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EE: B A= 3-methacryloxypropyltrimethoxysilane(MPTMS) A& AZHAE AEsl 27 Sz 55
o] 7Fs%k el Y & o] E(methacrylate)’| & AEZ QX 1/}_:_Qﬂ(cellulose nanocrystal, CNC) o] =435 }Oﬂr/}.
3] MPTMSZ /1 ¥ CNC(MPTMS-CNC)E 24412 AFg3te] 2po)dl Asl7t 7158k 412 AME-3te] thiol-cne
A AR BEIHOE JeEIE Axske d72 F38I £ CNC 2 MPTMS-CNC S84 0] e
EgA o] G, AT B BEE S B miA e S FEld \ME H o £371(FTIR), €524
(TGA), FHsABAA7(UTM), & 71AIHE7(DMA) 2 FAREAAN 7 (FE-SEM)S AREslo] #4319 Th
MPTMS-CNC 534l = CNCEEE WieB3HA| o] U=} ' ES T Bol T7HI7Ie AL gRlsisitt

Abstract: In this study, we grafted free radical polymerizable methacrylate groups on the surface of cellulose nanocrystals
(CNCs) using 3-methacryloxypropyltrimethoxysilane (MPTMS) as a silane coupling agent. We prepared nanocomposites
using pristine CNCs and MPTMS modified CNCs (MPTMS-CNCs) as fillers in UV-curable resin by thiol-ene step-
growth photopolymerization. The effects of pristine CNC and MPTMS-CNC fillers on thermal stability, tensile strength,
elastic modulus, and dispersion state of fillers in nanocomposites were measured by Fourier transform infrared spec-
trometer (FTIR), thermogravimetric analyzer (TGA), universal testing machine (UTM), dynamic mechanical analyzer
(DMA), and field emission scanning electron microscope (FE-SEM). The MPTMS-CNC filler was more effective in
increasing tensile strength and elastic modulus of nanocomposites than CNC.

Keywords: cellulose nanocrystal, 3-methacryloxypropyltrimethoxysilane, surface modification, UV-curing, mechanical
property.
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M= SEA Fert Pk, dEE M = oA, At
A 9 AREHA|oF e S vhEe Seae e g e
Ao deA] Yyt ek 2 Ao A ALl thiol-ene
WA B FEEHe A 2 ATEeR JgE,
AHne] QS Al WA koA, WEA FHEE 58S
7HAAL Ao

2 AFolMe g 218k 18 freEfE, 1Ak
F 37he] ok dH o] E7|S 7FA= soybean oil epoxidized
acrylate(AESO, MW=1138 g/mol)yZ W= ARE-313L CNC
E ZFAAZE AHESI thiol-ene FSEHOE U=E3AE
Azste AFE T3tz s F3E dFA 2=
AESO ©]¢ldl] 122 & 5~67¢] olad el EV|E 7=
dipentaerythritolpenta/hexaacrylate(DPHPA, MW=525 g/mol)
2 1524 & 419 thiol”]E 7HAE pentaerythritoltetrakis(3-
mercaptopropionate)(PETT, MW=489 g/mol)E AF&-315 2.1,
1k 849 4|= isobornyl acrylate(IBOA, MW=208 g/mol),
FNAAIE Irgacure 1845 AFE3FATE Eg CNC 3l A}
FEOZ S5 -gol 7hsd vElm Yo EV S =YsH]
$J5le] Ak AZHAIQ 3-methacryloxypropyltrimethoxysilane
(MPTMS)E AME-3l CNCE M3 &, FHAZ AR5l
W53 E Al=xstint.

B Aol A &)X (ultraviolet, UV) ZAF A7k whE 4=
9] 7385 =79317] 151 FTIR(ThermoFisher Scientific,
Nicolet is50) AF&3}a, Ui EghA o] 94 A2S TGA
(Scinco, TGA N-1000), 7177 442 UTM(QMESYS,
QM100SE)3} DMA(Perkin Elmer, N535-0001), =53}
ghAo A o] Ui SR 9] 4 AEl= FE-SEM(Hitachi,
SU8220yS AH&-ale] AAIFG oz X319t} Scheme 10 &
AFolA AMES FFAES] shet F2AS eI

I o <

Pentaerythritoltetrakis(3-mercaptopropionate) (PETT)

HyC CHy

Irgacure 184

Scheme 1. Chemical structures of monomers and photoinitiator used in this study.
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AleF 2 XHZ. CNC(cellulose nanocrystal, H UAF 2173
7.5 nm, Z°] 150 nm, CelluForceA}),'® £1l:= ethanol(99.9%,
DUKSAN), DI water(MR-RU 890, 18.2 MQ-cm, Mirae Sci.
Corp., Korea), A& #AZHA= 3-methacryloxypropyltri-
methoxysilane(MPTMS, Gelest)E AF&-3F3 T} E3F CNCE
MPTMSE AHg-ate] H@hs} whg-A1Z wf ol slsbd s
glo] S E o] e MPTMS+E cellulose thimble(1.5%33x
94 mm, Sigma-Aldrich)E A3} ethanolS & Z soxhlet

o= 2Z3t] AAsYT LB et Azl AHeH
soybean oil epoxidized acrylate(AESO, Sigma-Aldrich),
pentaerythritoltetrakis(3-mercaptopropionate) (PETT, Sigma-
Aldrich), 1-hydroxy-cyclohexyl phenyl ketone(photoinitiator,
Irgacure® 184, Ciba™ Specialty Chemicals), dipentaerythritol
penta/hexaacrylate(DPHPA, Sigma-Aldrich), 2 isobornyl
acrylate(IBOA, Sigma-Aldrichy= Al2FS sk, M9
A glol ARg-sisit.

MPTMSOf| 2|8t CNC &™ JHE HtS. CNC xHol |
B ol EV S Edshe Ae & Aol ofn Ex
gF =l wet Fsiioh Al 2 /jEHe v
3 2

500 mL WF-S-7]9) ethanol:DI water=80:20 v/v(%) 33 2]
£ 100 mLol| tisle] AZE CNC 2.6 wv%(2.6 g5 YL
71A1A] WHE71(WISESTIR®, HS-100D)E 200 rpmell 4] 2A]
7 ket ZARAZ T T3 CNCE #AA7] = 54,
100 mL H]o]7 el 9o} 72+ 249 ethanol 58 30 mLE
2 & acetic acid(99.9%, DUKSAN)E ©]-8-3le] pHE 4.0
Z g 5 13.0 wh%(3.9 g)2] MPTMSE T3k 11]7F
2 2 4H7] (CORNING, PC-420D)& wutale] Al 7=i-af
A7,

%, 71A14] 38k 521 500 mL ¢ WHE-71ell 100 mL H]
oA A 7h ZaAIX] 9 BoAs FASt 25 °CellA 2
Al7F HES AT HES S 9 Hettich®, ROTOFIX
2A)E ol—&o}oq 4000 rpmoll A 202 &<t B F, 4
SN WY Y& CNCE F JﬂEE] ol &A wot
40°C QE(JEOTECH, ON-22GW)llA 417+ AxAZ A
Z T, 7I5EslE MPTMS?] Si-OH7|92F CNC <] -OH
P1ske] shetARS SEar] Slatel thewt 7to] WA S
sl |4, MPTMSZ 712E CNC(MPTMS-CNC)YE
AFQE(JEOTECH, OV-12)°] ¥& & 23 oo 7|2
HAA=2 33 X33 F 110°CE A A 9 24004 3
AIZE A T, B 258 257K WAzl F.
Al gl ol é%‘ﬂt A& WAE7] flated, tixAClE
of B3t EAe] Foll CNC ¥} s}8; AjslA] &
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& FEHES ARSIGITE 500 mL 2 vier Fekee]
ethanol(b.p.=78 °C) 250 mLE 2 3, 90 "C94 water bath
(CHANGSHIN SCIENCE, C-WBE-L)JllA] 28 2133l
o AR 2.6 g& cellulose thimbled]] & ¥, 3A17F 52t &
=Y FE= TSI F2F AEE 70°C 22004 3*1
7F AZAZ &, AR o] FEEE A WAE] 9
sted EAAOTE A BAat3dT).

UV Zek8 X 8 M=. 20 mL H]o]# | thiol?] PETT
7.5 g(0.0153 mol)S ¥ ¥ 3 7/NAIA] Trgacure 184 0.6 g
< wol wwreltaA EafA Z ok =3 100 mL Bl o] 7 <]l
AESO, DPHPA 9} IBOAZ 10.5 g(0.0092 mol), 7.5 g(0.0142
mol)#} 4.5 g(0.0216 molyS =318 o2 H7FsPar AR ant
718 ARE-ate] wksPaA Egsiith. dFrlE XYS AL
4319 100 mL ¥lo]AS AR U 2 F, 9] 20mL
H|o]71¢] PETT &S 100 mL H]o|A el H7}etitt. ofu,
TA] & ofmdHo|EV|¢}F S-HY]¢| FH= 1.62:17F =

= 3t 91 2ol o}ﬂaﬂﬂol‘zﬂﬂ S-H71¢] H|&&

1101 obd 1.62:1% F4& o= ol e|E S TH=
@#@A E91 AESO, DPHPA, IBOAE-S -SH71 & 7HA &
PETTS} thiol-ene %= O]—X]“P olZdY0|EVE TR ¢
FAE AlolodlM] G5 FEHE 7Fss ] wje] of=
deo|E7]¢] vles 162HHE 7Yl =5 CNCs} 9l
MPTMS-CNCE &4A| 2 A3 ‘/]'LH@'XH-‘: 1 XA S
Aot 3 = A 30 goll thiske] Z42) 3, 5 2 7Twit%
£ ¥ F AN WRIE 50 o wnkeiith £ ¢5
% g(hom) Elele] 2237](20 kHz, 700 W)E AFS-51o] o
YA A& 30%E 1027 259 Ad &, &% s e
7ol AAHES 7t &, AF 1lem?! PFA
(perfluoroalkoxy) HE=Z] t]Fol ¥4 ¢F 1.0 mm7} HES &
it} ¢ PFA HIEZ] t+lE UV chamber(Electro-Lite, ELC-
500365 nm, 30 mW/cm?))ell o] UV ZAF Al7HS "ISIAA
7HAA FFEAIHATEY

OIEZE A|EHX|ZEL, 9] UV chamberdl| A #|Z2E U837
A HE5& ASTM D 1708 A2 A A7 S Ak
AAAE AP A AS Az
1. CNC2} MPTMS-CNCE F3A| 2 ARS8 Y85t
Aol 243 AL Ak e A4S f18le] FTIR, TGA,
UTM, DMA 2 FE-SEM ¥4-& 423159t}

FTIR #42 diamond 272 AM&-3+ ZHEA (attenuated
total reflection, ATR) accessoryS A5} 4000~400 cm™ o]
A 4em? B35 OE 328 scansted 73T TGA 4
& ALEL7] Sl 30 °CollA 800 °C7HA] 10 °C/min &=
2 255 WA AIES] FA WHskE S35t UTM
48 ASTM D 1708 4 i /\] HS AZF3F 10 mm/

min®| £EE AU A1HS 1018 Alxste] Q187
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AFHAE, EAHAHE 2 tan § S DMAS AM&-3}o]
=3I} 10x40x1 mmZ Al A3 1 H] 28 5
roflA] —30~100 °C H2JollA 3 °C/minl 2 F2A1719 =
L=

Ui B9k gieo o] FxAe] it AElE ER1s]
213t FE-SEM 48 a3t A as 94 da= |
7248t & oA A 1827E, 20nm FA 9] goldE ZH I F,
kVe] 71 Aol suk HjgE BA ST

(9]

An o =2

CNC EHHof| HEIZZY0|E7| £ &fol. MPTMSE A}
|3k CNC 71234, 7€ CNC 3H9] wel=mdy o]
E7] £918 #01s7] 918k FTIR £37]|5 AMgalo] 24
32Tt FTIR #4192 CNC 9| thdl MPTMS 7] 2 o]
qEH oz o]Foizl AL I on, B} zpH g Az}

© o] Mol I3 E =g 8] 7=kttt

TEe Y FMEE EH. UV 2L A7) 12 1] A
3e-S =4517] 95l FTIR B37]8 AMg3le] UV 2AF
A7k 0, 1, 3, 10, 15, 20 2 2580 W& ~HEY H3lS
ATRHE O 2 =439t} olad g ol E ek MPTMS-
CNC £H| EAlst= vemZd e o E] 9] C=0 ¥ A=
1727 cm™, oFZ o) E7] 2] C=C ¥ I+ 16182} 1637 cm’,
HElZ Yol E7|Y] C=C F3FE 1637 cm™’, 28] S-H I
3 2578 em oA YeERE Zlog dEA Qtt. o]2]3l o
AEe] WA WslE Aysh UeRl7] f18ke] UV A7
0, 1 B 20l gk =2 ER ] WslE Figure 1(a), (b) 2
()l YFERAATE.

Figure 1(a)g ®H, UV ZARZHO] 0, 1, 20802 F7}a}
ol C=0 ¥|=¢] AL 11.85, 12.14, 12318 & H3P} Q1
£ S Felslin). wEbA, ¢=0 ¥32] WS Ase =
Aol YWHI7IEo = AMEala

Figure 1(b) 2 1(c)lXE 1618 2 1637 cm™IA] LFER )=
C=C 9=¢} 2578 em™ol|A YERh= S-H ¥=1¢] F7|= UV
ZAF AZFe] F7tslH FRte] Felso] AR adhs e
HHE 7 AATE UV ZAL A I8 C=CY] % W3}
£ YERE 1618 2 1637 cm™e] 93 W3} S-He| % ¥
3= Yehll= 2578 em! ¥39] WA A4S AHgH o=
ER)7] $18ted, 1727 em'ol|A YR C=0 F]=Z9] WS
WH7IEeE sto] C=C 929} S-H ¥]=9] |4 ¥l &
Asled Table 10 YERAATE. B3 Table 19 2] (1)S AR
slod AxkeE UV 2AF Al7H0 w2 2388 s eIt
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Figure 1. Evolution of FTIR peak intensity with UV irradiation
time: (a) 1790-1670 cm™ region; (b) 1645-1605 cm™ region; (c) 2610-
2520 cm™ region.

U3, (Area of peak)s £ B¢t UV ZAF 39 ¥]= wiA S
Zbzt vepdit,

Table 194 ER UV AL AR0] 0, 1, 3, 10, 15, 20 B 25
] Eq—ﬂ—, Arg181727 anls A1z et B Aosgn727 e
Fol UV 2Ale] whe F5 w02 sl A3 gasitt
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Table 1. FTIR Peak Area Ratios and % Conversion of S wt% MPTMS-CNC in UV-curable Resin with Respect to UV Irradiation

Time

Area ratio

(1618 cm/1727 cm™)
(% Conversion)

Area ratio
(2578 cm'/1727 cm™)
(% Conversion)

Area ratio
(1637 cm/1727 cm™)
(% Conversion)

CNC-MPTMS (0 min UV)
CNC-MPTMS (1 min UV)
CNC-MPTMS (3 min UV)
CNC-MPTMS (10 min UV)
CNC-MPTMS (15 min UV)
CNC-MPTMS (20 min UV)
CNC-MPTMS (25 min UV)

0.0103 (0%)
0.0072 (30%)
0.0063 (39%)
0.0021 (80%)
0.0021 (80%)
0.0021 (80%)
0.0021 (80%)

0.0155 (0%)
0.0117 (25%)
0.0107 (31%)
0.0047 (70%)
0.0037 (77%)
0.0032 (80%)
0.0032 (80%)

0.0022 (0%)
0.0013 (41%)
0.0012 (46%)
0.0006 (73%)
0.0004 (82%)
0.0003 (87%)
0.0003 (87%)

7} ZARNZE 2055} 255004 A 165177 enti= 0.00212F 0.0021,
Arg31727 et 0.00322F 0.0032, Aoszg177 = 0.00039F 0.0003
2 33 AAH] A7} glojA], UV ZARZE 202004 =g
o] Agl &5 H& AL IRISAT. UV AL Al 2030
}\1 A1618/1727 cmls A1637/1727 emrl E‘l A2578/1727 cm-l‘o/] 711)]\—% 21% 711)]\—‘04
20, 20 2 13%2A], 7k WES0 2 ¢lale] -2|9lo] AFHe
Wolr F9hex] o8y Holgle C=C ¥ S-H 7|= gk}

U obHM &ol. FHAIE H7IeHA &S &4 4
SH|, <24 CNC2F MPTMS-CNCE 217} 5 wit%= E8tshe
A €4 S gl flsted TGA £4S
3t A 7)F3klA 30~800 °C HHIE 10 °C/ming] <
T2 71EeHA AlEe] FA| Wsls 431 Figure 20 Y

ol

BRI
T FA TFA, &5 CNCE SRR AMESE =g

A 2 MPTMS-CNCE FHAZ AME-g e 53 9] 2%
Hslo] M2 TGA 5% 4A34E Figure 2(a) WER AT
Figure 2(a)2] 272 B, 800 °Collr] A4 2] 2.80, 3.75
2 4.06%2] o] 27 SH AT MPTMS-CNCE 5
A2 AR VB9t o] o] 7P =4 54 E ol
= MPTMS-CNCol| EA13l= Si 947} chars 34314
ZHREe] 7Y Wol Wi Zoz dhHch

T3 5 4] A, 54 CNC 2 MPTMS-CNCE ¥
Sebe UxE3A o] il AlE 255 3247, 323.1 ¥
325.8°C2 71z} 24 =o], Rl A%t 25 2 o7t ¢l
= AL FRIEHAT

=

Figure 2(a)%] Z3#E Pld el 42 e Figrue
2(b)e] DTG(derivative thermogravimetry) A5 RH, Zo)
£ $£=2 YeElE &% (maximum decomposition rate
temperature, T,,)E =5 T SFA A 282, 395 &
485°C, CNC ¥ MPTMS-CNCE 442 77} ARE3
=ESHAES- 22 297, 394 B 490 °CoF 303, 392 R 487 °C
2 dialvt AR JdEE AoZ Yehytt. o] st 4
H= B, F HA A A HA 7, w3 2 Zpel7t fIAINL

Zay, A|4338 A43, 20193
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Figure 2. (a) TGA weight loss curves; (b) DTG curves of neat UV-

cured resin, 5 wt% CNC in UV-cured resin, and 5 wt% MPTMS-
CNC in UV-cured resin.

CNCS} MPTMS-CNC S3A| & AREsle] A2k Y5
Ao A WA T.= o5 TA TFA R 15°C9) 21°C 7+
7} S7Yste] YERgth &, MPTMS-CNC F3A|1 & A8
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Wi B34 7F CNC 23A1E ARSSF =B A B 3 H
A T 0] Bl ToHAE 2S & 7 AT ©]l= MPTMS-
CNCe] A WA HojEs] 3o HEH o] e velade
o|E7|e} UV ZAte| &l Asld FAeke] F-Radte] &
CNCe] o) A8l —-OH719} UV 73} FA|9ke] ¢4
ARt} o 7el7] wj&ol MPTMS-CNC 4415 &-hst
= WeBA—Y T wol 7P =4 S8 5= 208 dAd
).

OlF Zx 3 EMME =H. MPTMS-CNC F3A41¢] &=
o] Wt ] Z1AIA el vA= IS Atat] 9
g ASTM D 1708 #4202 A xd AHES UTMS AR5t
o] B3I} 0, 3, 5 2 7% $HEe] MPTMS-CNCE] e
B35 st 4 SH-HFYE 4 (stress-strain
curve)yS Figure 39 YER ST

Figure 39141 B MPTMS-CNC 3A49] &S 0, 3, 5
2 7 wit%Z F7MA7H, BB 136.77+6.83, 177.26+8.86,
230.51+12.52 2 244.81+15.92 MPag® Az} A<ata, gt
AN LS 7294036, 5.36£0.32, 5214026 L 4.79+0.30%=
A2F 7rAsleith. ¢ 2958 2 MPTMS-CNCY] ]
F7VTE B ES FTeh, Sl ES Hadhe RS
AL = AU F, 0wtke] == UV 73kl %] 9} ¥
W3 MPTMS-CNC S31A|¢] &5Fe] 0, 3, 5 2 7 wi%=
7k 0 wi% UV sk 29 Hlawste] B85 1.30,
1.69 2 1782 F7staL, Shth A4lE-2 0.74, 0.71 2 0.65
Wi 2 7hAste] B7) A dRkARl A a5 R
At

vk MPTMS-CNC Z3A41¢] gHgo] 0, 3, 5 2 7wt%
2 Z71ebE QA= 10.8+0.87, 14.46+£0.72. 16.19+1.09

16 4

=
Lt
L

Stress (MPa)

Strain (%)

Figure 3. Stress-strain curves of nanocomposites with MPTMS-
CNC as fillers: (a) neat UV-cured resin; (b) 5 wt% CNC in UV-
cured resin; (c) 3 wt% MPTMS-CNC in UV-cured resin; (d) 5 wt%
MPTMS-CNC in UV-cured resin; (¢) 7 wt% MPTMS-CNC in UV-
cured resin.

Thiol-ene A2 A3} VB4 A% 2 EAJ] g A7 617

2 12.04+0.93 MPa= ®¥18}5}o], 0 wi%e] & UV 7 3t4
FA 9] 7k tate] 13, 1.50 E LIME Z718IiTh
<, MPTMS-CNC F3A] o] 33 5 wi%= F7Fshd, <l
AAETY F7reIE T wiedllM = 23818 faske AS &
o1gr = AT} °o]E, MPTMS-CNC & 7 wt%oll A =
MPTMS-CNC 34| Alele] Qo2 Qlste] SFAE th
T FAs] wEe] A4 dE7E #hsA] ok Sl F
AR aAH o2 AguR] Zap] Wites ekt u}
2 B dAFoA= MPTMS-CNC Z4419] &3S 5 wi%
2 3Aste] AREE T S wi%e] MPTMS-CNC 744 gt
S TR B Y] 7AE B 5 A FEA
o} vlwsle] B, BAES 1.694), S EE 1LSHIE 7]
AR B9 It A wX= &S AoZ Yept) o]
£ MPTMS-CNCell HEE MPTMS F-29] Helmdgole
715 AESOS} DPHPAS] o= o|E7|1EXH T S-H7|E 7}
A= PETT2RS] WEgAo] Adid o= v7| wite s s
th &, velm g o) Er]o] o] e —CH,e A3l o
ol Het g ol Er]= olagH o] EZ|HT}t —SH7]ol|
gt thiol-ene WH-g-/Ado] W& Aoz e Yrp Egt
MPTMS-CNC®} PETT Ato]e] whg-2 A-A A 7F Bd<Y
(heterogenous) HF3-© 24 AESOS} DPHPAS} PETT Afe]9]
AN < (homogeneous) WH-H T} HH-3-ET 7 =2 A
o7 4#A ot Wb MPTMS-CNCSF PETTS] Alw
A19] thiol-ene WHg-0] & 0= Gropa] AlAZA o] ZA|
=2 ¥7] iEog dctdc)

<5 £A 234, 4 CNC 2 MPTMS-CNCE 7Hzt
5wit% XEgFehs W99 71414 4Ae S43ke] Table
20 YFERAATE.

Table 2014 B &5 A FFA, 5wi%e] & CNC
4 MPTMS-CNCE S3A| 2 ARE-g YB3t 9] 147}
T, BAE 9 g AAls e JeEISlth & A T
A, <4 CNC 2 MPTMS-CNC Z7A) 9] Wi=Bsts) o1
73 10.80£0.87, 12.29+1.38 & 16.19+£1.09 MPa, &4 &
& 136.77+6.83, 157.32+11.01 2 230.51+12.52 MPalo. & =
A=, 5 A FAL Bk, 55 CNC2F MPTMS-
CNCE FHAIE AR ViAo 1= 71 1.14,
L50MNE VPR, BEE-S 717t 115 2 1LeIE Vet

Table 2. Mechanical Properties of 5.0 wt% Filler Nanocomposites

Tensile Elongation

strength 1\/(11(\)/([1;)12111)15 at break

(MPa) %)
Neat UV-cured resin ~ 10.840.87 136.77+6.83  7.29+0.36

CNC/UV-cured resin

CNC-MPTMS/
UV-cured resin

12.29+1.38 157.32£11.01 6.36+0.21

16.19+£1.09 230.51£12.52 5.21+0.26
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o]¢} o] MPTMS-CNCE FHAIR ARE-§H Wi B9 9
AT} B EC] 7 =& olf+= CONC 1o =94
MPTMS?| HIElZZH 0]E7]7} UV ] 9fe] AlHol|A| 9] 3}
Ao = 13l o] 7] WE o= ket 2

%% CNCSF MPTMS-CNC 23419 B aas s}
7] Yt v 2] FRA e tiste] A8k 4] (2)9
Guth-Gold 7842 AH&-sto] F3 1] (aspect ratio, )5 ALt
Esvi=

E=E\(1+0.67/®+ 1.621>¢?) Q)

Aq7|M, B= YeEgA 9] BAE, B 2EA iEE X
e A S A E, = YA F3Y], o= A
YAt ¥y H-&8 7HzF YEeRdTh

Table 29] 5wt%<] CNC 3 MPTMS-CNC =534 9
E Zk& 15732 ® 230.51 MPaol 2L, == 4] £8A1¢] E,
£ 136.77 MPa°|t}h. CNC9] =& 1.5 gem’E deiA 9l
o B ZAAE XA Re oF FA THAY] dee=
4% 47} 1.16 glem’Z S8 E AT Bg MPTMS-CNCE]
U 7HS MPTMS HEWHE-0 7 213] CNC 3y /2 s
7] wioll CNCSF 722 HEE ARE-3le] AT &=
sk 2 AgoA] ARS-3E CNCO] A7d-2 ~7.5nme| 2L Zol=
~150 nme|] 7| Wil £k 200] )l

2l (25 AHEsE] 5wi%2] CNC 2 MPTMS-CNCE 7t
7 H7ste] Alzgk BA 9 f3ke AlkebH 2zt 45 B
13.57} =Tk MPTMS-CNC W=8-8A9] £3ke] CNCY] f
ZrRth =27] wjEo] MPTMS-CNC7} <25 CNCEt} UV 7
shEl B QtollA] FAto] o FskAL Al A 9
AgHo] ] 73 oz dAdtEn}, B8 CNC 2 MPTMS-
CNCE FHARE ARES e B A S LS EAtollA o
Al £ 2080 2R e 4.5 2 13.55 YERN ]
A, H713F CNC @ MPTMS-CNCE] dRES 1A= 3§
ks Aoz ddEnh

T TA A, 5 wt%®] 5 CNC2t MPTMS-CNCE
Z}z} A2 RS e igA)e] vhct ARS8 7.29+0.36,
6.36£0.21 ¥ 521+£0.26%= e, A #Hashe= S &
A& AU

E98X 1S EA. MPTMS-CNC 171¢] gAF EHol=
o8 7ol vela gy olEr|Ee] EAT 4 7] wZol,
MPTMS-CNC A= Y& 3HA oA T 7}l (multi-
crosslinking site)* =2 2:8-3 = Ut} 5wit% CNC % MPTMS-
CNCE 7t7} 23}8he Y834 9] A4 ehAd E(storage
modulus, E), £ ¥ E(loss modulus, £)3} tan 5l =] 3]
= 9IS DMAE AR&slo] Z7831e] Figure 40 YERASITE.

Figure 4@y B¥ 7 4] S8A¢F 5 CNC, MPTMS-
CNCE 717} SRAZ AR Ui B3 9] f2] A 9

3
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Figure 4. DMA curves of nanocomposities with 0 wt% filler,

5 wt% CNC and 5 wt% MPTMS-CNC: (a) storage modulus curves;
(b) tan J curves.

30 °CollM 2] A ES 27430, 35070 2 38990 MPaZ
Z¥2F VRt o 753 HeE Y (rubbery plateau region)
Q1 100 °CollXe] AEIES 212} 660, 860 2 960 MPaZ
WERSLTE

CNCS} MPTMS-CNCE AR ARSSH V=B34 2]
2d G99 AR ES 5 A THA S vlastd 7t
7F 128 @ 142002 YERFom ) A} ek )] et
e 7H7F 1.29, 145002 YERITE 57 CNC2F MPTMS-
CNC A& Tate U539 fald 99 27
2 ek o] AR EC] oF A FEA O st S
7hhe AS #1E & Utk 53], MPTMS-CNCE &4
A2 AMge YB3 o] AedEel 7P =A Ueh=
2 & = AT} o]E MPTMS-CNC Y4Aket 4] mjEg]
2= Afolo] et AW Ao R Wik a3t k] Wil
2 g,



HElZZ 0| ET 7 HEE AEZ oA YAy ZHAE 0]83F Thiol-ene AF)A 73} VeBEakA] Az 2D Ao sk A+ 619

Tan § 2 =4 SAE A4 ©EE2] HI(E/E)EA, tan
8 I3 72 FrEldo] 2% (glass transition temperature, 7,5
Yehlle Zeg 4#A St} Figure 4(b)oll Lrebd vle}h 7+
o], &4 A TIA, Swi%2] =5 CNCSF MPTMS-CNC
£ 7 SAAIR ARSS =B 3A19] tan 89 A 3 7F
7} 309, 374 % 392°Co 2 =AHAh =4 CNC2}
MPTMS-CNCE Egshe= Wil T, 32 &5 4
FaA BT 22 6.5 2 83°C UMtk ol9k 7o)
MPTMS-CNC YAHE THAR AR e A= &5
CNC T3AE AR YB3 A B 77 o 4] Jebst
t}. o], MPTMS-CNC Y=}e] ¥l Exljste W=
o|E7|9} 2] Alole] FHAT B/l ok Al Ago=
AL AREe] Aol ¥ IA A Bl T, 3ol o =4
Feshs AL d 5 AATE

SN 2ARME] 2M. VeEA W SAAe] EAF dE
£ Zst7] St =7 72 FEA, Swi%e] CNCok
MPTMS-CNCE Z}7} 23l YieB A o] shehH oA 9]
F4A 2] B2F AElE FE-SEM ARE-31o] Figure 5o YERY
Art.

Figure 5(ay= w5 54 S8, Figure 5(b)2} S(cr= 5 wt%
°] CNCSF MPTMS-CNCE 27} T3AZ dfale Uik
o] whehd B5E0]th Figure S(b)ye} S(eplHeE 5

A FFA QL Figure 5@ e #&EA] W CNCS
MPTMS-CNC AFSo] #2= 9]t} Figure 5(b)ollA B2k=]
= CNC AF=¢] 27|12 FE-SEM 7]7]o] AX|=o] = &
ZE o]l PC-CHEMS ARS8l 2283 A3} 14 dA=
o] & 33.549.3 nm, Figure 5(c)ol #ZEE MPTMS-
CNC Y= 1471 H-S 22.148.7 nm= YFERST). wjebA
CNC YAF=Ht MPTMS-CNC 4AH=¢] Ha =717k o &
& Qo7 FFAFATE Z, MPTMS-CNC YAHE-S CNC 9
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168+11.0 nmE &= o], CNC 44+ Ao ~150 nm&}t A2
I3k dol& YeRNSITE vt 5 wit%2] MPTMS-CNC
LB o] shehi e thE WadellM dEslo e vhs B
o] MPTMS-CNCE #2=A] 28kt}. o= CNC 9Ake} UV
73tE A AR Alole £4ZA % van der Waals 2=
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Figure 5. SEM images of (a) neat UV-cured resin; (b) 5 wt% CNC in UV-cured resin; (¢) 5 wt% MPTMS-CNC in UV-cured resin; (d) 5 wt%

CNC in UV-cured resin observed at different directions.
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