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characterization of silicone rubber
with high modulus via tension spring-type
crosslinking†

Linglong Feng, Shusheng Li and Shengyu Feng*

High-molecular-weight poly[(aminopropyl)methylsiloxane-co-dimethylsiloxane] (P2) and poly

[(aminoethylaminopropyl)-methylsiloxane-co-dimethylsiloxane] (P3) were synthesized through base

equilibration of 3-aminopropylheptamethylcyclo-tetrasiloxane orN-b-aminoethyl-g-aminopropylheptamethyl-

cyclotetrasiloxane with octamethylcyclotetrasiloxane. These materials were crosslinked with oligo

[(acryloxypropyl)methylsiloxane-co-dimethylsiloxane] (AP-PDMS) via an aza-Michael reaction to produce

novel silicone rubbers. Diaddition and triaddition reactions occurred between the aminopropyl groups of

P2 and the aminoethylaminopropyl groups of P3 with the acyl groups of AP-PDMS. This led to the higher

modulus of novel silicone rubbers prepared via “tension spring-type crosslinking” compared with that of

the silicone rubber prepared from poly[(piperazinylpropyl)methylsiloxane-co-dimethylsiloxane] (P1) via

monoaddition reaction. Crosslinking mechanism was proven by solid-state 13C NMR and Fourier

transform infrared spectroscopy. Curing characteristics were measured through cure curves conducted

on rheometry. The postcure conditions and the ratio of crosslinkers used were investigated in detail.

Analysis of mechanical properties showed that tension spring-type crosslinking improved the modulus of

silicone rubber based on P2 or P3.
1. Introduction

Silicone rubber is one of the most promising materials because
of its unique properties, including superior temperature and
chemical resistance, weather resistance, aging resistance, elec-
trical insulation, and biocompatibility.1–4 Silicone rubber has
been widely used in many elds, such as in aviation, electrical
industry, automobile manufacturing, and medical apparatus.5–9

In general, the modulus of silicone rubber is low, and a small
stress in the silicone rubber immediately causes a large defor-
mation, limiting its application to a certain extent, particularly
in the dynamic circumstance. The modulus of silicone rubber
can be improved by adding llers to rubber formulations. For
instance, silica is broadly used to prepare silicone rubber for its
good reinforcing effect.10,11 However, the capability of silica to
improve the modulus is limited. Fibers, such as berized blast
furnace slag bers or textile bers, have also been used to
prepare silicone rubber to good results, that is, the rubber
modulus is increased.12,13 However, other mechanical proper-
ties are reduced sharply, particularly the exibility of the sili-
cone rubber. Another way to improve the modulus is to increase
egated Materials, Ministry of Education,
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the crosslinking density, but this process also decreases the
elasticity, as well as other mechanical properties, of the silicone
rubber.14,15 The decreased elasticity is caused by the unxed
junction or the irregular distribution of crosslinking points that
leads to the low modulus of silicone rubber. Crosslinking
density has to be increased to improve the modulus. However,
high crosslinking density will not be benecial to disperse the
stress easily resulting in the rupture of chain segments. High
crosslinking density also restricts the chain segment motion
and decreases the average molecular weight between cross-
linking points (Mc), thus the poor exibility of silicone rubber.16

The classical type of crosslinking is formed by adding
crosslinking agent. The crosslinking points focus on the agent,
and this is usually called concentration crosslinking or external
concentration crosslinking.15,17 Given that concentration cross-
linking can improve the tear strength, it is widely used in
preparing common silicone rubber. Our strategy was to change
the molecular structures of base gums and cure these base
gums through internal concentration crosslinking, that is, more
than one crosslinking points are converged on every side chain
of base gums. The junction regularly focused on the main
chain, which looks like tension spring, of base gums. Thus, we
called it “tension spring-type crosslinking”. This crosslinking
would not decrease Mc when the crosslinking density is
increased, and the stress could be easily dispersed. Thus, the
modulus of silicone rubber was improved. Additionally, the
This journal is © The Royal Society of Chemistry 2017
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mechanical properties of silicone rubber, including elasticity,
would not be decreased.

We have previously prepared silicone rubber by reacting
piperazine- and acryl-substituted polysiloxanes via aza-Michael
reaction.18 This novel cure system is greatly advantageous
because it is free of catalysts and the absence of catalyst resi-
dues in the silicone rubber. Moreover, the cure temperature is
not too high. Thiol-ene reaction is also an efficient reaction,
which has been used widely in the architecture of polymers.19,20

However, catalyst is necessary in the reaction. Furthermore, the
reaction are initiated by UV light, which is limited by its poor
permeate ability to the inner part of reaction system.

Silicone rubber cured by aza-Michael reaction exhibited
excellent mechanical properties. When the piperazine group
content of the base gum was increased, the modulus increased,
whereas the tensile strength and elongation at break decreased.
Therefore, increasing the crosslinking density can improve the
modulus but reduce the elasticity. New molecular structures of
base gums were designed in this study to improve the modulus
and maintain other mechanical properties at a good level. Pol-
ysiloxanes containing aminopropyl or aminoethylaminopropyl
groups in the side chains were synthesized. These groups can be
centrally crosslinked during vulcanization through diaddition
or triaddition with acryl-substituted crosslinking via aza-
Michael reaction. The “tension spring-type crosslinking” was
formed and gave the novel silicone rubber higher modulus,
compared with that of the silicone rubber prepared from
piperazine-substituted polysiloxanes via monoaddition reac-
tion. The novel silicone rubber also exhibited favorable elas-
ticity and other mechanical properties.
2. Experimental section
2.1 Materials

The synthesis of poly[(piperazinylpropyl)methylsiloxane-co-
dimethylsiloxane] (P1) and oligo[(acryloxypropyl)methyl-
siloxane-co-dimethylsiloxane] (AP-PDMS) was described
detailedly in our previous article.18 Tetramethylammonium
siloxanolate was synthesized according to the published
procedure.21 (3-Aminopropyl)methyl-diethoxysilane and (N-b-
aminoethyl-g-aminopropyl)methyldi-methoxylsilane were ob-
tained as commercial products from Aladdin Co. (China) and
used as received. Octamethylcyclo-tetrasiloxane (D4), dimethyldi-
methoxysilane and diethoxydi-methylsilane were purchased from
Qufu Wanda Chemical Co., Ltd. and distilled before use.
Toluene (AR grade), magnesium sulfate (AR grade) and potas-
sium hydroxide (AR grade) were obtained from Diamond
Advanced Material of Chemical Inc. (China). The treated fumed
silica (TS-530) was supplied from Cabot.
2.2 Characterization and measurements
1H NMR, 13C NMR and 29Si NMR were conducted with a Bruker
AVANCE 400 spectrometer at room temperature, using CDCl3 as
the solvent and without tetramethylsilane as an interior label.
Solid-state 13C NMR were carried out on Bruker AV300 spec-
trometer. Fourier transform infrared spectra (FT-IR) were
This journal is © The Royal Society of Chemistry 2017
obtained with a Bruker TENSOR27 infrared spectrophotometer.
Each spectrum was recorded by performing 32 scans, in the
range of 4000–400 cm�1, with 4 cm�1 resolution. Gel Perme-
ation Chromatography (GPC)measurements were conducted on
a waters 515 liquid chromatograph (Milford, MA), using
a refractive-index detector 2414. Thermogravimetric analysis
(TGA) was performed on SDTQ600, from 30 �C to 800 �C, with
a heating rate of 10 �C min�1, under N2 atmosphere. The
content of amino groups were measured by chemical titration
according to HG/T 4260-2011 method. The cure curves were
performed on MDR-2000 Monsanto moving-disk rheometer
(Alpha Technologies). The mechanical properties of silicone
rubber were obtained from a WDW-5 universal testing machine
(KeXin Testing Machine Co., Ltd). The tensile testing was
measured through the ASTM D 412 method, using dumb-bell
shaped test specimens, at ambient temperature. The tear
testing was performed according to ASTM D 624 with right-
angled test specimens (QB/T 1130-1991). The hardness was
determined on Shore A durometer (Laizhou Huayin Research
Instruments Co., China) with ASTM D 2240 method. The
crosslinking density of silicone rubber was measured by the
toluene-swelling method.18,22

2.3 Synthesis of 3-
aminopropylheptamethylcyclotetrasiloxane (D3D

‒NH2)

Amix of (3-aminopropyl)methyldiethoxysilane (38.27 g, 0.2 mol)
and diethoxydimethylsilane (89.33 g, 0.6 mol) was added
dropwise to the solution of toluene (300 mL), distilled water
(280 mL) and KOH (4.14 g), under stirring in the ice water bath.
Then, the mixture was stirred at ambient temperature for 1.5 h,
and heated to reux for 3 h. When cooled to room temperature,
water layer was removed. The solution was washed with water
(200 mL) three times to remove the catalyst KOH. Then, it was
dried over MgSO4 overnight and ltered. The ltrate was
concentrated in a vacuum to remove all the solvents. A colorless
transparent liquid of 17.42 g was obtained at 94–96 �C under
reduce pressure (1 mmHg). Yield: 25%. 1H NMR (400 MHz,
CDCl3): [d, ppm]¼ 2.69 (t, 2H), 1.51 (m, 2H), 1.40 (s, 2H), 0.55 (t,
2H), 0.11 (m, 21H). 13C NMR (400 MHz, CDCl3): [d, ppm] ¼
44.99, 27.19, 14.00, 0.56, �0.92. 29Si NMR (400 MHz, CDCl3): [d,
ppm]¼�19.39,�20.17. ESI-MS: [M + H+]exp¼ 340.1342m/z and
[M + H+]calc ¼ 340.6915 m/z.

2.4 Synthesis of N-b-aminoethyl-g-
aminopropylheptamethylcyclo-tetrasiloxane
(D3D

‒NHCH2CH2NH2)

D3D
‒NHCH2CH2NH2 was synthesized for the rst time here. A

mix of (N-b-aminoethyl-g-aminopropyl)methyldimethoxylsilane
(41.81 g, 0.2 mol) and dimethyldimethoxysilane (73.07 g, 0.6
mol) was added dropwise to the solution of toluene (300 mL),
distilled water (280 mL) and KOH (4.02 g), under stirring in the
ice water bath. Then, the mixture was stirred at ambient
temperature for 1.5 h, and heated to reux for 3 h. When cooled
to room temperature, water layer was removed. The solution
was washed with water (200 mL) three times to remove the
catalyst KOH. Then, it was dried over MgSO4 overnight and
RSC Adv., 2017, 7, 13130–13137 | 13131
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Scheme 1 Synthetic route of the three kinds of base gums.
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ltered. The ltrate was concentrated in a vacuum to remove all
the solvents. A colorless transparent liquid of 9.78 g was ob-
tained at 128–132 �C under reduce pressure (1 mmHg). Yield:
13%. 1H NMR (400 MHz, CDCl3): [d, ppm] ¼ 2.89 (t, 2H), 2.77 (t,
2H), 2.69 (t, 2H), 2.43 (s, 3H), 1.61 (m, 2H), 0.56 (t, 2H), 0.10 (m,
21H). 13C NMR (400 MHz, CDCl3): [d, ppm] ¼ 52.61, 52.30,
41.76, 23.35, 14.39, 0.56, �0.97. 29Si NMR (400 MHz, CDCl3): [d,
ppm]¼�19.49,�20.29. ESI-MS: [M + H+]exp¼ 383.1756m/z and
[M + H+]calc ¼ 383.7593 m/z.

2.5 Synthesis of poly[(aminopropyl)methylsiloxane-co-
dimethyl-siloxane] (P2)

D3D
‒NH2 (1.14 g), D4 (360 g), were added to a three-neck ask

equipped with a stir bar and condenser. The mixture was hea-
ted to 40 �C and the pressure in the ask was vacuumed to 1
mmHg to undergo a dehydration process. Aer 0.5 h, tetrame-
thylammonium siloxanolate (4.35 g) was added to the ask under
dry argon atmosphere. Themixture was stirred at 80 �C for 4 h and
100 �C for another 5 h. Then, the system temperature was quickly
heated to 150 �C and kept at this temperature for 0.5 h to remove
the catalyst. Finally, by stripping of volatiles at 130–150 �C under
vacuum (1 mmHg), a colorless viscous uid product was obtained.
The weight of nal product is 298 g and the yield is 83%.

2.6 Synthesis of poly[(aminoethylaminopropyl)
methylsiloxane-co-dimethylsiloxane] (P3)

D3D
‒NHCH2CH2NH2 (1.28 g), D4 (360 g), were added to a three-neck

ask equipped with a stir bar and condenser. The mixture was
heated to 40 �C and the pressure in the ask was vacuumed to 1
mmHg to undergo a dehydration process. Aer 0.5 h, tetrame-
thylammonium siloxanolate (4.38 g) was added to the ask under
dry argon atmosphere. The mixture was stirred at 80 �C for 4 h
and 100 �C for another 5 h. Then, the system temperature was
quickly heated to 150 �C and kept at this temperature for 0.5 h to
remove the catalyst. Finally, by stripping of volatiles at 130–150 �C
under vacuum (1 mmHg), a colorless viscous uid product was
obtained. The weight of nal product is 302 g and the yield is 84%.

2.7 Preparation of silicone rubber

The mixing of all materials was performed on a two-roll mill.
Firstly, base gums were encapsulated on rollers. Then, rein-
forcing ller (silica TS-530) was added stepwise. The weight
ratio of base gums and ller was 100 : 60. This process took
about 0.5 h. Finally, the crosslinker (AP-PDMS) was added. Aer
uniform mixing, the mixture was put into a steel mold and
compression molded at 120 �C under a pressure of 10 MPa for
0.5 h. Then, the silicone rubber was placed in an oven at high
temperature for 4 h to accomplish curing (postcure process).
The silicone rubber samples were le at room temperature for
24 h before testing.

3. Results and discussion
3.1 P2 and P3 synthesis

P2 and P3 were synthesized using the method similar to that
used for P1; this method was described in our previous article.18
13132 | RSC Adv., 2017, 7, 13130–13137
Their general route is shown in Scheme 1. To produce P2 and
P3, D3D

‒NH2 and D3D
‒NHCH2CH2NH2 were synthesized to be

equilibration reacted with D4 using tetramethylammonium
siloxanolate as a catalyst. The aminopropyl- or aminoethyl-
aminopropyl-substituted cyclic compounds were helpful to
obtain high-molecular-weight polysiloxanes. The high-
molecular weight base gums were the prerequisite to obtain
a prepared silicone rubber with good mechanical properties.
The catalyst has the advantage of being removed easily because
it was decomposed at temperatures higher than 130 �C, and the
decomposition can be siphoned off in a vacuum, therefore
providing a simple and easy way to synthesize high-molecular-
weight P2 and P3.

D3D
‒NH2 synthesis was reported previously.23,24 D3D

‒NH2 was
prepared through hydrosilylation of allylamine with hepta-
methylcyclotetrasiloxane in the presence of chloroplatinic acid
as catalyst. The amino group on allylamine must be protected
because it could poison the catalyst and cause the catalyst to
lose activity. The amino group had to undergo a deprotection
process aer the hydrosilylation addition is completed to obtain
the nal product. Thus, the method is tedious. Here, we provide
a simple way to produce D3D

‒NH2. D3D
‒NH2 was synthesized by

cohydrolyzing (3-aminopropyl)methyldiethoxy-silane and
diethoxydimethylsilane in toluene and water at a molar ratio of
1 : 3. Hydrolysis reaction was catalyzed by potassium hydroxide.
The hydrolysate consists of cyclic and linear oligomers, and
pure D3D

‒NH2 was easily obtained through distillation at
reduced pressure. Our method was simple and easy to perform,
avoiding the use of expensive metal catalyst, and the tedious
protection and deprotection procedure. The chemical structure
of D3D

‒NH2 was characterized through nuclear magnetic reso-
nance (NMR) and mass spectroscopy (ESI†). The signal posi-
tions in 1H NMR spectrum exactly corresponded to the structure
of D3D

‒NH2. In addition, the ratio of each signal integration
conformed with the ratio of protons on D3D

‒NH2. The signals of
Si–CH3 and Si–CH2 were at 0.11 ppm and 0.55 ppm, and the
ratio of their integration was close to 21 : 2. That is, the ratio of
Si–CH3 and the aminopropyl group was 7 : 1. [M + H+]exp was
shown to have a value of 340.1342 in the mass spectrum. These
results indicated that D3D

‒NH2 has one aminopropyl group,
seven –CH3, and four silicon atoms. D3D

‒NH2 structure was
conrmed through 13C NMR and 29Si NMR spectra. Each signal
This journal is © The Royal Society of Chemistry 2017
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in the 13C NMR spectrum was consistent with the position of
carbon atoms on D3D

‒NH2, and each signal in the 29Si NMR
spectrum corresponded to the position of silicon atoms on
D3D

‒NH2. These results show that D3D
‒NH2 was successfully

prepared.
D3D

‒NHCH2CH2NH2 was synthesized for the rst time in this
study. The synthetic route of D3D

‒NHCH2CH2NH2 was similar to
that of D3D

‒NH2. The chemical structure of D3D
‒NHCH2CH2NH2 was

also conrmed through NMR and mass spectroscopy (ESI†).
The analysis was similar to the section above. The results from
several research techniques, including 1H NMR, 13C NMR, 29Si
NMR, and mass spectra, showed that D3D

‒NHCH2CH2NH2 was
successfully obtained.
3.2 Silicone rubber preparation

Novel silicone rubber with high modulus was prepared with P2
or P3 as the base gums, oligo[(acryloxypropyl)methylsiloxane-co-
dimethylsiloxane] (AP-PDMS) as the crosslinker, and silica (TS-
530) as the reinforcing ller. These materials were cured
through catalyst-free aza-Michael reaction. Primary amines
have the capability to react with two equivalents of acceptor.25

Thus, diaddition occurred between aminopropyl groups on P2
with an enough amount of acryl groups on AP-PDMS during
vulcanization. Every two crosslinking points were converged on
each side chain of the base polysiloxanes, which looks like
tensile spring [Scheme 2(a)]. Thus, this kind of crosslinking was
called “tension spring-type crosslinking”. This crosslinking
differed considerably from the common type of crosslinking,
which has irregularly distributed crosslinking points. The
junction concentration on the main chain of tension spring-
type crosslinking gave the silicone rubber high modulus and
favorable elasticity. The aminoethylaminopropyl groups in the
side chains of P3 were crosslinked via triaddition, as shown in
Scheme 2(b), also forming the tension spring-type crosslinking.

In general, increasing the crosslinking density can increase
the rubber modulus. However, if the crosslinking density is too
high, the average molecular weight between crosslinking points
(Mc) is decreased, and the rubber exibility also becomes poor.
Scheme 2 Crosslinking mechanism of the silicone rubber with high
modulus.

This journal is © The Royal Society of Chemistry 2017
High-crosslinking density also limited the activities of the chain
segments, and this is not benecial to disperse the stress. High
stress may easily lead to the rupture of chain segments,16 thus
resulting to poor mechanical properties of the rubber. The
tension spring-type crosslinking can solve this problem. Every
two or three crosslinking points focused on each side chain of
base polysiloxanes. The regular concentration of crosslinking
points will not decrease Mc when the crosslinking density is
increased. Thus, this type of crosslinking gives the silicone
rubber high modulus and good exibility and mechanical
properties.

The crosslinking mechanism was conrmed through 13C
solid-state NMR and Fourier transform infrared (FT-IR) spec-
troscopy. P2 or P3 with high amino group content was utilized
so they can be easily detected by the instruments. Comparison
of 13C NMR spectra of P2, AP-PDMS, and their cross-linked
elastomeric material is shown in Fig. 1. The molar ratio of
aminopropyl/acryl was 1 : 2. The two signals at 127.8 ppm and
128.9 ppm (label m, l), which were assigned to ethylenic carbons
on AP-PDMS, disappeared. This shows that acryl groups on AP-
PDMS were completely consumed aer Michael addition reac-
tion. The new generated group –N–CH2–CH2–COO– was detec-
ted in the elastomer. The new signals at 49.5 ppm and 32.7 ppm
(label n, o) was attributed to the carbons on –N–CH2–CH2–COO–
. The signal at 164.7 ppm (label k), which was assigned to
carbonyl carbon on AP-PDMS, shied to 171.4 ppm (label k0)
aer crosslinking. In addition, the signal at 45.3 ppm (label e),
which was attributed to carbon on NH2–CH2–CH2–CH2– of P2,
shied to 52.7 ppm (label e0) aer the addition reaction
occurred. These results showed that the elastomer was cross-
linked via aza-Michael reaction. Comparison of FT-IR spectra is
shown in Fig. 2. As shown, the amino group on P2 was not
present in the crosslinked elastomer. If only monoaddition
occurred, secondary amine was formed and can be detected.
However, no sign of secondary amine was found in the FT-IR
spectrum of the elastomer. Thus, diaddition occurred, and
the amino groups on P2 were completely consumed to form
tertiary amines. The structure of diadduct was consistent
Fig. 1 Comparison 13C NMR spectra of P2, AP-PDMS (in CDCl3) and
their cross-linked elastomer (solid-state).

RSC Adv., 2017, 7, 13130–13137 | 13133

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra00293a


Fig. 4 FT-IR spectra of P3 (bottom curve), AP-PDMS (middle curve)
and their cross-linked elastomer (top curve).

Fig. 2 FT-IR spectra of P2 (bottom curve), AP-PDMS (middle curve)
and their cross-linked elastomer (top curve).
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with the 13C NMR spectra above. Thus, P2 was successfully
crosslinked through the aza-Michael reaction of the amino-
propyl and acryl groups via diaddition.

Comparison of 13C NMR spectra of P3, AP-PDMS, and their
crosslinked elastomer is shown in Fig. 3. The molar ratio of
aminoethylaminopropyl/acryl was 1 : 3. The two signals at 127.8
and 128.9 ppm (label n, o), which were attributed to ethylenic
carbons on AP-PDMS, were not present in the elastomer. The
new group –N–CH2–CH2–COO– can be seen from the presence
of two new signals at 49.9 ppm and 32.8 ppm (label p, q). The
signal at 41.9 ppm (label e), which was assigned to carbon on
–NH–CH2–CH2–CH2– of P3, shied to 57.7 ppm (label e0) aer
the addition reaction occurred. The signals at 53.0 ppm and
Fig. 3 Comparison 13C NMR spectra of P3, AP-PDMS (in CDCl3) and
their cross-linked elastomer (solid-state).

13134 | RSC Adv., 2017, 7, 13130–13137
52.5 ppm (label f, g), which were attributed to carbons on NH2–

CH2–CH2–NH–, also shied to 54.0 ppm and 52.7 ppm (label f0,
g0) in the elastomer. These results indicated that P3 was cross-
linked with AP-PDMS via aza-Michael reaction. The comparison
of FT-IR spectra of P3, AP-PDMS, and their elastomer in Fig. 4
shows that amino groups on P3, including primary amine
(aminopropyl group) and secondary amine (aminoethyl group),
were completely consumed aer crosslinking. That is, dia-
ddition occurred in primary amine and monoaddition occurred
in secondary amine. Thus, P3 was crosslinked through the aza-
Michael reaction of aminoethylaminopropyl and acryl groups
via triaddition.

3.3 Cure–curve analysis

Cure–curve analysis, which is widely used to measure the
rubber's curing characteristics, was performed on a moving-die
rheometer. The rheometer measures the torque as a function of
curing time when the silicone rubber cures. The torque value is
Fig. 5 Cure–curve of the silicone rubber at 120 �C.

This journal is © The Royal Society of Chemistry 2017
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directly related to crosslink density of the rubber network.26,27

The cure curve of P1, P2, and P3 at 120 �C is shown in Fig. 5. In
the rst stage, the torque of all samples decreased because of
the soening effect of high temperature. This stage, which is
also called the scorch period or the induction stage, is very
short, and no crosslinking is assumed to occur during this
stage. The torque increased abruptly in the second stage.
Crosslinking reaction and network formation occurred during
this stage. The increasing rate of P1 torque is the fastest
compared with that of other torque; the order is P1 > P3 > P2,
and this can be attributed to the different reactivities of amino
groups on the three kinds of base gums. As shown from the cure
curve, the reactivity sequence of the three types of amino groups
was piperazine > aminoethylaminopropyl > aminopropyl. This
nding was consistent with previously reported result.28,29 In the
nal stage, crosslinking reaction was mostly completed, and the
torque remained constant. The order of the nal torque value
was P3 > P2 > P1, and the torque value was proportional to the
crosslinking density of the rubber. The three kinds of base
gums had the same content of side chains. However, P3 was
crosslinked via triaddition; thus, its crosslinking density is the
largest among the three. Meanwhile, P2 was crosslinked via
diaddition; thus, its crosslinking density was lower than that of
P3. P1 was crosslinked via monoaddition, thus, its crosslinking
density was the smallest among the three. These results indi-
cated that the base gums were cured and the rubber network
formed at 120 �C. In addition, P2 or P3 had high crosslinking
density because of multi-addition reaction.

3.4 Postcure condition

The aim of postcure was to complete the crosslinking reaction
and stabilize the performance of the vulcanizates. In the rst-
stage cure, the base gums, crosslinker, and ller were mixed
uniformly and cured at 120 �C for 0.5 h under a pressure of
10 MPa. Then, the silicone rubber was placed in an oven for
postcure process. In P1, the optimum postcure conditions were
160 �C for 4 h.18 However, the postcure conditions for P2 or P3
need to be researched because of the low reactivity of their
amino groups. Thus, the postcure temperature was increased to
accelerate the vulcanization process. The effects of different
temperatures on the mechanical properties of cured P2 are
Fig. 6 The effects of different postcure temperatures on the
mechanical properties of cured P2.

This journal is © The Royal Society of Chemistry 2017
shown in Fig. 6. The postcure time was 4 h. The mechanical
properties, including tensile strength, tear strength, modulus at
100% strain, and elongation at break, were all improved with
increasing postcure temperature. However, the mechanical
properties decreased when the temperature was higher than
190 �C, possibly because of aging. The aminopropyl groups on
P2 were easily reacted with one equivalent of acryl groups to
form secondary amines via aza-Michael reaction. However, to
continue reacting with acryl groups was difficult for the formed
amines because of the high steric hindrance. Thus, increasing
the postcure temperature to accelerate the diaddition reaction
was necessary. With the increase of temperature, the diaddition
reaction was close to completion, the crosslinking density
increased, and the modulus was also improved. When the
temperature was 190 �C, the modulus at 100% strain reached
maximum value, as shown in Fig. 6. The crosslinking reaction
was completed. This result illustrated that diaddition was
helpful to improve the modulus of silicone rubber. The
optimum postcure conditions of P2 were determined as 190 �C
for 4 h.

The effects of postcure temperatures on the mechanical
properties of cured P3 are shown in Fig. 7. The mechanical
properties were all improved with increasing postcure temper-
ature. When the temperature was 190 �C, the silicone rubber
presents optimal mechanical properties. Therefore, the post-
cure conditions of P3 were similar with that of P2, that is, 190 �C
for 4 h. This result can be explained by the reactivity of the
amino group. Reacting the primary amine and secondary amine
on aminoethylaminopropyl groups of P3 with one equivalent of
acceptor to form secondary amines and tertiary amines was
easy. However, the formed secondary amines had difficulty to
continue reacting with acceptor because of the increased steric
hindrance.30 This situation was similar to P2, and high postcure
temperatures were adopted to complete the crosslinking reac-
tion. Thus, the postcure conditions which were 190 �C for 4 h,
were the same for P2 and P3.

3.5 Proportion of crosslinkers

The effects of the amount of crosslinkers (AP-PDMS) used on
mechanical properties of cured P2 were investigated. The
optimum proportion of crosslinkers was found to be
Fig. 7 The effects of different postcure temperatures on the
mechanical properties of cured P3.
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Table 1 The effects of the ratio of crosslinkers on mechanical prop-
erties of cured P2

–NH2/–COCH]CH2

(mol mol�1)
1 : 1.5 1 : 2 1 : 2.25 1 : 2.5 1 : 3

Young's modulus
(MPa)

2.86 3.47 4.51 2.86 3.64

Modulus at 100% strain
(MPa)

1.82 1.96 2.18 1.86 1.98

Tensile strength
(MPa)

9.40 10.05 10.08 10.14 9.71

Tear strength
(kN m�1)

26.50 29.69 32.67 27.46 32.79

Elongation at
break (%)

488 509 510 507 488

Hardness
(Shore A)

63 64 65 63 65

Table 3 Molecular characterization of the base gums

Sample
Base
gum

Mw
a

(104) PDIa
N–H contentsb

(mol%)
Side chains
contentsc (mol%)

P1-0.07 P1 29.28 1.78 0.07 0.07
P1-0.13 P1 32.98 1.80 0.13 0.13
P1-0.24 P1 27.95 1.81 0.24 0.24
P2 P2 28.67 1.83 0.14 0.07
P3 P2 27.17 1.76 0.21 0.07

a Determined by GPC. b Determined by chemical titration. c Calculated
from the result of chemical titration.
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aminopropyl/acryl (mol mol�1) ¼ 1 : 2.25, as shown in Table 1.
In this case, the silicone rubber presented the best mechanical
properties, with tensile strength and tear strength reaching
10.08 MPa and 32.67 kN m�1. In addition, the modulus at 100%
strain reached the maximum value of 2.18 MPa. When the ratio
of crosslinkers used decreased, such as aminopropyl/acryl (mol
mol�1) ¼ 1 : 1.5, the amount of crosslinkers is not sufficient,
portions of the base gums were crosslinked through mono-
addition instead of diaddition; thus the modulus at 100% strain
decreased, and the mechanical properties were poor. When the
ratio of crosslinkers increased, such as aminopropyl/acryl (mol
mol�1) ¼ 1 : 3, parts of the base gums went through chain
extension instead of being cured, reducing the mechanical
properties. In conclusion, aminopropyl/acryl (mol mol�1) ¼
1 : 2.25 was the optimum ratio of crosslinkers used in P2.

The effects of the proportion of crosslinkers on mechanical
properties of cured P3 are shown in Table 2. As can be seen from
the data, silicone rubber exhibited good mechanical properties
when aminoethylaminopropyl/acryl (mol mol�1) ¼ 1 : 3.75. The
tensile strength was 10.14 MPa, the tear strength was 33.08 kN
m�1, and the modulus at 100% strain was 2.55 MPa. When the
amount of crosslinkers decreased, such as aminoethylamino-
propyl/acryl (mol mol�1) ¼ 1 : 3, portions of P3 were not cured
via triaddition, and the modulus at 100% strain decreased. When
excessive crosslinkers were used, such as aminoethylaminopropyl/
acryl (mol mol�1) ¼ 1 : 4.5, some of P3 underwent chain exten-
sion, and the mechanical properties were not satisfactory. In
Table 2 The effects of the ratio of crosslinkers on mechanical prop-
erties of cured P3

–NHCH2CH2NH2/–COCH]CH2

(mol mol�1)
1 : 3 1 : 3.5 1 : 3.75 1 : 4 1 : 4.5

Young's modulus (MPa) 3.51 3.38 4.27 3.17 2.74
Modulus at 100% strain (MPa) 2.21 2.17 2.55 2.22 1.96
Tensile strength (MPa) 8.26 9.24 10.14 9.53 9.46
Tear strength (kN m�1) 27.14 29.26 33.08 28.81 28.62
Elongation at break (%) 411 434 469 454 460
Hardness (Shore A) 64 64 65 64 64

13136 | RSC Adv., 2017, 7, 13130–13137
summary, the optimum ratio of crosslinkers used in P3 was
aminoethylaminopropyl/acryl (mol mol�1) ¼ 1 : 3.75.
3.6 Mechanical properties

The molecular characterization of the base gums is listed in
Table 3. Their molecular weight was very close according to gel
permeation chromatography measurement. P1, which was re-
ported in our previous article,18 is presented here for comparison
with P2 and P3. The mechanical properties of silicone rubber
prepared from these base gums are shown in Fig. 8 and
summarized in detail in Table 4. The N–H contents of P2 and P1-
0.13 were 0.14 mol% and 0.13 mol%. The N–H contents were
very close and can react with the corresponding equivalents of
acryl groups to form the similar crosslinking density. This was
reected in the almost same modulus of cured P2 and P3 at
100% strain. However, their exibility is different; the elongation
at break for P1-0.13 was 422% and was 510% for P2. This was
because P2 was cured via tension spring-type crosslinking. Dia-
ddition of aminopropyl groups enabled every two crosslinking
points to focus on each side chain of P2. The concentration of
crosslinking points increased Mc, and the silicone rubber had
good elasticity and satisfactory mechanical properties. This was
proven by the toluene-swelling measurement, which showed
that cured P2 has larger Mc than cured P1-0.13 (Table 4).
Fig. 8 Stress–strain curves of silicone rubber.

This journal is © The Royal Society of Chemistry 2017
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Table 4 Summary of mechanical properties of the silicone rubber

Sample P1-0.07 P1-0.13 P1-0.24 P2 P3
Young's modulus (MPa) 2.69 3.57 3.84 4.51 4.27
Modulus at 100%
strain (MPa)

1.31 2.19 2.91 2.18 2.55

Tensile strength (MPa) 9.77 9.15 8.15 10.08 10.14
Tear strength (kN m�1) 29.89 31.72 32.26 32.67 33.08
Elongation at break (%) 531 422 292 510 469
Hardness (Shore A) 61 64 65 65 65
Mc (g mol�1) 7852 6337 4668 7219 6594
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The N–H contents of P3 were close to that of P1-0.24, and
their modulus at 100% strain was also close. However, the
elongation at break of cured P3 and P1-0.24 was different, and
the gap was bigger than that of P2 and P1-0.13 because P3 was
crosslinked via triaddition reaction, and more crosslinking
points focused on the side chains. Thus, Mc increased as
shown in Table 4. Therefore, the strong effect of concentrating of
crosslinking points gave the silicone rubber of P3 high exibility.

P1-0.07, P2, and P3 had almost the same content of side
chains, and the elongation at break of their silicone rubber was
close. However, the silicone rubber of P2 and P3 had high
modulus at 100% strain because P2 and P3 were cured via
tension spring-type crosslinking through multi-addition reac-
tion, whereas P1-0.07 was crosslinked through monoaddition.
The increased crosslinking density improved the modulus of
cured P2 and P3. In addition, themodulus of cured P3 was higher
than that of P2 because P3 was cured through triaddition and
more crosslinking points formed. In summary, tension spring-
type crosslinking can improve the modulus of silicone rubber.

4. Conclusion

Novel silicone rubbers with high modulus were successfully
prepared through catalyst-free aza-Michael reaction via tension
spring-type crosslinking. The regular concentration of cross-
linking points on the side chains of base gums increased theMc.
The modulus at 100% strain increased from 1.31 MPa of cured
P1 to 2.18 MPa of cured P2 and 2.55 MPa of cured P3. Moreover,
the obtained silicone rubbers maintained the high exibility
and good mechanical properties. Overall, this tension spring-
type crosslinking shows a great advantage in improving the
modulus of silicone rubber.
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