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P& FH 2% 200 mesh A £F 4 8 K W H 1l AR 48 T
R R LI A PR A 7] 5 2-9R 53 T 1k IR (2-BriB, 98%) + 4-
L F S I E (DMAP, 99%) « = Z % (TEA , 99%) :
B B b 2 AR AR A RECA R A A PO A K R
(THF) : 99% , W H AT M & ok 446 T BR 2 7] s N-
St A 3 P 4 B % (NTPAM , 98% ) ¥R 4k IV 4 ( CuBr,
99%) N, N,N ', N ", N "- L I 3k = 2 )@ 3k = J|g
(PMEDTA , 98% ) - i fiii B2 ¥ (KPS, 99.5% ) « N 4 &
(AA,99%) \1- 23 - (3- = HI B0 3 7 38 ) bt — 0 Ji%
Eh18 25 (EDC, 98.5%) : %1 B g Bl f T A1k B2
e A PR A A s 28 T K: L8 % | il . NIPAM £
1E O b H 45 5 JF T J5 48, THF 7 %6 FR 7K, CuBr
bR Al Ja A, AR R R 2 Al
1.2 AHEFRMKRIBHOHE

K FH R /K fR 31 % CNCs . B 10.0 g £F 4 R 4%
K, 18N F] 100 mL 64% () H,SO. 1, ££ 50 °C 1t
PEKME 1.5 h, Bl S 10 F5 19 25 8 1K &b OB, B
RRVFWCR 2 RSO v G, BE L2 I0E U
TR E BT, B ZBFRENEN S (M=
8000~14000) H1, L 5 [ £ B T /K& 7 d H £ K
TR, BT KA AR .
1.3 PNIPAM-g-CNCs (9351 &

K 5 25 320K NIPAM 4 4% % A % CNCs o
1.3.1 4 %4 & th R 4 5] K # (CNCs-Br) 4 & : K% H
Vi 7R B0 B R, R R TR R AT TG 7K THF , K 7K P &
) 1.0 g CNCs & #: 2] &4 100 mL J& 7K THF
B = H Rl , 58 J5 i AN 1.95 ¢ TEA F1 0.5 g
DMAP, 3 # 5.0 g 2-BriB ¥J 21 4 # F 30 mL J& /K
THF H, B FI 48 IR 1 3% 3% o 2] F R TR & 98 W)
K B VR R B 3 AR 25 °C A N, 4R B T W ) B
24 ho RPMEW G, HIE/K CBETE/K THF FA B 2
REL, B BB LB TR, HEEH.
1.3.2  PNIPAM 9 3 4 R & : lL 50 mL, it & 77 %
1.2% ) CNCs-Br T 52 3 w0 i o, N 0.25 g #2416 )5
) CuBr (DD , F I N & & F B, 28 (A VR - il 1 =5l
No- R, 3R 3 KBRS . BEJE ¥ 5.7 ¢ B4 & 5 0
NIPAM Jn A\ 2w, B e i S 7 AN 0.3 mL
PMDETA 5| & .l F B iE M B AR & )M, 78

25 CCHIN, /R HE 1B #24 ho RN )5, F G
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1.4 PNIPAM-g-CNCs-g-PAA B9 &

HX 200 mL , 5t & 4> %1 0.95% [#) PNIPAM-g-CNCs
2RO ON B 5 O R, B SR OF TR B
70 °C, M A\ 0.1 g KPS A1 0.5 mL AA, 3F IN X 2.0 g
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1.5.5  #F 5 A : K H R E 4 AT A (TG209F3 , 1 [
NETZSCH) AT £ ity 1 #8828 1 40 o Ik i 7
i it L AR 9 B TDE 20 mL/min,
M58 iR FE 25~600 °C , FH il 34 % 24 20 °C/min
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Fig.1 Mechanism of CNCs modification process of (a) CNCs-Br,
(b) PNIPAM-g-CNCs and (¢) PNIPAM-g-CNCs-g-PAA
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Fig.2 FT-IR spectra of (a) CNCs, (b) CNCs-Br, (¢) PNIPAM-g-
CNCs and (d) NIPAM
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Fig.3 FT-IR before and after AA modification of PNIPAM-g-CNCs
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b, JE R AT g i — 2P R R G IR L CNCs Y
B o A XN TE T X, W] R T R A
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CNCs-g-PAA 1 73 BUME 15 B 0038, B IR 45 4 A7 ok
JERTACIE $1%

Fig.5 N A [A o M CNCs B 7 i fE = IR E 7 d
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B R oK UKL 43 O BE 4, SR K PETE B . Lk 4
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W b R, T LY B R A B R B R e
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{H 72 K 73 -7 PNIPAM 3¢ B (1) /7 7E HIl 55 1 CNCs Jii 1
7 7 FEL AT %) TiE TR T s 1 R R M A UKL 2 IR ) R R
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CNCs-g-PAA B 37 MR 5% A TTIE L &, K IH 4 Bk
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Fig.6 Thermogravimetry of (a) TGA and (b) DTG for CNCs, NIPAM, PNIPAM, before and after AA modification of PNIPAM-g-CNCs

Tab.1 Main thermal decomposition temperatures of each sample

Sample CNCs NIPAM PNIPAM PNIPAM-g-CNCs PNIPAM-g-CNCs-g-PAA
Tonseal °C 182.6 106.7(334.2) 301.5 350.1 3242
T/ °C 199.2 154.4(407.4) 409.2 411.6 401.7
24 RIBEMSH FERVR A B R 5 7 R BE 10 8 0 il b R el kT
Fig.6 FIT 7~ 43 5 N AN [A] BE 5 0 4 (TGA) F it PNIPAM () #4Fa & M B B = T K B & 1 NIPAM #
FAE (DTG M 48, S MM FERSMEE N, e i etk 3 E T = 381 c-C

Tab.1. Hi AT, CNCs 2 i H 88 8 (1) 2 7K ## CNCs
() fRAT v s BT BR K o A% i A TR B T B IR
AL, 5 B /R BRI B 182.6 °C B K AR A BE
fift " NIPAM AR IR 5 3 i 4 v 2 AN B, 28 1By
BL106.7 °C Ab 1 #h 73 fife 3 22 0y L 45 4 v S D 6 ) %
AN VLR 8 B 1) A 23 il 5 55 2 B B 334.2 °CAL I #v
fife BN Bk A5 M 3 BE B0 A o A Utk Ak S B )
PNIPAM [ #4 73 fiff X 455, Ji7 K] & NIPAM F 44 78 5 &5

fr B Al I, BH SR AR B B 25, & AR 2 AR
/b & ) PNIPAM % % T NIPAM #. 44 H1 . |fif PNIPAM
F 32 BB AR R AR AE 301.2 °C L % B BE 2 B O it i

S,y & AT 40, PNIPAM-g-CNCs [ #4 & i 28 5
PNIPAM It 7 #H 4Ll , % il PNIPAM 3¢ i ) 47 15 4 3 34
FaE VAR B W) R A, WA R IR B N 350.1 °C,
oy fiR B v AE 350~450 °C , R E MR B s T
CNCs, J5i K] 7] fig /2 3 [f 42 % 1) PNIPAM 5 & ) 5

PNIPAM-g-CNCs £ 2 , J& B KL% 76 45 44, 3R 1 =
RS E (1) PNIPAM #1524 22 T P #% CNCs 11 74 B4 fi#

M T 8 44 6 B PNIPAM [ 43 fif #a 3% . A& T
PNIPAM-g-CNCs, B T k7 1 55 ¥ A3 € 1% (1) PAA 3¢
5% , PNIPAM-g-CNCs-g-PAA () #% 73 fift 15 FE R4 $2 117

1B AR 52 TR CNCs 1R 25 1 32 &, 10 46 B
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Fig.7 XPS of (a) CNCs, (b) PNIPAM-g-CNCs and (¢) PNIPAM-g-CNCs-g-PAA
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Fig.8 Cls fitting curves of (a) CNCs, (b) PNIPAM-g-CNCs and (c) PNIPAM-g-CNCs-g-PAA
Tab.2 Surface element content of samples
Sample %Cls %01s % Nls % S2p o/C %PNIPAM % Cellulose
CNCs 55.34 43.23 0.53 0.9 0.78 0 92.15
PNIPAM-g-CNCs 73.01 15.54 11.34 0.11 0.21 64.75 27.40
PNIPAM-g-CNCs-g-PAA 73.07 15.39 11.42 0.11 0.21
Tab.3 Cl1s of samples determined by XPS
Sample % C—C (C—H) %C—N %C—0 %C=0 %0—C=0
CNCs 11.30 0 75.69 12.21 0.80
PNIPAM-g-CNCs 53.69 12.76 17.06 15.94 0.55
PNIPAM-g-CNCs-g-PAA 54.22 12.2 16.60 15.60 1.38

iR B O 324.2 °C, #1 4y fift T BLAE FR (E 324~420 °C,
B K3 fil iR B TE 401.7 °C

2.5 XPS T

Fig.7 ¥ 3 A 7K [A] CNCs {7 XPS % [fi A€ it & ,
Tab.2 ARG E TR A0 . BB FIER AT 50, 5 5L /K
i 1) £ (1) CNCs, BT & A /b 5 00 T R G 2%, D
MEM S JTLEK. 4t PNIPAM-g-CNCs 1 PNIPAM-g-
CNCs-g-PAA B & A N L& , 15 F 11.34% , 5 3k )L
T2, Oy T T b M A i 2 A CNCs (1 R A
gh i), B F XPS PEAKA1 B AF X 25 K S (1 Cls i T
Iy WU E AL B, 45 S 40 Fig.8 AT Tab.3 Atz , AR T 5
CNCs, 1 T PNIPAM 3¢ 5 (1) f£ 7E , 2 PP 42 5 CNCs ¥
Il T C—N&g#H, HCc=o g EHiim. miT
PNIPAM #1 PAA I #8525 58 & 35 )% 4 #£ CNCs 1) #¢ 5
B, R a8 6 Al BRAR , B 2 8 CNCs 1 C—O & &
B R F%, 1 C—C(C—H) & & ETF. 4, thix
$2 B 77 %) PNIPAM- g- CNCs 1 PNIPAM- g- CNCs- g-
PAA, #1 T AA # — 5 7£ PNIPAM-g-CNCs | i $ £

%4, CNCs F ) 4% 1 ¥ 3 B o380 2 O, it i
C—OoOgEH—DHAM, AN HTERE™%H
PNIPAM #f LU 5 (1) 93 /b, 5] % C—N F1%C=0 & &
B BEAK . 1 PAA SCEEMIAFAE, HE M P Cc—C
MR IEMGE =Y P C—C(C—H)AMO—C=0 & &
e . R 45 B RS B PNIPAM F1 PAA © )
P A B CONCs |, B B 3 %R A4 fF CNCs 1152
B A7 B A R L.

PNIPAM-g-CNCs 43 %, i 4 20 O34T 1

H

Cellulose% =(C1s%)x(C—0%)x 0.11/5 @)
X Cls% T A 4 R Bk IR R T A B
C—0% C—O M & & . /513 1 PNIPAM-g-

CNCs [ K N 64.75% CBE /R B ), WL Tab.2, HoAih
PNIPAM [1]# £ % I, Tab.4 , A SZEG AR 1% 5.7 g NIPAM
HBEAT o

PNIPAM-g-CNCs-g-PAA F# /% % , iR 35 0 (2) ™
BEAT U5
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Fig.9 PNIPAM- g- CNCs and PNIPAM- g- CNCs- g- PAA of (a) LCST measurement, (b) bulk phase transition and (c)

temperature-sensitive reversible changes

Grafting rate =(m,—m, ) /m, (2)

A e m—— N AA BT PNIPAM-g-CNCs 1) Jii & ;

m,—— % ¥ J& PNIPAM-g-CNCs-PAA ] Jii & , il id %)

ARME AR MR T S Cmyyomo) 5 B3 A 2 2R

f-F 9 ME . e n i IR ACR N 9.39% . HoAth PAA
IR A L Tab. 5, ASLRARIE 7 0.5 mL AA 4T -
Tab.4 Grafting rates with different amounts of NIPAM

w(PNIPAM-g-CNCs
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Tab.5 Grafting rates with different amounts of AA
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1.9 1.0 9.87

2.6 M CNCs BB 8 9

Fig.9(a) N A [A] 2 1 CNCs 28 4h -1 W96 (UV-
Vis) i% i 2 il 2%, 3@ ik W E A R EE B, 20 CNCs
RAAR B e AR 51 R B W0E G F 1 AR Ak, T HE
I H 2P CNCs BRI 54 AH %% A2 IR 5 (LCST) « ]
B 7 5 J& CNCs 78 5 A i 72 P 19 6 35 b 30 5 AR fR F
AR, U B JE CNCs % il BE AN BURR R AN E %)L T
AN 2 BE B R o T 4 A A PNIPAM 1) 2P CNCs

fE 25~34 °C{u Bl W, & 1T % M 72.2% 2% 18 F [ 3
49.5% , 1M 24 U5 B b FH & 35 °C 2 5 B AN E I R SR
T & 5.2% , % W i PNIPAM-g-CNCs 3 [ £ £ 11
PNIPAM it 85 3¢ 85 & AE T e R AR FAAH 5% 4, DR b v]
DL HE Il PNIPAM-g-CNCs [ LCST K 2)1E 35 °C . [fij
Ht— 0 2 i PAA 2UPE J5 B PNIPAM-g-CNCs-g-PAA ,
HiF o ol 2k % 5 PNIPAM-g-CNCs J 14 7] , 15
WM TRELEE. MEFR, 9RE A4S
37 °CZ Ja & M & 2 BN B, M35 °C I 56.0% T F 3
37 °C 1) 8.7% , F W H LCST K %1437 °C. PNIPAM-
g-CNCs-g-PAA [ LCSTHS A BT+, JEL R 2 AAPE N —
Fofr o K P B A, L5 NF R T CNCs 2 T 2 B 8
G K FE A B Ee ), Bl LOST T+ . Fig.9(b) At /s
Y FEAE LCST B I I, A [\ 25 1 CNCs 1) 44 B AH
AR LW B, B BT 7R, PNIPAM-g-CNCs 1 A1
HASSAERIUAEL, BUHEN S )E. TiHT
PAA HI171E , PNIPAM-g-CNCs-g-PAA 7y B A8 3, oK
HE B ) 4 2 I G, {HH B PNIPAM. [ 44 R AH 5%
A AR Bz AT AR ANE W

N 43 AT HH R 8 R R AR 4K 5 R ) Bt CNCs 1 44
FRRH B A2 2 45 T 100, W58 1 6 FE AE 25 °C 1 40 °C A8
B AR I, 78 AR [ ORI I E] P, 2501 CNCs 8 V7 VR
i I F A . 0 Fig.9(c) AT 75 5 7E 4 WK1 2R 9 3
o, PNIPAM-g-CNCs Fl PNIPAM-g-CNCs-g-PAA £ %
TR 637 i AR A AR R €, U0 1 JE ) CNCs,
LR FEE DX B AR AR AH e AR T R o T
2.7 UM CNCs BB SR 1T R 347



Transmittance/%

t/min

Transmittance/%
N o %
= =) S

[\
(=]

t/min

Fig.10 UV-vis transmission rates at different temperature and time
(a): PNIPAM-g-CNCs; (b): PNIPAM-g-CNCs-g-PAA

Fig.10 Jilf 7 2 P CNCs £ R [7] 35 FE AN [ B )
TROtES REMLE, HE MR RAAER —RE,
AN 7] F PR U BsF 1) 6 250 CNCs 8 V7 9 1A A B 5% AR
FEJERIRE M o 40 Fig.10(a) BT 7w , 7 32 °CHY , PNIPAM-
g-CNCs 1138 i T8 ] A8 b , & W) 4b 538 55 3 oK
ik %] PNIPAM-g-CNCs ) LCST . 24 T} 5 B 17 Wil
% 35 °CIf R, 7E 0~5 min 3% i % H 67.8% T B¢ #|
48.9% , H % 10 min B 3% i # T B 2 13.0% , B J5 O/
FF°F fli7 , 2% W £€ 35 °C ), PNIPAM-g-CNCs i # 1
N, FLFRTH 1) PNIPAM 285 & A2 W48 35 AN AR
AH 5 A5 o FE 1 5E N T8 O 10 mine A BRI FE A
37 °C I, B ¥ W 3% O 26 W46 8 28 R 1%, ORI 3
min J&5 P E 2.7%. M IRELIE N 40 °CHY, £
I 1 min, BB C ik B RARE N F 3.7% . LR R
F B, 4 A 53 B IR FE S T PNIPAM- g- CNCs 1)
LCST(#]35 °C)O B}, B i & Ft =1 , PNIPAM-g-CNCs ]
PR M B A8 3 R k. Fig.10(b) T 7~ v PNIPAM-g-
CNCs-g-PAA 1£ A [ i ] )6z it 2 8 . 7£32 °C

201
(@ 2227nm ——PNIPAM-g-CNCs,25C
: R —O—PNIPAM-g-CNCs,40°C
BT 407.8 nm
=
2]
2
£10
172]
£
3
=
5
0

1000 10000

Particle size/nm

B, 3% 6 2% T0 B B AR 4K ; 76 35 °CRY , B R 18 T
B, 535 5 min IR B 31 58% Jf ik B P17, % W 32 °C
Al 35 °C 14 & ik ] PNIPAM-g-CNCs-g-PAA ] i K &
FRRH 6 AR 5 B o T 2 3 B A2 37 °CRY, R 3
min 5, B I7E 0 38 PR B IK 2 5.6% ;iR FE 4k 4k
Th 5 2 40 °CHE L 3% 6 R K2 5.6% A 7 Z AR 1
min, 45 R [\ A K U], P55 FE 8 S, PNIPAM- g-
CNCs-g-PAA 58 B M FRAH 6 78 (1) ] JB) B T , 3o 6 ik
‘I‘;%o

Fig. 11 Ft 7~ 2 R FH 40 K R0 B 0 72 (1) AS ] o5 1
CNCs 44 >K J5i ki 76 A [F) i 5 B 16 ok 42 A 4k .
Fig.11(a) fIT 7~ , PNIPAM-g-CNCs 7E 25 °CH [ ki 12 N
407.8 nm, 24 i7 £ Tt & £ 40 °C 3 %35 10 min J5 , ki
W HE N 2227 nm, 4 /N T 45% , 3% ] PNIPAM- g-
CNCs g K AL (1 R~ 32 40 54 i B2 1 sg i, Gk 4%
bt A T B 0 I A R TR Y BRI R A #
LCST J& » CNCs % TH ) PNIPAM 37 % M 35 7K %5 BK 1
ToHL N &Y AR A AR N BRI, RS RET

- (b) 511.1 nm//z&j —0— PNIPAM-g-CNCs
-g-PAA25 C

—0—PNIPAM-g-CNCs

H-g-PAA40 C

o

—_
(9]
T
w
r
b
=
3
\\'itﬁ/‘
o

Intensities/%
=

W
T
O
o—__,

ooo\
() pooooccooonooooooodns °a 000
10 100 1000 10000

Particle size/nm

Fig.11 Particle size at 25 °C and 40 °C of (a) PNIPAM-g-CNCs and (b) PNIPAM-g-CNCs-g-PAA
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Preparation and Characterization of Modified Cellulose Nanocrystals with Dual
Temperature- and pH-Response

Zhiwei Fu, Yiming Zhou, Qian Huang, Jingyang Zhu
(College of Textile Science and Engineering (International Institute of Silk), Zhejiang Sci-Tech University,
Hangzhou 310018, China)

ABSTRACT : In this work, N-isopropylacrylamide (NIPAM) and acrylic acid (AA) were graft-polymerized onto
hydroxyl groups of cellulose nanocrystals (CNCs) by surface- initiated single- electron transfer living radical
polymerization and free radical polymerization, respectively. Modified CNCs double- grafted with PNIPAM and
PAA (PNIPAM-g-CNCs-g-PAA) were obtained. The modified CNCs were characterized by FT-IR, TGA, TEM,
XPS, UV-Vis and particle size analyzer. FT-IR and XPS tests confirm the successful preparation of modified
CNCs; TEM shows that the modified CNCs still retain the rod-like crystal shape, but the diameter becomes wider;
TGA shows that the thermal stability of modified CNCs is significantly improved compared with that of CNCs;
lower critical solution temperature (LCST) of modified CNCs tested by UV-Vis is about 37 °C, at this time, the
volume of the nanoparticles is shrinking, and the particle size (particle size meter test) is shrinking to 68% of the
original, with the increase of temperature, the time to complete the volume phase transition becomes shorter, and
the temperature response is reversible; pH-response test by UV-vis shows that when pH<S5, the light transmittance
of the suspension decreases significantly, indicating that CNCs after grafting are easy to agglomerate under strong
acid condition, while in moderate alkaline environment, the hydrophilicity is well, and the pH response is
reversible. The modified CNCs with dual response of temperature and pH are expected to be applied in such fields
as intelligent drug sustained-release and intelligent responsive switching membrane.

Keywords: modified cellulose nanocrystals; N- isopropylacrylamide; acrylic acid; temperature- response; pH-

response



