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ViL (3-mercaptopropyl)trlmethoxysﬂane(MPTS)* A18-31] cellulose nanocrystal CNC) 3ol B2
T4 CNC9} MPTSZ 72 E CNC(CNC-MPTS)E W=Z A= AM8-51¢] trimethylolpropane
tris(3 -mercapto proplonate)(TMPTMP)@r trimethylolpropane diallyl ether(TMPAE)E thiol-ene 35 3"H o2 YB35t
AE AZSIAUTE. 5.0 wi%e] £ CNC 3 CNC-MPTSE WeddAlR AHE el gale] B8 1,8 &5
A TEA L vwE, B ES 131 2 159 7181, Tae 1.3 9 1.8°C 718k Ae WeAEAR7(UTM)
2L %’(—147]7415’—“47](DMA) A 7—}7—} gelsint.

Abstract: In this study, thiol groups were introduced on the surface of cellulose nanocrystal (CNC) using (3-mer-
captopropyl)trimethoxysilane (MPTS). We prepared nanocomposites using pristine CNC and MPTS-modified CNC
(CNC-MPTS) as nanofillers and undergoing thiol-ene photopolymerization in trimethylolpropane tris(3-mercaptopro-
pionate) (TMPTMP) and trimethylolpropane diallyl ether (TMPAE). By comparing the modulus and glass transition tem-
perature (7,) of nanocomposites with 5.0 wt% pristine CNC and the CNC-MPTS nanofillers to UV cured resin without filler,
this study confirmed an increase in modulus by 1.31 and 1.59 times, and increase in 7, by 1.3 and 1.8 °C by universal testing
machine (UTM) and dynamic mechanical analyzer (DMA), respectively.

Keywords: cellulose nanocrystal, (3-mercaptopropyl)trimethoxysilane, thiol-ene photopolymerization, mechanical prop-
erty, nanocomposites.
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CNF(cellulose nanofibril)@} CNC(cellulose nanocrystal)i i
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o7 deA AckH

F Ashe A o2 AL (UV)S ZAKE 33 ZAIA
£ SASAA 2 BHZ AATRE-S FEl 2 whol
Fest Ty S2]lamz A454%1 WS st Fsdol
Hr}. 7150 @ st Ao Bls)
AL 7HAAL 9lom, Ys o]83}7]
Agol 7hssith! F st oIt 7Y 2 Y
g opgt AAAIE, AsAL T
HRASHA o)=L UTEE 2 A A= A
FTHEAY FFE A FowA B dAS
HE Aoz 43 thiol-ene ©A A7 B35
tarzk gict. o] WS 7] FellAl UvE ZALst
Az 4 JaL, A FAo] BasiA oA
shar wEA FHEe 548 7R UThE
o] M= ol d g o] E(acrylate)’| S 7K E @
A& ARgste] W B Azl tigk A5 7 vt
Aot elad ol EV|E 7= ©EA|= thiol-ene S 3EETE
oflz} A= 7hsstE R, ol gy ol E WA 7F wiA|
AR Eo], Fo] B ol Bl27|E 7= @A 1R
S QUth” vlolag Yol E Alge] & oHE TEl=
A7VedE sHA] om W He, gk yeAlg 2 =
2 GeFge] S IAT F 7] WE) thiol-ene S
oA fElsiths wEbA] E Atlli = ol | EY] il
& oHE(allyl ethery 15 7= ©AE AME-8IAL, CNC
FH] Bl&71E =9 =T A7} thiol-ene F5¢ WH-
© 2 A3 EIAY] 71AE E440 vXe IS A
FaaA) e,

2 AT 124 B el 4d ofH2rE e
trimethylolopropane diallyl ether(TMPAE, M.W.=214.30 g/mol)
S A8, 1IBA 2 Y9 El&7]E 7HAIE trimethylolpropane
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trimethylolopropane diallyl ether (TMPAE)
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tris(3-mercaptopropionate)( TMPTMP, M.W.=398.56 g/mol)=}
e e] 7hwd e 248 fste] 184 & 2709 H&
712 7HA+= ethylene glycol bis(3-mercaptopropionate)
(GDMP, M.W.=238.32 g/mol)5 H7}3td AMg-3laL, 33 74l
A= Irgacure 184(M.W.=204.30 g/mol)E AHE-3ISIT.

CNC ¥l etz S ¥hgo] 73t HE71&
HEAI717]1 918t A& A E 3 A Q1 (3-mercaptopropyl)
trimethoxysilane(MPTS, M.W.=196.30 g/mol)S A}-&3}
CNC 95 /WA &, YeddA 2 ARS-sto] Ue 94
£ A|Z3Ick

o AT s B AFHANA HAPE A Aol wt
MPTS 4 &S CNC Z gl thsto] 80 wi%= 317 8hod
CNC 39 714 k-8 33T Scheme 191 £ A3o
A AR SRS 5HeE A S YERARIT

Al = |

Aok gl M=, 2 A AR CNC YA= CelluForce
AH(Canada)®] CelluForce NCC*E A3t o, Ht U7
2 7.5nm, H3t Zol= 150 nm= 2z} 424 Sich” MPTS
22 AZYAE Sigma-Aldricholq] FYHaL, A W-g-2]
SrjE oL (ethanol, 99.9%, DUKSAN)Z} o]
(deionized water, H8.PO1S.UV, 18.3 MQ-cm, Daihan Sci.
Corp., Korea)g &3tstod AR89t 23 CNC £Hel 3}
4% Qlo] F2E MPTSE ok guj& &< (soxhlet)
Ho g FZE317] 938} cellulose thimble(1.5%33x94 mm,
Sigma-AldrichyE AR&-sted A AT Yie 34| 2] Al zo
AF&-E TMPTMP(Sigma-Aldrich), TMPAE(Sigma-Aldrich),
GDMP(Tokyo Chemical Industry Co.), 1-hydroxy-cyclohexyl
phenyl ketone(photoinitiator, Irgacure® 184, Ciba® Specialty

HS o

trimathylolpropane tris(3-mercaptopropionate) (TMPTMP)

”S\/\'/O\/\OAJ\/\SH

o

ethylene glycol bis(3-mercaptopropionate) (GDMP)

o
%

Irgacure 184

Scheme 1. Chemical structures of monomers and photoinitiator used in this study.
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Chemicalsy= AloFa-S 7dsto] Bime] A glo] ARgsiiitt.
MPTSO| 2|8t CNC & HE EtS. A&t #AEPAE A
83lo] ONC Rl Bl 2715 Efshe 432 & A7l

A RSk =l wet ik
250 mL H]o] Al ofekE o] 25=80:20 v/v(%) 282 &

100 mLE 92 & FAHacetic acid, 99.9%, DUKSAN)S

o] g3t pHE 2.9% B Tha A §r F3o thsie] A

Z% CNC 2.1 wA%(2.1 g5 23 A4 2 HE7](CORNING

PC- 420D)E o]&-3ted 200 pmOE 1587+ BAR AT 2

291 250 mL H]°]# o] MPTSZ CNCol| tisled 80

Wt%(1.68 gy 35}, g E0 7 YB3 T AJ2o|A]

300 pm 2 647k FF WA Wk £ BulAlA o 5}

SPASES f=sl7] flsle] CNCE 2] SIEZIT)H (petri dish)
o &7 ol 100 °C 284 1A17F Bt ARAIF T
CNC #¥ ¥ dgetA] st %&L B E A e

MPTSE A ASH7] flste] €2 FE2HES AT

500 mL s vpe Feho) oﬂ%%(b.p.ﬂs °C) 250 mLE

Y, 90°Ce] water bath(CHANGSHIN SCIENCE, C-

WBE-L)& A3l =& 3 3ATh A1 EE cellulose

thimbleel]l 22 &, 6A17F B3t &2 58 Wit &

el & ¥ F471x% A8 600 mL Blo]7(lishin BioBase,

CF0900)°l Ho} %24 71%7](lishin BioBase, TFD5503)2 A}
g3t 39 Et AXE AT AR ARl

o] FatE= A WA 8l HEste] HAA o B

s Ak%okﬁit} 18
UV dsk2 $X| Y N=. E]27]2} thiol-ene =52 3}

= ¢ JEHE7|E 2= TMPAEE AV 3E 54| o=

2 49 qeHZ719 HE7]= 11 FRHIE FYATE
50 mL ulo| ol Elg7]e} & ofle|=27]9] gzt 1:10]

=5 TMPTMP 3 TMPAES] Mg HI&-S &3] 1= =

Aslo] F 10.0 g2 FY3IATE TMPTMP 5.54 g(0.0139 mol)

< 50 mL vlo]gel ¥z, s FWAIAIQ] Trgacure 1845 A &

& Aol thake] 2.0 wt%(0.20 gy Hol 71D ApA wut

712 60°CE 7HE a4 200 ipme 2 wrkels 83 A1 7

ot 4FrE YR S0mL HleldES M HS Apde &

TMPAE 4.46 g(0.0208 mol)E 75l A w72 d-2
oflA A7 B awkste] EgtE T E A xSt
gk B3R ¢] ThnEE S 2HE] flete] 1 B

vie] Bl €715 7= GDMPE 1| £ 371 Bl &71E

71A= TMPTMP®} £9tate] Ag-sh= 9o, E&71¢
ad olH 271 TN 7E 8:2:100] HE=ZF TMPTMP

4.48 g(0.0112 mol)2 GDMP 1.00 g(0.0042 mol)2} &3}

Iracure 1842 &3A17] & TMPAE 4.52 g(0.0211 mol)& 3

7kste] 919} 22 o E9tE WS Azt
<97 CNC2} CNC-MPTS WezAAe] B} 32 A

s17] 9k, QoA AxH T3 dFAe] 3 AMAAE A

—r —U—H]’
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S AR Thiol-ene F5% Wie=gA|] 71412 24l w14
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91k 10 goll thated Z+zt 1.0, 3.0, 5.0 E 7.0 wt%2] =5
CNC 3-& CNC-MPTSE WeZdARE ¥ § 24 wuby)
£ AMEsle] kel Tk wnk & E(horn) EFY 22117
(20 kHz, 700 W)S AR&-31d, 30% Al712 1057 283 A
gate] Y=FdAE ddsA AR F, AEe] 11 emSl
PFA(Perfluoroalkoxy) ZFIEZIT]H ] 57 <F 1.0 mm7} ==
Tk s3] 3 738kE 918 UV chamber(Electro-Lite,
ELC-500(365 nm, 30 mW/cm*yE ARE-31d UV ZAMRNZHS 5
771N BERhs Zl8Et T

£X™. ¥ /A2 " CNC-MPTSS] %W EA4S ¢35t
XPS(ThermoFisher, NEXSA)E AR5t} ©ald<] Al Ka
Z 50eV SFol R (pass energy)oll 4] 0.82eV H3leoZ
103] 27l (scan)sle] A3t

UV ZARA 7l W <57 CNC 2 CNC-MPTSE W%
FAZ ARES B3] FHEE 2 55 945 Ak
gklst7] $1ske] FTIR 33 7](ThermoFisher Scientific,
Nicolet is50)8 A3} th. T3 (transmission)H < ©]-&3}
=2 2] A H3FH(near-infrared spectroscopy, NIR)Z 7000~
4000 cm™ HYNA 4em?! Hall 502 1283] Aqlste] =4
6?011:}

<9 CNC 2 CNC-MPTSE WA 2 ARE3 Ui
?éhﬂ o] 93 FAe syl $1sked TGA(Scinco, TGA
N-1000)E AR&-3te] 29171 stellA] 30 °CollA 800 °C7k
A] 10 °C/min HERE 5231 Alge] F| ¥slE S48t

44 CNC 2 CNC-MPTSE WA 2 ARRSF Lk
g 7AA EZE SA3H7] 915k UTM(Qmesys,
QMI00SE)2 AM&3lo] ASTM D 1708 1422 AJHE 574
A A zste] 10 mm/ming] FE2 A7, SHd g 2
S ES] FapH FFHAE ik

Y E, SHEIE 2 tan & 32 AlS 10x40%1 mm
o] AL Z A|x3I A5 A*H(tension) FEZ A5 ©
Fe o] 43Tt 1 Hz8l F3prelld —80~50 °C HSIE
3°C/mine] =2 2478 DMA(TA, Discovery DMA
850) AH&-3te] SA4sI3dTt.

FE-SEM(Hitachi, SU8220y& AR&-3te] W E-3H4 €] 1
SAA A JEE BAET AlHE HA] AR Y7
71 & IAIA 122 % 10nm FA1] osmium S 2 31
SFaL 5kl 715 Ao =2 viES sv ujE Sfjste] 4
s

2431 ¥ =8

MPTSO| 2|gt CNC ZHoi| E|&27] =9 &9l. CNC &
& 4] 80 wt%S] MPTSE AHE-8H CNC-MPTSS] 7H& o
= FTIR 418 F3ato] 7ido] AF2 o2 o]Fox A&

FRlstien, 213 A= o] ol waie w=ol s
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T3 9 10nm HolE 48 & e XPS A4S &
alo] 424 CNC 2 CNC-MPTS ZHe] 94 248 243
o] Figure 19 VYERAATE.

Figure 1(a)x= 7N A 3R] &L =4 CNC, 1(b)= CNC-
MPTSS] XPS HA| 99 27 (survey scan) =% E o]t}
Figure 1(a)°ll A1+ Ols, Cls 2 S2p F A E0] A=
(binding energy) 532.6, 286.2 2 168.6 eVolA 247 YEbst
t}. Figure 1(b)o1A& Ols, Cls 2 S2p I I E0] 5325,
286.1 E 1634 eVZ YERES™, T3 Figure 1(a)lld & 4
AN S2s, Si2s F Si2pe] ¥AES 228.1, 153.1 ¥ 1022

i

~01s
L]
2
H Cl1s
Q
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Binding Energy (eV)
(a)
_-O1s
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Q
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Binding Energy (eV)
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Figure 1. XPS survey spectra of (a) pristine CNC; (b) modified
CNC with 80 wt% MPTS.
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ot - 1%

eVollx zkzt geldh 4= 99t} 53], <= CNCe| S2p M=
£ 168.6 ¢V, CNC-MPTS?| S2p =& 163.4 eVollx] et
stk 9 CNCE) S2p I =7F CNC-MPTS®] S2pH.th 5.2
eV E2 AFolyA|ddM Yepte ol AR AREE 7}
T wgoz =dH S7t —SO,H FE|E &8}, CNC-
MPTS EHo)M = S7F «(CH,);SH HE) & EA3}7] ufj 2ol
3}8}4] o]s(chemical shift)>. = Q13+ ¥]=9] o]F o= It
2=

olgid A2 FE CNC 2™l MPTS7F =4S &l
3Tk XPS E4o) o)3h 948HS Table 19 YFeRNATH

Table 1914 B 5= CNC2] C, O 2 S| ¢Aghge 7}
7} 58.10%, 41.26% 2 0.64%= YEPIT CNC-MPTS?| C,
0, S ¥ Sio] A 27t 52.40%, 35.00%, 5.70% 2
6.90%= S =ATE XPS 4 A3 MPTSZ 7H& % CNC
= 4 CNCHET} S 3HFo] 0.64%°14 5.70%= Si §Ho]
0.00%°14 6.90%= F7Fe AL 1 5 AU CNC=
F FFE2 A9A & 12 -0H7] 2719} 22 -OH7] 4
M, & 6702l —-OH71S 7IA& FXxo|t}. MPTSE 1 ¥4+
3 —OCHy717} 3714 Ajtslo] dom, dutyoz A #
E9A= CNCE 12} -OW7|¢} 41402 vh-gsle] At
PAote o2 duA ATk wEbd MPTSO| A8t
~OCHy17} 5% 7Hp8sl] $o ONCo| ¥4 5322 o
A EAlskE U 2 2709 12} ~OH7|9} ZHz} vkg-shd
o]&4 Si/C H]&-2 0.067 & 0.1117} S22, 22} —OH7] 17}
7} © "ES-3HA Si/C HlE-2 0.1430] HTh B 239 XPS
243 CNC-MPTS?] Si/C H]-&-2 0.1320.2 YEpsitt, uf
24 MPTSE CNCe| F4 FF32 d9Ao EAsk= %
6711l -OH7| 5 °F 23879 Whgsh= 2S¢ & AT
T3 MPTSE CNC %99 —OH7|¢} whg-g u) o] Sm
9k olu2} T (multilayer)E 34T = 7] wEel !
SI/C 94 H]go| #A Yehd Aea2w st 4 o)

ZEgr U MEE EFH. UV ZAR ] mE FR)9) &
FEE 9 s A7HE S35 S5t TMPTMP B
TMPAE®] i3} v &2 G| 1112 2dsle] 93 T
Aol 5.0 wt%2] CNC-MPTSE 3718t 2709 #2 &2t
o]= Atolell 2mm 7719 PTFE spacers ARE-3t] T &
Holx ~HEY A8 £} Aof| QoA Azt B3 T

Table 1. Elemental Surface Composition of Pristine and MPTS
Modified CNCs from XPS Survey Spectra

Pristine CNC CNC-MPTS
C (at%) 58.10 52.40
O (at%) 41.26 35.00
S (at%) 0.64 5.70
Si (at%) - 6.90




FA A" A2 o Uie 244 2447 g oElE 9= AR Thiol-ene Z58F Lieiak4)0] 7)A1A A0 1]X)

AE QYA UV ZARRZHE 0, 10, 20, 30, 40, 50, 60, 120,
180, 240, 300, 360, 420, 480, 540 X 600ZZ H3}A|7|HA]
FHHo R A9 S AREele] ~HERS =45
Atk olH gt 2 EH ] WsE A sHAl Yehl 7] ¢35t
UV ZAMZF 0, 10, 180 2 600%0] thsle] =43 ~HE
HES Figure 2(a)°] YERAATE.

Figure 2(a)ollA] B 6120 2 4344 cm'ol|A] 733k Al7]2]
3= gelst 4= AT 6120 em™! FZollA] TMPAES] &
2 A€ Z7]9] CH,=CH- 215:2] 1% overtone 3=, 4350 cm’
F2A C-H, 583 C-H, 215 Z& C-0 2153 O-H Al
Z9] combination ¥ 37} Y= Ao 2 LA k2B
Figure 2(b)ell= 6120 cm™ellA] Y= € dHIZ7]9] 1)

—0s
- - -10s
-+ 180s
~-—-600s

/’.
4344 cm™

Absorbance (A.U.)

6120 cm”’

6500 6000 5500 5000 4500 4000
Wavenumber (cm-)

(a)

Absorbance (A.U.)

6300 6250 6200 6150 6100 6050 6000
Wavenumber (cm-1)
(b)

Figure 2. Evolution of FTIR peak intensity with UV irradiation
time.
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A Ao Wl Fslo] #Fs7] f18ked 6300~6000 cm™
Foe] 2HEYS Frfisto] eI Figure 2(belr UV
ZARZIO] Z7VEREE 6120 em oA UER R 49 olH|=
719} #3 WAo| sk 21 ERIT 5 It ol thiol-
ene F53 W&ol 25 TMPAES] €& oHZ27]9] =7}
ZHas] e w ddtdd, 4 oH 27 e AR
FE Agke-s Akkel] f18te] UV &AL Hah 9] 9= ¥
A& 710 RE A (1) A8k Agke-S Atk

-1
% Conversion = (1 _(Area 0f 6120 cm )tj x 100 1

(Area of 6120 cm ™ ')o

2] (D)OA] (Area of 6120 cm™),9} (Area of 6120 cm™) =
782y UV ZAF A 6120 em 93¢ HA @ £ =< UV %
AR 59] 6120 cm™! ¥ WS YeRATE A (1) A3
LS ALele, 2L A3E Figure 391 YERIATH

Figure 39014 B UV ZA} 1029014 76.8% A=, 10
Zo|A 20% Alololli= 18.4% T A8l 95.2%7F 1 3E]
ATE UV AR ZIo] S7HrE HEhgo] Al S71st9e
H, UV ZAMA 0] 420 W] 99.4%, 480 | 99.5%,
5402 o 99.5%, 600U W 99.5%=Z 480% ©|Fol= A
k&l zfo|7t Aol AT webA & AFAE UV AL
A7 6002 = A st ARSI T

UH oMM Eol Ui B3 S d4 HgAS ATt
7] 5t = A A, 4 CNC 2 CNC-MPTS
w244 S 1.0, 3.0, 5.0 © 7.0 wi%E FUEH] Ui
EAIE Azt TGAS AREste] ATt F i)Y

100 p—t—-t—.—--—o—-—n—o—l

|

+= L=1] =]
(=] o =

Degree of Conversion (%)

[
o
L

o. T T T T T
0 100 200 300 400 500 600

Time of UV Irradiation (s)

Figure 3. Degree of conversion of 5.0 wt% CNC-MPTS in UV-
curable resin with respect to UV irradiation time.
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slell A 30~800°C2] =¥ 9)E 10°C/minS. 2 7FE3PaA
Alge] A WiskE 435t Figure 49 YR AT
Figure 4(ay= TMPTMP ¥ TMPAE?] wig} H]-8-2 ]
2 1112 24dste Az &5 4 TFA, CNC-MPTS
1.0, 3.0, 5.0 ¥ 7.0 wi%E X33k B3A Q] TR
ojth, =gt o] GEE| AlZF &= ZH7) 3794, 3833,
383.0, 383.5 & 380.2°CE 2 zol7} glE S Il
800 °CollA] RS 7z} 1.49, 1.93, 2.48, 2.90 X 3.40%=
CNC-MPTS®] &o] 718rE ™FHFE Sk e
ekt o]zt A3= CNC-MPTSOl 8= o] & S

100
80 1
£
£ 601
2
ﬂ.l
S
40 -
— neat resin
20~ 1 wit% CNC-MPTS/UV resin
-+ 3wi% CNC-MPTS/UV resin
=« = 5 wi% CNC-MPTS/UV resin
0 —-- =7 wi% CNC-MPTS/UV resin|
T T T
100 200 300 400 500 600
Temperature ("C)
(a)
— neat resin
— — 1wi% CNC-MPTS/UV resin
- 3 wi% CNC-MPTS/UV resin
— - — 5 wi% CNC-MPTS/UV resin
o = - - = 7 wi% CNC-MPTS/UV resin|
4
=
E
o
@
=
z
a
.

100 200 300 400 500 600

Temperature (°C)
(b}

Figure 4. TGA thermograms of neat UV-cured resin, 1.0 wt%
CNC-MPTS in UV-cured resin, 3.0 wt% CNC-MPTS in UV-
cured resin, 5.0 wt% CNC-MPTS in UV-cured resin, and 7.0
wt% CNC-MPTS in UV-cured resin: (a) TGA weight loss
curves; (b) DTG curves.
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ot - 1%

2 Si F4=E 18| chars A3t &F FATEAET K
B2 FFao)] Y slog vhdEnh

Figure 4b)= 4(a)2] Z23E v]EFH 2 TGA(derivative
thermogravimetry, DTG) 4122 YepH Zlolth. ol 73]
s e 25w oF A T8¢ 396.0 °C, CNC-
MPTS 1.0, 3.0, 5.0 2 7.0 wt%= £33t A= 22
398.8, 399.7, 400.8 & 401.2°CE =% =3t} CNC-MPTS
o] o] VIR H) wBelemrt SUkskE AS #}l
g ¢ glem, o]2|3 A= CNC-MPTS el == o]
A= El271¢F TMPAES] &9 [H|27]9] thiol-ene WH-3-&
2 7S FRATE sl €3 Aol SN Ao vk
€tk &5 CNC 3! CNC-MPTS7F £ the53t49] 7
- 280~350°C Atelell o 4] TRANNM UehA] =
3l S A7t epkon, e e] digo] SIS i
& #=9] A7|E STk AE SRl  ASlHh ol &
Aol el 23 CNCeo] w8l = Q1 vja= skt >
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Figure 5. Mechanical properties of (a) neat UV-cured resin; (b)
1.0 wt% CNC-MPTS in UV-cured resin; (¢) 3.0 wt% CNC-
MPTS in UV-cured resin; (d) 5.0 wt% CNC-MPTS in UV-cured
resin; (e) 7.0 wt% CNC-MPTS in UV-cured resin.
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Figure 6. Mechanical properties of 1:1 TMPTMP:TMPAE resins:

(a) neat UV-cured resin, (b) 5.0 wt% CNC in UV-cured resin,
and (c) 5.0 wt% CNC-MPTS in UV-cured resin.
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Figure 7. SEM images of 1:1 TMPTMP:TMPAE resins: (a) neat UV-cured resin; (b) 5.0 wt% CNC in UV-cured resin; (c) 5.0 wt%

CNC-MPTS in UV-cured resin.
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