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Abstract: In this study, thiol groups were introduced on the surface of cellulose nanocrystal (CNC) by silanization using
(3-mercaptopropyl)trimethoxysilane (MPTS). Nanocomposites comprising of acrylate resin and fillers, such as pristine
CNC and MPTS-modified CNC (CNC-MPTS), were prepared to study the effect of surface-modified CNC on various
thermomechanical properties. Comparing the 7, and modulus of the nanocomposites with the 5 wt% pristine CNC and
the CNC-MPTS fillers to UV cured resin without filler, this study confirmed an increase in 7, by 7.4 and 10.4 °C, and
improvement in modulus by 1.33 and 2.06 times by dynamic mechanical analyzer (DMA) and universal testing machine
(UTM), respectively.

Keywords: cellulose nanocrystal, (3-mercaptopropyl)trimethoxysilane, surface modification, thiol-ene photopolymerization,
mechanical property.
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Scheme 1. Scheme for the surface modification of CNC with MPTS
by silanization.

+ pentaerythritoltetrakis(3-mercaptopropionate)(PETT, M.W=
489 g/mol)ys AFE-3199.0M, WE3A] 344l isobornyl acrylate
(IBOA, M.W.=208 g/mol), & 7NAIAI= Irgacure 184(M.W.=
204.3 g/mol)E AME-3FSITh.

£ AFelx= MPTSS] FY 7ol CNC ¥ 7HEe vl%]
= %932 FTIR(ThermoFisher Scientific, Nicolet is50), EA
(ThermoFisher Scientific, Flash 20000) 2 | AFef ¥Si
NMR(Bruker, AVANCE III HD 400)Z AF&-&to] #2413} c}.
g 9 JHEE ONCE FHA R ARg-aho] A3 ek
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4 54, 714 54 2 SAle] 23t deE Ssk] 9
&l TGA(Scinco, TGA N-1000), UTM(QMESYS, QM100SE)
9} DMA(TA, Discovery DMA 850), FE-SEM(Hitachi,
SU8220y2 AMg3le] ARFH o g B399t} Scheme 19
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Alet A xE. 2 H¥el A8-$F CNC(cellulose nanocrystal)
Y A= CelluForceAH(Canada)2] CelluForce NCC*E A3}
SEd B Y7E3L 7.5mme] 2 Ha dol+ 150 nmE I
AT} (3-Mercaptopropyl)trimethoxysilane(MPTS) A&t 7
Z YA & Sigma-Aldrichol| 4] F#sta, Ag wkg-o] fujj=
ethanol(99.9%, DUKSAN)3 D.I. water(MR-RU 890, 18.2
MQ-cm, Mirae Sci. Corp., Korea)— E}ale] ARSIt B
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)2 £Z3 (soxhlet)H o2 FE317] 2151 cellulose thimble
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(AESO, Sigma-Aldrich), pentaerythritoltetrakis(3-mercapto-
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propionate)(PETT, Sigma-Aldrich),
phenyl ketone(photoinitiator, Irgacure® 184, Ciba® Specialty
Chemicals), dipentaerythritol  penta‘hexaacrylate(DPHA,
Sigma-Aldrich) 2 isobornyl acrylate(IBOA, Sigma-Aldrich)
Aok sk, e] A glol AMgth.
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(0.084, 0.126 2 0.168 g)= W3}3HA CNC £H 74 wt
&= skt

25 mL ¥]o]# 9l ethanol:D.I water = 80:20 v/v(%) 732l
|1 10 mLE ¥ § acetic acid(99.9%, Duksan)E ©]-8-3}
o pHE 298 S thy A &) Fo]o tiste] iz
CNC 2.1 wiv%(021 g)S ¥ A4 2 ¥7](Corning, PC-
420D)= 200 rpmollA 10327F FARAZ T 10:27F 242
&, Wk 21 25 mL Hlo]Ae] MPTS FU%S 7H} 40, 60
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olollM FAdFe B IS 7Fssitt” WA Janes 2
Al whet, ok ol Er]9k Blg71e] WSS 1.89:1% F
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100 mL Blo|7AE F21¢] ¥l Adslr] flsto], dFrlw
YUz 78 3, AESO, DPHA®} IBOAE 10.5 g(0.0092
mol), 7.5 g(0.0142 mol)7} 4.5 g(0.0216 mol)S A S ZE 3
7¥et AR | S ARg-ete] skl EgFekinh. 25 mL
Hlo]A o= PETT 7.5 g(0.0153 mol)E 2 F 3 7|AAQ]
Irgacure 184 0.6 g2 Fo] wRkelH §afAIF Tt 100 mL H]
ol £12] 25 mL Hlo]7¢] F hAIAN7} &3lE PETT &
oS H7Fetth &5 CNCSF CNC-MPTSE S3AIS %
AAAE Aol g Al A 30 ol thsto] 242} 1, 3
2 Swi%E B F AP RS ARgete] ket i
1t S S(horn) B} 5717120 kHz, 700 W)E AHE-3}],

1-hydroxy-cyclohexyl
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30% AI71= 1027F 2591 A2lsle] SRS dds 24t
AlZ1 & 21E59] 11 em@! PFA(perfluoroalkoxy) HE=] T]4ol|
A F 1.0 mm7t B =S FATh Ve ESA 0] 3 7sE 9
3] UV chamber(Electro-Lite, ELC-500(365 nm, 30 mW/cm?)
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4. MPTSE A&3te] o] 71 CNC(CNC-MPTS)
o] MPTS &= £2492 $J31¢] FTIR(ThermoFisher Scientific,
Nicolet is50y2 AH&-3F T} FTIR #4418 KBra} 4 A&
£ 95:5wt%(0.95 g: 0.05 g)= E33le] diffuse reflectance
infrared Fourier transform spectroscopy(DRIFTS)H 2.2 =74
3} th. Background= <=4 KBr #2-8 AR&-3Fit) 3
UV ZAF A7l g e B34 9] 53 98 AlES €9l
37| 95l diamond ZA7S ARg-Sh WA (attenuated total
reflection, ATR) accessoryS AFE-3I9 T FTIR =72 4000
~400 cm™ol|A] 4 em™ B35S 2 323] scandle] EAISIATE

MPTS AR&-el] e} 7§ 2E CNCO] B4 9 3 Ao
G EAE AHEste] 4 6kdh 72" CNColl F&5%
MPTS®] xsh= 34| Zdel] *Si NMR(Bruker , AVANCE
I HD 400)2 A}g-3te] 2A35159t}h 7 mm ZrO, rotorS A}
431921, tetramethylsilane(TMS)Z calibration}¢4 CP/
MAS(Cross polarization/Magic angle spinning){ 22 spinning
rate 400 MHzZ 74339t

B3 CNC9F CNC-MPTSE THA| &2 ARS-§F V5914
o] B4 FAAY BAF A E 4 3817] flste] TGA
(Scinco, TGA N-1000), UTM(Qmesys, QM100SE), DMA
(TA, Discovery DMA 850)¥ FE-SEM(Hitachi, SU8220)<
ARSI

TGA #2412 ZA2E917] soll A 30°Col A 800 °C7HA]
10 °C/min 2 255 SE|HA A 59 7] ¥sE 54
31Th UTM 412 ASTM D 1708 222 AJHES 1071
A Azste] 10 mm/min®] X2, 3%, g 9
I EC] Wit EFAUAE i

AFRIE, SHEEE 2 tan § 7> AlTS 10x40x]1 mm
o FACR Alxste] 1 Hze| 578 F-9kpol Al -30~100°C
HelelA 3°C/min®] HEZ 524178 DMAE AHE-5he
=73t

WheBRtAlo] S 4k el FE-SEMS ARE-3te] &
A8l A EL A Aag YAAZ T oA A 1577
°F 10 nm 719 platinum®.2 FE3s}aL 5 kve] 71 At
oA ATt

i 3 EE
MPTSO|| 2|3t CNC EH J§& HI2 M, MPTSY ¢
2ol W2 CNCe] #H /ME AEE v)wslr] ¢ske] &)
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= 80:20 viV(%), 2.9, X7+ 2 25°CE 1438k, MPTSY] &
HFS 7H2F 40, 60 2 80 wi%= HASIA|7|HA A E st
FTIR 24 EHS =439 th =43 FTIR 2 EHES
Figure 10 YERHATH

Figure 19141 EH (a)= 5 CNC, (b)= MPTS 40 wt%
2 7)E" CNC(CNC-40 wt% MPTS), (cy= MPTS 60 wt%
2 7)2" CNC(CNC-60 wit% MPTS ), Z&] 3L (dy= MPTS
80 wt%=Z 7H&%E CNC(CNC- 80 wt% MPTS) A 5e] A~HE
HEolt}. Figure 19] (b), (c) & (d)olA E™H 4 CNColl
e FEER] A 2560 cm oA S-Holl &3 A28 H=
£ 1T F AUATH MPTS FY =l w2 CNCe] 714 4
T2 W w23h7] Y5, 1210 em'e] C-O YA E 7|FOo =
2560 cm'€] S-H ¥]=L¢] W2 H] ®sLE 4] (1)S AH&-5t

AXeE ke Table 190 Z+-2F YJERAATE

Area of 2560 cm™ peak
Area of 1210 cm™ peak

Area ratio (AR) = (1)
Table 194 B MPTS $9&°] 40, 60 2 80 wt%= =
7¥8kell W}, 2560 cm™e] S-H ¥ =] WAL 0.363, 0.435

9 0.6272 Z7}81aL, 1210 em™e] C-0 ¥)=¢] WAL (.124,

1210 em” ¢-0

2560 cm”' S-H

Absorbance (A.U.)

T T T T T T T T .
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Figure 1. FTIR-DRIFT spectra of (a) pristine CNC; (b) modified
CNC with 40 wt% MPTS; (c¢) modified CNC with 60 wt% MPTS;
(d) modified CNC with 80 wt% MPTS.

Table 1. Area Ratios of Modified CNCs with Different MPTS
Concentration from FTIR-DRIFTS Spectra

Area Area Area ratio

a 4 (2560 cm/

(2560 cm™) (1210 em™) 1210 cm™)
CNC-40 wt% MPTS 0.363 0.124 2.93
CNC-60 wt% MPTS 0.435 0.129 3.37
CNC-80 wt% MPTS 0.627 0.124 5.06

ZEH, A444 A 1Z, 202083

ot - 1%

0.129 & 0.12424 & WP} Sl AL & F Uitk 9 F
93 WA o= AL AR ZHE 2.927, 3372 © 505602

7tk Ag ER1T ATk Wb MPTS FH@e] 5
7S CNC 393 Zdeshs S-H717F $71He ERlskd
o}

gk MPTS®] Tl w2t CNC 99 A9+ S¢
TS BEFstelr] st EARAS x18)ste] Table 200 1}
ERA SITh Table 2914 ® ™ MPTS S %o 40, 60 2
80 Wt% = ~7}§$%, CNColl HE%+= MPTSE ¢l&le] §
Q48] o] 424 CNCE] 0.58%M14, 4.07, 6.48 2 9.40%
2 F7beke AL 80 & AT TS CNC-80 wi%
MPTS= SO &Hgo] 0.58%l14 9.40%= F7Fsle] 8.82% 3
7¥8HS 18I T CNC-80 wi% MPTS 944 A= A}
£3to] C9F SO YAM|ES AXBPFEAMPTS 1 ¥4 - 17
o] S YA tisle] 7] € YA, CNCEl C YAkl MPTS
o] § Yol B 11112 /%S & F AU webA
T SFES B9 T oF 1Ak MPTS7F whg-ah= 4l
o2 ytEch
CNCSF MPTS®] ¥ 704 dhg- S0 L3 WslE 48}
7] ¢3te] 80 wit% MPTSZE 7)1 & 3 CNCY A AFE] »Si
NMR 48 x18)3te] 1 A& Figure 20 JERASIT

Table 2. Elemental Analysis Results for Modified CNCs with
Different MPTS Concentration

C H (0] S
(mass%) (mass%) (mass%) (mass%)
Pristine CNC 44.82 6.17 48.43 0.58

CNC-40 wt% MPTS ~ 45.46 7.16 43.30 4.07
CNC-60 wt% MPTS ~ 45.86 7.02 40.64 6.48
CNC-80 wt% MPTS  46.20 7.18 37.22 9.40

T.]

T T 1
-20 -30 -40 -50 -60 -70 -80 -90 -100
Frequency[ppm]

Figure 2. Solid state *Si CP/MAS NMR spectra of modified CNC
with 80 wt% MPTS.
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Figure 3. TGA weight loss curves of pristine CNC and modified
CNC with 80 wt% MPTS.

Figure 2014 B 499, -584 2 -66.8 ppmol| A <=5

CNCoME BZHA] e A2 9IEL selst 5= Qi)
o] A EL 7tz} 7! (SIO(OH)R'), T? (SiO,(OH)R") Z 77
(SiO;RNC.ZE CNC ZHol| MPTS7F HEE &2 &5k
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My to,
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Z37] flsted, AL A3k Al 0, 1, 3, 5, 7,
10, 15, 20 B 25702 WsIAIZHEA RREAIZ] A5 ATR-
FTIRHC &2 2HEYS At FA a3 ol adHolE
71¢] C=C ¥)=+= 16189} 1635 cm™, C=0 ¥ =+= 1727 cm’!
Z2]31 CNC-MPTS ¥ W3} PETTO| A5t S-H7|=
2572 cm'ollA F =27 YeRs Ao ® dHA vk 9= A
o] HslE Fslo] YeRl7] fI8te] A9l 2AMZE 0, 1, 10
9 204 tidh C=C, S-H ¥ C=0 ¥ 2HEHS
Figure 49] (a), (b) ¥ (c)oll ZH2F YepATE
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Figure 4. Evolution of FTIR peak intensity with UV irradiation
time: (a) 1660-1600 cm™ region; (b) 2700-2450 cm™ region; (c)
1800-1650 cm’' region.

1635 cm™el|A] Vel = C=C T 39} 2572 em oA LFERLY
= S-H 93¢ 277 gaste Ae g1 & i o]
+ thiol-ene F5% REol| o3l C=C¢} S-H71¢] =7

adhs oz A ol8 A #stelr] flal A3l

e ¥=e) WAl ZA WelA e 1727 eme] C=0 1
2% 71208 4 ()% AHEsle] WA v WskE At
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Table 3. FTIR Peak Area Ratios and % Conversion of 5 wt% CNC-MPTS in UV-curable Resin with Respect to UV Irradiation

Time

Area ratio

(1618 cm™/1727 cm™)

(% Conversion)

Area ratio
(1635 cm™/1727 cm™)
(% Conversion)

Area ratio
(2572 em/1727 cm™)
(% Conversion)

CNC-MPTS (0 min UV)
CNC-MPTS (I min UV)
CNC-MPTS (3 min UV)
CNC-MPTS (5 min UV)
CNC-MPTS (7 min UV)
CNC-MPTS (10 min UV)
CNC-MPTS (15 min UV)
CNC-MPTS (20 min UV)
CNC-MPTS (25 min UV)

10.4x10°(0%)
2.00%10°(81%)
1.60x10°(85%)
1.60x10°(85%)
1.60x10°(85%)
1.50%107(86%)
1.40x10°(87%)
1.20%10°(88%)
1.20x10°(88%)

13.8x10°(0%)
3.30x10°(76%)
2.50x10°(82%)
2.50%10°(82%)
2.40x10°(83%)
2.40%10°(83%)
2.20x10°(84%)
1.80x107(87%)
1.80x10°(87%)

4.00x10°(0%)
1.20%10°(70%)
1.00x10°(75%)
1.00x107(75%)
0.90x10°(78%)
0.80x10°(80%)
0.80x10°(80%)
0.80x10°80%)
0.80x10°(80%)

Table 30 YERNQITE. 53 Table 39 2] (2)2 ARE-&to] A}
Q)M AstAIZ e HNEE-S A YER)SITH

(Area of peak)t) <100 2
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Figure 5. TGA thermograms of neat UV-cured resin, 5 wt% CNC
in UV-cured resin, and 5 wt% CNC-MPTS in UV-cured resin: (a)
TGA weight loss curves; (b) DTG curves.
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Figure 6. Mechanical properties of (a) neat UV-cured resin; (b)
1 wt% CNC-MPTS in UV-cured resin; (c) 3 wt% CNC-MPTS in
UV-cured resin; (d) 5 wt% CNC-MPTS in UV-cured resin.
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Figure 7. Mechanical properties of (a) neat UV-cured resin; (b)
5 wt% CNC in UV-cured resin; (c) 5 wt% CNC-MPTS in UV-cured
resin.
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Figure 8. DMA curves of neat UV-cured resin, 5 wt% CNC in UV-
cured resin, and 5 wt% CNC-MPTS in UV-cured resin: (a) storage
modulus curves; (b) tan & curves.
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in UV-cured resin; (c) 5 wt% CNC-MPTS in UV-cured resin.
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