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ABSTRACT: Random copolymer poly(dimethylsiloxane-co-diethylsiloxane) is synthesized through anionic ring-opening polymerization.

Two-component room-temperature vulcanization (RTV-2) silicone rubbers with excellent low-temperature resistance are prepared

using the poly(dimethylsiloxane-co-diethylsiloxane) and hydrosilicone. The mechanical properties of RTV-2 rubbers with different

formulas are investigated, and the optimized formula is obtained. Moreover, the curing kinetic analysis of RTV-2 silicone rubber

with optimized formula is conducted using in situ Fourier transform infrared spectroscopy. The obtained kinetic equations are used

to forecast the tack-free time at different temperatures. The results converge with the actually measured tack-free time. VC 2015 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42656.
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INTRODUCTION

Silicone rubbers have been widely used in recent years because of

their excellent chemical properties, such as resistance to ozone

and weathering, electrical insulating property, and excellent low-

temperature resistance.1–5 For example, high-molecular-weight

poly(diethylsiloxane) (PDES) possesses a low glass transition tem-

perature (Tg) of 21378C, which is the lowest for any known

polymer.6,7 However, a rigid crystal forms at temperatures below

2738C, and a conformational disorder in crystals at high temper-

atures limits the utilization of PDES.8–10 Poly(dimethylsiloxane)

(PDMS) also has a low Tg (21238C); however, it also has a tend-

ency to crystallize at 2408C. Various structural modifications

have been studied to obviate the crystallization of PDES or

PDMS. Copolymers of dimethylsiloxane and 3,3,3-trifluoropro-

pylmethylsiloxane are used as materials for processes at low

temperatures.7,11 The fluorinated group as a copolymerization-

modified chain undermines the crystallization of the dimethylsi-

loxane segment. Consequently, crystallization-free copolymers

with Tg as low as 21158C are obtained.7,12 Low- and high-

molecular-weight poly(dimethylsiloxane-co-diphenylsiloxanes) have

also been reported,13 in which the Tg is expected to significantly

increase because the intermolecular force of the phenyl group

is larger than those of the ethyl and methyl groups.13 Similarly,

poly(diethylsiloxane-co-diphenylsiloxane) and poly(diethylsil-

oxane-co-3,3,3-trifluoropropylmethylsiloxane),7 as well as poly-

(diethylsiloxane-co-ethylphenylsiloxane) and poly(diethylsiloxane-

co-methylphenylsiloxane),8 have been reported. In addition to the

aforementioned copolymers that bear two units, copolymers with

three and four units have also been prepared.6 As mentioned above,

whether PDES or PDMS possesses low Tg. This means random

copolymer of dimethylsiloxane and diethylsiloxane should have

a low Tg. At the same time, random copolymerization could

avoid crystallization at low temperature. Silicone rubbers using

poly(dimethylsiloxane-co-diethylsiloxane) (PMES) as the gum

should have excellent property of low-temperature resistance.

However, only a few studies have been reported on PMES.

Curing is the key procedure in rubber processing. Curing kinetics

has great guiding significance for the usability and mechanical

property of the PMES-based low-temperature resistance silicone

rubber. Commonly used methods for the kinetics study of rubber

include physico-chemical methods,14,15 vulcametry,16–18 thermal

analysis,19–21 and spectrometry.22–24 The thermal effect of curing

is used as the basis in the thermal analysis of curing kinetics. A

new model was proposed to study isothermal vulcanization

through differential scanning calorimetry, which is defined by

da
dt

5kamð12aÞn; (1)

where a is the relative reaction degree, which can be expressed

as a 5 Qr/Qm, where Qm is the adjustable reduced parameter

and Qr is the heat generated in the isothermal reaction from

the unreacted state to the current state; m and n are the con-

stants that are unrelated to temperature; and k is the constant
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that is related to temperature.19–21 In spectrometry, the position

and intensity of absorption peaks of the groups involved in the

curing reaction change as the reaction progresses. Structural

changes and the curing mechanism can be deduced from the

changes observed through Fourier transform infrared spectros-

copy (FTIR). Hong et al.22–24 investigated the intensity change

in the absorption peak of an epoxy group during epoxy resin

curing using FTIR and simplified the model as:

da
dt

5kð12aÞn; (2)

where a is the ratio of integral areas of the absorption peaks, k repre-

sents the reaction rate constant, and n represents the reaction order.

k and n were calculated under different conditions. The kinetic

equation could be obtained combining this model with Arrhenius

equation to provide important guidance to practical application.

In this work, low-molecular-weight PMES copolymers (usually

under a viscosity of 8000 mPa s) were synthesized through ani-

onic ring-opening polymerization. Then, dehydrogenation cure

two-component room-temperature vulcanization methylethylsi-

licone rubbers (RTV-2-MESR) were prepared using PMES and

hydrosilicone. The low-temperature and mechanical properties

were characterized.

Moreover, the curing kinetics was studied with in situ FTIR

using eq. (2).

EXPERIMENTAL

Materials

Octamethylcyclotetrasiloxane (D4) was purchased from Zhejiang

Xinan Group Corporation (Hangzhou, China). Hexaethylcyclotrisi-

loxane (DEt
3 ) was purchased from Weihai Xinyuan Chemical

(China). Silica (S600) was supplied by Shenyang Yongxin Chemical

(China). Hydrosilicone oil (1.4 wt %) was supplied by Jinan

Ruiyuan Chemical (China). Dibutyltin dilaurate (DBTDL) was

obtained from Tianjin Damao Chemical Reagent Factory (China).

Synthesis of PMES

The PMES was prepared through anionic ring-opening poly-

merization. All glasswares were dried in an oven at 1508C for

more than 4 h. The polymerization was performed in a thor-

oughly cleaned and dried 500 mL, three-necked, round-bot-

tom flask. The D4 and DEt
3 were mixed in the flask, and the

catalyst (1% tetramethylammonium silanolate) was added at

908C. When the reaction mixtures became viscous, the end-

capping reagent H2O was added. The viscosity of the reaction

mixture decreased upon the addition of H2O. The mixtures

were kept at 908C for 5 h while stirring; random copolymers

were expected to be formed.25 A transparent and viscous liquid

was obtained upon the completion of the reaction. The residual

monomers and low-molecular-weight oligomers were removed

with vacuum distillation. The ring-opening reaction was per-

formed as follows:

Viscosity Test of PMES

The viscosities of PMES were tested with a NDJ-1 rotary vis-

cometer (Shanghai Precision Instruments) at 258C.

FTIR Spectra Analysis of PMES

FTIR spectra were recorded on a Bruker Tensor 27 FTIR spec-

trometer (FTIR; Bruker) in a range of 4000–400 cm21. Samples

were prepared as KBr pellets with 1% weight content.

Proton Nuclear Magnetic Resonance Spectra Analysis of PMES

Proton nuclear magnetic resonance (1H-NMR) spectrum was

recorded on a 300 MHz Avance-300 spectrometer (1H-NMR;

Bruker) with CDCl3 as a deuterated solvent.

Measurement of Molecule Weight of PMES

The molecular weights of the PMES were determined by gel

permeation chromatography (GPC; Water) with tetrahydrofuran

as the mobile phase, the flow velocity was 1.000 mL/min.

Preparation of RTV-2-MESR

The PMES is the gum for RTV-2-MESR. The gum and silica

were mixed, and then heated at 1208C for 1 h. Upon

cooling to room temperature, the mixture was divided into

two parts. The hydrosilicone oil (cross-linking agent) was

added to one part, and DBTDL (catalyst) was added to the

other part. The two components were mixed in different

proportions. Then, the mixtures were placed into the mold

for curing. After a week at room temperature, RTV-2-MESR

was obtained.

Mechanical Properties

The tensile strength and elongation at break of RTV-2-MESR

were measured with an XLD-A universal testing machine (Sec-

ond Experimental Machine Factory) in accordance with ASTM

D 412 at 258C. The tear strength was assessed in accordance

with ASTM D 624 in the same instrument.

Differential Scanning Calorimetry Analysis

The PMES and RTV-2-MESR were evaluated with a DSC 822

differential scanning calorimetry (DSC; Mettler). The specimens

were analyzed in the temperature range from 21508C to 508C

at a heating rate of 108C/min. The Nitrogen carrier gas flow

rate was 25 mL/min.

Figure .
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Dynamic Mechanical Analysis

The low-temperature performance of RTV-2-MESR was

evaluated using an SDTA 861e dynamic mechanical analyzer

(Mettler) in shearing mode. The specimens were analyzed at a

frequency of 1 Hz, a temperature range of 21508C to 508C, and

a heating rate of 38C/min.

Measurement of Tack-Free Time

The tack-free time was measured in accordance with ASTM C 679.

Kinetic Parameters and Kinetic Equation

The process of curing was investigated through in situ FTIR

with a Tensor 27 FTIR Spectrometer (FTIR; Bruker) under 50%

humidity. The PMES, the cross-linking agent, and the catalyst

were mixed well without silica. Then, the mixtures were applied

to KBr. The specimens were placed into the sample cell, and the

FTIR spectra were collected every fixed time.

RESULTS AND DISCUSSION

Analysis of PMES

Figure 1 shows the FTIR spectrum of PMES. The peaks at 1099,

2916, 2964, and 3700 cm21 corresponded to the stretching

vibration absorption of SiAOASi, ACH2, ACH3, and AOH,

respectively. The peak at 1263 cm21 corresponded to the defor-

mation vibration absorption of SiACH3, and that at 1412 cm21

corresponded to the scissoring vibration absorption of ACH2.

These data indicate that the synthetic polymer is polysiloxane

containing methyl, ethyl, and hydroxyl.

Figure 2 shows the 1H-NMR (300 MHz, CDCl3, ppm) spectrum

of PMES. The signals appearing from 0 to 0.2, 0.4 to 0.6, 0.8 to

1.0, and 2.3 to 2.4 ppm were assigned to SiCH3*, SiCH2*CH3,

SiCH2CH3*, and AOH*, respectively. These data verified the

results from the FTIR spectrum. Moreover, the molar contents

of methyl and ethyl can be calculated from the integral of the
1H-NMR spectrum.

PMES with different viscosities was synthesized using different

amounts of end-capping reagents. Table I shows the basic infor-

mation of PMES.

Figure 3 was the DSC measurement of PMES with the viscosity

of 6700 mPa s. The curve had only one thermal transition (glass

transition) at approximately 21338C. It indicated the PMES

Figure 1. FTIR spectrum of PMES with viscosity of 6700 mPa s.

Figure 2. 1H-NMR spectrum of PMES with viscosity of 6700 mPa s.

Table I. Basic Information of PMES

Sample Mn (g/mol)
Mw
(g/mol)

Viscosity
(mPa s) Yields (%)

Amounts of
H2O (g)a

Et2OSi :
Me2OSi

1 11,487 19,641 2000 72 1.13 21 : 79

2 25,398 38,732 4500 80 0.57 20 : 80

3 36,552 54,009 6700 89 0.28 20.5 : 79.5

a With 250.12 g D4, 56.03 g DEt
3 , and 5.91 g catalyst.

Figure 3. DSC curve of PMES with the viscosity of 6700 mPa s.
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had a very low Tg and no crystallization. The expected random

copolymers were obtained.

Mechanical Properties and Optimized Formula

The mechanical properties of RTV-2-MESR were studied at

room temperature (258C) by orthogonal design. Table II shows

the orthogonal design and test results.

The tensile strength, tear strength, and elongation at break

increased with increasing viscosities of PMES, and gum viscosity

was the most important factor affecting various mechanical

indices. Higher molecular weight corresponded to longer and

more flexible molecular chains, and thus better mechanical

properties. However, the excessive viscosity (usually higher than

8000 mPa s) of PMES resulted in poor fluidity, and made it

unsuitable for RTV-2-MESR.

The tensile strength and tear strength of RTV-2-MESR increased

with increasing quantities of silica. However, excessive quantity

of silica led to aggregation, which resulted in the poor

Table II. Orthogonal Design and Test Results of Mechanical Properties of RTV-2-MESRa

Factorsb

Test number
Gum
viscosities

Amounts
of silica

Amounts of
cross-linking
agent

Tensile
strength
(MPa)

Tear
strength
(kN/m)

Elongation
at
break (%)

1 2000 mPa s 10 phrc 2 phr 1.21 9.56 164

2 2000 mPa s 15 phr 4 phr 1.62 10.31 196

3 2000 mPa s 20 phr 6 phr 1.75 11.12 182

4 4500 mPa s 10 phr 4 phr 2.23 11.93 212

5 4500 mPa s 15 phr 6 phr 2.39 12.58 236

6 4500 mPa s 20 phr 2 phr 2.46 13.64 274

7 6700 mPa s 10 phr 6 phr 2.39 13.27 282

8 6700 mPa s 15 phr 2 phr 2.49 14.87 312

9 6700 mPa s 20 phr 4 phr 3.46 16.49 283

Tensile strength

K1 4.59 5.82 6.15

K2 7.08 6.51 7.32

K3 8.34 7.68 6.54

k1 1.53 1.94 2.05

k2 2.36 2.17 2.44

k3 2.78 2.56 2.18

R 1.25 0.61 0.38

Tear strength

K1 30.99 34.77 38.07

K2 38.16 37.77 38.73

K3 44.64 41.25 36.96

k1 10.33 11.59 12.69

k2 12.72 12.59 12.91

k3 14.88 13.75 12.32

R 4.55 2.16 0.59

Elongation at break

K1 542.01 657.99 750.00

K2 722.01 744.00 690.99

K3 876.99 738.99 699.99

k1 180.67 219.33 250.00

k2 240.67 248.00 230.33

k3 292.33 246.33 233.33

R 111.67 28.67 19.67

a Five samples used for each dataset in the mechanical testing, median was selected as testing value.
b Amounts of catalyst for all the testing samples were 1 phr.
c Parts per hundred rubber.
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performance and difficult processing of RTV-2-MESR. The

elongation at break decreased a little with 20 phr silica due to

the increasing hardness of RTV-2-MESR.

With increasing quantities of the cross-linking agent, the tensile

strength and tear strength of RTV-2-MESR initially increased and

then decreased. Excessive quantity of the cross-linking agent had

the effect of a chain extender instead of a cross-linking agent,

which decreased the mechanical properties of RTV-2-MESR.26 The

elongation at break increased with higher or lower amounts of

cross-linking agent, it could be inferred from the results that the

elongation at break increased with decreasing cross-linking density.

For highest tensile strength and tear strength, the formulas were

the same, that is viscosity of PMES, 6700 mPa s, 20 phr silica, 4

phr cross-linking agent, and 1 phr catalyst. The value of elonga-

tion at break was suitable with this formula, therefore this for-

mula could be considered as the optimized formula through

comprehensive comparisons using multiple compounds with

varying quantities of each material.

Low-Temperature Resistance Analysis of RTV-2-MESR

Figure 4 shows the dynamic mechanical analysis (DMA) meas-

urements of RTV-2-MESR prepared with the above optimized

formula. The DMA measurements were used to study the

low-temperature performance of RTV-2-MESR.27 The storage

modulus (E0) and the loss factor (tan d) are shown in Figure 4.

The E0 curve of RTV-2-MESR had only one thermal transition

and sharply decreased at approximately 21258C. This result

indicated that RTV-2-MESR was not crystalline. Moreover, the

loss factor (tan d) curve exhibited only one peak at approxi-

mately 21208C because of the glass transition. This result dem-

onstrated the significant low-temperature performance of RTV-

2-MESR, which may be attributed to the low Tg and no crystal-

lization properties of PMES.

Figure 5 shows the DSC measurements of RTV-2-MESR pre-

pared with optimized formula. The DSC curve verified the

results from the DMA measurement. It exhibited only one glass

transition temperature at approximately 21238C, and there is

no crystallization temperature.

Kinetics Analysis of Curing

In situ FTIR was used to investigate the curing of RTV-2-MESR.

In the cross-linking reaction of RTV-2-MESR, polycondensation

occurred between SiAOH and SiAH. The concentrations of

SiAOH and SiAH decreased as the reaction progressed. Further-

more, the FTIR spectrum showed that the integral area of the

absorption peaks of SiAOH and SiAH decreased as the reaction

progressed. The change in the integral area of the absorption

peak of SiAOH was used to investigate the polycondensation

reaction. Figure 6 shows the typical FTIR spectra of RTV-2-

MESR under varied curing time at 258C with optimized formula.

Using the internal standard method, the integral area of the

absorption peak of SiACH3 was used as a reference. The con-

version (a) was defined as:

a 5 12
ðA3700=A2964Þt
ðA3700=A2964Þ0

; (3)

where (A3700/A2964)t is the ratio of the integral area of absorp-

tion peak at 3700 cm21 (SiAOH) and the integral area of the

absorption peak at 2964 cm21 (SiACH3) at t time of reaction,

and (A3700/A2964)0 is the same ratio at the beginning of the reac-

tion. The optimized formula was selected to study the curing

Figure 4. DMA measurement of RTV-2-MESR.

Figure 5. DSC measurement of RTV-2-MESR.

Figure 6. The typical FTIR spectra of RTV-2-MESR under varied curing

time.
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kinetics. Figure 7 shows the typical FTIR spectra of RTV-2-

MESR under varied curing temperature at some point with

optimized formula. Figure 8 shows the time versus conversion

curves at different temperatures with the optimized formula.

According to eq. (2):

da
dt

5kð12aÞn;

where k represents the reaction rate constant, and n represents

the reaction order. Taking the natural logarithm processing of

both sides of the equation, we obtain

ln
da
dt

� �
5ln k1n ln ð12aÞ: (4)

Figure 9 shows the ln(1 2 a) versus ln(da/dt) curves.

The values of n and ln k were obtained through linear fitting.

Table III shows the values of n and k at different temperatures.

The values of n indicate the reaction obeys a second-order reac-

tion kinetic model, and the curing rate accelerated with increas-

ing reaction temperature. According to the Arrhenius equation,

k5A exp
2Ea

RT

� �
: (5)

Taking the natural logarithm processing of both sides of the

equation, we obtain

ln k5ln A2
Ea

RT

� �
: (6)

Figure 10 shows the ln k versus 1/T curve.

Through linear fitting, Ea 5 63.52 kJ/mol and ln A 5 23.19 were

obtained.

On the basis of previous analysis results, the RTV-2-SEMR cur-

ing kinetics equation can be expressed as:

Figure 7. The typical FTIR spectra of RTV-2-MESR under varied curing

temperature.

Figure 8. Time versus conversion curves at different temperatures.

Figure 9. ln(1 2 a) versus ln(da/dt) curves at different temperatures.

Table III. Values of n and k at Different Temperatures

Temperature (8C) n k (min21)

20 2.11 0.055

25 2.05 0.088

30 2.03 0.13

Figure 10. ln k versus 1/T curve.
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da
dt

5kð12aÞ2: (7)

Integrating both sides of the equation, we obtain

1/(1 2 a) 5 kt 1 C. When t 5 0, a 5 0; thus, C was computed

as 1. The equation can finally be expressed as:

1

ð12aÞ5kt11: (8)

Combining this equation with Arrhenius equation, we obtain ln

k 5 ln A 2 (Ea/RT).

The new equation containing time (t), temperature (T), and

conversion (a) can be expressed as:

ln t 5
7640

T
2ln

12a
a

2 23:19: (9)

Tack-free time is a very important time node. This time node

should correspond to certain conversion. When a 5 0.8, 0.85,

and 0.9, the corresponding curing time can be calculated at dif-

ferent temperatures. The calculation results showed that when

a 5 0.85, the calculated curing time gave the closest agreement

with the measured results.

Table IV shows the calculated curing time (a 5 0.85) and the

measured tack-free time at different temperatures.

The results indicated that the calculated curing time (a 5 0.85)

can be considered as the actual tack-free time with the opti-

mized formula. The study of curing kinetics may serve as a the-

oretical basis for actual industrial applications.

CONCLUSIONS

In this study, random copolymer PMES with different viscosities

was synthesized through anionic ring-opening polymerization.

Dehydrogenatively cross-linked RTV-2 silicone rubbers have

been prepared using the PMES. The DMA results show that

RTV-2 silicone rubbers have excellent low-temperature resist-

ance, because there is no crystallization and they have a Tg as

low as 21258C. The mechanical properties of RTV-2 silicone

rubbers with different formulas are investigated and the opti-

mized formula was obtained. In addition, the curing kinetic

analysis of RTV-2 silicone rubbers with optimized formula was

conducted by monitoring in situ FTIR spectra over time. The

results show that curing process is a second-order reaction, and

the activation energy, pre-exponential factor, and reaction rate

constant were obtained at different temperatures, then the

kinetic eq. (9) could be derived. Calculation results indicate that

when a 5 0.85, the calculated curing time gave the closest agree-

ment with the experimentally measured tack-free time. The

kinetic equation can be used to predict the tack-free time of

this curing process at different temperatures.
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