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Polydimethylsiloxane Rubber with Mechanical Adaptability Based
on Chain Extension in the Process of Crosslinking
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ABSTRACT: The mechanical adaptive material is a kind of functional material that can effectively dissipate energy and suppress the
increase of its stress under continuous strain in a large deformation area, which are vital in artificial muscles, connection devices, soft
artificial intelligence robots, and other areas. Scientists have been working to broaden the platform of the material’s mechanical
adaptive platform and improve its mechanical strength by specific structure design. Based on it, we expect to introduce a mechanism
of energy dissipation from the molecular chain scale to further improve mechanical adaptability. We developed a liquid crystal-
modified polydimethylsiloxane rubber with mechanical adaptability based on chain extension in the process of crosslinking. Results
showed that liquid crystal (0.7 mol %)-modified silicone rubber can obviously dissipate energy to achieve mechanical adaptive
function, and the energy dissipation ratio of polydimethylsiloxane rubber (MQ), 4-propyl-4’-vinyl-1,1’-bi(cyclohexane)-modified
polydimethylsiloxane rubber (3CCV-MQ), and 4-methoxyphenyl-4-(3-butenyloxy) benzoate-modified polydimethylsiloxane rubber
(MBB-MQ) gradually decreases from 30 to 24%. Excessive thiol groups of liquid crystal-modified polydimethylsiloxane react with its
vinyl group to achieve the chain extension, which significantly improves the mechanical strength from 2.74 to 5.83 MPa and
elongation at break from 733 to 1096%. This research offers some new insights into improving the mechanical strength of silicone
rubber and is of great significance for the application of the mechanical adaptive material.

B INTRODUCTION mechanical energy dissipation behavior in polydomain nematic
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The mechanical adaptive material is a key material in liquid crystal elastomers in response to oscillating loading.

connection devices, artificial muscles, and other areas, which Although many research groups have done a lot of work on
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can effectively dissipate energy and suppress the increase of liquid crystall elastomerf, there. s very little pubhs}'led
stress under continuous strain in a large deformation area.'™® research on its mechanical adaptability, and the mechanical

Several attempts have been made to broaden the platform of ;j[rll)s;l§4ftzgerll)g:}el tlcr)l }}:1 re;lv_l(:;sd lll(t)iﬁtt:rf ::;z:z ?ees‘;:tras};zezdisnl
the material’s mechanical adaptability and improve its - g P » agINg
mechanical strength 78 We expect to introduce a novel energy resistance, weather resistance, and other excellent character-
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dissipation mechanism from the molecular chain scale to istics, our group has been committed to developing
further improve mechanical adaptability. Among them, liquid
crystal elastomers have become the forefront of recent research Received: July 19, 2022

due to their characteristic energy dissipation mechanism, Accepted: September 16, 2022
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which can undergo internal phase transition under external
stimulation.””"* Recently, Yu et al. developed 3D-printing
liquid crystal elastomer foams to enhance energy dissipation
under mechanical insult."> Frick’s group investigated the
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Scheme 1. Detailed Synthesis Processes of (a) 3CCV/MBB-Modified Polydimethylsiloxane and (b) 3CCV/MBB-MQ
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Figure 1. '"H NMR spectra of (a) 3CCV-modified polydimethylsiloxane and (b) MBB-modified polydimethylsiloxane in CDCl;. FT-IR spectra of
(c) 3CCV-modified polydimethylsiloxane and MBB-modified polydimethylsiloxane and (d) 3CCV-MQ_and MBB-MQ.

mechanical adaptive materials based on polydimethylsiloxane environments, and commercially available PDMS-based
to ensure the application of this material under harsh elastomers do not perform this function. In our previous
36591 https://doi.org/10.1021/acsomega.2c04560
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Figure 2. (a) GPC curves of a,@-vinyl-terminated polydimethylsiloxane and 3CCV/MBB-modified polydimethylsiloxane using THF as an eluent.
Viscosity curves of a,w-vinyl-terminated polydimethylsiloxane and 3CCV/MBB-modified polydimethylsiloxane (b) at a shear rate of 40 s~' against
temperature and (c) at 25 °C against shear rate. (d) Relaxation time of a,@-vinyl-terminated polydimethylsiloxane and 3CCV/MBB-modified

polydimethylsiloxane at 25 °C.

work, we developed several kinds of liquid crystal-based
organosilicone elastomers with mechanical adaptability, whose
mechanical tensile strength was up to 4 Mpa.32’ 3 However, the
production process of introducing the crosslinking system with
liquid crystal units as the crosslinking center in our previous
study is complicated, and it is very difficult to prepare large size
samples for practical applications.”* >

Hence, we developed a liquid crystal-modified polydime-
thylsiloxane rubber with mechanical adaptability based on
chain extension in the process of crosslinking by ingenious
structure design. This strategy not only realizes mechanical
adaptability from the molecular chain scale but also greatly
improves the mechanical strength of silicone rubber. The
structure of 3CCV/MBB-modified polydimethylsiloxane was
synthesized and characterized by nuclear magnetic resonance
hydrogen spectrum ('H NMR), Fourier transform infrared
spectroscopy (FT-IR), and gel permeation chromatography
(GPC). Apparent viscosity and relaxation time were performed
to study the rheological behavior of 3CCV/MBB-modified
polydimethylsiloxane. The stress—strain test indicates that
3CCV/MBB-MQ can dissipate energy to achieve mechanical
adaptive function and the mechanical adaptive platform of
3CCV-MQ is not as obvious as MBB-MQ, but it is clearer than
MQ. Excessive thiol groups of 3CCV/MBB-modified poly-
dimethylsiloxane react with its vinyl group to achieve the effect
of chain extension, which significantly improves the mechanical
strength and elongation at break of 3CCV/MBB-MQ
compared with MQ.*** It provides fresh insight into ways
to further improve the mechanical properties of silicone
rubber. Our findings make an important contribution to the
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development of elastomers with mechanical adaptability, which
is of great significance for the application of this key material.

B RESULTS AND DISCUSSION

The synthesis of 3CCV/MBB-modified polydimethylsiloxane
is divided into two steps: (1) synthesis of the 3CCV/MBB-
modified mercaptopropyl silicone oil prepolymer and (2)
ring—opening equilibrium polymerization of the 3CCV/MBB-
modified mercaptopropyl silicone oil prepolymer and a,w-
vinyl-terminated polydimethylsiloxane. In our early explora-
tion, the incompatibility between 3CCV/MBB and poly-
dimethylsiloxane leads to a serious problem of an incomplete
ring—opening equilibrium polymerization. Herein, We synthe-
sized 3CCV/MBB (0.7 mol %)-modified-terminated poly-
dimethylsiloxane by grafting 3CCV/MBB to hydroxyl-termi-
nated mercaptopropyl silicone oil prepolymer and then
reacting with a,@-vinyl-terminated polydimethylsiloxane with
the help of solvent. The detailed synthesis processes are shown
in Scheme 1. The composition of 3CCV/MBB-modified
polydimethylsiloxane is listed in Table S1.

As shown in Figure 1a,b, all the chemical shifts of "H NMR
spectra correspond to the structure of the polymer, indicating
that we successfully prepared 3CCV/MBB-modified poly-
dimethylsiloxane. In order to obtain complete grafting of
3CCV/MBB, we fed an excess of thiol groups. 'H NMR
spectra also do not show the vinyl peak of 3CCV/MBB, which
further indicates the grafting efliciency of 3CCV/MBB is
100%. Due to the low molar ratio of 3CCV/MBB-modified
polydimethylsiloxane, the integral area is of little significance.

https://doi.org/10.1021/acsomega.2c04560
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Table 1. Summary of M,, M,, M,, and PDI of &,w-Vinyl-Terminated Polydimethylsiloxane and 3CCV/MBB-Modified

ACS Omega
Polydimethylsiloxane
no. M,/(g/moL)
a,w-vinyl-terminated polydimethylsiloxane 38,700
3CCV-modified polydimethylsiloxane 51,900
MBB-modified polydimethylsiloxane 52,400

“Determined by GPC. “Determined by an Ubbelohde viscometer.

M,/ (g/moL) M,/(g/moL) PDI
84,000 51,200" 217
104,000 63,750" 2
131,000° 65,520° 2.5

In the FTIR-ATR spectra of 3CCV/MBB-modified
polydimethylsiloxane, the absorption peak near 1260 cm™ is
the symmetrical deformation vibration absorption peak of CH,
on Si—Me and the absorption peak near 784 cm™" is the plane
rocking vibration of CHj; and the stretching vibration
absorption peak of Si—C, respectively. The strong and wide
absorption peaks near 1080 and 1025 cm™ are the stretching
vibration absorption peak of Si—O—Si. The absorption peaks
near 1460 and 1410 cm™' are the antisymmetric deformation
vibration absorption peak of CH; and the shear vibration
absorption peak of CH,. The strong absorption peak near 2960
and 2930 cm™! is the C—H stretching vibration absorption
peak of CH; and CH, (Figure 1lc,d). All absorption peaks in
the FTIR-ATR spectrum can correspond to the structure of
silicone oil. Because of the low molar ratio of 3CCV/MBB of
3CCV/MBB-modified polydimethylsiloxane, the characteristic
peak of 3CCV/MBB in the infrared spectrum is not obvious.

3CCV/MBB-MQ was prepared by thiol—ene click reaction
of 3CCV/MBB-modified polydimethylsiloxane and polyme-
thylmercaptpropylsiloxane. The nano-silica (H2000) is used as
a reinforcing filler to improve the mechanical strength of
silicone rubber. Two different liquid crystal-modified silicone
rubber (3CCV-MQ and MBB-MQ) were prepared and
compared with MQ. Excessive thiol groups were used to
make sure that 3CCV/MBB is completely connected to
hydroxyl-terminated mercaptopropyl silicone oil prepolymer.
Therefore, in order to ensure that the crosslinking density of
the elastomers is basically the same, the amount of
polymethylmercaptopropylsiloxane for MQ_ should be reduced
as appropriate. The specific details are summarized in Table
S2.

We carried out GPC characterization to further study the
properties of 3CCV/MBB-modified polydimethylsiloxane.
Figure 2a shows that the GPC curve of 3CCV/MBB-modified
polydimethylsiloxane displays unimodal, demonstrating ex-
cellent equilibrium polymerization process. As shown in Table
1, the number average molecular weight (M,), weight average
molecular weight (M,,), and viscosity average molecular weight
(M,) of 3CCV/MBB-modified polydimethylsiloxane are larger
than a,w-vinyl-terminated polydimethylsiloxane, and the PDI
value of all silicone oils are around 2. Moreover, the M, and
M, of MBB-modified polydimethylsiloxane are larger than that
of 3CCV-modified polydimethylsiloxane. The reason is that
the molar ratio of 3CCV/MBB is completely consistent, but
the molecular weight of MBB is larger than 3CCV. The GPC
curves indicate that 3CCV/MBB-modified polydimethylsilox-
ane has been successfully prepared and the molecular weight
distribution is uniform. The PDI value is determined by the
method of equilibrium polymerization.

In order to further explore the rheological properties of
3CCV/MBB-modified polydimethylsiloxane prepared by us,
we measured the apparent viscosity of 3CCV/MBB-modified
polydimethylsiloxane at different temperatures and shear rates.
As shown in Figure 2b, the apparent viscosity of MBB-
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modified polydimethylsiloxane is highest at room temperature,
followed by 3CCV-modified polydimethylsiloxane and a,w-
vinyl-terminated polydimethylsiloxane. This can be attributed
to the difference in the intermolecular force of the liquid
crystal-modified polydimethylsiloxane. Although the molar
ratio of 3CCV/MBB is low, there are still interactions between
3CCV/MBB-modified polydimethylsiloxane, resulting in the
higher apparent viscosity of the system. In addition, the
apparent viscosity of MBB-modified polydimethylsiloxane is
higher than that of 3CCV-modified polydimethylsiloxane,
which indicates that the intermolecular force between MBB
with a large benzene ring structure is greater than that in
3CCV. When the temperature is higher than 60 °C, the
intermolecular force between 3CCV/MBB-modified polydi-
methylsiloxane is destroyed. The structure of the 3CCV and
MBB-polydimethylsiloxane is basically the same, so the
apparent viscosity of 3CCV and MBB-modified polydimethyl-
siloxane tends to be consistent. The apparent viscosity of all
samples decreases with increasing temperature. With the
increase in temperature, the activity of the polymer chain
segment increases, the intermolecular force is weakened, and
the fluidity of the polymer is enhanced. The intermolecular
force between 3CCV/MBB-modified polydimethylsiloxane is
also illustrated by the curve of viscosity with shear rate (Figure
2c). The apparent viscosity of all samples decreased with
increasing shear rate, exhibiting the shear thinning behavior of
a non-Newtonian fluid. As the shear rate increases, the polymer
segment orientation overcomes not only the entanglement
between the segments but also the intermolecular force
between 3CCV/MBB-modified polydimethylsiloxane. There-
fore, the viscosity of 3CCV/MBB-modified polydimethylsilox-
ane with shear rate shows a completely different trend
compared with @,w-vinyl-terminated polydimethylsiloxane.
The difference in viscosity with temperature and shear rate is
determined by the difference in the structure of the modified
polydimethylsiloxane.

The relaxation time experiment was performed to further
explore the structure of the polymer chain and its dynamics.
The relaxation time curves of all samples showed only two
peaks. Compared with @,w-vinyl-terminated polydimethylsilox-
ane, the relaxation time of 3CCV/MBB-modified polydime-
thylsiloxane is shorter. The relaxation time of MBB-modified
polydimethylsiloxane is shorter than 3CCV-modified poly-
dimethylsiloxane, which further proves that the intermolecular
force of MBB-modified polydimethylsiloxane is greater than
that of 3CCV. The worse the motion of the polymer chain, the
shorter the relaxation time (Figure 2d).

The proportion of crosslinking chains, dangling chains, free
chains, and crosslinking density in MQ, 3CCV-MQ, and MBB-
MQ are shown in Table S3. The proportion of crosslinking
chains in MQ is significantly lower than that in 3CCV-MQ and
MBB-MQ_ because 3CCV/MBB-modified polydimethylsilox-
ane has a residual thiol group, which leads to the increase of
crosslinking points of elastomers. The proportion of dangling

https://doi.org/10.1021/acsomega.2c04560
ACS Omega 2022, 7, 36590—36597
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chains and free chains in MQ_is significantly higher than in
3CCV-MQ and MBB-MQ. The explanation is that the
differences in intermolecular force between 3CCV/MBB-
modified polydimethylsiloxane lead to different spatial
structures of 3CCV/MBB-MQ. MQ_ has fewer thiol group
active sites than 3CCV-MQ and MBB-MQ, so there are more
free chains after crosslinking. The crosslinking density of all the
elastomers we prepared was around 0.95. By ensuring that the
crosslinking density of the elastomers is basically the same, we
eliminate the interference of crosslinking density on the
mechanical properties of the elastomers and study the
influence of liquid crystal types on the mechanical properties
of the elastomers.

The thermal properties of 3CCV- and MBB-modified
polydimethylsiloxane, 3CCV-MQ, and MBB-MQ_were inves-
tigated by DSC. Previous research has shown the glass
transition temperature (T,) of dimethylsilicone rubber is about
—123 °C, and it can crystallize near —100 °C.*>*' From Figure
3a, the T, of 3CCV-MQ and MBB-MQ has no change
compared with MQ, but the crystallization temperature of
3CCV- and MBB-modified MQ is higher than that of MQ. It
can be attributed to the fact that the intermolecular force of
3CCV/MBB affects the crystallization of pure polydimethylsi-
loxane, so the crystallization temperature of 3CCV/MBB-MQ_
is higher than that of MQ. Interestingly, MBB-MQ_starts
crystallization at —75 °C and 3CCV-MQ_starts crystallization
at —80 °C. As the interaction force between MBB is stronger
than that of 3CCV, MBB-MQ_starts to crystallize at a higher
temperature than 3CCV-MQ. For melting point (T,,), MQ is
not much different between 3CCV-MQ_and MBB-MQ. No
significant difference in the DSC curve of 3CCV/MBB-
modified polydimethylsiloxane was found compared with a,®-
vinyl-terminated polydimethylsiloxane.

TGA was used to explore the effect of 3CCV/MBB
modification on the thermal stability of dimethyl silicone
rubber. We can see from Table 2 and Figure 3b that the
thermal stability of 3CCV/MBB-MQ_ decreases to a certain
extent. The MBB-MQ_shows good thermal stability, and its
thermal decomposition temperature is higher than 350 °C.
However, the thermal decomposition temperature of 3CCV-
MQ is obviously lower than that of MBB-MQ. This can be
caused by the fact that the thermal stability of MBB benzene
ring structure is better than that of 3CCV cyclohexane
skeleton, so the 5% weight loss temperature, 10% weight loss
temperature, and maximum weight loss temperature of MBB-
MQ are higher than those of 3CCV-MQ. The dTG curve with
temperature further proves the difference in the thermal
stability of MQ, 3CCV-MQ, and MBB-MQ. As can be seen
from Figure 3¢, the thermal stability of 3CCV-MQ_is inferior
to that of MBB-MQ. In the process of heating, 3CCV/MBB
liquid crystal unit with the C—C bond as the skeleton
decomposes first, which affects the thermal stability of
dimethyl silicone rubber. In order to ensure the severe service
conditions of silicone rubber, we use liquid crystal units with
high thermal stability for modification.

We used a universal tensile testing machine to study the
stress—strain behavior of MQ, 3CCV-MQ, and MBB-MQ. As
shown in Figure 4a and Table 3, the mechanical strength and
elongation at break of 3CCV-MQ and MBB-MQ are
significantly higher than that of MQ, and the mechanical
adaptive platform of MBB-MQ is more obvious than that of
3CCV-MQ. In particular, the large benzene ring structure of
MBB leads to stronger intermolecular forces of MBB-MQ, so
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Figure 3. (a) DSC curves of MQ, 3CCV-MQ, MBB-MQ, a,w-vinyl-
terminated polydimethylsiloxane, and 3CCV- and MBB-modified
polydimethylsiloxane. (b) TG and (c) dTG curves of MQ, 3CCV-
MQ, and MBB-MQ.

Table 2. Summary of 5%, 10%, Maximum Weight Loss
Temperature and 800 °C Residual Weight

5% weight 10% weight maximum 800 °C

loss loss weight loss residual

temperature  temperature temperature weight
no. °C) °C) °C) (%)
MQ 425 493 704 19
3CCV-MQ 298 431 649 20
MBB-MQ 357 463 650 22

MBB-MQ _exhibits higher mechanical strength and elongation
at break compared with 3CCV-MQ. The mechanical strength
of MBB-MQ_is up to 5.83 MPa and the elongation at break is
more than 10 times its own length, which are higher than those
in our previous study.32’33 Similarly, the mechanical strength of
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Table 3. Summary of the Tensile Strength, Elongation at
Break, and the Shore Hardness

tensile strength  elongation at break  shore hardness

no. (MPa) (%) (HA)
MQ 2.74 + 0.0 733 + 18 14
3CCV-MQ 471 £ 0.1 974 + 22 15
MBB-MQ 5.83 + 0.15 1096 + 30 16

3CCV-MQ_is also up to 4.71 MPa, and the elongation at break
is more than 10 times its own length. The reason is as follows:
in order to ensure the complete graft of 3CCV/MBB, thiol
groups are excessive in the preparation of 3CCV/MBB-
modified polydimethylsiloxane, and in the process of further
click reaction, excessive thiol groups react with the terminal
vinyl group of 3CCV/MBB-modified polydimethylsiloxane to
achieve the effect of chain extension, which significantly
improves the mechanical strength and elongation at break of
3CCV/MBB-MQ compared with MQ. It also provides a novel
method for us to further improve the mechanical properties of
silicone rubber. In addition, we also measured the loading—
unloading energy dissipation ratio of MQ, 3CCV-MQ, and
MBB-MQ when the strain is in the mechanical adaptive region
(500%). The energy dissipation ratio, R = E,/(E; + E,), relates
the energy dissipated during the cycle to the energy absorbed
by the elastomers during loading. With the enhancement of
intermolecular force, the energy dissipation ratio of MQ,
3CCV-MQ, and MBB-MQ gradually decreases from 30 to 24%
(Figure 4b—d). When the strain is 1000%, the energy
dissipation ratio of MBB-MQ_is up to 38%, which is much
higher than that of 24% when the strain is S00% (Figure S2).
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The cyclic loading—unloading stress—strain curves prove that
the mechanical properties of the elastomers prepared by us are
reliable and stable (Figure S3). When tension is applied to
3CCV/MBB-MQ, the intermolecular force between 3CCV/
MBB-MQ_ can still dissipate energy to achieve mechanical
adaptive function. In the large deformation region, the increase
of stress under continuous strain is obviously suppressed and a
stress plateau region appears in the stress—strain curve. The
mechanical adaptive platform of 3CCV-MQ_ is not as obvious
as MBB-MQ, but it is better than MQ. Therefore, we believe
that the liquid crystal-modified dimethyl silicone rubber
mechanical adaptive function is expected to be used in
industrial applications as a soft connection system.

We investigate the viscoelasticity of MQ, 3CCV-MQ, and
MBB-MQ by DMA. According to the decreasing trend of
storage modulus and loss modulus, we can deduce that the T,
of MQ, 3CCV-MQ, and MBB-MQ is near —120 °C (Figure
Sa)b). The storage modulus of MQ_shows a sudden rise and
then decline trend at —90 °C, which is caused by the
crystallization of pure dimethyl silicone rubber. No such trend
is observed in 3CCV-MQ and MBB-MQ, which further proves
that the intermolecular force of 3CCV/MBB affects the
crystallization of pure polydimethylsiloxane. The variation of
storage modulus with the temperature at —40 °C corresponds
to T, on DSC. The storage modulus curves of 3CCV-MQ and
MBB-MQ are almost coincident from —70 to 50 °C, but there
are significant differences between T, and —70 °C. Combined
with DSC curves, we think that the difference is caused by the
different intermolecular forces between 3CCV-MQ and MBB-
MQ (Figure Sa). Figure Sb,c shows loss modulus and loss
factors curves of MQ, 3CCV-MQ, and MBB-MQ changing
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Figure S. (a) Storage modulus curves of MQ, 3CCV-MQ, and MBB-
MQ changing with temperature (b) loss modulus curves of MQ,
3CCV-MQ, and MBB-MQ changing with temperature (c) loss factor
curves of MQ, 3CCV-MQ, and MBB-MQ_changing with temperature.

with temperature, respectively. As shown in Figure Sc, the loss
factor of 3CCV/MBB-MQ above T,, is smaller than MQ,
which indicates that 3CCV/MBB modification can reduce the
damping performance of silicone rubber. The loss factor of
3CCV-MQ and MBB-MQ becomes smaller and smaller as the
temperature rises from T, to S0 °C. Moreover, the two curves
basically coincide, and there is no significant difference in
damping performance, which is also consistent with previous
results.

B CONCLUSIONS

In conclusion, we developed a novel strategy to prepare a
liquid crystal-modified polydimethylsiloxane rubber with
mechanical adaptability. The results show that the intermo-
lecular force between 3CCV/MBB-MQ can effectively
dissipate energy to achieve mechanical adaptive function, and
the mechanical adaptive platform of MBB-MQ is more obvious

than 3CCV-MQ. With the enhancement of the intermolecular
force, the energy dissipation ratio of MQ, 3CCV-MQ, and
MBB-MQ _gradually decreases from 30 to 24%. Excessive thiol
groups of 3CCV/MBB-modified polydimethylsiloxane react
with its terminal vinyl group to achieve the chain extension,
leading to obviously improved mechanical properties of
3CCV/MBB-MQ_ compared with MQ. This research pio-
neered a new method to improve the mechanical strength of
silicone rubber and provided guidance for the design and
preparation of new mechanical adaptive materials.
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