation Experiment Wul®! ,2
g 0.2
) 2
2 -
0.1
1 -
0 T T T T T T T 0-0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Strain
Fig. 11 Stress-strain curves of the typical unaged and aged PDMS

models in simulation and the pure PDMS in experiment.

1000 - M3
——M4
——M7
8004 . Mo
NA
<% 600
a
wn
= 400 -
200 -
0 T T T
0 100 300 400

200
Time (ps)

Fig. 12 MSDs of O, molecules in the unaged and aged PDMS
models at 298 K as a function of simulation time.

Nevertheless, a small decrease in the slope of the compressive
stress-strain curves can be observed in the M7 model. The main
reason is that the scission of the main chain forms the short chains
resulting in the decrease in reduced mechanical properties. The
change in the slope of the compressive stress-strain curves of the
M10 model further proves the hardening effect of cross-linking
links and the softening effect of chain scission on mechanical
properties during the aging process, respectively.

Diffusion behaviors of oxygen in PDMS

Figures 12 and 13 show the MSDs and diffusion coefficients of O,
molecules in unaged and aged PDMS models at 298 K, respectively.
The results show that the diffusion coefficient of O, molecules in
unaged PDMS model (M1) is 3.72 x 10 cm? s~ ', which agrees well
with the experimental results 3.55x 107> cm?s~' *4, The values of
the MSDs and diffusion coefficients of O, molecules in unaged and
aged PDMS models decrease in the following order:
M7 > M1 > M3 > M10 > M4. It can be concluded that the introduc-
tion of hydroxyl groups and cross-links limits the mobility and the
diffusion of O, molecules, which is attributed to the strong polar
interaction and cross-linking structure, respectively. The formation
of the short chains promotes the mobility and the diffusion of O,
molecules, due to the better flexibility of the low molecular weight
chains. In addition, the polar interaction also exists among the
oxidized short chains. Therefore, the changes in the MSDs and
diffusion coefficients of O, molecules are mainly attributed to the
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Fig. 13 Diffusion coefficients of O, molecules in the unaged and
aged PDMS models at 298 K. The error bars stand for the standard
deviations from five independent sample.

competition between the PDMS chains and the oxidized short
chains.

To further study the effect of aging-induced chemical changes
on the diffusion mechanisms in the unaged and aged PDMS
models, the diffusion trajectories of 10 O, molecules in the M1,
M4, M7, and M10 models are obtained and shown in Fig. 14. It can
be found that the O, molecules show significant motion in the
PDMS models during the simulation process. The diffusion of O,
molecules in the PDMS can occur by a hopping mechanism*. The
O, molecule vibrates inside a microcavity in the PDMS matrix for a
period of time, followed by occasional jump into a neighboring
microcavity by a tunnel induced by the cooperative motions of
the PDMS chains. It should be noted that the diffusion of the O,
molecules in M1 (Fig. 14a) and M7 (Fig. 14c) models execute more
frequent jumps than that of the O, molecules in M4 (Fig. 14b) and
M10 (Fig. 14d) models, which present more vibrations inside the
microcavities. In addition, the lengths of the diffusion trajectories
of O, molecules in M1 and M7 models are longer than that of the
O, molecules in M4 and M10 models. These imply that the
formation of the cross-linking structures restricts the diffusion of
O, molecules and reduces the number of jumps and the lengths
of jumps. The chain scission enhances the ranges of the diffusion
trajectories of O, molecules in PDMS matrix, which is attributed to
the formation of more tunnels surrounding the microcavities
between the short chains.

METHODS
Molecular models

Understanding the influence of radiation-thermal aging on the
structure and properties of PDMS rubber is necessary to construct
the aged molecular models considering aging-induced chemical
changes. Previous studies have showed that chemical changes at
the atomic-scale during the aging process include breakage/
oxidation of side groups, cross-linking, chain scission, and
rearrangement, which collectively alter the network structure
and degrade the bulk properties of silicon rubber*®=>°. The
breakages of side groups (Si-CHs; and C-H bond in CH;) form
unstable radicals (Si-CHy+ +<H and Sie + <CH3), which subse-
quently react with oxygen to produce peroxy radicals and
unstable hydroperoxides. The hydroperoxides decompose into
other oxygen-containing radicals (Si-O- and Si-CH,-O-) and
hydroxyl radicals (+OH). In addition, the scission of the Si-O-Si
main chain also produces unstable radicals (Si-O- and Si), which
can react with oxygen. The chemical reactions between these
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Fig. 14 The diffusion trajectories of O, molecules in the unaged and aged PDMS models. a M1, b M4, ¢ M7, and d M10.

unstable radicals further form oxidation products and additional
cross-links. The hydroxyl groups (Si-OH and Si-CH,-OH) are major
oxidation products during the aging process. The additional cross-
links include Si-C-C-Si links, Si-C-Si links, Si-O-Si links, etc. There-
fore, the oxidized molecular chains with hydroxyl groups, short
chains formed by scission of the main chain, and cross-linking
structures were constructed based on chemical reactions by
Amorphous cell modules using the commercial package Materials
Studio, as shown in Fig. 15. Figure 15a shows the typical chemical
structure of the PDMS chain including 50 dimethylsiloxane
monomers, named chain A. The oxidized PDMS chains (B and C)
were constructed by introducing two and four hydroxyl groups
(Si-OH and Si-CH,-OH), respectively, as shown in Fig. 15b, c,
respectively. Figure 15d-f show three types of cross-linking
structures of Si-C-Si link (D), Si-O-Si link (E), and Si-C-C-Si link (F),
respectively. These links play an important role in the aging of
PDMS. The unstable radicals (Si-O- and Si-) due to the scission of
Si—O-Si main chain can react with hydrogen radicals to produce
stable short chains (Si-OH and Si-H) (Fig. 15g, named chain G) or
further combine with other radicals (Si-CHe, Sie, Si-O-, etc) to make
the additional cross-links (Fig. 15h, i, named chain H and ),
respectively. Additionally, a three-chain cross-linking structure
(Fig. 16a, named chain J) and was constructed via Si-O-Si and Si-C-
Si links. A four-chain cross-linking structure (Fig. 16b, named chain
K) was constructed via Si-O-Si, Si-C-Si, and Si-C-C-Si links.

The geometry optimization was conducted for the unaged and
aged PDMS chains by minimizing the system energy for
10,000 steps with an energy convergence value of
2.0 x 107 Kcal mol~" A~". After that, the unaged and aged PDMS
models were constructed based on these unaged and aged
molecular chains, as shown in Table 2. For each PDMS system, five
parallel models were randomly generated to obtain the reliable
simulation results. The periodic boundary conditions were

Published in partnership with CSCP and USTB

employed in the three dimensions of the simulation cubic cell
with the random molecular chains. Furthermore, the oxidative-
aging reactions between oxygen and PDMS chains depend largely
on the diffusion rate of O, molecules in the rubber network, which
can be affected by the radiation and thermal-induced chemical
changes during the aging process. Therefore, the unaged and
aged PDMS models (M1, M3, M4, M7, and M10) containing 10 O,
molecules were constructed to investigate the effect of radiation-
thermal aging on diffusion behaviors of O, molecules in the PDMS
matrix.

MD simulation methods

All MD simulations were conducted using the Materials Studio
software. The COMPASS (condensed-phase optimized molecule
potentials for atomistic simulation studies) force field was
employed for describing molecule interactions and intermolecular
potential®'. Atom-based summation method and Ewald summation
method were applied for van der Waals interaction and electro-
static interaction during all the simulation processes, respectively.
The time step of 1.0 fs was set for all simulations. The MD simulation
process is detailed as follows: (1) 10,000 steps of geometry
optimization were performed to minimize system energy via the
optimization method; (2) 20 cycles of annealing simulation were
conducted under NVT (constant number of particles, volume, and
temperature), with the temperature ranging from 300 to 500 K; (3)
500 ps NPT simulation was carried out at 300K and 101 KPa; (4)
500 ps NVT (constant number of particles, pressure, and tempera-
ture) simulation was conducted at 300K to further relax the
polymer structure; and (5) 500 ps NPT simulation was carried out at
298 K and 101 kPa to obtain the finally stable structure for analyzing
structure and properties of systems. The temperature and pressure
were controlled by the Andersen thermostat®? and Berendsen
barostat®>, respectively. The parameters of density, fractional free
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CH,  CH,
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(h) cross-linking after scission chain (H) (i) cross-linking after scission chain (I)

Fig. 15 The typical chemical structures of the unaged and aged PDMS chains. a unaged chain A, b oxidized chain B with two hydroxyl
groups, ¢ oxidized chain C with four hydroxyl groups, d cross-linking structure of Si-C-Si link d, e cross-linking structure of Si-O-Si link e, f cross-
linking structure of Si-C-C-Si link f, g scission structure G of Si-O-Si main chain, h cross-linking structure f after scission chain, and i cross-
linking structure i after scission chain.

(a) three-chain cross-linking structure (J) (b) four-chain cross-linking structure (K)

Fig. 16 The typical multiple-chain cross-linking structures of the aged PDMS chains. a three-chain cross-linking structure (J) including Si-O-
Si and Si-C-Si links and b four-chain cross-linking structure (K) including Si-O-Si, Si-C-Si, and Si-C-C-Si links.
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Table 2. Details of the unaged and aged molecular models.
Molecular model  Number of chains
A B C D E F G H I J K
M1 20
M2 4 16
M3 4 16
M4 4 8
M5 4 8
M6 4 8
M7 4 16
M8 4 4 4
M9 4 2 2 1T 1 1
M10 1 1 2 2 2 2 2
M11 5 5
M12 4
M13 1 1 1 2 2 2

volume (FFV), hydrogen bonds (H-bonds), mean square displace-
ment (MSD) and self-diffusion coefficients, radius of gyration, glass
transition temperature, stress-strain curves, and diffusion behaviors

of 0,

molecules were extracted from the resulting the

equilibrated cells.
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