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Fig.1 Synthesis of DOPO -PolyPOSS
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Table 1  Formulations of the EP composites
m( ¥ m m(Poly— w (Poly— effite Rl
Kei %)/ (DDM)/ POSS) / POSS)/ 4¥ ¥
g g g % %o K
EP-0 7.98  2.02 0 0 0 0
EP-1 7.91 1.99 0.1 1 0.105  0.095
EP-3 7.74 1.9 0.3 3 0.315  0.285
EP-5 7.58  1.92 0.5 5 0.525  0.475
EP-7 7.42  1.88 0.7 7 0.735  0.665
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POSS E.A7 78 W 45 48 1) 4 AiEH 1) &l 3 S DOPO -
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Table 2 MALDI-TOF data for DOPO - PolyPOSS

—on L,
Si it =
T gf Lk

1 S
2363( +H*) 2362 8 - 8 G
2652( +H*) 2651 9 - 9 %
2706( +K*) 2667 9 1 9 M
2953( +H*) 2952 10 0 10 GRS
3028( +K*) 2989 10 4 10 5
3275( +H') 3274 11 3 11 5 15
3032( +K*) 3293 11 5 11 gL
3601( +Na*) 3578 12 4 12 5
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X} DOPO - PolyPOSS J¢ H:FH % EP &2 & #4 kit
iRk, |/ 7 b EP & & AR PR H
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FLURI I i B0, A 38 TR R 5% B Y TR E
(Ts,, ) KRR FEHAR R (T,,.) VA 800°C Y
YR, LI H, DOPO - PolyPOSS 7£ 200 ~ 400 °C
by P £ 53 R QG DA s 1o ¢ 3 B N e
F i FR L) E — 25 B /K 45 ;400 ~ 580 °C, DOPO -
PolyPOSS JF 4 B 2Kk 5, X R F 43 F 2544 Hh A AL
FEAFNSi—O FEAY KL, BT i Padt R % | Rl DOPO
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L) 3% 1T g 2t T DOPO - PolyPOSS H1 5% 4 (14
Si—OH FLfil#DOPO -POSS = HYZ4 14 .
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NEE ARG Ty, 5 EP -0 124 ; 24 BRI A9 in A
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[ AT LA Y IABRIATRI IS AR AR &6 4 R
T, 5 EP-0 A2, 550, B BEAR A & i3
2 AR BR R R BT SRR B A

K T% B, B A kOB 800 °C 1Y FE B K B i )

24.94% KL T EP-0 #2551 45.9% .,
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B AERER R 2k T WA ] — LA /D tand
LR 3 M g BEZE DOPO - PolyPOSS fill A+ ff) 1
L, TAeThEE TR, M BEARI A Iy 3% i), T,
T B iKAH 179. 3 °C ., X AT REAE H T [ FRE R AR
Hiil A DOPO - PolyPOSS &, POSS 14 Wil 2% 4 411 il
TREYWEEZ ), KR AR IR SR 7,18
bl i s it — 25 1S BEAR 0 (4 fin A&, DOPO -
PolyPOSS 23 K AERAE IZ AR B B KA AR AL
RHAICNE , BELAS T 1400 A 1) T A S g, fofi 75 Ak A 1)
Tg[}%,ﬂf&[&—zoj R

%3  DOPO-PolyPOSS Al EP &2 A& #1 KK TGA Fl
DMA %4
Table 3 TGA and DMA data for DOPO -PolyPOSS and

EP composites

B Ty, /C T, /C T/
8] 5% yii/% g
DOPO -PolyPOSS 212.0 495.2 32.42 -
EP-0 370.7 379. 1 17.09 178. 4
EP-1 371.9 380.7 17.92 179.0
EP-3 371.1 380.3 24.33 179.3
EP-5 369.7 380.0 24.75 175.2
EP-7 367.8 380.2 24.94 173.6
2.5
e —EPO
----- EP-1
-------- EP-3
------- EP-5
“EP-7
0 . | . L 78 .
50 100 150 200 250

HLBEC
(a) BlfEHE

tan 6

%0 ‘ 100 ‘ 150 I 200v| 250
TRLREIC
(b) tan o

€8 EP/DOPO-PolyPOSS ffifi fER Al tans i 2k

Fig.8 Storage modulus and tané curves for

EP/DOPO - PolyPOSS

2.3 MEEEWMENSIEER

h 25 B BRI 0 AT R AN 2 e RE ) 5%
M), X 2l A S8 Big B L 52 4 R el 0 25 i 12 i
AT, 25 R F R 4 b, SEGEHEBRRAETES
FEARZ LA G 124 Mk RE AU B G AN TR] | 7 S0 2 A g
JE G o7 A 0 A P BB X L 4l A B A T ., 4
DOPO - PolyPOSS Il At~ 7% B, ¥1 58 B 1 7 e
sREE Sl g EE L Al B O 4B IR 1Y 69.9
99. 3 MPa F12. 45 GPa 43 Jill # /= %1 85.9,113. 4 MPa
H12.86 GPa, HLER IR 43 48 = 1 22.9% (14.2%
M116.7% , M4l EP Fl EP &£ & A 7 W i Y
SEM M F (& 9) H Al LU th, EP -0 Y W i G -
BN METERT R A BB G Z A AR
Wik S5 EP -0 AH LUADRS B2 B 3 . &= A 4k
01T SR R < I 12 TS e i< < Sl WG SRS
Sl 2k s ih 2480 e R BLAR 24800 & e
AT AR IR B I A, AR 9 38 AT LLE:
S BEAR I A = AK T 3% B, DOPO - PolyPOSS
£ EP SLR 3550 4 80, WA H B BE R ) 1 3R AR
%o MIMA R IE— ST, DOPO - PolyPOSS i 3i
TRSE, 16 EP-7 (Wi - nT DL 5 R £ oK 9%
FIBEIAFI ik: . DOPO — PolyPOSS F& T A 2 1 31 41
WERE 2P e i Jir DR 2 8 I 45 10 A S AR T POSS
SrF I PER 1, KK$EE T DOPO - PolyPOSS £
EP H 20 5HERE , R NI POSS 7% 44 i i 2]
THESRMVER"

# 4  EP M EP E A MR GE

Table 4 Mechanical properties of pure EP and EP composites

B L sREE/ MPa Sl E/GPa FLAfHRSE/MPa
EP-0 99.3+2.4 2.45+0.01 69.9 5.9
EP-1 103.5 3. 64 2.69 0. 03 79.0 £1.04
EP-3 103.5 +2.21 2.65 +0.03 81.12.57
EP-5 109. 6 £3.57 2.75 £0.02 78.8 £6.38
EP-7 113.4 2. 11 2.86 0. 02 85.9 +6. 50

2.4 HEEEWRIBIBEBAIERE

K H LOT A1 UL —94 328 3Fe Aiff 53 34 A i [ 1k
Yt BRIAMERE TR 45 S5 TR 5 th, FR S5 WL
A, Fifi DOPO - PolyPOSS Jill A f 3 K, Z4 AL i i
() LOT 18 % M\ 2l 44 5 1Y 25. 5% 42 %5 %) EP -5 (1)
32.7% SRIG IR Z EP -7 11 30.4% ., 5 EP -0 #f
I, EP-5 (%) LOI {E#2 5 T 28.2% , M UL-94 f%
SR LU A BRI S |, P08 B 525 b R A
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Fig.9 SEM micrographs of fractured surfaces of EP/DOPO—-PolyPOSS composites

%5 EP I EP 5B LOL Al UL-94 3 EALERUE
Table 5 LOI and UL-94 vertical burning results for EP

and EP composites

FEAh LOLV/%  UL-94  1,/s 1" /s WK
EP-0 25.5 NR >30 — Yes
EP-1 30.8 V-1 22 35 No
EP-3 31.7 V-0 1 1 No
EP-5 32.7 V-1 16 40 No
EP-7 30. 4 NR >30 — No
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Fig. 10 HRR and THR curves of EP-0 and EP-3
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Table 6 Cone calorimetry data for EP-0 and EP-3

) pHRR/ m-HRR/ THR/ Av-COY/ Av-C0,Y/ TSR/
i TIVs
(kW-m~?) (kW-m~?) (MJ-m~?) (kg-kg™") (kg'kg™") (m*-m~%)
EP-0 60 1285 154.6 83.5 0.11 2.09 3 896. 6
EP-3 63 993 145.9 78.8 0.13 1.85 3745.0
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Fig. 11 SEM images of the exterior and interior char layers of EP-0 and EP -3
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Table 7 Elemental composition of the residues for EP -0

and EP-3
. FUR A %
FE
C 0 Si P

EP-0-4} 81.51 18. 49 — —
EP-0-14 82.57 17.43 — —
EP-3-4} 81.06 6.02 4.16 8.76
EP-3-14 85.27 8.99 3.87 1.87
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Fig. 12 The FT-IR spectra of the gas phase for EP—0 and
EP-3 at the maximum decomposition rates
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Fig. 13 The TGA—-MS spectrum of the pyrolysis products of

the degradation of EP-3
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Table 8 Possible structural assignments in the TGA-MS

spectrum of EP-3
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Synthesis of cage-ladder-structure, phosphorus-containing
polyhedral oligomeric silsesquinoxanes ( POSS) and their
performance as flame-retardants for epoxy resin

LIU XingHua ZHAO XiaoJuan™ LI ShengNan YANG Xin
YU Ran ZHANG Ying HUANG Wei

(Laboratory of Advanced Polymeric Materials, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China)

Abstract: Novel cage-ladder structure phosphorus-containing polyhedral oligomeric silsesquinoxanes ( DOPO —Pol-
yPOSS) have been synthesized by hydrolytic condensation of 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-o0x-
ide-vinyltrimethoxysilane (DOPO-VTMS). The DOPO - PolyPOSS was incorporated into epoxy resins ( EPs) in
different ratios to form a series of flame retardant EPs. The effect of DOPO —PolyPOSS on the thermal, mechanical
and flame retardant properties of EP was investigated. The experimental results showed that DOPO - PolyPOSS was
homogeneously dispersed in the EP. The incorporation of DOPO —PolyPOSS enhanced char residue formation during
thermal degradation of EP, reduced the heat release rate (HRR) , and delayed the time to ignition ( TTI) of EP in
a fire. Interestingly, after the addition of only 3 wt% DOPO—PolyPOSS, the limiting oxygen index (LOI) value of
the EP composite increased from 25. 5% for pure EP to 31. 7% , and vertical burning (UL-94) V -0 ratings were
achieved. In addition, the EP composites showed improved tensile and flexural properties. Investigations of char
residue and pyrolysis volatiles of cured EP further revealed that DOPO —PolyPOSS exerted simultaneous flame-re-
tardant effects in both condensed and gas phases due to the synergistic effects between silicon and phosphorus.

Key words: 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide ( DOPO ) ; polyhedral oligomeric silsesquiox-

ane; synthesis; flame retardancy; epoxy resin
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