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Synthesis and Properties of Novel Cyanate Ester Containing

Siloxane and Imide Groups

Student : Hung-Min Shih Advisor : Dr. Mu-Shih Lin

Instituted of Applied Chemistry
National Chiao Tung University

Abstract

Cyanate ester containing siloxane and imide groups were synthesized.
Various equivalent ratios of Epon828/cyanate ester for 1/1, 1/0.8, 1/0.6 and
1/0.4 were mixed and cured to give.four cross-linked materials. Curing
behavior was studied by dynamic-DSC and FT-IR. Thermal mechanical
properties were measured with TGA, TMA and DMA. Experimental evidence
as investigated by dynamic DSC and FT-IR shows that curing reaction
between epoxy and cyanate ester results in the production of oxazolidinone.
The cured materials not only showed good T, and thermal stability but also
were toughened by siloxane group. TMA analyses showed that
Epon828/cyanate ester = 1/1 had lower CTE and good dimension stability. In
addition, the cured materials with dielectric constant of 3.7-4.0 were lower

than those of general epoxy resin with 4.6.



et
A @A > R 2RENDEF RARFE LA E j\m‘m'uip%‘ v fgt
REBFR R o
EHrHFLE 7 KkFNME FRABINEPPRZP TG AH
FRI PR RS SET AT o
BHEL 23 Aggt @i ahEaflE RHEE 2P Fas
Hwmv RN A @i e AFEY 3 e P85 o IRHF L F K
R R CWEL SRR T R R SR AN MR
&?ﬁﬂﬁﬁﬁﬁiﬁﬁﬁjﬁﬁﬁﬁﬁﬁﬁﬂ%Q°F§5%%ﬁ§%ﬁﬁ
F-F ARG EA S R R ¥ K% T 8o NBA 2 AR
FraenpEk o B IREREEE QR EAP P ACH B PR A R B
B RORA > LR HREITE kst o P AR Y S A
2R - BE Eai-Hk %fﬁwmw1$$¢’i¢w¢ﬁﬁuboﬁﬁ
F%%ﬁ%‘iﬁ”#ﬂiﬂLﬁﬁﬁﬂﬁ“%ﬁ’ﬁﬂ{aﬁ%ﬁﬁﬁiﬁ
TRihp S o p B FiFar B¢ 2 IRIERR o VR BHES £ kR AREF S
PN E G R T B4 IR FOR o L R A aE b

N 2 s X . . ), £\ N . . o
R EGEEB RN - B 4 BRFEAP - Asgdma gk vb o P

D'

PP LA ELY > A efif 4 AR BRETNANE G 3R R FE
EFT SR EE S TETE S AR S B R S PRA  EEE S BAL S AL - Bk SR

T SN - SN

M

’
o
=]
k2
&

s

o

<

s
W
RN
el

s
“3.!
—-)0-

s BEHE R AN - Ao B iR
f*ﬁQME¢M@¢%®M%ﬁ@-£%§wH@ﬂﬁM’ﬁjh-ﬁ%iﬁq%mﬁ@g
B BRBERTACERANA oA il FH 2 F 0 AL EZ

ﬁ#j$%ﬂ&%ﬁiﬁﬁﬁﬁ’ﬁﬂaL@%@ﬁ?uaﬁ@

9 2
N

FEZ B %

~

AnFE L EAFHEHFTI O] FER GRS RERT L o R A

B R A E B A PP Ao

il



P2 B B s i
B T A R s ii
B ettt ettt ettt et e et ettt et ettt et et e eaeereene e iii
B et —————eeee e e ———————eeetaaaa—————————eeeeeaaarr—————aaeeaaaaa v
e B e et vi
BB] B 4ottt e et e e e e e e et e e a——e e e e e vii
SCREINIE B Ao e e e e e et e e e e e e e et e e e e e e e e e s aaeaaaeens viii
B e e BB I B ettt 1
1.1 L IR UG OO 1
1.2 B F A il BRI B e 1
13 BT BB e e e BB e 6
1.4 FEF R BB WEamTrrm B e 7
1.5 PR R LR TR 2 AR P B 8
151 7 HERATRS B adp B2 il 8
152 7/ 3 =R L ipm v)gk ....................................................................... 10
153 FFF RIBF AP M 2 e 10
1.6 F B T v eeeee ettt bbbttt n et et et et e b b eneas 11
1.6.1  F BEFg 8 20 F BRI et 13
1.6.2 ]ﬁ’xﬁq I%\ﬁi *ﬁ‘”q e TR }f‘&#ﬁ’fﬁ- ........................................................... 14
17 T B8 e 16
B T B B ettt ettt ettt ettt aeeaeaee 17
2.1 B ettt ettt ettt ettt ettt et et et e 17
2.2 R B ottt ettt ettt ettt et et ettt ettt et et e b et e eteebeeteeneereers et et e b e eaeeaeereeneens 17
2.3 B T T A et e e e e e e e e e aa——an 19
24 B A et e e e e ——————e e e e e e ————— 19
2.5 B B o e e aaaaa 20
2.6 TEFE B B IF T 22
0.7 BE ettt ettt ettt 23

v



I [T B 0 BT ettt et 24
LI A B EE T IRIEE e 25

4L by =2 L >h
B B BT 22 et r s 27

B . ST 27



Table 1-1
Table 3-1
Table 3-2
Table 3-3
Table 3-4
Table 3-5
Table 3-6
Table 3-7
Table 3-8

% P&

General curing agent in electrical industries...........cooceeverevereenienieneenne. 3
The maxium exothermic temperature of samples...........ccceeeveierieenennne. 29
Curing conditions of SAMPIES........c.cevieriierieniiieieeieee e 30
Gel fraction results of SAMPIES........cceeeiieriiiiiieieeeeeee e, 36
Thermogravimetric analysis of sSamples.........cccceevieriiieniencieenienieeeees 37
Thermal expansion coefficients of samples..........ccoceveeniiieniineenennens 39
Storage modulus and glass transition temperature of samples................ 41
DMA results (Peak Height and Area of Tan ) of samples..................... 42
Dielectric constant and dissipation factor of samples.............cceeevvenenn. 45

vi



Figure 1-1
Figure 3-1

Figure 3-2
Figure 3-3
Figure 3-4

Figure 3-5

Figure 3-6
Figure 3-7
Figure 3-8
Figure 3-9
Figure 3-10

W P &

Curing reaction of three curing agent............ccoeeeeeeeerieenieeniencieesieennens 4
Dynamic DSC thermograms for samples showing exothermic peaks

during curing reactions.Epon828/cyanate ester = A (1/0.4), B (1/0.6),

C (1/0.8), D (1/1), E (0/1)cueeuieiiriiieinienicieesecceneeeeeeee e 30
IR spectrum overlap of sample D cured at 120 °C........ccocoeveverierrierennnee 33
IR spectrum overlap of sample D cured at 190 °C.........cocoeeverieriierennnne 33

IR spectrum overlap (standard v CH; = 2961 cm™) of sample D cured 34
AL 120 PCinii ettt
IR spectrum overlap (standard v CH; = 2961 cm™) of sample D cured 35
AL 190 PCrnie et

TGA thermograms of SAMPIES.........ccceeviieriieriiiiieeiieeie e 38
TMA thermograms of sSamples..........cccceerieeiiienieiiiieieeeee e 40
Storage modulus of SAMPIES........c.coceeeiiieiiieiieiieeeeeee e 42
Loss modulus of sSamples..........cccecuieriieriiiniieiieiieeieee et 43
Tan & of SAMPIES.......eenn s et BB ettt 44

vii



Scheme p 4%

N1 T30 (SI2250 B S (o YA o) o F: 1 SO

Scheme 2-2  Synthesis Of MONOMETS..........cceeviiiriiiiieiieeiiee e

viii



F-% %%

1.1% 3%
GEKRTILELSFE ALRMARFRAC B A

Lz B AR T ,::H v PN FPE A S mART ‘ff'f?éjfl”%ff—io

=

w0k FERAD A~ L R R S o R U R 45 AT
kA o
4 e PR B AR RS e B o REF L WA AR &

AAF R Fo LAt s PR S R s MBS~ AL

=
_‘,‘7
&H

AR R AT AT A MR R R AT - 5 F R AT

EAT ¥ RizRFHEHGTE > AT UAG FFF RS T

g;

YRenf fhfin » 10 THEFERERSEERH AL ICHESER TR
1.2 % § At

T % K% (epoxy resin)E_i€_1940 £33 4 H Gastan = 2 e [ ¥ 4 L &
AR i 0 d Ciba 2P NP L AHBEFH S c B2 Ks 0 &
—BAF? ZFABAABULID A BRI BF2RF AZFRSHE
PSR E e o TRF Mg R YR A AT 0 T2 AR
R BB ALLY .

BF A e AR A R A S ATHES 0 TR T e



®ix? o B * anf B v £ ehdiglycidyl ether of bisphenol A (DGEBA)
H 3 A0 1947 #1 4ﬁ‘lk’ﬂﬁl§ﬁm'+ﬁ‘ém?*"i'} ~EER

Gt~ AR A B B R SRR D s A v R

TR R OTR Y A YR 1S AT 0 AT S AR S SenlE S Mt

PR R GR ST YRR S A VPR s A1 052 E A A

fEEEA G T e o T R EFEY £ R o TR F A 0H 1B ik
FReWH A CER - P FHda AT
L @K A 47

(DFFEETEY & do= Bl s = 0 (LABvif & 4 o

Q)E%F HPF L A F f'@;—g SUCRAE N LT § ppn % o
2. kA F i R A A

(D)¥ BA 0 doR fRs%Ht?y ~ diethylene triamine % o

(2)¥ B A it : 4o diethyl amino propyl amine % -

(3)® EA v ¢ hrfE§ =(dicyandiamide) ~ § Fifin ~ K F PR E o
RN & R AR

()PREE © 4ofg 9B 2R MRl ~ % 4 F Ry ~ - %% = BIRE

@A

()R o



()= & (“Fvgg & 4 o

ST "=~

(6)% Fafa °

Table I-1MA| @M &3 1 &9 ¥ % cnB B A > @ H o rovig s
A A e i 16 F BB 0 Figure 1-1P50 8 0 = 8% LIk § #oad L F

& o

Table 1-1 General curing agent in electrical industries

dicyandiamide
printed circuit boards

one-package adhesives

novolac phenolic resins
transfer molding. compounds

solder masks

anhydrides
“glob top” encapsulants
opto-electronic encapsulants
die-attach adhesives

nonsemicconductor applications

polyamines, polyamides, and aromatic amines
nonsemicconductor applications

die-attach adhesives
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Figure 1-1 Curing reaction of three curing agent.
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3. alkyl cyanurate £ & % (rearrangement){s {¥ 31| alkyl isocyanurate° 3% 1-9-
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[0) 0]
A Alk Ak
Alk/O)l\ N/)\O\Alk O%N/go
Alk
alkyl isocyanurate 7 1-9

4. Tk ¥ #7522 alkyl isocyanurate i& {7 ¥ Ik £ %2 (ring cleavage reformation)

2

1 7] oxazolidinone ° 3% 1-10 °

0o .
Al ATk , o] ArOH,C7™\
)\ /1\\ 3Ar-OH2C-ﬁ-CH2 O\[fN\A“‘
O N O [0)
Alk oxazolidinone 110
1.7 7 7 #48

BF 6 B2 T 3 atfis 3 Fuli . 3Rl B - 4D K

SRR BB R R R A R MR L F g @

SRR M A SRy g AL A R KA RET S
G 4 4 R AL

EILRRT G R § RS L RRE 3§ PRpa A VR o P JRd

aﬂ'

FREG RN T N B Mo IR S BT S MR 2 REST L
TR GRS G VA OARL A BERLT 0 R Ea

PSR LR HTIHEEATFRIRF AT S Lo



e
1
s

LS

2.1 ¥ .

F P etit ¥ chitoluene 11 & 14T E F T AcBir na Xipoko Bk

F TaELE i * oN, N-dimethyl-foramide 12 & it 4T3t JF T #4Hcp

ok EREA A A D 2N R
1. 5-norbornene-2, 3-dicarboxylic anhydride (nadic anhydride)
2. tetramethyldisiloxane

3. platinum-cyclovinyl-methylsiloxane complex
4. 4-aminophenol

5. toluene

6. N, N-dimethyl-foramide

7. benzene

8. acetone

9. triethylamine

10. cyanogen bromide

11. cobalt (I ) acetylacetonate

12. 4-nonyl phenol

13. magnesium sulfate anhydride

14. molecular sieve 0.4 nm

15. chloroform-d + silver foil

22 RE

1. & = F e e oh k3 R(FT-IR) -

Acros
Lancaster
UCT
Lancaster
Tedia
Tedia
Tedia
Tedia
Tedia
Tedia
Merck
TCI
Showa
Merck
TCI

Nicolet Co. Avatar 380 FT-IR. » ip|3% % % % resolution = 4 cm™ - Bz 4
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Fo B n 32 = o k¥ ehit dice 8080 B 5 400 ~ 4000 cm -

. PiR & 3R E# R(NMR) -

Varian Unity 300 MHz % Bruker DRX 500 MHz » 12 CDCl; 5 7% | » i+ &
>#H > 5 dppm e

. %5 BEPI3#48 1 MEL-TEMP -

. B ## & (Mass Spectroscopy) :

T-200 GC-MS » 12 EI &« FAB 7 %3 = -

. Hc# #F s #+ 2+ (Differential Scanning Calorimeter » DSC) :

Seiko SSC 5220 4] » % # w® 5 50mL/min > < /§# & 10 °C/min o

. & & #7 ik (Thermogravimetric Analyze »-TGA) :

Du Pont TA 2950 4] » % % /v 5 70 mL/min > < i# 5 10 °C/min °

. F 8 4 47 R (Thermo Mechanical Analyzer » TMA) :

Du Pont TA 2940 %] » 2 i ¥ % 10 °C/min o

. B A5 8 % 4 47 % (Dynamic Mechanical Analyzer » DMA) :

Du Pont TA 2980 2] » &= -] 5 4.0x1.0x02cm > Pl3E> # 52 Hi@
EFg W = 30 45 5 30 umo BIEAE S 5 1 Hzo 28 % % 3°C/min »
FB 5 25°C~250°C -

. A & W #PlE 8 (Dielectric Analyzer » DEA) -

Du Pont TA2970 3] » #5 & 5 1 MHz -

18



2.3 R AL

Synthesis of novel cyanate ester containing siloxane and imide groups

A 4 A 4

FT-IR, NMR, Mass Epon828-EEW

A

Curing test with various equivalent ratio of cyanate ester to Epon828

A

Optimization of the curing conditions

\ 4

Characterization

A A A 4 A A 4 A 4

DSC TGA TMA DMA DEA IR

Scheme 2=1-Flow chart.

24 & = AR

(0]
CH; CH;
o + HSl o- SlH (H; CH;
CH CH toluene, 80°C Sl 0- Sl
o 3 CH, CH,

compound 1

(0 0
H,N OH CH. CH
HO@N S é_é. 3 NOOH
benzene/DMF ! .
() (jII3 (jII3 ()
compound 2

triethylamine, Q
BrCN C) CH; C @
acetone NCO Nm81 O- Sl‘@ilé
() (:I[IE; (:I[Ia
compound 3

Scheme 2-2 Synthesis of monomers.
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25HHE =

1. 5,5-(1, 1, 3, 3-tetramethyl-1, 1, 3, 3-disiloxanedialyl)-bis-norbornane-2,

3-dicarboxylic anhydride (compound 1)
0] 0

CH; CHy
O;:@s;—o—&A@:EO
CH; CH,

o O (compound 1)

P~nadic anhydride (164.16 g > 1.0 mol) % ** s @ 4 » 500 mL
toluene > # % # T !4 Dean-stark % % 4c #uiw jn ",f k24 ) pE o BB RS
80 °C> 4 fjF » i Hplatinum-cyclovinyl-methyl siloxane complex 0.5 mL
#3323 > £ 4o » tetramethyldisiloxane (53.73 g » 0.4 mol) > & & %) 46 |
i Bedlk 714 ",/TT 4 % 0k ertolueney &7 14 MR (1 torr)dd H-A ARVR
2 AF 4 o * diethyl esteri = fpdait > igpieaz o ¢ F48 152.70 g »
A XG5 825% 3 E% 136-138°C ' H NMR (CDCl; > 300 MHz) & : 0.03
~0.05(s>12H) > 0.62~0.67(t>J=83Hz>2H)>»1.55~1.66(m " § H) >
273 ~276 (m>2H)>285(m>2H)3.39~343 (m> 4 H); °C NMR
(CDCl; > 300 MHz) 6 : -1.14 ~-0.86 > 25.82 > 25.82 > 40.42 > 41.09 ~41.74 >
41.64>49.52>52.69171.94 ~172.21 ; IR (KBr) : v 2961, 2870, 1852, 1781,

1221, 1254, 1082 cm™ ; GC-MS (m/z, ET") : 462 -

2. N, N’-bis(4-hydroxyphenyl)-5, 5°-(1, 1, 3, 3-tetramethyl-1, 1, 3,

3-disiloxanedialyl)-bis-norbornane-2, 3-dicarboximide (compound 2)

20



0
< > CH; CH; @
HO NmSI O- Sl‘(Di‘é
O CH3 CH3

P~compound 1 (30.06 g > 0.065 mol)E » ¥ gg5g® > 4 » 90 mL DMF

(compound 2)

7% f#2_ > ¢ P B~ 4-aminophenol (14.93 g » 0.136 mol);% f%** 40 mL DMF -
BordofiRL S 0 & F f o~ sRIFETT ¥ BUF ~ compound 1 (ADMEF3 R ¢
EFETER 6 ] FF{e > 4t » F U Dean-stark % B i 7 I fp it
(imidization) » f km A H-F FE A K ORIA R ) »~ dichloromethane®
*ORE B o RERHCE T T RIAR S T 39720 A K 947 % -
s Ek% 123 °C - 'TH NMR (CDGly > 300 MHz) & : 0.03 ~ 0.04 (s > 12 H) » 0.64
(m>2H) 1.57~1.64 (m :8H)»2.76(m»2H)>2.82 (m-2H)>3.21 (m >
4H)>6.73~6.76 (d>J=9 Hz "4H)>693~696(d>J=8.1Hz>4H); "

NMR (CDCl; > 300 MHz) 6 : -0.83 » -0.73 » 25.71 » 26.65 » 39.83 » 40.68 >
41.43 > 48.61 > 51.18 » 116.29 > 123.70 » 127.89 » 156.54 > 178.39 > 178.63 ;

IR (KBr) : v 3399, 1770, 1695 cm™ ; GC-MS (m/z, FAB") : 646 -

3. N, N’-bis(4-cyanatophenyl)-5, 5°-(1, 1, 3, 3-tetramethyl-1, 1, 3,

3-disiloxanedialyl)-bis-norbornane-2, 3-dicarboximide (compound 3)

0 0
e O
NCO‘@*N;:@SF 0-$i‘@i‘<‘<N OCN
O CH3 CH3 O

(compound 3)
P~compound 2 (19.35¢g>0.03mol) > ¥ » ¥ ? > 4 » 100 mL& -k

acetone;3 f#2 > F FFP~BrCN (9.54 g > 0.09 mol) > % § T #r » compound

21



2 fhacetone;2 i ¢ 0 B k-BIE T 0 A RE R %3 A-10 °C o triethylamine
(9.09 g+ 0.09 mol) & » 4csk ikl {5 » BWF » 3R » BIFERE A-10~-5
°C» F fpilfz? 3o ¢ ks o Ftriethylaminelf 25 F g 2 /] BF o §
FRlew R EE  BiREE 94 A F ip ik ) dichloromethane * 1
* R FBHe=r 0k 15“'—%." Rkt FE 1943 g 25 93.1% > %3
2t 72-73 °C - "H NMR (CDCl; » 500 MHz) & : 0.02 ~ 0.11 (s » 12 H) > 0.60 ~
0.64(m>2H)>1.56~1.65(m>8H)>2.78 (m>2H)2.84 (m2H) » 3.22
~327(m > 4H) > 725~726(d>J=65Hz>4H)>737~738(d>J=3.5
Hz > 4 H) ; °C NMR (CDCl; 1:500 MHz2):5 : -0.11 ~-0.81 > 25.77 » 26.79 »
39.86 > 41.41 > 41.66 > 49.46> 51.16 >°108.16 - 116.09 > 116.11 > 128.59 »
130.34-151.84°176.79 ~ 176.96 IR (KBr):v 2278, 2238 cm™; GC-MS (m/z,
FAB") : 696 -
26%F s EF T
ST EINHERI CRANF L VEd MEF R RE - A
TR SRAFLEHEY AR 2T B R BEAI BREIRY 2R
BRI F A RAF R BEA S o

#-17 mL ek B L 4e » b eg(pyridine)ia H P 0 LA R £353 A H S
02N enBps it eyd ik o LRl P A s a0 NEELF 47 @3

(v KHP 08 4 5 F 5F 2.2.) o

22



B
P~ Epon828 (0.50 g):% ** 0.2 N HCl/pyridine (25.00 mL)® #4c #tie & 30

g4~ 2500 mL ¥ f% > ¥ B~ 25,00 mL 3 0.2 N

A AR L - A
HCl/pyridine 4r 25.00 mL " ¥ 52 v 2% > * 0.1 NZ § i“ 47 53

FE_od 3 Epon828 33t WL — W e R R (8 R IFARS 0 A IUfs S

R
& dpor A > @ pHmeter RipIEF TH B JF L EF » 01T 250
— W x1000
%3 3§ T EEW=—"—"—
N(VB—VS)

W RZ5E £(g)
N8 G Folv 4 PR % ik K (eq/l)
Vg © % d- @& P NaOH =) < £ (mL)

Vs @ i 3R pFNaOH ) 4 £ (mL)

AT R * Tk § Mg ¢ diglycidyl ether of bisphenol A (Epon828)#

EEW =188 - # 34§ 5 :

OO~

CH; (Epon8&28)

27 ERER
1. 'Hiz e £ 3= % 3%
Varian Unity 300 MHz % Bruker DRX 500 MHz ° d ** 304 74 & 2 #

FRABHE 84 000 ppmz 0 FHEE PR FIE T TMS



2.CDCl; » " CDCly 2.8 =724 ppmz_ = % 5 P R 32 7 k3 A 47 o
2. PCPiE s IR X 3
Varian Unity 300 MHz% Bruker DRX 500 MHz o d >t 2 474k &7 # %
EAE o HF =R 0.00 ppmE £ oo FEOE-R PR &3 303 2 TMSZ
CDCl; » M CDCl3 .8 = 77.00 ppmz = % 4 p R0 38 7 k2 A 47 o
3. bRk AT
Nicolet Co. Avatar 380 FT-IR. » #-& jp| ek 522 KBris & B ais R 5 >
1 resolution = 4 cm™ i 7 4x b Ak 3 A 5 o
28 2 BHITE AT
1. /it F Rpe
fe > 0w & a0 kg compound 300F SO 1Y R ET R Y TR ¥ ATy
(Epon828)i& {7 2 B o Jofie ™ BB § FhpaH i AOBRF b o #pe
TUTRY AR FEY S 1/1-1/0.8-1/0.6~1/0.4 = & bfe W >
- 4v ~ 4-nonyl phenol (48 ¥+ § Fafig 1 %)% cobalt (II1) acetylacetonate (48
30 F Bfin 0.5 %) n HBLIY AE 7 L FH o
# it DSC » 47
Seiko SSC 5220 ] o #-F JiehTk § APn 22 L BA| R fie > 1L IR £ 35
3 oM FS-10mgl WA EE Y o3 F §F T 0 12 10°C/mins= f ig

d 30°C4ci8 3 350°C » i H K Rcdud 40 0 % 1UE T RIBHBIEE o
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3. 242 FT-IR 4 45

Nicolet Co. Avatar 380 FT-IR. o #-F J& ek 3 #i75 &5F < PR ik fie = b
bR &35 > Bk eKBrig S b oo EERH R 2EF S {1 FTIR
resolution =2 cm™ » Ffr T Bc i 32K o BUABIERE A FRERFT
EEAT O BERE BT AR g o
4. mpR R i

WeF TR BTSSR TBAE LI A RS L GRS o R B E

RS

BlEdg Y A2 160 °Ched 1] PFRE 2 200 °CF i 2 ) B > Bfs B B4

IR 250 °CAe gt 6 ) PF oo ALAV SRR Py Y L ris B dl ) TR

Du Pont TA 2950 A o H#-% B3 # & & = pa k- A 5-10 mg % >+ o

-~

S SS Y 2 F F T2 10°C/minshE 8 iE % > £ 30 °C T 800 °Cipl &

2. FIE 4 i
Du Pont TA 2940 ] o #-% B 15 =0 4] & cmg 2 > 3SR R A 45 Rk (7

Bl SR FE A4 10°C 2R FRd 25°CE 250°C

25



Du Pont TA 2980 &) o #-#F it % & ez B 42 4 0] 4.0x 1.0x 0.2 cm >
12 3°C/minshH g i 5 RIS 5 1 Hz o j8.25°C3 250 °Cipl3# FE >
E”% Tan o °
4. 7 ¥ &

Du Pont TA 2970 7] o #-% B s o8] X ez 5 > 4 2 2.4 ) 1.0x 1.0
x02cm> A& G EENT FLHEFY 0 LFET 1 MHz enge BN P

THAR W

BPEHEFUAME SRS AR R R IEE R T
20 BT R R AR 23 g B EF Y KT o BH g
Soxhlet 3 B~% ¢ » UARBFRFI=F 2 RSN E T AL R

it s fEE 0 S R e

N
g
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31 BHpER
1. 2 # 3% = pifHcompound 1)

AFHEFFORABE SRR BB I FF IR OR
f¥> #7i¢ * & p+5 nadic anhydride > H norbornenek s ¥ A - #
¥ = (tetramethyldisiloxane) ¥ F eE {1t fwdacn@it TR FF & L F
(hydrosilylation) 5 & B4z 7 r+'H NMR:E Bl & RARR 2 T o b B 45 PF
norbornenek F (EE4ED 6.3 ppm)E e T A - g b a8 4.7
ppm)sfE A Bl G 20 1o FBMERE Y L & L F A R g E
PR e PE A S R B 4 st b end (8°0.6 ppm) B 1 B G AT AR i
£ 2 R RG24 FECVH NMRE R E4EZ 210G 22 F RS
B F BRI HCEF A o Bt isaa P 'H NMR2 °C NMR##_&
o R AR A T H S 0 8 IR FRegE e 1852~ 1781 om”
(anhydride » C=0 stretching)* 1220 cm™ (anhydride » C—O—C stretching)i»
F fronorbornenek F AR e )T 1680 cm’l(C=C » stretching) B o) % »

% 1225 cm™ (C—Si stretching) 2 1082 cm™ (Si—O—Si stretching) § ¥ <
g oA RABE R HeSd I F R AR 2 o
2. 7R REL R R &P (compound 2)

& = compound 2 I % it {5 » 1'HNMRZ "C NMR# % & 2% £ 1 iz
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Ak E AT H B4 FIRATF A Y ° = 2 I fR'R1 (imidization) » *%
1768 ~ 1705 cm™ (imide » C=0 stretching)F P! & e d; fipiiedr (4 eafz o @ ¥

& 3100-3500 cm™ 4 & - TR FOHA S o B Ao A M B 2T

3. F# % =2 I fE"R2.F Pafg(compound 3)

& = compound 3 I 4 it §5°% {5 » W 'HNMRZ "C NMR# % & 2% £
WUtk SR A 1T H S 0 8 IR A 4450 2238 ~ 2278 em' ! Tcyanate s
Mo o & 3100-3500 cm™' e & BB FOHA R YT o BEw A dr o 2w g
£ > T A3 3 b cyanate ke
32 EFEAMY
1. # i DSC 4 47

Bef B TR E MR R L IR S > B 5-10 mg R YRR SR
BF £ A g EF 10°C/minc  30°C2E T 350°C LR L 2 HF
Mo e #GE B SR> % 1E %3 % A Y 1€ % o d Table 3-1 % Figure 3-1
DSC Bl &g+ > 7 1% § pafg(sample E ; compound 3) p it F et
FE B 168 °C » @ sample A~ Dae# % FF 52 120 °C ~ 300 °C » Tﬂ 2
Z R AE T £l FIREBA L ERER S 160 °C (1 h) ~ 200 °C (2
h) ~ 250 °C (6 h) = ** Table 3-2 > sample A ~ D% — B P Agg 0 5

Y § pifig(compound 3)A £ p it E A E (T = B & (trimerization)?) =
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triazines e F % » B A3 B¢ B3 TR FILH Z okl ¥

redfd FTIRSFAM 3G 4282 F eibty - # 1 § Befa & k3 a2 B ehk

e o aFT-IReE 2 ¥

-

% - 2x4VE ¥ 5y 5 triazine (aryl cyanurate)f £7 Ik
F B 748 ~ & 1 Plalkyl cyanurate ¢ alkyl cyanuratef € ‘{3 (¥ )
alkyl isocyanurate - @ % = c#F E §F_ 2§ F e E > o7 F_alkyl
isocyanurate#? % ¥ #t75 & (7 B3k £ 2 8 3] oxazolidinone - #c § fafig £\
g 4 0 FOEILF R A B

Table 3-1 The maxium-exothermic temperature of samples

Sample Epon828/cyanate ester ' The Max. Exothermic Temp. (°C)

Equivalent Ratio

Peak 1 Peak 2
A 1/0.4 175.1 197.5
B 1/0.6 174.5 200.2
C 1/0.8 174.2 200.5
D 111 173.9 199.6
E 0/1 168.1
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Table 3-2 Curing conditions of samples

Sample Epon828/cyanate ester Curing Condition (°C/h)

Equivalent Ratio
A 1/0.4 160/1+200/2+250/6
B 1/0.6 160/1+200/2+250/6
C 1/0.8 160/1+200/2+250/6
D 111 160/1+200/2+250/6

—&— A:Epon828/cyanate ester = 1/0.4
—O— B:Epon828/cyanate ester = 1/0.6
—A— C:Epon828/cyanate ester = 1/0.8
—Vv— D:Epon828/cyanate ester = 1/1
—&— E:Epon828/cyanate ester = 0/1

i) N O

g N Q

% v A

1) Q- .-B

=

= Y N .- C

- ’.’ .'D

. .- E

A"

2 " . ] TR | 1 1 o 1 P |

80 100 120 140 160 180 200 220 240 260 280 300 320 340

Temperature (°C)

Figure 3-1 Dynamic DSC thermograms for samples showing exothermic
peaks during curing reactions.Epon828/cyanate ester = A (1/0.4), B (1/0.6), C
(1/0.8), D (1/1), E (0/1).

2. fe th R A

AL E RS RE B E AR EGF B 20 LB fRRY
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B2 BfaBicisd {2 B ehk SR o 5 vk Sk ik
Bt £ - SHHEREF BB o W T SR B
71;8 foi% *tdichloromethane ® > 353 % 3t KBrt o d *tw 2> F i
5 Ap o Flpt E sample D34 2. o #-sample D>+ 120 °C#2 190 °C% Fe
BB T A FA Y F i 1% FTLIR Mresolution = 2 cm’™ i B X B F Ji
FRET AR FE RERZF B de 0 VED LB L A RER
Todd et > Fa - HIEFFERFRI MRS B B F BB
B8 o 3 ' B 3 >+ Figure 3-2 ~ Figure 3-5 - Figure 3-2 ~ Figure 3-3 5 sample
D% 120 °C# 190 °C# F pF a8 F & “nET-IR & B - Figure 3-4 ~ Figure 3-5
% sample D& 120 °C# 190°C% b FER Kk » ¥ 11 2961 cm™ (v CH;) %
PARE S ED AT PR E R RR o] WRERI G R e T
FafigiE (7 L B F BPF > 910 cm’' (epoxy ring) » 2278 cm’ £ 2238 cm’ (v
C=N)i=% 7 SEREHE D s feis BT %% » ¥ & 1563 cm’
(triazine > v C=N) » 1366 cm™ (alkyl isocyanurate > v C-N){r 1766 cm’
(oxazolidinone » v C=0) i+ % &b Tk 4 = 35 7] e g - 120 °CpF > L%
1563 cm’' fusfn Jok MERE RV K MR AR BT S & 0 T v Bhfiat op oLl R
& 4 > 2 = aryl cyanurate T triazine 5 0 48R § fafig p LY F B2 = aryl
cyanurate 55 {16 > #8 4 aryl cyanurate ¢ p {7 £ # » & 1366 cm’ A2 = alkyl

isocyanurate 2 o BF £ 1766 cm™ (v C=0)Zc? & # %%z > 910 cm’
y
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(epoxy ring)~» F % > » % 77 alkyl isocyanurate ¢ i #B7£2 epoxy ringi& (7 & &
4 = oxazolidinone % ﬁ » ¥t PR Figure 3-2 0 B[ PR ECF At 18 (7 SR e
g o 2 FoE R T 190 °CPF - L% finitialF > 2278 cm' ¥ 2238 cm (v
C=N)i= & &) 4 # 4 Sitriazine > (AP "ERFFM L p FE 4
isocyanurate ¥ & 1766 cm™ sk fc i B i Bid 55 0 ¥ iF b7 epoxy Ting it {7
F Jis 2 = oxazolidinone % H » ¥t PE Figure 3-3 » ip|pt FE L7 it 18 (T4 % IR
T AE o 4 1.6.2 &35 o ShimpE A 3B F 7 k¥ A8 Biqhs BY o
Fpafia &9 p v A= R4 2 Striazine > Fd FLIRGDR % #57 § &P
MFPEFO=ZFMF B RPAY LS TL 0 N 2§ T TR A
afrd fapa F Y B A4 0 £ BHR G AR 7 LB 4 <isocyanurate ¥

oxazolidinone g4 » B fs 4 £ o FI L I TR MPq 2 B ek G

SppEn s AT 0 E EDSCIFTIREe & @ * chis % P g A 1 (7 5
Z_ _T»Fé-_/k:"_o
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Absorbance

Absorbance

174
164

1
4000

2278 2238

A

' : . ' v
3000 2000
Wavenumbers (cm-1)

/

l

_F

1366

o
=

L]
1000

Figure 3-2 IR spectrum overlap-of sample D cured at 120 °C.

2278 2238

1 ' ' ' Y
3000 2000
Wavenumbers {cm-1)

1382

N

1
1000

Figure 3-3 IR spectrum overlap of sample D cured at 190 °C.
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Absorbance

]

%_v 2278 2238

1A = Ay
07
:—}M%_.‘t\w
057 Ay~ A /\\IW

g!ﬂi!m l

! . ' . . . ' . . . '
4000 3000 2000 1000
Wavenumbers {cm-1)

Figure 3-4 IR spectrum overlap (standard v.CH; = 2961 cm™") of sample D
cured at 120 °C.
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: 65

Absorbance

303 3

i ' ' ! 1 ' ' ' Y ' ' ' '
4000 3000 2000 1000
Wavenumbers {cm-1)

Figure 3-5 IR spectrum overlap (standard v.CH; = 2961 cm™) of sample D
cured at 190 °C.

33HASBEFAY
1 GRPR A F Rl

LEE AR BB Bfa ¥ T RNE M XMAF R B
Bb o A 478 G A % > im0t Table 3-3 o 4€_Table 3-3 A 45 2 2 5 &
PR A S BFREPE G NG AF B A F AR - sample A ~
D HEMA KL 9598 %> Biw B ATHAZR A o bo 0 § R E B A4
o ad fi DSCEZ L L F o cfd M 5 - g 2 f fmp &
i“F o M PR BEfinc B % - xAE L triazine (aryl cyanurate)f & Tk

F B4~ & 18 3 alkyl cyanurate » alkyl cyanurate £ & %13 {8 3|
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alkyl isocyanurate o % = 3c# % § 8 % F e #E > F_alkyl isocyanurate
BTk E AP T R IR E 2 iF I oxazolidinone o #t A = Bl PF A M 05

£ mA 4 - X F Repholigomer | & 3 27 § fhcyanate £ 0 @ i3 2R

,eL

o

H-N
=
(e}

Table 3-3 Gel fraction results of samples

Sample Epon828/cyanate ester Gel Fraction (%)

Equivalent Ratio
A 1/0.4 98.1
B 1/0.6 97.7
C 1/0.8 96.6
D 111 94.8

2. A 45
() BEE A AT

TGAEF 3 M % TR e M 217 5 o xR B 4B f2 44 e
BRE > ¥ TGAGRIREE et A f - HELEEREA L a4 2

257 @ Pl A4 B f30R & (Ty) ~ A 4R £ & 4 5 (Char Yield) % #c i@ o

|
3;
e

yBeE R A G S%RFE R TS HFRE R v e AT YRR

Jreh
A
W‘V‘l

M-
RS

5% B Tk G AR 2R R (Ty) > &= 800°CT » R 4pdr 2

L

[
Ik

T K HARE R A F(Char Yield)oF S #i £ £4F 4 5 Y%Fen
A= 28 R 2 800 °Cprens 4k & il & & > B 123 Table 3-4 > % vt &) 2.
TGA W 4 B>+ Figure 3-6 - d Table 3-4 #icdz ¥ Frsample A2 BTy % & 360
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°C> msample CEDY £340°C > “§ § Pafn g v a4 > Typ * ' > H
REIT R AMRRTE 0 ERTyTE & Te3h e 340 °Crt b o 47 A
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P BT AR B CNEEEER R F A 7 b ETA 0 F iR
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2D fRid &+ 4B M o AChar Yield2t A » § Ffia g £ ¢ b e 4o
i i triazine & oxazolidinone %z £ 5793 4e > zzChar Yield» B ¥#%& % °

Table 3-4 Thetrmogravimetric.analysis of samples

Sample Epon828/cyanate ester—Tqg-s9 ("C) Char Yield at 800 °C (%)

Equivalent Ratio
A 1/0.4 367.8 7.58
B 1/0.6 369.4 7.66
C 1/0.8 339.8 8.67
D 111 341.8 11.43

37



—#&— A:Epon828/cyanate ester = 1/0.4
100 |- = _h —O— B:Epon828/cyanate ester = 1/0.6
~I —&— C:Epon828/cyanate ester = 1/0.8
i —<— D:Epon828/cyanate ester = 1/1
80 |-
Q
é 60 |-
N
= I
o
)
2 40 |
20 -
0 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1

Temperature.('C)

Figure 3-6"TGA thermograms of samples.
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Table 3-5 Thermal expansion coefficients of samples

Sample Epon828/cyanate ester CTE (um/m°C)

Equivalent Ratio a, Below T,
A 1/0.4 89.39
B 1/0.6 86.16
C 1/0.8 82.02
D 1/1 59.26
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Dimension Change (um)
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—<— D:Epon828/cyanate ester=1/1
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Figure 3-7"TMA thermograms of samples.
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Modulus (E”) o #-Tan 6%+ & @] > Tan §cj 48 3 § ¥ €5 T,2k - Storage
Modulus (E’)& g 33 #& # 8 & (T,) 7| *t Table 3-6 - Peak Height{rTan 6,
#% 71>t Table 3-7 - Figure 3-8 ~3-10 5 & % ¥ & 4~ snDMAW 41 [] - d Table

3-6 % Figure 3-10 ¥ 3 > sample A ~ DI # £ 8 & (Ty)
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Table 3-6 Storage modulus and glass transition temperature of samples

Sample Epon828/cyanate ester Storage Modulus (MPa) at 50 °C T, (°C)

Equivalent Ratio
A 1/0.4 1694 158.3
B 1/0.6 2837 164.9
C 1/0.8 3325 167.9
D 111 3316 167.4
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Table 3-7 DMA results (Peak Height and Area of Tan 6) of samples

Sample Epon828/cyanate este Peak Height Area of Tan 6

Equivalent Ratio
A 1/0.4 0.754 27.932
B 1/0.6 0.636 27.809
C 1/0.8 0.723 29.286
D 111 0.721 30.514
3500 k —&— A:Epon828/cyanate ester = 1/0.4
—O— B:Epon828/cyanate ester = 1/0.6
—&— C:Epon828/cyanate ester = 1/0.8
3000 |- —v— D:Epon828/cyanate ester = 1/1
£ 2500 |
3
3 2000
E I
3
= 1500 |-
L -
o0
£ 1000 [
@ I
500 |
0 [ L L L L L I
0 50 100 150 200 250

Temperature ("C)

Figure 3-8 Storage modulus of samples.
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Loss Modulus (MPa)
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Figure 3-9 LLoss modulus-of samples.
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0.8 | —® A:Epon828/cyanate ester =1/0.4
—O— B:Epon828/cyanate ester = 1/0.6
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0.7 F —— D:Epon828/cyanate ester = 1/1
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Figure 3-10 Tan'o of samples.
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Table 3-8 Dielectric constant and dissipation factor of samples

Sample Epon828/cyanate ester  Dielectric Constant Dissipation Factor

Equivalent Ratio (1MHz) (1MHz)
A 1/0.4 4.1 0.051
B 1/0.6 4.3 0.045
C 1/0.8 4.2 0.038
D 11 3.7 0.041
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