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Abstract-- A novel propyltri(phenylethynyl)silane monomer (PTPES) was synthesized with ethyl bromide, propyltrichlorosilane and 

phenylacetylene by Grignard reaction. The molecular structure was characterized by FT-IR, 1H-NMR, 13C-NMR, and 29Si-NMR. The 

poly(propyltri(phenylethynyl)) silane (PPTPES) was also prepared by thermal polymerization and the corresponding thermal degradation 

kinetics and mechanism were also studied with TG-DTG technology combining with model and model-free fitted methods. Results show 

that the activation energy and the pre-exponential factor were about Ea=219.69 kJ/mol and lgA=10.45 s-1 based on Kissinger, Ozawa, 

Coats-Redfern, Achar, Friedmen and Vyazovkin-Wight methods. The degradation mechanism obeyed 2D diffusion and the mechanism 

function were 
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1 INTRODUCTION 

    Nowadays the silicon-containing arylacetylenic monomers have received much attentions because of high-performance 

characteristics [1]. Numerous existing literatures have reported the silicon-containing arylacetylenic monomer with different 

substituents at the Si bood, such as alkyl, phenyl and vinyl groups [2-4]. Wrackmeyer divides the preparation of various 

alkynylsilanes into two methods. One is the sophisticated reactions with the rigorous reaction conditions and the expensive raw  

materials (e.g. ruthenium). The other is conventional reactions of commercial chlorosilanes with alkynyllithium or ethynyl 

magnesium reagents [5]. Yet these main synthetic routes are dehydrogenation coupling reactions between hydrosilanes and 

alkynic compounds using metal compounds as catalysts, which are difficult to commercial process. However, Grignard reactions 

are mild and reaction conditions are easily controlled, and some silicon-containing arylacetylenic monomers were also prepared 

by Grignard reaction:  methyltri(phenylethynyl)silane [6], vinyltri(phenylethynyl)silane, phenyltri(phenylethynyl)silane and 

diphenyl(diphenylethynyl)silane [7,8].  

    Study of thermal degradation characteristics helps us understand the thermal characteristics of materials. Currently, many 

researchers have studied the thermal degradation kinetics of polymers, such as polyimide, polycarbonate, bisphenol A and poly 

(ether ether ketone) [9-12] etc. To the best of our knowledge, very few papers have been appeared last years in the literature on 

the thermal degradation kinetics of arylacetylenic resins.  

In this study, we synthesized propyltri(phenylethynyl)silane monomer (PTPES) using propyltrichlorosilane and 

phenylacetylene by Grignard reaction and made a detailed discussion about thermal degradation kinetic of 

poly(propyltri(phenylethynyl)) silane (PPTPES) by thermal analysis. At the same time, the thermal degradation kinetic 

parameters were also calculated at different heating rates of 10, 15, 25, 30 oC/min and the thermal degradation mechanism was 

also proposed. 

2 EXPERIMENTAL 

2.1 Materials 

Propyltrichlorosilane and phenylacetylene was purchased from aike Reagent Company, China. Magnesium ribbons were 

supplied from Chengdu KeLong Chemical Reagent Company, China. Ethyl bromide and tetrahydrofuran (THF) were supplied 

from Tianjin Bodi Chemical Co., Ltd., China. Hydrochloric acid was bought from Reagent Chemical Industry Corporation of 

Shanghai, China. 
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2.2 Synthesis and cure of PTPES 

The magnesium ribbon, THF and iodine were introduced into a three-necked 125 mL flask with condenser, dropping 

funnel, stirrer and nitrogen. A solution of 5 mL ethyl bromide and 20 mL THF was dropwise added about 1 h and refluxed over 

3 h to produce ethylmagnesium bromide. 7.3 mL phenylacetylene and 20 mL THF were dropwise added in an ice-bath about 1 h 

and refluxed over 3 h to prepare the phenylethynylene Grignard reagent. Then, 3.3 mL propyltrichlorosilane and 25 mL THF 

were dropwise added in an ice-bath over 1 h and refluxed over 3 h. 1 mol/L solution of hydrochloric acid was gradually added 

and toluene and deionized water were used to wash until neutral, respectively. The solvent was distilled to get crude product and 

recrystallized in ethanol. PTPES was obtained (75.6% yield) (Fig. 1). 

Br-CH2-CH3 + Mg BrMg-CH2-CH3

BrMg-CH2-CH3 MgBr

SiCl

Cl

Cl

CH3

Si

H3C

 

Fig. 1 Synthetic routes of the PTPES 

PTPES was put into vacuum tube furnace for curing to obtained poly(propyltri(phenylethynyl)) silane (PPTPES). The 

curing temperature was on the basis of differential scanning calorimetry (DSC) curve at a scanning rate of 10 oC/min in nitrogen. 

The DSC curve was shown in Fig. 2 and the corresponding curing temperature program was following:  

75 oC/1 h    290 oC /2 h    330 oC /2 h    345 oC /4 h  

2.3 Characterization 

A Nicolet-380 Fourier transform infrared spectrometer with a pressing potassium bromide troche method was used to 

measure the typical FT-IR spectra of the dried PTPES. 1H-NMR, 13C-NMR and 29Si-NMR spectra of PTPES were traced on an 

AVANCE AV-400 Super-conducting Fourier Digital NMR Spectrometer (400 MHz for 1H-NMR, 100.61 MHz for 13C-NMR 

and 79.49 MHz for 29Si-NMR) using tetramethylsilane as an external standard in a CDCl3 solution. The TG analysis was carried 

out on NETZSCH TG449F3 simultaneous thermal analyzer. Samples weighing about 10.0 mg were heated from 25 to 800 oC in 

dynamic nitrogen environment, at different heating rates, 10, 15, 25 and 30 oC/min. The differential scanning calorimetry (DSC) 

study was performed on TA QA2000 in nitrogen atmosphere. 

 

Fig. 2 A typical DSC curve of PTPES at 10oC/min heating rate 
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3 Results and discussion 

3.1 Structural analysis of PTPES 
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Fig. 3 Structural information of PTPES (a: FT-IR, b: 1H-NMR, c: 13C-NMR, d: 29Si-NMR) 

 

FT-IR spectrum of PTPES is shown in Fig. 3a. The strong peak at 2157 cm-1 indicates the presence of C≡C, the presence of 

O-H is also apparent from the absorption at 3430 cm-1. The absorption bands at 2930, 2960 and 2970 cm-1 were assocated to C-H 

aliphatic stretching. Other characteristic peaks were as follows: 1491-1640 cm-1 (aromatic, C=C), 1067-1221 cm-1 (CH2-H), 

758-841 cm-1 (Si-C).  

1H-NMR spectrum of PTPES is shown in Fig. 3b. Duplet at low magnetic field (7.56 ppm) correspond to the orto-H of the 

ring integrating for 6 protons. The multiplet centered at 7.35 ppm is generated by meta- and para-H (total 9H). Respect to the 

aliphatic signals, the signal at low field (1.7 ppm, integrating for 2 H) should correspond to the CH3CH2-, while the multiplet at 

1.05 ppm should be associated to CH3 and Si-CH2 protons. The nucleus directly bond to the silicon atom are displaced to high 

field due the low electronegativity of this heteroatom. So, Si-CH2 protons usually appear with same displacement of a normal 

CH3 group. In a precise of NMR peak integration. the ratio of ethyl protons (m, 5H, CH3CH2-), aromatic hydrogen (m, 6H, 

PhH-C≡C) adjacent to ethynyl, methylene hydrogen (m, 2H, -CH2-) and other aromatic hydrogen (m, 9H, PhH) are in the ratio 

of 5:6:2:9.  

The 13C-NMR spectrum of the PTPES is described in Fig. 3c. The aliphatic assignations should be the following: C1 (16 

ppm), C2 (19 ppm) and C3 (17 ppm) (Si-CH2CH2CH3). The second acetylenic carbons appear as a pair of resonance at 87.40 

ppm and 106.88 ppm when bonded to the silicon and phenyl unit. The aromatic carbon can be assigned: quaternary-C (121 

ppm), meta-C (128 ppm), para-C (129 ppm) and orto-C (123 ppm). 29Si-NMR spectrum of PTPES is presented in Fig. 3d. The 

signal peaks assigned to the silicon were observed at -62.17 ppm. Based on the FT-IR, 1H-NMR, 13C-NMR, 29Si-NMR spectra, 

the results were in agreement with the structure of PTPES. 
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3.2 Thermal stability analysis of PPTPES 
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Fig. 4 TG-DTG curves of PPTPES at different heating rates  

3.3 Thermal degradation kinetic analysis of PPTPES 

3.3.1 Kissinger method 

The thermal degradation kinetic analysis of materials is studied comprehensively from thermogravimetric results (TG) 

[13]. Kissinger method is a commn differential method, which uses the following Eq. (1) can roughly estimate the activation 

energy through the absolute temperature at the maximum thermal conversion rate of derivative thermogravimetric (DTG) curves 

[14]. The equation is: 

2
ln ln a

p a p

ERA

T E RT
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                      (1) 

Where Tp is the peak temperature of DTG curve at different heating rate. According to the Kissinger method, the activation 

energies are calculated using the slope of the straight lines ln(β/T2) versus 1000/T (Fig. 5). The activation energy 218.66 kJ/mol 

and pre-exponential factor lgA=10.47 s-1 are obtained. 
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Fig. 5 ln(β/Tp2) vs Tp
-1 x103 of PPTPES by Kissinger 

3.3.2 Ozawa method 

The Ozawa method is the integral method, according to the same degree of conversion α corresponding to different 

temperatures at different heating rates to calculate the activation energy [15]. The equation is following Eq. (2): 

                           
RT

E
4567.0315.2)

)(Rg

AE
lg(lg aa 


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            (2) 

The characteristic parameters obtained are listed in Tab. 1 according to Fig. 6. It can be seen that correlation coefficient r2 

mostly exceeds 0.99 under the different degree of conversion α, indicating that the Ea values are reliable by Ozawa method. The 

average Ea value is 218.65 kJ/mol and the Ea results obtained by the Ozawa method are similar to the data from the Kissinger 

method (218.66 kJ/mol).  
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Fig. 6 lnβ vs Tp
-1x103 of PPTPES by Ozawa 

 

 

 

 Tab. 1 The characteristic parameters of thermal decomposition by Ozawa 

α Slope Ea(kJ/mol) R2 α Slope Ea(kJ/mol) R2 

0.05 -8.97 163.28 0.9993 0.55 -11.89 216.46 0.9948 

0.1 -8.02 146.05 0.9943 0.6 -10.93 198.93 0.9963 

0.15 -9.90 180.31 0.9955 0.65 -12.00 218.40 0.9939 

0.2 -9.71 176.76 0.9906 0.7 -12.99 236.46 0.9945 

0.25 -11.90 216.58 0.9974 0.75 -14.27 259.74 0.9922 

0.3 -10.82 196.92 0.9959 0.8 -15.73 286.39 0.9922 

0.35 -11.87 216.01 0.9964 0.85 -14.72 267.93 0.9949 

0.4 -10.84 197.39 0.9943 0.9 -14.06 255.90 0.9943 

0.45 -11.77 214.29 0.9963 0.95 -16.93 308.13 0.9931 

0.5 -10.90 198.44 0.9923 Average  218.65  

3.3 Evaluation of degradation mechanism 

3.3.1 Model fitted methods analysis 

Model fitted methods can determine the thermal degradation kinetic mechanism and function combined with 30 types of 

thermal degradation mechanism functions (Tab.2) [16]. The thermal degradation data from the TG curves at 10 oC/min heating 

rate is calculated by the Coast-Redfern [17] and Achar [18] model fitted methods (Tab. 3). Preserving the activation energy Ea to 

satisfy 0<Ea<400 kJ/mol [19], the probable kinetics model functions No. 9, 19, 20 are suitable. At the same time, the correlation 

coefficient r2 are close to 1 and Ea and pre-exponential factor A obtained were also approached with Kissinger and Ozawa 

methods.  

Tab. 2 Thirty types of thermal degradation mechanism functions 

Mechanism f(a) G(a) 

1 1/2a-1 a2 

2 -[ln(1-a)]-1 a+(1-a)ln(1-a) 

3 3/2[(1-a)-1/3-1]-1 (1-2a/3)-(1-a)2/3 
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4,5 3/n(1-a)2/3[1-(1-a)1/3]-(n-1) 

n=2,1/2 

[1-(1-a)1/3] 

n=2,1/2 

6 4(1-a)1/2[1-(1-a)1/2]1/2 [1-(1-a)1/2]1/2 

7 3/2(1+a)2/3[(1+a)1/3-1]-1 [(1+a)1/3-1]2 

8 3/2(1-a)4/3[(1-a)-1/3-1]-1 [1/(1+a)1/3-1]2 

9 1-a -ln(1-a) 

10-16 1/n(1-a)[-ln(1-a)]-(n-1) 

n=2/3, 1/2, 1/3, 4, 1/4, 2, 3 

[-ln(1-a)]n 

n=2/3, 1/2, 1/3, 4, 1/4, 2, 3 

17-22 1/n(1-a)-(n-1) 

n=1/2, 3, 2, 4, 1/3, 1/4 

1-(1-a)n 

n=1/2, 3, 2, 4, 1/3, 1/4 

23-27 1/n(a)-(n-1) 

n=1, 3/2, 1/2, 1/3, 1/4 

an 

n=1, 3/2, 1/2, 1/3, 1/4 

28 (1-a)2 (1-a)-1 

29 (1-a)2 (1-a)-1-1 

30 2(1-a)3/2 (1-a)-1/2 

Tab. 3 Calculated parameters obtained by Coats-Redfern and Achar methods at β=10oC/min 

Model Mechanism Ea(kJ·mol-1) LgA(s-1) R2 

Coast-Redfern 9 208.91 7.59 0.9839 

19 281.60 12.93 0.9716 

20 379.94 19.13 0.9723 

Achar 9 207.83 11.92 0.9826 

19 269.36 16.64 0.9683 

20 367.70 22.97 0.9708 

   According to the literature reported [20], The calculated Ea and pre-exponential factor A compared the Ea and lgA by the 

Coast-Redfern and Achar methods with the Eao obtained by the Ozawa method, lgAk obtained by Kissinger method, if they meet 

with the condition of |(Eao-Ea)/Eao|≤ 0.1, |(lgA-lgAk)/lgAk|≤ 0.3, the probable kinetic function is the best suitable kinetic 

degradation function. However, No. 9 is probable the best suitable kinetic model function. The average Ea values are 219.70 

kJ/mol and 220.49 kJ/mol and lgA are 8.28 and 12.60 s-1 and the |(Eao-Ea)/Eao| is 0.029 and 0.033 and the |(lgA-lgAk)/lgAk| is 

0.187 and 0.238 by the Coast-Redfern and Achar methods at different heating rates (Tab.4), respectively. All the results satisfy 

analytic conditions above mentioned. So No. 9 mechanism function is the right thermal degradation kinetic mechanism. 
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Tab. 4 No.9 mechanism function calculated parameters under different heating rate 

Model β Ea(kJ/mol) LgA(s-1) R2 |(Eao-Ea)/Eao| |(lgA-lgAk)/lgAk| 

Coast-Redfern 

10 208.91 7.59 0.9839 0.045 0.255 

15 217.89 8.17 0.9843 0.003 0.197 

25 223.58 8.54 0.9818 0.023 0.161 

30 228.42 8.81 0.9819 0.045 0.134 

Average   219.70 8.28 0.9830 0.029 0.187 

Achar 

10 207.83 11.92 0.9826 0.049 0.171 

15 218.80 12.64 0.9825 0.001 0.241 

25 224.59 12.79 0.9767 0.027 0.257 

30 230.77 13.05 0.9765 0.055 0.282 

Average   220.49 12.60 0.9796 0.033 0.238 

3.3.2 Model-free fitted method analysis  

    In order to further verify the reliability of thermal degradation kinetic mechanism, model-free methods are adopted for 

kinetic analysis. Two model-free methods are as follows Eqs. (3) and (4): 

Friedman method [21]:  
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Vyazovkin-Wight method [22]: 
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The corresponding calculated results were shown in Tab. 6 according to Fig. 7 and 8. It can be observed that the correlation 

coefficient r exceeds 0.99 (α range of 0.15-0.95), meaning that the calculated Ea values are reliable by Friedman and 

Vyazovkin-Wight methods, the average Ea is 224.60 and 216.05 kJ/mol, respectively.  
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Fig. 7 ln(βdα∕dT) vs Tp
-1x103 of PPTPES by Friedman 
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Fig. 8 ln(β∕T²) vs Tp
-1x103 of PPTPES by Vyazovkin-Wight 

Tab. 6 The basic kinetic parameters acquired by Friedman and Vyazovkin-Wight 

 

As a result, the activation energies calculated by model-free methods (Friedman and Vyazovkin-Wight) are similar to the data 

 Friedman Vyazovkin-Wight 

α Slope Ea(kJ/mol) r2 Slope Ea(kJ/mol) r2 

0.05 -16.53 137.45 0.9857 -19.21 159.50 0.9992 

0.10 -22.53 187.33 0.9883 -16.99 141.04 0.9932 

0.15 -25.03 208.10 0.9864 -21.30 176.80 0.9948 

0.20 -24.30 202.02 0.9965 -20.83 172.94 0.9902 

0.25 -24.00 199.57 0.9859 -25.85 214.59 0.9971 

0.30 -20.96 174.27 0.9825 -23.35 193.85 0.9953 

0.35 -23.05 191.64 0.9850 -25.74 213.71 0.9959 

0.40 -20.81 172.99 0.9901 -23.37 194.05 0.9935 

0.45 -23.23 193.14 0.9874 -25.50 211.67 0.9958 

0.50 -21.69 180.30 0.9784 -23.48 194.96 0.9912 

0.55 -22.90 190.36 0.9945 -25.74 213.69 0.9941 

0.60 -21.59 179.54 0.9912 -23.51 195.17 0.9958 

0.65 -32.91 273.63 0.9870 -25.96 215.48 0.9925 

0.70 -35.10 291.83 0.9872 -28.23 234.34 0.9938 

0.75 -39.48 328.23 0.9948 -31.15 258.62 0.9913 

0.80 -38.36 318.96 0.9319 -34.50 286.42 0.9914 

0.85 -29.82 247.96 0.9700 -32.12 266.70 0.9943 

0.90 -30.41 252.83 0.9926 -30.56 253.69 0.9936 

0.95 -40.56 337.25 0.9922 -37.07 307.72 0.9923 

Average  224.60   216.05  

http://www.jetir.org/


© 2019 JETIR May 2019, Volume 6, Issue 5                               www.jetir.org  (ISSN-2349-5162)  

JETIRBM06055 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org 357 
 

from the other four methods (Kissinger, Ozawa, Coast-Redfern and Achar method), indicating that No. 9 mechanism function is 

the credible thermal degradation kinetic mechanism. Namely, the mechanism is two-dimensional diffusion. The average Ea 

(218.66, 218.65, 219.70, 220.49, 224.60 and 216.05 kJ/mol) calculated by six methods is 219.69 kJ/mol. The average 

pre-exponential factor lgA (10.47, 8.28 and 12.60 s-1) is 10.45 s-1.  

CONCLUSION 

Propyltri(phenylethynyl)silane monomer (PTPES) was synthesized using the propyltrichlorosilane and phenylacetylene by 

Grignard reaction. The TG analysis showed that polymer PPTPES had high heat resistance property. Based on Kissinger, 

Ozawa, Coats-Redfern, Achar, Friedmen and Vyazovkin-Wight methods, the average activation energies Ea was 219.69 kJ/mol 

and average pre-exponential factor lgA is 10.45 s-1. The most probable mechanism for PPTPES was 2D diffusion. The thermal 

degradation mechanism functions of PPTPES were 
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