
INTRODUCTION

Since the discovery in the early years of the 20th century,

polydimethylsiloxane (PDMS) has been extensively applied

in many fields. To date, PDMS is still one of the polymers

which have the best thermal-oxidative stability. However, with

the rapidly increased demands of industrial developments, it

is found that PDMS become inacceptable for many applica-

tions in high temperature environment1. To enhance the high-

temperature stability, bulky groups has been introduced in

polysiloxanes to improve the thermal-oxidative stability2-9.

However, in fact, the industrial applications of these polymers

are always restricted by their complicated synthesis processes.

Besides designing novel materials, the heat-resistant additive

is another candidate that can be employed to improve the

thermal-oxidative stability of PDMS, which has attracted many

interests because of both the high efficiency and the simple

technical process.

Many kinds of heat-resistant additives have already been

synthesized and investigated during the past few decades10-12.

It is found that metal oxides, such as ferric oxide (Fe2O3), can

obviously improve the thermal-oxidative stability of PDMS

by restraining the thermal-oxidative degradation of side

groups13-15. However, the dispersion of inorganic metal oxides

in PDMS is always far from uniform. Therefore, a poor compa-

tibility of inorganic metal oxides with PDMS is also found.
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Ferrocene and its derivatives are another kind of heat-resistant

additives besides metal oxides. Different from inorganic metal

oxides, ferrocene and its derivatives have excellent compati-

bility with the polysiloxane matrix. The thermal-oxidative

stability of polysiloxanes is efficiently improved with just a

little addition of this kind of heat-resistant additives16-19.

However, most of these heat-resistant additives reported are

of low molecular weight. The high volatility of these low-

molecular weight additives shows large impact on the effec-

tiveness in restraining thermal-oxidative degradation20 and

obviously restricts their applications as heat-resistant additives.

Poly(ferrocenylsilane) has excellent thermal stability, fine

compatibility with PDMS and low volatility and can be used

as additive for PDMS.

Here in this paper, two facile synthesized polymers,

poly(ferrocenyldimethylsilane) (PFMS) and poly(ferrocenyl-

diphenylsilane) (PFPS), are employed as heat-resistant

additives for PDMS. (The chemical structures of PDMS,

PFMS, PFPS and ferrocene have been displayed in Fig. 2a,

respectively). The thermal-oxidative stability of PDMS,

PDMS/PFMS and PDMS/PFPS compounds are studied in

three aspects: molecular structure (structures of the side group

and the main chain), molecular size (molecular weight and its

distribution) and material properties (shear viscosity, the gel

time and weight loss).
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EXPERIMENTAL

Ferrocene and n-butyllithium (1.6 mol/L in n-hexane) are

purchased from Acros and used as received. Tetrahydrofuran

(THF), n-hexane and toluene are dried by refluxing over

sodium. Diphenyldichlorosilane (Ph2SiCl2), dimethyldi-

chlorosilane (Me2SiCl2), tetramethylethylenediamine (TMEDA)

and trimethylsilyl terminated polydimethylsiloxane are

purchased from Beijing Chemical Reagent Company. Ph2SiCl2

and Me2SiCl2 are purified with a fractional distillation process

before use.
29Si and 1H NMR are recorded on Bruker DMX-300 spec-

trometer at 300 MHz. Tetramethylsilane is used as an external

reference. Solid-state 29Si cross-polarization/magic-angle

spinning (CP/MAS) nuclear magnetic resonance is recorded

at 79.3 MHz at room temperature, on a Bruker Avance III 400

spectrometer (Bruker instruments, Switzerland). The recycle

delay time and the contact time is 3 s and 5 ms, respectively.

The excitation pulse is Π/10 and the probe head is 4 mm.

The molecular weight and molecular weight distribution

are determined by gel permeation chromatography (GPC,

Waters 515 HPLC) at room temperature. The eluent is toluene

and the flow rate is 1 mL/min. The molecular weights and

molecular weight distribution is calculated against polystyrene

standards. The shear viscosities are recorded at 25 ºC with a

Wells-Brookfield cone and plate micro viscometer (progra-

mmable DV-II+ viscometer, Brookfield Engineering Labora-

tories, Stoughton, MA). Shear rate is adjusted by utilizing the

spindle (CPE-51: 1-768s1) in the viscometer depending on

the required torque. Thermogravimetric analysis (TGA)

measurement is carried out with a thermogravimetric analyzer

(Perkin-Elmer, Pyris 1 TGA, Boston, MA) in air. The heating

rate is 10 ºC/min and the flow rate is 30 mL/min. The weight

of each sample is about 5 mg and heating range is 50-800 ºC.

The isothermal gravity analysis (IGA) is conducted as follows:

3 mL PDMS is poured into a glass dish and places in an air-

circulation oven maintained at 300 ºC. The weigh change and

gelling time are determined.

Synthesis

1,1'-Dilithioferrocene-tmeda is prepared according to the

literature21

Synthesis of poly(ferrocenyldimethylsilane)22: The slow

addition of dimethyldichlorosilane (5 g, 0.027 mol) in 10 mL

THF to a refluxing THF solution of 1,1'-dilithioferrocene-

tmeda (0.03 mol) is followed by reflux for 5 h. Trimethyl-

chlorosilane (0.54 g, 0.005 mol) is then added at room

temperature and the reaction mixture is stirred for 0.5 h. After

removing THF and trimethylchlorosilane under vacuum, the

residue is extracted with 50 mL toluene and the extracts are

filtered. Then, the extracts is precipitated by addition of

n-hexane to yield the product to give 0.76 g of the polymer;

Mw (GPC) 3.6 kDa, Mw/Mn = 1.47. The NMR datas of the

sample are in total accordance with published data. 1H NMR

(ppm, C6D6): 0-0.56 (SiMe), 4.02 (C5H5), 4.09-4.26 (C5H4).
29Si NMR (ppm): -6.89.

Synthesis of poly(ferrocenyldiphenylsilane)22: The slow

addition of diphenyldichlorosilane (9.3 g, 0.036 mol) in 10

mL THF to a refluxing THF solution of 1,1'-dilithioferrocene-

tmeda (0.038 mol) is followed by reflux for 5 h. Trimethyl-

chlorosilane (0.54 g, 0.005 mol) is then added at room

temperature and the reaction mixture is stirred for 0.5 h. After

removing THF and trimethylchlorosilane under vacuum, the

residue is extracted with 100 mL toluene and the extracts are

filtered. Then, the extracts is precipitated by addition of

n-hexane to yield the product to give 1.3 g of the polymer; Mw

(GPC) 4.2 kDa, Mw/Mn = 1.56. 1H NMR (ppm, C6D6): 4.01

(C5H5), 4.08-4.36 (C5H4), 7.18-7.66 (C6H5). 
29Si NMR (ppm):

-12.5.

Preparation of PDMS/PFMS and PDMS/PFPS com-

pounds: A 0.05 wt % addition of PFMS or PFPS is added to

PDMS at 110 ºC and then stirred for about 1 h.

RESULTS AND DISCUSSION

The high environmental temperature will bring two

destructive processes to PDMS: (i) the thermal-oxidative

degradation of the side group and (ii) the depolymerization of

the main chain (the two processes have been displayed in Fig.

1, respectively). The previous destructive process is the results

of reactions of hydrocarbon groups which are bonded to the

silicon. This process is accompanied by profound changes in

the molecular structure of PDMS. The methyl group is oxidized

to hydroxyl group at first and then polycondensation between

hydroxyl groups results in long molecular chain, branched

structure and cross-linked structure. The latter destructive

process is caused by the reactions of siloxane bonds and

produces low-molecular weight, usually cyclic, polysiloxanes.

These low-molecular weight polysiloxanes are easy to volatize

and the volatilization brings the weight loss of PDMS. These

destructive processes in PDMS usually result in the changes

of molecular weight and shear viscosity.

Fig. 1. Main chain depolymerization and side methyl group thermal-

oxidative degradation

Thermogravimetric analysis of poly(ferrocenyldimethyl-

silane) and poly(ferrocenyldiphenylsilane): As displayed in

Fig. 2b, an obvious decrease in weight on the weight loss curve

of ferrocene has been observed from 100-170 ºC. The tempe-

rature of sublimation of ferrocene is 100 ºC and the sharp

decrease in the weight of ferrocene is induced by the subli-

mation. Otherwise, PFMS and PFPS start to lose weight at a

temperature beyond 300 ºC. These results suggest that PFMS

and PFPS have lower volatility than ferrocene.
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Fig. 2. Structure and TGA curves of ferrocene (FcH2), PDMS, PFMS and

PFPS in air

A well heat-resistant additive should have better thermal

stability than the matrix. It is found that the initial loss

temperature of PFMS and PFPS are higher than that of PDMS.

It indicates that PFMS and PFPS show better thermal stability

than PDMS.

Evaluation of molecular structure: The small polarity

of the C-H bond causes a high reactiveness when radicals are

present. The structure of the substituent of PDMS changes in

an environment containing high temperature and oxygen in

which radicals are formed. The methyl group is oxidized to

hydroxyl group and then polycondensation between hydroxyl

groups induces branched and cross-linked structure in PDMS.

These changes of the structures are displayed in Fig. 3.

From Fig. 3b, it is found that in PDMS, new peaks at

chemical shift 8.9, 12.5, 56.8 and 67.4 ppm, respectively, are

observed after ageing for 3 h at 300 ºC. When an end methyl

group is oxidized to hydroxyl group, its chemical shift in 29Si

NMR is at 8.9 ppm or 12.5 ppm. If a side methyl group is

oxidized to hydroxyl, a chemical shift at 56.8 ppm is observed.

When a side hydroxyl group reacts with other hydroxyl group,

the chemical shift corresponding to the product is at 67.4 ppm.

Nearly no evident change of structure has been observed in

the curves of PDMS/PFMS or PDMS/PFPS compounds after

ageing for 3 h.

From Fig. 3c, it is found that in PDMS, the relative peak

intensity of chemical shift at 56.8 and 67.4 ppm are enhanced

greatly when the ageing time increased from 3 to 48 h. A new

peak of chemical shift at 108.1 ppm, corresponding to silica,

is found. In PDMS/PFMS compounds, the peaks of chemical

shift at 8.9, 12.5, 56.8 and 67.4 ppm are found and they are

 

Fig. 3. 29Si NMR spectrum of PDMS, PDMS/PFMS and PDMS/PFPS

compounds after ageing for, (a) 0 h, (b) 3 h and (c) 48 h at 300 º in

air

similar to that of PDMS after ageing for 3 h. It indicates that

the thermal-oxidative degradation of PDMS is restrained by

PFMS. In addition, a new peak of chemical shift at 84.6 ppm

is observed and its corresponding structure is that a silicon

atom is attached by four O-Si bonds. No evident change of

molecular structure is observed in PDMS/PFPS compounds.
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From the results above, it is obviously that PFMS and

PFPS restrain the produce of hydroxyl group, branched structure

and cross-linked structure. The antioxidation of ferrocene to

PDMS has been investigated in previous literatures. To date,

its mechanism of antioxidation in high temperature is still

nknown. Usually, it is considered that the mechanism of

antioxidation of ferrocene to PDMS is similar to that of Fe2O3.

The thermal-oxidative degradation is a process of radical

reaction. Ferrocenyl group quenches radical and produces

carbocation which can not initiate the thermal-oxidative

degradation of methyl group. Therefore, the thermal-oxidative

degradation of methyl group is restrained. Phenyl group can

also quench radical and restrain the thermal-oxidative degra-

dation. PFPS with both ferrocenyl and phenyl group shows

better antioxidation to PDMS than PFMS.

Evaluation of molecular weight and its distribution:

The changes of molecular structure usually affect the mole-

cular weight and its distribution. Ageing-time-dependent

curves of molecular weight and molecular weight distribution

of PDMS, PDMS/PFMS compounds and PDMS/PFPS com-

pounds at 300 ºC in air have been displayed in Fig. 4, respec-

tively. From Fig. 4a, a sharp decrease in molecular weight is

observed in the curve of PDMS. This decrease in molecular

weight is mainly induced by the hydrolysis of the siloxane

bonds. After reaching a minimum, the molecular weight of

PDMS experiments a sharp increase. The increase of molecular

weight is caused by thermal-oxidative degradation of methyl

group and the formation of either a branched structure or cross-

linked structure23. The molecular weight experiences a slight

increase in PDMS/PFMS compounds and nearly no change is

observed in PDMS/PFPS compounds. The thermal-oxidative

degradation rate is determined by the slops of the curves.

Following the minimum point, PDMS had the largest rate

among the three materials. The thermal-oxidative degradation

rate of PDMS/PFPS compounds is less than that of PDMS/

PFMS compounds. It indicates that PFMS and PFPS show

well antioxidation to PDMS and the effectiveness of PFPS is

better that of PFMS.

As shown in Fig. 4b, rapid increase in the molecular

weight distribution of PDMS is found. The molecular weight

distribution increases slowly in PDMS/PFMS compounds and

nearly no change is observed in PDMS/PFPS compounds.

 

Fig  4. Ageing-time-dependent curves of PDMS, PDMS/PFMS and PDMS/

PFPS compounds. (a) molecular weight (weight-average) versus

the ageing time at 300 ºC in air, (b) molecular weight distribution

versus the ageing time 300 ºC in air

Evaluation of shear viscosity and gel time: The shear

viscosity, in the majority of cases, changes with the variation

of molecular weight and its distribution. Fig. 5 shows the rela-

tionship between the shear viscosity of the three materials and

the ageing time. The changes of the shear viscosity of the three

materials are similar to those of the molecular weight which

has been displayed in Fig. 4a. In PDMS, one first observes a

very sharp decrease in the shear viscosity and the shear visco-

sity reaches the minimum 670 mPa s at 2 h. After reaching the

minimum, the shear viscosity again increases largely and

reaches 1770 mPa s after ageing for 4.5 h. The shear viscosity

of PDMS/PFMS compounds increases slowly to 1340 mPa s

after ageing for 12 h. A slight decrease in shear viscosity of

PDMS/PFPS compounds is observed during 12 h. The small

change of shear viscosity of PDMS/PFMS and PDMS/PFPS

compounds is a result of a small change of molecular weight.

Fig. 5. Effects of ageing time on the shear viscosity. The ageing condition

was 300 ºC and air atmosphere

The gel time (GT) is an important parameter to evaluate

the antioxidation of PDMS. The GT of PDMS is just 6.5 h at

300 ºC in air. It increases to 48 h with the additive of PFMS.

The PDMS/PFPS compounds have shown the best stability

and the gel time increases to 312 h with a 0.05 wt % addition

of PFPS.
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Evaluation of weight loss: Besides the thermal-oxidative

degradation of side methyl group of PDMS, the depolymer-

ization of the main chain is the other important aspect that

must be considered in the investigation of the thermal-oxida-

tive stability of PDMS. The depolymerization of the main chain

produces volatile cyclic siloxanes and induces the weight loss

of PDMS. The weight loss of PDMS is evaluated by means of

isothermal gravity analysis (IGA) and TGA and the results

are shown in Fig. 6.

 

Fig. 6. Weight loss of PDMS, PDMS/PFMS and PDMS/PFPS compounds

at 300 ºC in air (a) is the IGA; (b) is the TGA and (c) is the DTG

The effects of the ageing time on weight loss of PDMS,

PDMS/PFMS compounds and PDMS/PFPS compounds at 300

ºC in air are displayed in Fig. 6a. The weight loss of PDMS/

PFMS compounds is less than that of PDMS when the ageing

time is less than 6 h. Polydimethylsiloxane/poly(ferrocenyl-

diphenylsilane) compounds show the least weight loss among

these three materials during 48 h. The important reason for

weight loss of PDMS at high temperature in nitrogen is that

the residue Si-OH or the adsorption water in PDMS results in

the depolymerization of the main chain by producing low-

molecular weight cyclosiloxanes9. In air, the hydroxyl group

which is formed by the oxidation of methyl group at high

temperature also results in the depolymerization of the main

chain. When PFMS or PFPS is added, the thermal-oxidative

degradation of methyl group is restrained and the number of

the hydroxyl group formed by the thermal-oxidative degra-

dation is reduced. This can be proved from the 29Si NMR curves

by Fig. 3. Therefore, the depolymerization of the main chain

and weight loss of PDMS decrease. Polydimethylsiloxane/

poly(ferrocenyldiphenylsilane) compounds show better

antioxidation and produce less weight loss at 300 ºC in air

than PDMS/PFMS compounds.

When the ageing time is more than 6 h, the weight loss of

PDMS is less than that of PDMS/PFMS compounds. It is

because that PDMS gels after ageing for 6 h. The cross-linked

structure suppresses the depolymerization of the main chain

and reduces the volatilization of the cyclic low-molecular

weight siloxanes.

The thermogravimetric curves and the derivative thermo-

gravimetric analysis (DTG) curves are shown in the Fig. 6b-c,

respectively. The initial weight loss temperature and maximum

weight loss temperature of PDMS/PFMS and PDMS/PFPS

compounds are higher than that of PDMS. It indicates that

depolymerization of main chain of PDMS is reduced by adding

PFMS or PFPS. The residue of PDMS/PFMS or PDMS/PFPS

compounds is less than that of PDMS and its main composition

is silica. Polydimethylsiloxane is oxidized more easily and

results in more silica which can not volatilize. The best

antioxidation of PDMS/PFPS compounds results in the least

residue among the three materials.

From results of weight loss above, it is found that the

thermal weight loss of PDMS/PFMS and PDMS/PFPS

decrease compared with that of PDMS, because PFMS and

PFPS enhance the antioxidation of PDMS and reduce the

depolymerization of the main chain caused by the hydroxyl

group.

Conclusion

Poly(ferrocenyldimethylsilane) and poly(ferrocenyldi-

phenylsilane) are employed as heat-resistant additives for

PDMS. Poly(ferrocenyldimethylsilane) and poly(ferro-

cenyldiphenylsilane) efficiently restrain the thermal-oxidative

degradation of methyl group and reduce the depolymerization

of the main chain of PDMS. The decrease in the depolymer-

ization of the main chain is a result of the reduction of hydroxyl

group formed by the oxidation of methyl group. Polydimethyl-

siloxane/poly(ferrocenyldiphenylsilane) compounds show

better thermal-oxidative stability than PDMS/PFMS comp-

ounds.

Vol. 24, No. 3 (2012) Thermal-Oxidative Stability of Polydimethylsiloxane  1145



ACKNOWLEDGEMENTS

The authors would like to thank the National Natural Science

Foundation of China (No. 50803070) for financial support.

The authors are also grateful to Prof. Zemin Xie of institute of

Chemistry, Chinese Academy of Sciences for his valuable sugg-

estions.

REFERENCES

1. R.N. Meals and F.M. Lewis, Silicone, Reinhold Publishing, New York

(1959).

2. W. Noll, Chemistry and Technology of Silicones, Academic Press, New

York (1968).

3. S.Y. Feng, J. Zhang, M.J. Li and Q.Z. Zhu, Silicone Polymer and its

Application, Chemical Industrial Press, Beijing, p. 94 (2004).

4. K. Fateh-Alavi, M.E. Nunez, S. Karlsson and U.W. Gedde, Polym.

Degrad. Stab., 78, 17 (2002).

5. H. Schroeder, Rubber Chem. Technol., 39, 1184 (1966).

6. M.B. Roller and J.K. Gillham, J. Appl. Polym. Sci., 16, 3073 (1972).

7. K.O. Knollmueller, R.N. Scott, H. Kwasnik and J.F. Sieckhaus, J. Polym.

Sci. A-1: Polym. Chem., 9, 1071 (1971).

8. M.B. Roller and J.K. Gillham, J. Appl. Polym. Ed., 17, 2623 (1973).

9. Z.M. Xie and Q.S. Li, Special Purpose Rubber Products, 4, 1 (1984).

10. Z.M. Xie, Q.S. Li and Q.Z. Wang, Acta Polym. Sin., 4, 215 (1979).

11. Q.S. Li and Z.M. Xie, Polym. Commun., 3, 208 (1986).

12. Z.M. Xie, Q.S. Li and J.T. Wang, Kexue Tongbao, 26, 988 (1981).

13. H.R. Baker and C.R. Singleterry, J. Chem. Eng. Data, 6, 146 (1961).

14. E.L. Warrick, O.R. Pierce, K.E. Polmanteer and J.C. Saam, Rubber

Chem. Technol., 52, 437 (1979).

15. J.M. Nielsen, J. Polym. Sci. Polym. Symp., 40, 189 (1973).

16. Z. Su, J. Appl. Polym. Sci., 73, 2779 (1999).

17. Y.L. Peng, Z.T. Su, J. Liu and D.S. Jiao, Silicone Mater., 19, 14 (2005).

18. J. Zheng, Z.T. Su and B.L. Cai, China Synth. Rubber Ind., 20, 296 (1997).

19. A.P. William and P. Pittsburgh, US Patent 2,979,482 (1961).

20. W.A. Richard and M.S. Harry, US Patent 3,002,989 (1961).

21. A.B. Fritz and N.J. Erlton, US Patent 3,352,781 (1967).

22. G.S. Tubyanskaya, R.I. Kobzova, E.M. Oparina, V.A. Zaitsev, A.A.

Egorova and B.K. Kabanov, Plast. Massy., 10, 21 (1969).

23. R.I. Kobzova, G.S. Tubyanskaya and E.M. Oparina, Khim. Tekhnol.

Topl. Masel., 14, 52 (1969).

1146  Liu et al. Asian J. Chem.


