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SERHEAT T RAE; 2R L (DSC) #i%E T DTPES MY AEEAL T2 il PR AR+ et
SR HIERERMAE (PDTPES ), A TG-DTG 4741 T PDTPES BRI, IR 6 ik (Kissinger,
Ozawa. Achar, Cosat-Redfern, Friedman I Vyazonvkin-Weight 35 ) X Ig BIMEAT MBEAT TIRIT . 4550 %0,
FHEEF K 10 °C/min i, PDTPES #AE R S%AEE (Tys) 4 440 °C, 800 CRERHHR N 48.1%, shi
TN, AFSHTTRT, PDTPES WS MEIGILAE (E,) 43510 182.76, 181.53, 179.48. 179.45.
187.53 F1 178.33 kJ/mol, $8RTH T (4) 53514 1.05x10'%, 3.40x10", 3.79x10'%, 1.88x10", 5.73x10" F1 1.52x10"
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Preparation and Thermal Perperties of Polydodecyl-(triphenylethynyl) silane

WANG Yan-li, WANG Meng, CHEN Bai-bei, YE Li-hong, SU Hui, TAN De-xin"
( School of Chemistry and Chemical Engineering, Lingnan Normal University, Zhanjiang 524048, Guangdong, China )

Abstract: Dodecyltris (2-phenylethynyl) silane (DTPES) was synthesized via Grignard reaction of dodecyl
trichlorosilane and phenyl acetylene in the presence of magnesium and ethyl bromide. Its chemical structure
was characterized by Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance
spectroscopy (‘'HNMR, "CNMR, *’SiNMR). Its curing process was obtained by differential scanning
calorimetry (DSC). Subsequently, polydodecyl (triphenylethynyl) silane (PDTPES) was synthesized by
thermal polymerization of DTPES monomer. The thermal decomposition behavior was analyzed by TG and
DTG and the corresponding kinetics parameters and thermal decomposition characteristics were discussed
by six kinetics methods, i.e., Kissinger, Ozawa, Achar, Coast-Redfern, Friedman and Vyazonvkin-Weight
methods. The results showed that the decomposition temperature at 5% weight loss (7ys) of the resin was
440 °C and the char yield was 48.1% at 800 °C under a heating rate of 10 °C/min. The activation energy
E, and the pre-exponential factor 4 were 182.76, 181.53, 179.48, 179.45, 187.53 and 178.33 kJ/mol, and
1.05x10"2, 3.40x10'°, 3.79x10'%,1.88x10", 5.73x10" and 1.52x10'"' s!, respectively, by the above methods.
The thermal decomposition kinetics equation was also proposed.
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1.1 RFI5EE

e AR, IR RIS AR R A
Al ROBE. PUEIEM, REM AL TR A RA
Al ROH, INARISHEI BN BESk, UARTIRL
JeAb TR 5 $hig, E254E R AR A RA A

R, BMEAE MR IR A E] . DL R34k
AR,

Nicolet 380 U HL AR 21 4R, & [H
Nicolet /3 ; AVANCE AV-400 A% G AR P, 15
& Bruker A 1] ; Q2000 22/~ A4 - AT, & H]
TA /v F); STA 449F3 #453#74%, 72 [E NETZSCH 2~
F]; GSL 1700X HA3 5 A, S NERH SRR A R A .
1.2 DTPES HI& R

TEmEAART, ¥ 6.0 g BES (Jesy /Nl F ).
—/IVRERL, BERE TR 50 mL DY S A F)] 500 mL
SRR, 38 TE R T R S 22 12 % i 50 mL g
SRR 19 mL IR CRElR AW, THINTEEe)s, mi
13 3 h (JREAE 25~40 °C ), VWA HG, 1EVK
KU A2 M 50 mL PUS R IR AT 27 mL 2K 2R
AW, MR IR 3 h CREE 25~
30 °C o FERN IR HIG , FEUKIKIE T 2% 12 1 in
50 mL DUSHERGFI 24.5 mL + ket =S b IR &
W, WEMSEEEE A 3 h CIREETE 25~30°C ),
TP N HE, ZEIMA 60 mL HCl & (1
mol/L ), To Ml EJ5 A 40 mL HHRHFAT A 1R,
WYUGE Ve (FHZRBAKVE R P ). . oK &
TREG 1 . R ZER, SRR E R, KR
S K O R 2 K E A i, 15 5] DTPES F 8
K, FEEN 63.4%, AL IT R

)
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1.4 WX 5 RIAE

i E AR 4% (FTIR ) ML: SR KBr
JE R, (R4 B AR A Edk T, RS R
('"HNMR . “CNMR ., *’SiNMR ) 5 JH 8-S ik o fef 52
I 725 o A s FE B U0t A A 743 M Ho , "THNMR 400
MHz, "“CNMR 100.61 MHz, *’SiNMR 79.49 MHz,
TARED AER, TMS SHNFR ). 2ZnH i
Br (DSC) RMHZERE Q2000 43 HriX i E , THEH R
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95 °C/min, AAIHE N 20 mL/min. B AEHEEE
PEAEROT AT AT, FHEECR N 5,10, 15,20 °C
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ZEH~800 °C,
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Fig. 1 DSC curve of DTPES monomer
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ME 1 ATLIE S, BRES (T,) A 71 °C,
EEE M IREE (7). B IR EE (7,) MEZ L
IREE (Tp) 439K 315, 350 #1372 °C, W] DTPES
Ml B & A AR S R IR 255 244 °C, HZR
FRBIN T3 0 K 244 °C. Mk, @it B e
TERR P HIIRE T, A4 DSC £k fRAs sk [ 4L T
MR 315 °CREfL 60 min, 350 °CF [Efk
60 min, 372 °C F[&1k 30 min, #4%] PDTPES,
2.2 DTPES &5 HF

DTPES [E{LAT. J5 ) FTIR 3% E WA 2 iR,

3200 2400 1600 800
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K2 DTPES [#{LHT. =AY FTIR [
Fig. 2 FTIR spectra of DTPES and PDTPES
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BALJGTE 2169 em ™ AbWRRIG5E 45 2%, Ti7E 3061
1601 em ' bW SO AT FiF 18 i 3 2 ph T i Ak i
Hb gk % A= Diels-Alder 52 B3 = 5 I W B i B £
F5 ¥, Sastri ZEHI Ratio P2 1 /- M REAE Tk &
B, TSR N KRBT IR 3 2% AR
A B2 B B R 3R (4545 ) kI/mol; B AEAEE [
F R R (3245 ) kI/mol; & A PRER A B2 i b L
MK (27+ 2) kl/mol, AR X NI =K 2k
SR e T 7S o 3 = K PR IR Jot A AR B T R
PEATIFE, 2539 R TR 3k =28 W Lk e A+ 75 b
FE =R 2B R RE e 19 R IR A il S 4132
56.12 kJ/mol, J i #15 PR AL B 07 AT 24 ] e
I, DTPES MR E R % k4 Diels- Alder )2
Mo oA = RN, AL .

f R} : 0
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Cyclotrimerization  Diels-Alder reaction
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Fig.3 'HNMR spectrum of DTPES monomer
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Fig. 4 '*CNMR spectrum of DTPES monomer

H & 4 AI%1, DTPES H 3 ZHRF ARG X R 1) fh 2
PR+ 6 14.32~32.91 AbRIgEXT R+ —he e Y
WEF [ Si—(CH,);,—CH; J; 6 87.5 ALt 55
Tk L A 1) £ BRI ST ( Si—C=C ); 6106.5 4b
B W XoF R 5 2K A A 7 B £ R BRI ( Ph—
C=C); ¢ 122.35~132.81 Kb FAIE Xt I A 3R L Bl I 1 o

DTPES Ay SiNMR R UL 5. & e —
FHIE 4 6 —61.78 5 DTPES S iAk rh ik 51 7 i 4k 1)
fb2E b —3

Wit EaiE E ST AT AL, DTPES 8% 82l & o
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Fig. 5 *’SiNMR spectrum of DTPES monomer

2.3 PDTPES #AE# I BE 47

PDTPES W JgAEA 6] 1R H0R T ) $EE il 28
Kl 6,

& 6a 0l LIE H, BE THEHECRG M, A&
B it TR 1) R T 1 RS Bl AR B AE 400 °C
LI E, 800 °CRARM R 50%LEAT . LITHEHE RN
10 °C/min 15|, PDTPES W5 i 25 5% EE
(Tys) 9 440 °C, 800 °C FHEAFN 48.1%, BN
BB ELAT S0 A TR PR RE . PR =K 2 BRI R e
PR AN 205 3 =28 2 B SE R e IR 800 °C R 3%k 3R
1 80%/4 4712, 28] DTPES Bk & i 2 m ke
TRBEZEM, LS B IR R e Ph gy, (Hbe ik
TG A W R . AR PDTPES Y #R

SEPEAR T AN 2005 355 Wb B, (H SRR i J o5 71
CHMRT LIRF = IR OHFERERE (84 °C) ML=
ROHPFERERE (116 °C), JIn T8 1 AR AR T,
A DAAE AR A TR R A A & AR R R Al FO A
DTG ik (& 6b) AT LLE H, Bl THRER A 34,
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i SN B (RN, A IR TR SECH R R
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Fig. 6 TG(a) and DTG(b) curves of PDTPES at different
heating rates

2.4 PDTPES WEE# 53 HZEH

J T #E— A HRSE PDTPES (M1l , R
B 1205 BT A MR AR 3 T2 B8, RS
O fEALE

Kissinger #:P* frAb Bl ML , %0 T
BIUER T R FH A T 5 T fe K B R B il
FitAwE R, Ko rEm= (1) P,

In ﬁz =1n(A—Rj—i (1)
T3 E, ) RT,

A poATHRHEA, °C/min; T,°4 DTG £k ik
IR, K; 4 BEATHF, s E ARG ILRE,
kJ/mol; R AEE/RAARHF %L, 8.314 J/(K-mol),
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Ozawa LV AN IR -l 8 AR 7] 2k %0k
SKIFIEALRE, [RIREANTE 2555 18 SN AILEE i i ad 2 3K
FAET A R SN s AR RE, Jr R (2) s .

AE E
lgﬂzlg[ a j—0.4567 L2315 (2)
Rg(a) RT

Kb a HRER, %; T HRNIRE, K; g(a)H
R OB R K HALSEC B R R B, (HRFhJ7
AR A2 REC, R, o EER
(3) #A7E Lo

Wo — Wy

a=—-2=5L (3)
Wy — W,

Kb wo WEERMPILR &, mg; w, N ¢ IFZI i,
mg; w- AW IETE, mg.

f&Bh Kissinger F1 Ozawa 7%, Jf454& TG-DTG
B A hgnE 7. 8 Mizn. H Kissinger £
(& 7) A RIRAG S E, 2 182.76 ki/mol, 45
HIA T 1g4 4 12.02, /1 Ozawa ¥ (& 8) 8455
HALRIE 5%~80% N WA & I ZAH MR F, $ds UL
1, LMK RB AAE 0.9694 LI |, wEFGELR
1E 5%~80%1F >~ PDTPES W fig =50 b B, &
3 S TG AL REE (A R 181.53 kJ/mol, 5 Kissinger
AT

y=-21.98x+17.7

-104 7=0.9918
~ -108
Eﬂ-
S
g

-112F

-116F

128 130 132 1.34
(104K

B 7 Kissinger i In(8/T;)-10°/T, A2k
Fig. 7 ln(ﬂ/T;) Vs. 103/Tp by Kissinger

1.4

i a: 80% «——5%
) *o b dq v
12+ , .
)
1.0+ P\&\ ¥\ 4\ o
08}
12 13 1.4

(10YT)/K~

5 8 Ozawa % Ing-10%/T &
Fig. 8 Ingvs. 10%/T by Ozawa

%1 Ozawa 715 PDTPES $J3fifid B2 24
Table 1 Characteristic parameters of thermal decomposition
of PDTPES by Ozawa

al%  E,J(kJ/mol) ” al%  EJ(kJ/mol) ”
5 168.63 0.9805 50 180.80  0.9834
10 172.48 0.9843 55 183.02  0.9879
15 176.12 0.9747 60 18527  0.9851
20 174.52 0.9779 65 186.27  0.9860
25 178.16 0.9800 70 19217  0.9827
30 178.66 0.9757 75 19173 0.9849
35 176.93 0.9780 80 20133 0.9722
40 179.63 0.9749 | Average  181.53
45 178.76 0.9694

241 AR B E

AR 01 A5 1 2 8 B S50 pRI AR £(o0) FNRR 43 R B
g(o) XA B o it 3k A A T AL B A3 M B AL L R 45 3
() — Bl 7 o 38 H R [ — AL PR, BRIk
FFUMEIT B2 E E, F1 1gd 53 BIAGE il 2 0<E,<
400 kJ/mol, JFE R 5 Kissinger 1A 15 51 1g4,
Fee, WL (1g4 — 1g40)/1g4,|<0.2; 5 Ozawa it
FALB TG ILRE Epo HLEL, WL |(Eao — Eu)/Ew|<0.1,
i LA R BT KT 0.97, ik Hi i 2L A AR Bl
IR AR — BN E R BE R BLEE bR AP AR SOk
TG-DTG L T, o, da/dT R ARSHEN 47
FHLEE BRELA £(o) Fl g(a) 1%, R Achar 50k
Ml Coast-Redfern BB 8 s %28 E, M
lgd, BHE IR 2, MR I 45 S0 e 15 21 SE UL

1 3

A 26 5, B f() =§a5 Hle(a)=a .
242 FEBMEE

R T 2 SR A A 1 4 5 BB I A
P, R AR AL G s R R 0L 5 12Kt i 45 SR i
FTRIE . K AT Ib e SR Ak b e, AR A0
PLREFRT A ALER B A iz A 4 S R AILEECS) . AR SOR
JH Friedman* il Vyazovkin-Weight (V-W)ikPoIxf#E
RULA IR 1 26 S5 WU R BT T30 0E , HLAR T
Bz (4) 1 (5) Fis.

Friedman 7% ln(ﬂj—;}fj = —%+ In[Af(a)] (4)

VW i m(ﬁzjzm(ﬂj_i (s)
T E,g(a)) RT
X SEWBE A .
WG 2 Fhah 12 i B EAS S In(B-da/dT)-1/T
M In(B/T)-UT BhA gk, ik 9 10 fios ., it
TS AR [R5 A3 X Rz 5 AL B a2 3 iR
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Table 2 Parameters obtained by No.26 mechanism function

B/(°C/min) E,/(kI/mol) 1g4 2 ((Eao—Eo)/ En| [(1gA-1gA)/1gAy]
Achar 5 177.54 13.0197 0.9524 0.0220 0.0829
10 178.63 13.4643 0.9041 0.0160 0.1199
15 182.85 13.8444 09114 0.0073 0.1515
20 178.89 13.9848 0.8950 0.0145 0.1632
Average 179.84 13.5783 0.9157 0.0151 0.1294
Coast-Redfern 5 172.32 10.7701 0.9398 0.0507 0.1042
10 181.96 11.4206 0.9590 0.0024 0.0501
15 183.03 11.5570 0.9599 0.0083 0.0387
20 180.47 11.3536 0.9409 0.0058 0.0557
Average 179.45 11.2753 0.9499 0.0168 0.0622
o 80% <—— 5% %% 3 Friedman #ll Vyazonvkin-Weight #1845 8| (S50l
Ler Table 3 Parameters obtained by Friedman and Vyazonvkin-
Weight methods
g 241 1% Friedman Vyazonvkin-Weight
3 TR mol) 2 E./(k)/mol) 2
i—% 3.2+ 5 171.76 0.9624 165.70 0.9559
10 178.86 0.9322 169.48 0.9645
_40l \ 15 178.64 0.9187 173.16 0.9434
20 178.69 0.9430 171.36 0.9504
L L 25 182.97 0.8827 175.06 0.9549
12 13 . 1.4 30 173.36 0.9276 175.50 0.9454
(107K
35 178.39 0.9395 173.58 0.9504
19  Friedman % In(8-de/dT)-10°/T K 40 180.95 0.8675 176.34 0.9436
Fig. 9 In(f-da/dT) vs. 10°/T by Friedman 45 176.86 0.9728 175.37 0.9314
50 185.74 0.9090 177.42 0.9624
o: 80% <——5% 55 192.84 0.9859 179.67 0.9724
-102 F v 60 192.66 0.9526 181.96 0.9663
) R\ - 65 201.93 0.9528 182.92 0.9683
< \ 70 209.06 0.9551 189.04 0.9610
g -10.8 - N 75 196.33 0.8640 188.44 0.9657
= AN\ 80 221.45 0.8392 198.33 0.9376
Average 187.53 0.9249 178.33 0.9545
-114
F 4 6 M JiEr 1 5e PDTPES Mg A3l T2 58
. . \ Table 4 Kinetics parameters obtained by six methods of
1.20 1.28 1.36 1.44 PDTPES
a0/nK? Methods E./(kI/mol) oA s
& 10 Vyazonvkin-Weight ¥ In(8/T%)-10%/T [ Kissinger 182.76 12.0227 1.05x10'
Fig. 10 In(8/T%) vs. 10°/T by Vyazonvkin-Weight Ozawa 181.53 10.5311 3.40x10"
Achar 179.48 13.5783 3.79x10"
ME 9, 10 13 3 \TLLEH, @i AILE Coast-redfern 179.45 11.2753 1.88x10"
Friedman ! Vyazonvkin-Weight #3153 {fi PDTPES Friedman 187.53 H.7581 5'73”011
V-w 178.33 11.1811 1.52x10
B B #4A fif x FR 0 - 201G AR BE A B A 187.53 Al Average 181.51 11.7244 9.65%x10"!
178.33 kl/mol, 5 bFiRHAl 4 5k HAT 2R 25
HAIL RS, IFIEE 26 EHLHE R Y PDTPES MRIEZE 4, ¥ PDTPES WG i ad 72 v s ]

B NG LEE R N5 26 LB s A | 0 EHEPEYTE 18151 kl/mol MARHTIN -1
& 6 Mork RS T (et B, s T 0-65%10" s ARASU (6) b, 4351 PDTPES fifi#

lgd W3 4 s, ﬁ%ﬁ@@ﬁ%ﬁ%‘ . 1
3 T SRAR PDTPES AR & 1F F 4167 5 da _9.65x10 W%JM5MWJ£J2
JE BRI, W B T2 5 Archenius F 2 K- dr B RT 3
WL RS, AT S R (6) BT, .
3 #ig
da 4 E,
—:—exp[— )f(a) (6)
a7 g RT (1) LA e 5 = ARk e EokL, i
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it Grignard )7 B 21 il % DTPES, F= 445 #4 2 FTIR
Al NMR HHIE, %05 B REME S PRI 2 51 SR A iR A
TR S AR, BT Tk e =

(2) HFA4HT 7R, PDTPES RIASTE 1 iR %
10 °C/min T Tys 53R BE R 440 °C, 800 °C
T RIS ER 5 HTE 48.1%, WG LA B my ke & M
RENE 6 I = TR LA IR SR A T 2R, A
Tt v Yk 52 AR R AR

(3) i@t Kissinger, Ozawa, Achar, Cosat-
Redfern, Friedman Fll Vyazonvkin-Weight 353X 6 Ff
Ay it 501 0125 T DR AR IR B IR i i AL R B 73 )
Jy 182.76 . 181.53 . 179.48 . 179.45. 187.53 i
178.33 kJ/mol, IHALREAH 22K AT+ 4 51 K
1.05x10".3.40x10".3.79x10'% . 1.88x10" . 5.73x10"
M 1.52x10" 571, i BRAT A AR 26 S HLERREL,
R B AL B A% F B Je AR K, Har Ul fla) =

1 3

ga‘i; BN w@)=a?; PRS2

11 3 1
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