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Polymerization Reactions of Polysilazane-Catalyzed Cyanate Esters
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(1. Key Laboratory of Specially Functional Polymeric Materials and Related Technology of Ministry of Education, School of
Materials Science and Engineering, East China University of Science and Technology, Shanghai 200237, China;
2. Shanghai Composite Material & Technology Co. Ltd, Shanghai 200120, China)

Abstract: Two types of polysilazane polymers, polydimethylsilazane (PMS) and polymethylsilazane (PHS), were
synthesized through ammonolysis. PMS and PHS were used to catalyze the polymerization of cyanate ester resin (BADCy),
resulting in the prepolymers, PMS-BADCy and PHS-BADCy, respectively. The structures of polysilazanes and prepolymers
were characterized using Fourier ransform infrared spectroscopy (FT-IR), nuclear magnetic resonance spectroscopy (NMR),
dynamic mechanical analysis (DMA), thermogravimetric analysis (TGA), and scanning electron microscopy (SEM). Catalytic
polymerization mechanism and curing process of prepolymers were examined, and the properties of the resulting cured resin
products were also verified. Results indicated that polysilazanes effectively catalyzed the polymerization of cyanate ester
resins at 80 °C, and catalyzed the formation of triazine ring structures in BADCy resin. Research into the prepolymerization

mechanism showed that during the catalytic polymerization of cyanate ester resins by polysilazanes, highly reactive
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intermediates containing —O—Si—NH—CN structures were formed. These intermediates subsequently reacted with —C=N
to form dimers or oligomers containing —C=NH structures, followed by cyclotrimerization to form symmetric or asymmetric
triazine ring structures. The cured resin exhibited excellent thermal mechanical properties, superior thermal stability, and
improved moisture resistance. The cured product exhibited a dense, homogeneous structure. Polysilazane-catalyzed cyanate
ester resins showed significantly enhanced mechanical properties compared to pure cyanate ester resins. It is very promising
that the reaction between — OCN and polysilazane may be used to reduce the prepolymerization temperature and achieve
controllable prepolymerization. The prepolymers have a wide processing window and exhibit a lower curing temperature and
curing exothermic enthalpy when compared to BADCy.
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1.1 RAFRF

XU A RS RR IR AR (BADCy) : #4545 80 °C, 4l 99.5%, H s W 4 —&rkbe . W RA — &k be. b
ali, WiV LT 24 TAE A B0 A3 BR S 7l 20 (NHs) : 465 99%, Fig AR ML T A7 FRA Rl & W ke fh2zal, 1l
ZEEAH TARAH
1.2 MWK 5 R

i B AR 4 2T A 3E (FT-IR ) : 35 EH4 L ZN 7] Nicolet 5700 BIZT AMBHEAX, I 478 Bl 2 4000~400 cm ™!,
R 32 IR, 43 HEFE R 0.09 em™!, SR F R A VR B 5 [ iR KBr J& F i) 77 XA

it 9% (NMR) : 7[5 BRUKER %% 7 AVANCE 600 MHz 4% % 2L 4R #64%, DL — W1 3L 7 B (DMSO) /£ K
VST, D SRR REAE G I T B bR, HEAT T ARG R 0 ("H-NMR) D R (B3C-NMR) I

W ASEfE: 3% B Thermo Hake 2% ] HAAKE MARS3 R e #4 Vi A8 AR B (14 5 B2 - h 28, 1RV
FEl R 25~180 C, FHR R 2 °C/min, F# 4 0.01 1/s.

WIS A] : 2R FHSEAR/ J0 s, IR IS AE 120, 130, 140, 150 °C F1 160 °C ' A ¥R ], MR 5T 16 s il
B FF AR ST, B0 i 2 B A O HLIC IR 22 45 it U8 B FH T R B P i i HL 2 A5 5

ZRPRFEI(DSC) 4. SEE TA 27 Q2000 Bl 22 /8 F i ML, FE 5 F R 3~5 mg, KBRS FE
BT T, WA Ny, RS 30~400 °C, FHE# ZEK 10 °C/min,
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L EPERE: 5 NETZSCH 1Y #3123 5] STA409 PC BIZEAHUMTAX, BES N 8~15 mg Ay HUR: B8 A,
MR AR Ny, SR 70 ml/min, I B2 FE 25~1000 °C, FHE B ZE 10 C/min,

LA PE fE (DMA) : Bt I METTLER 7 7] METTLER TOLEDO DMA1 %I &) 25 $AILAK 23 A4, A 4% RS
k1 45 mmx8 mmx2.5 mm, 3% H A I, DLN, AR AR, IR SR 1 He, I8 & 30~350 C,
TR R 5 °C/min,

W WP B« BB A (RE 5 RS R 60 mmx60 mm>2 mm) & T 50 °C AYALAE Tt T 24 h, B 5 7E H.25
THRAE NV E B U, A3 AT RS B 0 A5 A 5 B 05 BT A, SCAE mo, KRR S B TR 2 L ZRIBUK A Bedf
KRR 23 €, B R IR ST AR I AE ZR R /K T, B RR 24 h N ZE IR K i B T AE 1 min P HIARII 48 00
11 7 L DA = 2T s N T (/TP = ST L) QLT g i = R/ vy (1

Moisture adsorption rate = (m, —mq)/my X 100%

J1 P RE : TRYIHT — OB U A7 BR 23 W] 2 T/CMT 4204 ZLJ7 e 1 il b, 4 I# GB/T 2567—2008 i
AT, 25l A i B9 RS J& 80 mmx 15 mmx4 mm, & B 5 E5 5 R 60 mm, #6510 283 2R 1% >~ 2 mm/min,
HEDEH 6 MR, RIFBCFHIE.

FESES: H S H 3228 ] S-4800 #4437 & S 474 v -t 455 (SEMD) 28 THI Wi 4, in 8 P F /2 15 KV, UK A%
ik H 500 £ .

1.3 XBRSH

1.3.1 Rafmes i RHEZMEAS M PMS, PHSR, RAMY N, MEARE T K9 A S P
B 2L =R, AR ST % 1000 mL, Eh KA FEREI A R PSR IR 2= -10 °C, A 3 — SRt e
(B A G RE) 130 mL, S22 AU PE, JF 4l s SO IR LA . 785 A AL ARl pH 4R AR
W, SO, FEE 2R 0.5 h S ROV S, g e DiiE YD, TEZE DR TR R R, 45 211 PMS FI PHS 4 k
TEEWR . B BEELNE 1 PR,

CH; CH; H T H H
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1 PMS Fil PHS (4 £k
Fig. 1 Synthesis route of PMS and PHS

1.3.2 PMS. PHS £/ 4 BADCy  7£2% A VU S0 $F # A1 B 11 19 500 mL = 1 k&) 1 hn A BADCy, £F
BADCy % fillJ5 , 2518 % i AH X T BADCy Jfi & 8% i) PMS(&{ PHS) . 7E 80 °C FH¥4L 5V 4 h, 193 7 S Mk
#t PMS-BADCy(1k PHS-BADCy), I 0iR # A gk, H 2R R A 45 AT .

133 B s & FIUERYE A B R BLE A, 7E 60 C 1Y FL 2 PEAR P HER 2 h, Z )5 e AR IR LA
e BRIV A2 40 T 2 AT R AL . RRi LA 208 S IR, 4 AL 7 (0 i DAASE L v B 75 31 2548 (0 35
IR R AR

2 FERE5WR

2.1 PMS #1 PHS HIE#H1

PMS Fl PHS /9 FT-IR Y&k G &l 2(a) i . 7E PRI R R AU, N—H S A 45 LR il B s e 43 1)+ 3
TE 3379 cm™ A1 1174 ecm™, 990~810 cm™! A4b fy Si—N— Si (19181 45 I 2l 1, 2958 cm™ A1 2900 cm™ 4k > — CH;
(1) 52 5k kA 48 D K FR A 45 06, 1407 em™! AT 1255 em™! b4 Si— CH; AR IR Sh ik . 5 PMS M b, PHS 7
2129 e A HVER T Si—H AU 4R 4R sh1d . X PMS Al PHS $F— 2 % A% i AL 9% 0% 43, W 2(b) B o
PMS FlIl PHS fEAL2: i B 29 0 Ab B B T Si— CH; 19 5 7 4L 4R 0%, PHS #£ 4.1~4.9 &b 3T Si—H it 1
HARIE, PMS i N—H i i 4R IETE 0.9~ 1.7 &b 85, PHS Y N—H i it F 4R IE7E 0.9~2.7 Ab 8o, ™5
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PR EERUE T N—H (5 LRI E A —E R 2257, KRR N—H L H MGk, 5 555 P
IR AR RT3 23 BT IS, 95 45 2 A O el SR ek U S BT A R — B

(@ PMS ; (b)

Si—CH,4
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K2 PMS HI PHS #)(a) FT-IR $% &Il (b) GRS
Fig.2 (a) FT-IR spectra and (b) '"H-NMR spectra of PMS and PHS

2.2 PMS-BADCy #1 PHS-BADCy BB & & M 473 #f

[ 3 it 7% 3 BADCy 5 #ii % # PMS-BADCy. PHS-BADCy fit DSC i1k, HASHE 438 8 T%% 1. BADCy
TE 82 C A —RABL 1M il I FRs | 45 S A 90.9 /g, A BADCy [P0 il #1iég s 78 306 °C Ab H B A ik #4
W, S (AH) N 703.8 J/g. 5 BADCy # [, PMS-BADCy il PHS-BADCy A H1 Bl Filt Wiz #és | 35 8] BADCy
SRR R G S A E A 25 S A, 1 5% W 1 [ A PR e (R I 2 R0 8 A T3R8 BADCy A R IR
A o DA 25 SRR 0, R 3 ik RUe i A B S B3 AIK T BADCy 19 3R A W IR, fff BADCy 7£ 80 °C T %
FFE P (4 h) RAEREG RN, HRAJGICH M, SC T SR ER IR 7R B URE T R ARG RN .. [,
PHS-BADCy H AT Al A 16 3R A S Tk FE ( Tonsed) « SR SR WAL ¥k BE ( Tpear) S 3R S 26 11 U B ( Tpna) 5 3%
W AE 4 1k 3R &5 BADCy i F2  PHS B A7 3 & 06 M, iX T ABJZ i T PMS W) — CH; 2 Ml F 4548, BRIK T
PMS f4 S W 36 P, i PHS 94 B8 45 05 SR o g A 5

1 FES) DSC U

BADCy
j Table I DSC data of samples
PMS-BADCy
Sample Tonsel C Tpear!/ C T/ C AHI(g™)

2 1 PHS-BADCy

s3] BADCy 254 306 335 703.8

PMS-BADCy 148 209 253 557.4

PHS-BADCy 122 196 250 358.9

50 100 150 200 250 300 350 400
7/°C
K3 R DSC ik

Fig. 3 DSC curves of samples

2.3 PMS-BADCy #1 PHS-BADCy £ FT-IR %> #7

& 4 FT7s PRI FT-IR Y61, 1576 e 1 1368 em! 4b by = R BA A4 4 AE W e g, kG 71T 4] b PMIS-
BADCy #l PHS-BADCy H1 3 & A iy = BE FR 4544 . 3100~3500 cm™! &by N— H 4 fi% W g 1% , PHS-BADCy 7
2162 cm ' Ab BT Si—H BRI . PRI TR P14 E 2200 em ! R 1652 om ! Ak BEET I 0 .
PR s 45 F4  — OCN Jik P & 45 77 1 f M A B I -, EBBCR RE U6 P 11 N T J5 T JE B — NH— CN 12544210, i
2200 cm™" Ab (4 WS 1Y U & T — NH—CN Hi () — CN JE A5 781652 em™ b A9 RRAE I 05004 )5 )& T — C=NH, %
A SRR TG SR 1) — OCN JE P TG TR S AL T, 2B B T & — C=NH 2544 1) Rk o £ R 14k
2.4 PMS-BADCy #1 PHS-BADCy H4% %4 5 #fr

&l 5(a) It 7~ & BADCy #1100 5 9 i A% 0 Je 4RS00 . fb #0085 1.6 &bl C— CH; 1 9 3 7 3L iR W i 0 ;
0.1~0.3 &b —NH—CN 5 ¥ b i B 7 L IR 004 5 4.2~ 5.0 Ab %555 (9 B 7 3L 4R 14 09 )8 T PHS-BADCy H (1)
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Si—H %5#4; PMS-BADCy Fll PHS-BADCy 7£ 8.2~9.2 PMS-BADCy

Qb B U, ) R TS = W BRAHE B — NH R
PR g . AR ECR AT LU i, PHS-BADCy
t. PMS-BADCy i 4t ¥z W g 0% 55 3% , 5% W] PHS-
BADCy T & 20 =LK . K 5(b) FiRHN : j
BADCy. PMS-BADCy #il PHS-BADCy ) ¥ i 3t #i# TNH-CN s

PHS-BADCy

BRI IR L AR IEAR LI LA 115~ 152 4b. (SR S
4000 3500 3000 2500 2000 1500 1000 500

PMS-BADCy #l PHS-BADCy 7£ 121.8 #1 127.8 &b i Wave number/em-!

BT SRR W g, 98 T R AR R AR OR B4 FESY FT-IR SEREE

R o PMS-BADCy TE 102.8 &b iy e 4 W2 i g 1) Fig. 4 FT-IR spectra of samples

J&T Cs, I —RAKS 2 RIKGER . PRI TR Y7
168.6~172.4 4b ¥ 1 B T 7 0 S HR WL i, 117 PHS-BADCy H {5 5 B 08, s T & T =R 38 E Y8R, JIFSE T
TR P T =W R854 . T PHS 1GPET SR, A LITER & 12 I i =R R4 i B £

BADCy
BADCy “ i ATy
PMS-BAD
PMS-BADCy wgpimmisthosisnvtoslaossrio
PHS-BADCy
PHS-BADCy
Cyanurate Jk 1# J
— PR IRTILT FRIY UYL ST o, T
9:5 9.0 8.5 8.0 75 175 174 173 172 171 170 169 168
] é )
a BADC St DbMsO
| + | Y 905 1 6} | BADCy
| L | PMS-BADCy E Tl PMS-BADCy

| rij—u _ | PHS-BADCY  cyamumatel | % _ocn ]L PHS-BADCy

,,,,,,

10 8 6 4 2 0 200 180 160 140 120 100 80 60 40 20 0
1) J
El5  FeY(a) 'H-NMR iEE () *C-NMR %A
Fig. 5 (a) "H-NMR spectra and (b) BC-NMR spectra of samples

i DSC, FT-IR L) K NMR 43 #7, A 1%} PMS 1 PHS 44k BADCy B 7l 28 [z o7 i B2 UEAT T #E, 52 hy
HLERUN A 6 TR . 1 56, BADCy ' — OCN %t A1 I H A7 1E o M i flk it i 3R ik U B /U, TR &
—O—Si—NH—CN Z5#py sk (A); 345, PRA A L AYHE TR S 4L —NH—CN 4544 139 — C=N U i f
fk BADCy 1 —OC=N [, A& A — C=NH &5 1) IR ER G5 (B, C A D); fia, BEW D Bikk—
ASE IR E Y TR, & R = RN B O BRI AN X B Y = R IR A5 A . T Si— CH, Bk s 1 H, A5
PMS (3% 1455 T PHS, PHS 5 BADCy 2 i AE B 22 6 376 1 v 1) (AR Al = R R 25 4
2.5 PMS-BADCy #1 PHS-BADCy i 25 14 BE

PMS-BADCy Fll PHS-BADCy I3t A5 - GE FIEE A Bt H) Fifi i B2 AR AL A 25 B AT 7 o o PSR 55~130 °C
(5 B8 /N T 20 Pass, LA B TERY N T.% 1, PMS-BADCy., PHS-BADCy 43 HI7E 162, 140 °C kb % i TH o 14
K, AR il 2 LA A, BV I B R R B R R VR G n, I kAR EE (18] 7(a) ) o £ L TR, PHS-BADCy
FERARIR T R A, X 5 HERY & A B2 WG rh AR =B IR . dE— 2% H 2 R R P
RA AT R, Bl HE S, 105 W A 58 e Ao [E) A R ) S Bk T Bk 3, 7EAH [F] 7%~ PHS-BADCy 1
HEJRE Y [R] B 42 %8 T PMS-BADCy (&1 7(b) ), [FF£ER] T PHS-BADCy HI{E M4 o
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(2) Second stage:

R_@_ EO CIEN R—< }—O—CE‘I R_O_Q_%:_Efgﬂ” R—< >—O—CE‘1 R

0—Si—N—H
Ha

R_Q_ _i'_N_H R., c=N
R

0—4 I—N—C=N—C=N—C—NH
H—H

5 %

(3) Third stage:
Ry C=N
RO—O—§| —C=N—C=N—C=NH
D éHs rll—H

N Nay
N—H N—C=N
Rg—Si—CH; H3C—Si—Rg
Ry: =CH; or —H

%l 6 PMS #1 PHS fi:{k. BADCy HIZ-A RN HLEE

Fig. 6 Polymerization reaction mechanism of the BADCy catalyzed by PMS and PHS

2.6 PMS-BADCy #1 PHS-BADCy B4t #1148k

Ra c=N
—C=N—C=NH

R

MR DSC MHRZE R, 725G AR 04 0 242 1 B FNBERC I ], 0 1 SR ik BUe i/ BADCy T 58 4 i) [ 4k T

ZoM: 120 °C, 2h—150 °C, 2 h—180 °C, 2 h, J5AEFE T2 200 °C, 2 h—220 C, 2 h,

4fi BADCy [&]{b 4 it il

PMS-BADCy. PHS-BADCy [El b4 it i s A ALk s Ar it 2 an 151 8 i 7< . PMS-BADCy. PHS-BADCy [ L4
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(40 B it REASE 18 24 1 T BADCy W IR Ak 47, Bt 2 5 B8 B FH 80, o0 T4 A2 Sl i, AR RE & (4 it REASE S 24 IR,
H PMS-BADCy #il PHS-BADCy [# 4L # i 48 BADCy [ fLFE i A Bt i F e a 3, X 2 i T 5 A# O—Si—
NH— 4538 8 74 T8En iz 3B /1 (K 8(a) ) . PMS-BADCy HI PHS-BADCYy [l 16k (i B F5 A6 45 B U {1 vt
P& T BADCy 46 %, HAFERI G 1) {H /N T BADCy L9 (K 8(b) ) . AR DMA Mt 45 #E 1E V]
L 174 WA 1 Gk 17 A A i ) 0 B8 b 2 8 W B2 ( Top) , LR A TR A . 20 SR ek RU e A A A 0 O T A 0 1) T, 32
BADCy W I§ AL ¥ 1 T, 4976 B F R, H PMS-BADCy [ {L#RE T FEE 8 8 (F 8(c)) . BEERLEHIMA
TER TR GBI A T 8 2P — O — Si— NH— 8T, FRAK T SR EEA 5 B AL M A £ (0 W PS54 .
Ak i e e HEBE AN 1] 9 T . PMS-BADCy [ AL A#F i i i 512k 5% B (193 % ( Tys) #5 BADCy [#14k
YIFEAR 35 °C, T PHS-BADCy [El AL ¥ 14 Tus W% BADCy [ 464 5 20 °C, [6Hf 1000 °C $4fi# 5% B8 3k 53.29%
(1 9(a)) . DTG ([ 9(b) ) itE—25 50 HT, AR AL i) 53 i 3223 4E 2 B Be: 410~480 °C 1 480~570 C.
[ 10 fir 7 >4 PMS-BADCy #il PHS-BADCy [El k.4 i W0 i 2% o A S50 00 101, 110400 1) W 1 e 34 348 K 4%

100 (o 400 - 1

% 350
— 300
§ 60 250
=) g »— PMS-BADCy
2 40l £ 200 v— PHS-BADCy
=}
E = PMS-BADCy 150
S 0b v— PHS-BADCy 100

) 50

L L L L L L ] 0 L

40 60 80 100 120 140 160 180 120 130 140 150 160

7/C T/°C
K7 TERYIAY () FHEE AN (b) BERE I ]

Fig. 7 (a) Viscosity and (b) gelation time of prepolymers

(2) (b) ©

- 3501, papcy 12 BADCY

s & 300 .- PMS-BADCy 1.0 | =— PMS-BADCy

z 2500 ; 250 |+ PHS-BADCy o8l PHS-BADCy

= 4 el

3 = L

2 1500 3 20 S06¢

gD - BADCy g 150 s

& 500 | - PMS-BADCy 2 100 | 041

5 /¢

s — PHS-BADCy e S 50l 02}
~500 s i

. . . . . ) 0 0t -
50 100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350
7/°C 7/°C 7/°C

8 [EEYI DMA HiZk: (a) iR (b)FERR; () BIFEIEVIH

Fig. 8 DMA curves of cured resins: (a) storage modulus; (b) loss modulus; (c) tan ¢

=— BADCy
@) () o+ PMS-BADCy

100 +— PHS-BADCy
=— BADCy
© e— PMS-BADCy
2 +— PHS-BADCy
s 80}
g
G
o
=
S 60
5
=2
40 L L L L L L L L J
200 400 600 800 1 000 0 200 400 600 800 1000
7/°C T/C

9 [EkHi(a)TG Fi(b)DTG Lk
Fig. 9 (a) TG and (b) DTG curves of cured resins
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PR, Bt B T ) B 52 IR 22 ka4 . ZE7K iR 1 d J&, PMS-BADCy Fl PHS-BADCy (1 W 1t #6431 oy
0.47% F10.81%. PHS-BADCy Bk M0 224 5, W RESE HH T2454 b &3 Si—H #, 5K N5 4 i Si—OH
4ER22.231 ) PMS-BADCy [ELYITE 21 d J5 1Y W 168 38 il 48 A 2 - B2 a3

BADCy } PMS-BADCy #il PHS-BADCy [i] £k 47 1t 25 ity 1% fig & & 2 fr s, W 24 10 SEM BT 4N 1] 11 B .
BADCy [# 1k 4 11425 it 38 B DL B 45 243 51 Sk 97 MPa Fl 3.70 GPa, Fo25 44 vh 2 45 25 B R FR 0 = R IR 45 4, HLAE
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