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Effect of Adhesion Promoters on Curing Kinetics and Adhesion to
Epoxy in a Norbornene-Based Resin System

Jung Hwa Choi, Donghwan Cho, and Jong Keun Lee'

Department of Polymer Science and Engineering, Kumoh National Institute of Technology, Gumi, Gyeongbuk 39177, Korea
(Received March 27, 2018; Revised May 8, 2018; Accepted May 10, 2018)

. Endo-DCPD9} | ZA] Afo]9]

SRR

>, 3

g B A7M= endo-dicyclopentadiene(endo-DCPD)2] ASHES- S W o ZA|FR]91e] HAYEE ARSI
PHAEE =ol7] flal =284 7He4d
A= 22 ARRSISiT). of2] 7] kel NCA % NM HAEZIAE 71 endo-DCPD FdgAloll 1 Alt)
! 2 Alth Grubbs S AR&-Sto] TS EH(ROMPYS S8l WAz oH, ojnff 2y
|ZFATE HA|(DSC)YE ARE-st] 2493513t DSC £4H3} model free isoconversion HE ©]-&3l endo-DCPD

AHNCA)Z =21 e (NM)S 3

-
L

T2 7sEe

o] Asjdze] PAE Grubbs E0l9l B JBL A7, HAE0A ALELE endo-DCPDS} | ZA]
57 Alelel AT IO, ol G EAFASE HAZAA Ale]o] ST G /1% Aoz 24}

=},

Abstract: The cure kinetics of endo-dicyclopentadiene (endo-DCPD) and the bonding strength to epoxy were inves-
tigated in this study. To increase the bonding strength, norbornene carboxylic acid (NCA) and norbornene methanol (NM)
were used as adhesion promoters. The endo-DCPD monomer containing various contents of NCA or NM adhesion pro-
moters was reacted with the 1% generation and the 2™ generation Grubbs catalysts via a ring-opening metathesis polym-
erization (ROMP), and the dynamic cure behavior was measured using differential scanning calorimetry (DSC). The
effects of Grubbs catalysts and adhesion promoters on the curing kinetics of endo-DCPD were characterized using the
dynamic DSC analysis and the model-free isoconversion method. From the result of the adhesion test for epoxy resins
with endo-DCPD, the bonding strength was increased by the adhesion promoters, which is ascribed to the hydrogen bond
formation between the epoxy resin and the adhesion promoters.

Keywords: endo-dicyclopentadiene, adhesion promoter, cure kinetics, epoxy, bonding strength.
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Endo-dicyclopentadiene(endo-DCPD)= QoA F&
38l (cracking)?] AHER SR B} 7EA ghR ek
o], W& HAde] A MA| R 7HAGE wr AR ol
=2 2l (norbornene) 2} o] Z 3 8l (cyclopentene)2] 2 g
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polymerization)°] €ojUa, o5 T3l 7FaE 32 poly-
DCPD7} §/35H, 738t Foll= 7l 24, 71414 54
of WS- S<rataL B o] Aol £4 FY 4P 2w
S A ARl o &H L Jint. o]2fdt S = <18 poly-
DCPDE WEA4e]l £79E A5, 59 71 5ol 9%
A= AR 5 Aoy el thgh ekEAdel
S kel $rsle] ot 40°CNE 4G A8t =
gh2E aAjEn 3 71A1A E4S UER] FRP(fiber-
reinforced plastics) T=+= SMC(sheet molding compound)E
A 7ol e aAZ HAS AL 3k of&d, o

AT



2R 7] 54 Aol AHEAAE ASEEES o EAlske] FRel HAle 9% 823

TA= 5] o] gste] ARAR Aol 7Fsst
w &7t Al Feljstal gHEe] 9] kol g Aol

Endo-DCPD 7%= ROMP HH-S 53 S3hikgo] o] F
o th® WA endo-DCPD2] =2 R o] AT o] Znjo
olgl] 7|ZEgo] WAYsle] wEAlRko] FUtslaL, Ato|EZ2
o] o]lFAfe] EelWAl 7tadket 4 Tt E F4dst
7l €tk Endo-DCPD A2 ROMP F5tel] AH8-#= =
2= B 2E(W)S, =2 2 H5(Mo), FHw([Ru), ElEHE
(Ti), ZF(Cr) T°] L&A Ut BZEA Fuj= 24, 717
A Bo] 2L uhH =02 AL8E A9 FAE /1R
= SERHAIZE e S8 ASAA Sl ofegel mE
ot EBulgA Fuli= olgg 49 AsE S5 9
&l e Zlolut 7o) HMaL E4S AT AEE
H3ITh UWHH O 2 Grubbs Fufitar EeEle FHlEA S
£ 7] A endo-DCPD2] E3o] 7FsshH EaBeF
Al Srjrch B2 YA T 7H4 o] vig- vt T
o] St} A, Grubbs Fvll= w2 B 498 JERY
), &, Ak R oplg) vt BT A skl Fulje
TS Aol A Gt

Iz o2 {7kl EehE (FRP)R HIZ=7F Hojuar
W2 o] frete] a9, A Al 2xx, A2 T
Thest ool A FEAFEE tAst ARE= AL o) 18
U FRP Well vlo] 2232 (micro-crack)e] T EHH EA0]
w43%] FHasta, Ag o] HutEHAl FRPE 43 e
Aol v EY 2 Ao)o] AlHo] "o AlEe A= vt
o2/ Hr} T ARE ZAT g AE YR
Ash= Z8& who] ofHal B @ ofEEo] St
ol gt ZAIE sl dst7] flstd A7 X S (self-healing) A2~
do] L= o] Wi thE o] & glo] AlE &
22 FYS Agale 24S 3Eshe 588 7HA sl
Zolth, A7t X & A"l AA] A A7 &4 s
A F A= intrinsic I ASAE e SH &
71E mEZ 2 LA FER o] FoJA] = extrinsic
Foz vw F Aok’ aEA 9 aEAE A Rl = At
& 75 A7) 93 extrinsic FEE] WHoE UR®
ARl 871 mo|AZ A E, T3, Tk Fol ATt 9]
23k 87|58 Yol 7| X5 A (self-healing agent)ES ©L
Rom A Wof| A=A S N £ Yol A
o] MI}=H XEAE TS &717F AAA =HA X 5A)
7F EEuel &4 32 AYFeEN 7eS HI s |
ok T4 e Ape 2RSS X EA| 2 0] 49 v
2 B g A =48 TR T dvke ARl dev
AZFHo] oyl vlgo] @o| Erhe wilo] STt A
T, mlo| AR o] 7 Alge] golsh thefgh miER A
A9} A AREE = Q7] wiEel] B ATt o] FojA| AL

At

Nge] ABAE vlo| AZAESINZ thy =78 oFA|
ANEE X 8shk= AT linois e A7EHol Qs %3
o8 WREQCLS o] AFolMe dFe] X8AE nlo]AR
WA the 78 AdFA AEE X FEske 2oz, o
A X BAZE endo-DCPDE A3t €71 52 E urea-
formaldehydeS Al&-3lo] nlo] A2 -S A %311t} nlo)
A=274= Grubbs FUHE 3| of| FA] mEE] X Qlof] 4E
AlA wtolAz A e Autg Qlal mlo] AR o] 7| A HA
v A 5A9F mfEE A Yol 24t Suf 7} jEg-ste]
7AsFgto 2H 9] & glo] X|&7} 7FsshAl "ok At
7h A gl @k Aol A A 8AE AREShE wlo]lAR
e 7S L] SEie et 22 84E0] Iy
Eojof ght}. A, mlo]aAz Aol oJaf Fi&o] vhdd wjrt
2 e WollA Aoz 71 A7 3 A= lojof g
ok =4, W HEE AUAL Qlof Ado] AT A a3
o8 FHHoR Fejof ot FulE W] 8arE 5 o]
of gt ARy, 2 &gk RS 7EAoF gt whgo] Uy
£ A5 2YEs BT A57] olde A5 =20 92
Zlo]al, vi = 75 ©gA7E vhgE 7] ol = 7
s780] Utk wEkA Fuje AAg S EE YEllE @
FAE ARgalof gtk dA, wiER] X BRI AlgEtE
o] g-ralfof gt AW Ateolo] R o] ofgk 79 X8 A)
o] ¥kgo] ¥t £ ojx} mpek WA Eo] ol APF X8 &
&o| "ojx|7] wjizoll ANl H2to] Fasitt. viEE
2 223 A gASke] AW H2E S A7) A8 4
A3e T T de JEF FAE ol 8g AFAH ) darE
v} Qlrk, 3Rl o2 Wilson 52" endo-DCPDel & &
ZIA| 2 dimethylnorbornene ester(DNE)S ©|-8-5lo] 3ot
(co-monomer)Z AHE-H DNE9} | EY AT ARE-H o ZA]5
] Aolel] FaAg el FHHOEA APt A8 G&e] 71
ATk R ES Cho 5-2"° polydimethylsiloxane
718k 27Ex 5 AlZ~8lel] methylacryloxypropyl triethoxysilane
< H2 FIAR o838l acrylic 28719} MIEE 2] vinyl
ester 1] 3}8HA 08 ATt v mjEg et HAHH
o] FFEe] A7} X| BEo| A FTISIATHL BALsiit.

Endo-DCPDE SRAV F2A] 5 A4 Antel g AL
AL Sl ol EAIFA o] gk AL X BAR Wol AREE AL
Utk 27 AE F F7HE g HAaskel] flEike &
7F A 8A7F sk & mjEY R oke] Ak 1ol
faith mepA 2 Ae] H24& w21yl Zwet 54 #
5715 717 ©EA Z norbornene carboxylic acid(NCA)<}
norbornene methanol(NM)2 Z+z} endo-DCPDO| 3 713 A
2®lof 159} 2™ generation Grubbs STl & ©]-8-3F¢] WESA|
Z ) Wehs =21l 7|9 A A AF ] AshAs 7
3t 50 WS AXFFAME A H (differential scanning
calorimetry: DSC)S- |85} ARSI Zlolt} Bgt v]=4g
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<] poly-DCPDell 54 #5715 =3t S4715 7=
o ZA|FR eke] HAE S YA TE Aol o5 fIt
endo-DCPDOl NCAS} NMS H7Fsh A|5.9} ol FA] Rl
2] Alele] HEAIEZE single lap shear FEAES B3 H7}

s,

= Ea
kineticsE A1sh= WHol O AlEd Q= dHlolHE 4S
ATk Bskar QUok d3 FAH-2 d=2 Qlste] zl8gst
= WS &, 258 718 79 vhgo] AlE = g A
o] St} thFE9] kinetics £4] W2 2=k Agkee] of
gk 2 (18 ol&st] veRd & Utk

dardt = KDf(a) ey

A7IM, KTy= &=l theh ¥h-g o5 223l flaye W
zdlo] Hghgof thgt o4& YERdTE 4 (1) single
step process®] =5 UERH 2102 M3 (o= A 4
oAl E49] HRkAQl Wsle] EE&EA AFHoE AAH
oh WheEEe] 250 gt 2]&/d-2 Arrhenius? S 53l T

3} 7bo] T 4 ok,
KT) = Aexp(-E/RT) )

o714, 4= pre-exponential factor, F= 8433} olU%], 12
3L RS oPY7IA g dERY &, A1 (nucleation)}
7o 88 AR Aol HheEE] L oFEAo
Arrhenius? S W24 = Ao 2 Ld#x] Jok.®

Model-free Isoconversion 2. Isoconversion W2
Al HAggoA Wk EEE L1 0] Shrofut oj&diths o
25 mEL o]AL 2 3)elA e AHHE 4] (1) =
I(log)s F gt T wliEste] JojziTh

[oIn(da/dfy/aT), = [olnk(T)>T "), + [olnflc)/aT ], 3)
o}71M, 23 BF2] o= isoconversion ol FolR HF-E
I #do] St} o= 93] W Aa)= 57 Dok
w2, [plnfla)sT = 00] H3L 2] 3)e 2] (4= Azlech

[oIn(de/dfyoT"), = -Eo/R 4)

2] (4)ZFF isoconversion rate®] 2% FEAHLE 5 &
ds wE HohA] ol /93] oA #e AL
t}. o] 3t o= <13}t isoconversion BH S Model-free
HhHolgl K 27]% 3t} Isoconversion W= =A

Zan, A)4278 A)55, 20183

differential '} integral W o] T HEH O ZE ALE-E
= differential isoconversion "' 22 Friedman o] )
o 1 2L g o] FdE

In(do/dt),; = M[Ac)A4,] - E/RT,; ®)]

5% oA TR N3 Indarid), o) 2] 7187)2
RE E,& ¥ 5 Ak oA, 2 AP A8E 5%
=8 oJrj@ith. ofg 7H] S2SEg olglel 4FE 214
& 749 4 (65t 2ol wHHh,

In[A(da/dT)y;] = M[A)As] - Eo/RTy; (6)
N

AR, B AFA= 271 X EAQ 72 A Z endo-
dicyclopentadiene(endo-DCPD, 95%, Acros Organics, Belgium)
= ARSI o, 7)o dlEZAIgRIeke] RS AT
7] 913t 23] (adhesion promoter)Z =2 H o] 7]dksk
A9l S-norbornene-2-carboxylic acid(NCA, 98%, Sigma

Table 1. Chemical Structures of Self-healing Agent and
Adhesion Promoters and Grubbs Catalysts Initiating the
Ring-opening Metathesis Polymerization of endo-DCPD
Monomer and Leading to Crosslinked Poly-DCPD

Material Chemical structure
Self-healing ﬂ%
agent
endo-DCPD
. /
Adhesion Lb\ ib\
promoters 0O~ "OH OH
NCA NM
/ Catalyst o
—»
DCPD
monomer Crosslinked polymer
Grubbs oo
catalysts
( He M\ G
()?Qw QTQ -
el (]
Ru=\

o e
k)ii‘()

Ist generation 2nd generation




2N AP ) AR AASA} B olEAIsle] E] vl 9 825

Aldrich, USA) B+ 5-norbornene-2-methanol(NM, 98%,
Sigma Aldrich, USA)S 3718}t Endo-DCPDeYl NCA X
= NMS &313E 4]90] F 5572] Grubbs Z7l (1% generation,
2™ generation catalyst, Sigma Aldrich, USA)E 742} 0.3 phr
2 F7Fet o NCAS NM9| §Hg 747t 2.5, 5.0, 7.5,
10.0 wt%= HSIAIZITE Grubbs ZlE dichloromethaned]] &
A - A EL7100M QA st ARgatlem AEA
3} Grubbs Z1+ ‘as-received’ Enjjol] HJ8l YA} 277t =
o]50] Rhe-S THF 02 XgAT]= Zlo= deiA] ek
Table 10 & Aol A8-3F endo-DCPD, NCA, NM 2|3
endo-DCPD ©HA| 8] 7] 8H5-7a 5 gH-& 7HA8kaL 7had
poly-DCPD %= o]11= 98-S k= Grubbs Z1jj2] 3}
75 Yerith

AskEE BAME AlE FH]. 20 mL Blo]Lel endo-DCPD
S} NCA H== NM2 AlZE e ¥ 5 A=2004 15
7F 200 pm &2 Nkete] A3 843 ATt o] §-
100 mL ¥]A ol AAAA1Z] Grubbs Z1ll 0.3 phra} A&
200 rpmollA] 13 3027+ F7H2 wykel 2% 22 Q3 vk
< WA f8f AEE -80°Ce] WEILA wRAIA B
et

Lap Shear HEA[EHE AlH FH|. 2 AFolX= lap shear
HAAELS $18] ASTM D316391] 2]73}e] single lap shear
joints A|2Fs1 ™, Figure 19 AlHe] RAEE Ve
ok FAZE 3mmel AT SFEH061) o] T & F
S Zo] 25 mm, HH] 25 mm, Z°] 0.5 mmZ Figure 1(a)ll
Hol= ule} o] &8 THEQITE L &9l diglycidyl ether
of bisphenol-A(YD128, equivalent weight=188 g/eq, Kukdo
Chem. Co., Korea) ol % A]| 52| ¢} diethylenetriamine(DETA,
equivalent weight=21 g/eq, Sigma Aldrich, USA) 74 8}A &
TR Ege &S A-aL ZSAA Figure 1(b)ell Hel
= Hie} o] oFA] T8 FABIATE. AFAIeke] HAAIH
S 213t endo-DCPD/NCA =2 endo-DCPD/NM 73 814
AS A% A s e o R AlxsT
19 Al GFulFa olFAIFA] Ate] ] HEfo] fAH
3l7] fJste] YFulES 80 °CollA 10% NaOH 8-
60Z7F o3 (etching)atSith. YD1283} DETAS] &3+
oA 15E7F 7IAIA 0= wyksil o, 7|25 A|As}7]
7F 40°Ce] RFQEAA A st £ olF
£ dFrlE Fo AL mlE o|PAE XS &

25 22 9l &2 Ad2olA 12 AR, 70 °CollA] 3
2]3L 120 °CollA 2A17F B3t BAIA 02 AsiAFT
ndo-DCPD/NM = endo-DCPD/NCA &3 A E &5
NFAFA] ffol] Hojrea]aL o FAFA] -5 75t
el STl Be A=A FHE T3 JHHEe
TN ZHFigures 1(b)2} 1(c)). = 3 60 °CollA 4
= ollA 7Hd sk
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Figure 1. (a) Specimen dimensions; (b) schematic; (c) visual
appearance of the joint geometry for single lap shear testing.

DSC 4. 2550 wE A3l Hsg Lotrr] fls
differential scanning calorimeter(DSC, DSC200 F3 Maia®,
NETZSCH, Germany)s AM-3H3tE &0l 3ol 6~10 mg
o] AIEE YAl -50 °CollM 250 °C7IA] 22t 5, 10, 15, 20 °C/
ming FE5EE HSAF T & Ao dojzl diolHE
EUZ model fitting 3} model-free isoconversion ¥H-2
AMgsle] 73t AB-S B80T Model fitting WPH O 2t}
et vk 24 F endo-DCPD 7|9F A|2=Hlo]] Agtsiciar &
H#] A= n" ordere} Prout-Tompkins Autocatalysis F 7}4]
2dlS #-83lo] 24319 th? Model-free isoconversion
MO 2 Friedman 2]} linear regressions T3l 7+ H3-&
of agsl= 293} UA9}t A )lE AT TS, o]F
Al AL A3} MR, n[Afe)], 2L okl 4] ()& ol
sto] Tt S2&w0 sdshs SRS A 5 9
o} o] 2 5B Al A3 Al fittingste] 73t A" A
TS A5 Aok

do/dT = (A/p) - exp(-E/RT) - @) 7
HEZE ME. 2199 H2AEE= ASTM D316391 275}
o universal testing machine(UTM, Trapeziumx, Shimadzu,

Japan)S ©]-83}93 single lap shear H&A1E WO Z =4
3t T} Load cell 50 kN, crosshead speed= 0.5 mm/min
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o] zAdA FaYetgl e, 7k Az dlste] 5314 S35
ATt 7AstE A7F X gA19] Het FA= 0.17+£0.03 mm
th. o FA| A &F 2}7F X 8 A Aol o] 3 27} E(bonding
strengthy= 2] (8)2 E3lA] A4kt

A= = P/A ®)

o] Aol P Ao 7l He) sFgol, 4 A7t A

0 9 =

Endo-DCPD/NCA A|ARIS| A3t HE 4. 88 45t
718: Endo-DCPDl NCAZE 2.5, 5, 7.5, 10 wt%E ¥o] &
sk H 0.3 phre] 1% generation?} 2™ generation 1S 3
7¥st Aol tial 5, 10, 15, 20 °C/minZ $-25E5 ge|gh
&2 743} A5S DSCE °o]&3te] 43Tt Figure 2(a)
9} 2(b)ell ZH2} endo-DCPD/NCA®] 9:1 v &2 g3 A
1 generation 2 2™ generation Z1|E H7}Fsk Al 5o 3]
=48 DSC 34408 JeRNITE. WA 1% generation F0E
ARE-3F 73991 Figure 2(a)2 HH, 0°C F-2ol] & 54 v
A7} Yeh=t, ol AR AR Al FERY S35
Hol 71%t) o]F <F 20°C HZHE endo-DCPDE]
ROMPe] o]t d wh-g-o] A& g 9]=19] HFH o]
53.7°ColA #EEJTE 22 o] F °F 100 °CHEl FE 750l
YERFAL 167.8 °CollA FE wkgell &Jgt 337} Yelstth
0] endo-DCPDE] #=7% (B.P=170°C)°ll sdsh= Ao =
HhS-o)] Zod kx| B3+ endo-DCPD7} 713}=] o] LERt Zo]
o} o= 1% generation 9] 739 NCAS #7F5PH ROMP
o] A&slA o] Z3e-S olv|ghtt. Figure 2(b)
oA 2™ generation 1] 7395 EH, 1% generation )
o AR ] S5l o8l vERd 1A o] I
Hhg-o] = o] 61.2°CoA FHo] BT, 1¢
generation Z1jjol] W]sl Wkg-o] FA3] X =|of nl-¢- W
Fele] T =7t JElt) o] Z--oll= 1% generation 72}
942 §¢€ J3Z7F JEA %o H, o] R endo-DCPD/
NCA A|Z=8loj| 4] 2™ generation S| S ARSI S W |3}
202 ROMP §hgo] o]Fojfith= A& ofn|gict,

Figure 3(a)°ll 2™ generation &l & % 7}3} endo-DCPD/
NCA A 84 NCA s ®IstA71H 10 °C/mind] 525
T2 243 DSC Z#4E Uehiith o] Aaolx B 5 3l
o], 2" generation FWE H7Is ¢ ZE ABolA oF
60°C H-ol] W=k Jefo] WY ¥ =7F YEh L, o] %
80~170 °C A}o]ol|l A 17l (shoulder) FEj ] A o] #2=Q)
t}. Figure 3(a) 222 W Foll 558 endo-DCPDS} NCAS
10 wt% 71k Al5ol thsl o7 F3i-S griste] YeRAR

Zan, A)4278 A)55, 20183

O
0.0
(a)
0.2
04
o
H I 0.6
z
2
T 208
Il
o
T
1.0
1.2
-14 v - v v T
50 0 50 100 150 200 250
Temperature ['C]
4
3
of 2
)
E3
E
< 1
o
@
T
0 -
- v - - v -
50 0 50 100 150 200 250

Temperature [C)

Figure 2. DSC thermograms of endo-DCPD/NCA samples with (a)
the 1% generation; (b) the 2™ generation Grubbs' catalysts at the
heating rate of 10 °C/min.

t}. o]213 o7l= 2™ generation Z|E 718k Al 5ol thal
Al LA 0 2 AEE = ddolH, o] Alo|EEaHlold =
2R 252 ROMP ¥Hg & A3Eo] w2 7oA
ROMP ©]9]o]] 3} Hi= 71 o] de] whgo] dojupr] wjio|
Uete @42 B3 E vl QJth? Figure 3(b)= Figure
3(a)2] DSC FAo)A -10~25°C 7742 Fofisle] vepd A
o|t}. Skl AFSH nke} 2ho], 0°Col] YRt 33= DSC Al
B AxE Al i S50l o8l vERd 30w, o]F vEeht
= $¢ 93 E endo-DCPDE] =4 gt =55
endo-DCPD2] 7% &4 v=1o] A oA AAHH HEHo]
oF 15°CoH NCA 71l whet 9]=7h W2 2 £o= o]
FohHA o7l efZ vtk NCA A7l Wt endo-DCPD
o] §Ho] Wolr= A2 NCA ¢J&l 54 UE= endo-
DCPD®] A7 /€] HWalol oJgk Aoz AAZIh A7} A
B 71l Zp7E A E5AC] gk A7 Bol e ot
endo-DCPDE & Z-§shk=t] Slo] Yeh= 3| 5 of
e §3 olate] Aol JA| AJEjo|BR HAfo] WAl E]
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Figure 3. DSC thermograms of (a) endo-DCPD/NCA samples con-
taining different NCA contents with the 2™ generation Grubbs' cat-
alysts at the heating rate of 10 °C/min; (b) the enlarged curves in the
range of -10 to 25 °C.

RS W ZAH Aol = A7t A FA|7F &) Eof7F A
7150l HAI7F ths Holth. & Aol #-&-gh endo-DCPD/
NCA A59] Z9oe §§257 Wolug ¢ W 2%
NNZ= WO T EAfSt] A7t X FAZ AREE uf fe)et
ol Slt.

Table 2= Figure 3 AHZFEH DL T Theas AHRS] 7
< UERA ﬁow‘r NCAS] gheFo] F7stol| we} 78} vhe-
o] A& EE %2l T, £58 endo-DCPDOA 20.9°C
ol 10 wi%2] NCAS A7}519S wl 8.5°CE 714314c)
NCAE 7Kl w} T.,= el S7H Holw AHze
Attt A7 TS endo-DCPDY] &8 ¥=L &
heat flow Zre] Z713817] A|Zets L2 HE 245kt
At ARk &5 faske Ao Hl8l Twu/t =2 X

Table 2. Onset Temperature (7, Peak Temperature (7}..),
and Total Enthalpy (AHy) for Different endo-DCPD/NCA
Samples at the Heating Rate of 10 °C/min

NCA content

(Wi%) Tonser ("C) Theatc (°C) Ay (J/g)
0 20.9 56.5 372.8
25 19.1 59.1 369.4
5.0 15.4 57.5 366.2
7.5 12.8 57.6 349.1
10.0 8.5 61.2 348.2

*Note that different mixing conditions from other samples were used.
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Model-free Isoconversion Kinetics 24, 2 dox=
SA AAT T4 Azt B4 WE 3 o E 0] model-free
isoconversion kinetics #4923 F3l| ZA| 733} Aol zF A
g sgsle 2443} ol ufA|9} pre-exponential factorsS -
ste] Fghgo] & WsE FAbste] ¥hE WAUSS 4
=g

Figure 4= endo-DCPDP| NCAZ 22} 0, 5, 10 wit% &3
3l AJJ]| 27 generation SIS 0.3 phr 718199 W] 2%
o e HAE()S VRN Zlolt}. o] AieA NCAE H
7ol whet 2=o mhE AslE FAo] B 2 o=
ol Este] o 2 2Eo A whgo] doju= AL & F 3
Ath. Model-free &2 HellA &/43} U= & F317] 9180
Me RE 52455 HolHE 4 (6 Akg—okoq 21 3
o] xnbga o2 Yehd Friedman plotS WA Ao,
Figure 59l endo-DCPD/NCA 10 wt% Al5ol 3t friedman
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Figure 4. Fractional conversion versus temperature for pure endo-
DCPD and endo-DCPD/NCA samples (5 and 10 wt%) with the 2™
generation Grubbs' catalyst.
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Figure 7. DSC thermograms of endo-DCPD/NM 10 wt% samples with (a) the 1% generation; (b) the 2™ generation Grubbs' catalysts at the

heating rate of 10 °C/min.
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Figure 8. DSC thermograms of endo-DCPD/NM samples containing different NM contents with (a) the 1 generation; (b) the 2" generation
Grubbs' catalysts at the heating rate of 10 °C/min.

Table 3. Onset Temperature (7., Peak Temperature (7)), and Total Enthalpy (AHy) for Different endo-DCPD/NM Samples
with the 1" and the 2™ Generation Grubbs' Catalysts at the Heating Rate of 10 °C/min

NM content (wi%) Tonset ("C) Theak (°C) Aty (V/g)
I 2™ I 2™ I 2
0 20.2° 20.9 71.2° 56.5 362.4° 372.8
2.5 212 183 116.4 57.0 363.7 3742
5.0 19.8 16.8 123.0 57.5 333.9 373.0
7.5 16.3 14.9 124.6 56.4 326.7 367.7
10.0 13.4 123 127.0 58.1 290.4 361.9

o dHA e

Table 3] Figure 8(a)2} 8(b)2] DSC FA 0 &RE Hojxl
Tonsetr Tpears AHRS] 762 YFERNRATE. 1% generation Z7 €] 73

2.5 wt% NME 371 Al5ellA] T, 32 21.2°COH

b

NMO| 10 wt%= F718MH T B2 13.4°CE 72313
116.4°CAlA 127.0 °CZ

2 FAE TN Ty B

BA

S7VEI90™, AHy 35S 363.7 JigelA] 2904 J/go 2 7148}
At 2™ generation oA NMe] 7o W& 7,9t
AH2] W3} 732 1 generation F7| ¢} FUFH T, T
NM 7l A GaFe ¥R keh. 18ut 2™ generation
o= 1% generation 7-9-ol &l & vk

58.1°C AbololA] T, 7} VreldT.

2521 56.5~
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Figure 9. Fractional conversion versus temperature for endo-DCPD/NM samples with (a) the 1 generation; (b) the 2™ generation Grubbs'

catalysts.
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Figure 11. Model-free prediction and experimental results for (a)
NM 5 wt%; (b) NM 10 wt% samples with the 1% generation Grubbs'
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