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Study on the Structure and Molecular Motion of Cellulose

Gel/Poly-(e-Caprolactone) Composites by Solid-State NMR
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Abstract: Cellulose Gel (CG)/Poly (e-caprolactone) (PCL) composites showed extraordinary mechanical properties compared with
pure PCL. The tensile maintained quite good even at temperature 40 degree higher than the melting point of PCL. In this paper,
CG/PCL composite was prepared by in-situ ring-opening polymerization. The structure of CG/PCL composites was characterized by
XRD, DCS and solid-state NMR. The mass ratio of CG and PCL of composites was measured by quantitative solid-state **C CP/MAS
NMR. The mass ratio of the grafted chains and free chains of PCL in the composites was also obtained. By solid-state *H MAS NMR,
the average molecular weight of PCL content of composites was measured. To understand the reinforcement mechanism of the
CG/PCL composite, molecular motion of the composites at different temperature was also studied. Solid-state 'H MAS NMR

spectrum showed that the full width at half maximum of the composites was significantly wilder than that of pure PCL, indicating that
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there was a strong dipole-dipole interaction between CG and PCL. The relationship between spin-spin relaxation time (T,) and

temperature showed quite different trends for pure PCL and PCL content of CG/PCL composites. T, of pure PCL showed a sudden
increase when temperature increased to near melting point, while for PCL content of composite, the change was not so sharp. This
result hints that the molecular motion of PCL chain was restricted by CG, which makes the substantial increase of the thermo stability
and high-temperature strength. From the other side, the molecular chains of CG were also influenced by PCL, leading to slight

increase of its molecular motion, which makes the composite much more flexible than pure CG.
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1.1 FRARAF

YRR, WAL EERIA IR AR, sOBOR 2SRRI AL AR M, RS EAH (NaOH) /JREIK
RIS K E S T RN 34610 —KAZAEMEL (LIOHH0) « JRE. KKLEE: Hihd, EigE
R RF A R AR . e-COARE. DUZRRIE (THF) « IR . HEERE: /rbral, Bighmds TR
HIR AR A DL EIRGRIR & A B B A o
1.2 WA ERIE
L2.1 J7f X SHRATET (WXRD) sE3

K X SHEATEMX (7722 Panalytical A & PRO PW3040/60 %) & MR AL . ANSHGTE A

CuKo 3855, Ni FriEdk, X 68 TAEREN 35KV, BN 25 mA, {fFELAH T, HHEEEA 5 min,
TG 5 °~80 ° JiTA A il AR P A F) 9 2 AR 2R AT I
2%=Sc/ (SciSn) (D

FIH Jade 6.5 EAFX TS XRD HdE AT gL, BIE AN (D IHERRILSGREE o) HEdE, H
H S NEE RIS ITEIRY, Sy ONAE SR .
1.2.2 ZREMHEHR (DSC) L

KM ZR AR (EE TA 27 Q2000 AY) J5E# BHIAH AR IR EE . W& THEEE 5 °C/min, JHE
M-20 °CTH£] 80 °C, FAIFIE N 50 ml/min. I FE S 25K FH AR R A 4% AT 0
1.2.3 BEABREFEIR (Solid-state NMR) 346

[F (A AZ R AR I 14X (4% [ Bruker /A 5] AVANCE 111 400 WB %) . *H Fy3L8R#% 4 400.13 MHz, **C
[P3LHRA %N 100.62 MHz. 256, BT THIM 9 4 mm, 90° kb B FHAK %6 P12 4 us, 180° Rkl Al
K5 M 8 us, A 10 kHz, "H A1 °C BIfb2A A8 Ebn F Nk (*H 8=1.46 ppm, °C 6=38.56 ppm) 52/ .
FItFH 5256 75740 °F -

(1) 'H MAS NMR: SAET ] 40~100 ms AN%E, 3558 B3 A 200 ppm, SKFEREL ns=16, 450 i) D1=2

s AN SLIG IR BE N 298 K. 303 K. 308 K. 313 K. 318 K. 323 K. 328 K. 333K, iAFfREinE G
ST 10 3B F G RAT .

(2) BC CPIMAS NMR: 58 X AL 8] P15=1500 ps, FREREL ns=2 k, Z5f50f 1A D1=2 s, ENE

(3) & CPMG (Carr-Purcell-Meiboom-Gill) ikt 71l PHfe il 5 F [ ig- E e s FE i ) T, & 1
Fi7R. £ CPMG J741 ", VCLIST N— RFIAFE[FIHE AN LS, IR © 4 100 ps, 83905 AS [F] [F15 N2
THEIMESH5RE, BiihRsES RN E (R ZEFR AR AR (2) Frw, a4 m] 4
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Fig.1 The CPMG pulse sequence for measuring proton T,
(4) C QCP NMRPZ. Zs2 6 kb e 4 a8 2 o Seierh, 2543 A) D1=5's, #UHHE t4 /9 0.2 ms,
CP AL 8] ter A 1 ms, tep F tepp Jy—4L 58 4 AH R A ) AR &, AN S26 S NEA 0y 1024, iR D9 % i«
BARSYS Jot S REs WA

90° 90
1H ’; v Decoupling " ’; v % Decoupling
tee F—terA ty Ftepe =
ne Y \\/\Vf\vf\ ne Y \\jf\vf\vf\
(@) (b)

2 (a) °C & XMk CP [kt F31, tep A CP M IF]; (b) °C %8 X Z: 4k CDP Mkt FE31, ter My CP
PRALISIE],  to SIRUARINTE], topp 9 *H %1 CDP i 8

Fig. 2 (a) Pulse sequence of *3C cross polarization, tcp is the cross polarization time during CP;  (b) Pulse
sequence of B3C cross depolarization, tct is the cross polarization time, tq is the dephasing time, tepp is the

depolarization time.

1.3 FERERK/IR - CHBRE SR IH%
1.3. 1 LFHERBRFIHE
PR IR B4 B L 5N 4.6Wit% LIOH/15wWt% R 2/80.4wt% H,0 AL LU B /K iAW 100 g, BANVKFE FlA &
-12 °C. K 4 g LPAER IS LR B8 4 50vA 51 b, FERGE Dy 1200 r/min BINUBRSEHRE T, (E2 WM, 1531
S)EAR A AE I, TR EON dwt%. F I S22 AR T B0 3 min, ERRIE R TR
W T Y2V R U EE I A IR, AETO/K QR EEE S iR 8 h 5B 2F4E R AR (CG) . a2
B KBTI YN, BERAGERE Erh . KT RL 4ER B E BT 5 cm>L.5 cm KK ITTEFIR, 1R
ZICHRHU A THF (b.p. 66 °C) B #Hef 4k RER AT HIK.
1.3.2 ARRER/K - CHREEEAMRIIHE
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£ 21.76 g e- LA BEH NN 0.0716 g HFEREAN 0.0444 g I8, 193 e-CNERIATR. K HIRFTR 14T
PERBREN e-CABEERT 12 h, 15 e CABR R M RAZIA AR BUR M Z FLA M B BEER e C R
FEHR I A 4E R BTN 250 ml 5 R JRESH T, N ORI, ¥ 110 °CIR ML 12 h, 13 B4 4E R ER/R &
CABE (CGIPCL) R&EMEL. (EFRFERIZAT Tl %40 e-C Al (PCL) .

2 ZGREVR

2.1 CGIPCL GHIRAE

K3 (a) NANFRES I XRD . HER &1, CG 1 X SHERATH B AR Git, 1A LF4E Rt - B
PAAR A AAAAE: 4 PCL 72 21.3 ° M1 23.6 ° AL B H L 1 I IMITH SR BEANSE (AT I, 17 CG/PCL R &4 RIE
21.6 °F123.9 ° A B BL T P ATH R EERIT ORT A0, (7 E S PCL AR LIS A %, AT AN 98 A
AW EAR . AR SCERIPRE, XIS A B 4 BN BT PCL IEAS §i & (1 (110) ShiAN (200) i, i
WITER &2 )5, PCL RIS KA TA, (AR R R B BRI . BATRMA A (1D,

R Jade 6.5 THEL T BASRE LS S 4l PCL N 70.71%:; A RIS 5N 40.09%.
3 (b) JyDSC 553, tIE W A1, 46 PCL 4 sk 317 K, 1 CG/PCL & &R 45 sl 52 Jy 324 K.

e > i CG/PCL
324K

PCL

Heat flow(w/g)

317K

T T T T T T T T
T T T T T T T

14 16 18 20 2 24 2% 28 30 305 310 315 320 325 330 335 340

20, deg TIK

(a) (b
K3 (a) PCL. CG. CG/PCL ] XRD Kli%; (b) CG/PCL. PCL HJ DSC K

Fig. 3 (a) XRD patterns of the PCL, CG, CG/PCL; (b) DSC thermogram of the PCL and CG/PCL

H1F CGIPCL ARe¥E, T LAFRATR A 7 NMR 5t H 45347 R AE . AT TH & NMR % CG. 4l PCL

LK CGIPCL #EAT T X LA T P 4 A %A AE S IR T 19 1°C CPIMAS NMR 5/, BAl Dt A5 547 )&
(c) N CG Wft, HAMAMKIKZE: C1°, 105.5ppm; C4°, 85.2 ppm A 90ppm; C2°,3°,5°, 74.6 ppm 4t

WM C6°, 63.1 ppm. 4fi PCL Bk tn (b) Fizx, BZERAWKIKNN: C1, 174.0 ppm; C6, 65.9 ppm:;
C2, 33.5ppm; C5, 29.5ppm; C3. C4, 26.0 ppm; b2 f8 8 74.6ppm &b (%) [F/NE N4 PCL FiIE
BHE SRR . () A CGIPCL E & H#BHK °C CPIMAS NMR (&, [FI &4 CG 1 PCL {55

IR B 3 AMFES RS E T LAANE, PCL FI CG I E A /E—d. PCL fE4F4ERER IR AW
I, MR ERILE, B A R ] B AR R BEANE B B
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Kl 4 REEES C CPIMAS NMR #4: (a) CG/PCL, (b) PCL, (c) CG
Fig. 4 The *C CP/MAS NMR spectra of different samples: (a) CG/PCL, (b) neat PCL, (c) CG

AT 343 CGIPCL S AFELFE i b CG M PCL R I LLG, FATR & Ehii (°C QCP NMR)
X CGIPCL HEMAELHAT T e & Ft. FRXE 4 (@) M #ral BLAITE, PCL AA3F1 CG i itk A
Lo 9, Hop PCL MHEERK CL 155 /1 CG il CIE 5 5 HAMG S WA EE, AT HETE, AT
RFIXPIAME SR A B B AOMHE o Et SCRRP AT LAAnIE, ZEBebt 1] 0.2 ms LAWY, S &MRRIE R C1
SEMCUESHAR S KR, AU TERETE. @ditE (LM mr%, CGIPCL Z-& 4K+ PCL 1
CGMEERILNMELL 6.9 11, BT PCL ¥ ICEE /R &N 114 g/mol, £F- 4 Z H Rk ¥ B2 /R i & 162 g/mol,
Kk, CG/PCL ZAH#EH, PCLAICG HFREHITH N4 : 1,

T HE R ZR T PCL [ BB SRR BE (M T L), FRATTHR 0.3427 g FERVIENRZE S H kerh, @il &
FCHR AR B R i 2510 PCL 8%, ft/a FRAS & 0.1069 g,  FH Ik R 17 254 Jif >4 0.2358g. Hi PCL Al
CG [HF i LL 4.9 1 1 AT LATHE A R A 2T 45 2 (15 8y 0.0581 g HH UL TH5EA5 BIRE Rt PCL 1935 55 54 1 e
Ny 4.83 1 1.

H TR Th PCL f) s B BRI 41 Pl BBV 20 e, BT DASE UGB B b ok 5 PCL 4 P (H2
FATENRIN PCL 1) AR S0 1) BA 1R AT R 4y 26

Kl 5 P4 EZ . 4l PCL LA J CGIPCL H &AM EME = I N IME & 'H MAS NMR &, AT HAZ S
HEATIHE. CG 11 'H MAS NMR {5 54—, 0 (o) Fion, BB T4F e gtk it, S0sa k.

(b) 24l PCL (55, BERAMKIIE: H6, 3.74 ppm; H2, 1.96 ppm; H4. H5, 1.28 ppm; H3, 1.05 ppm;
Hrptb2E i fe A 3.23 ppm (6a) LLA 6.72 ppm (6b) ALHIME 547l &4 PCL it dE H6 M5 5 F15 2 AHER
FAEMES. (@ NESME 'HMASNMR %, 5 (b) MLk, HAESHEMBEBUAK, HESME
SHEEN, FHETESWEL, KmRENES (6b) MEERGE, HEEIIAN H6 (6a) HI/HR

I
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K 5 AEFES R 'H MAS NMR i%: (a) CG/PCL, (b) PCL, (c) CG
Fig. 5 The '"H MAS NMR spectra of different samples: (a) CG/PCL, (b) PCL, (c) CG
I IR 2 M, AT AT DUE IR HE A Hea R4 TH AR LL 1k 43 8 2 A 448 CGIPCL Hh PCL
FF5EE T, A dm2007 Bk ik BIEAT 7 I, 153 H6 Al Hea A AR LU 2078 57 @ 1. 1E
CG/IPCL E&#klHr, ot PCL HbifEiL /& PCL g g, A — K HE, [t PCL I RE

958, HIERE TG EE R TR (114 g/mol) R {5434 15N 6612 g/mol.

2.2 CG/PCL Hi5r-Fizshif i

ME 5 ] 'H MAS NMR 5 B R BA T LY F . PCL SLF4ERI Tiesh Mz RIE K. 4 CG A
WHE R —ANEA, SRS TRIPER . 1 PCL MEISEN BAM UGy PR, SHHEEIER
i, Y PCL 70 7 AA RIFHEshtt. —HE &G EA IR IERe sl A I ZE S BTz
ST IR TS . WImTATid, BRI T45 8 40 °CHIER T, B AEMEMAR RS RITI /1226, &
IR CG R 7 IR s AR . it AT I AR R A RO 2 510 5 S5 M Ao T2 3 Re 1 i Ag AL
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Fig. 6 (a) Variable-temperature solid-state '"H MAS NMR spectra of CG; (b) The dependence of vy, and intensity of

spectrum on temperature
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K6 (a) M4l CG HARIRANE . KT &N, 7F 298~333 K (iR EEVE R, S IS IE AR REAAL,
RN, HSRERN. AT A FRE N i ) & 50 fE SR T i, & SR Mok
AWK 6 (b) Fis, FETE M 479.36 Hz [4(R % 242.32 Hz, [AIRZI0 50%. U4 o 5 It 5 T (0 T v 4
1§, I MR RIBEE IR R

Bl 7 (a) 246 PCL MARIRAIE, FRAVER TN D&l B IH)E. 5 CG KIASREEAHLL, APl Ak
fET, 4l PCL & ANEIE 5 BB IR M s g n, i e v A BT asfe, RORMEREE K.
T PCL (WA BA BUFII 3 i, AT &L 53 MIEAT TRFFC,  ANIF)RE F 5T (05 5 5 B M2 v 98
B2 S R IE 7 (b) Frm. LWL R EIR, H6 R R %M 77.46 Hz KA 10.46 Hz, H2 [ 7%
M 90.17 Hz B#ME 2 13.10 Hz, HA4,5 IR T8 M 76.96 Hz [4% % 18.50 Hz, H3 f2F 758 A 99.60 Hz F4{KE

20.80 Hz, “F¥%MEiA 3] 82%.

3
8
Intensity

(a) (b
7 (a) ZEPCL AR  (b) il m B M o 5 B (1) 5k &

Fig. 7 () Variable-temperature solid state '"H MAS NMR spectra of neat PCL; (b) The dependence of vi,, and
intensity of spectrum on temperature

HEREZERAT “H RIS RE R E R R ES. 5 CC BT s MG AR, 4f PCL %
A UG PR i P2 T i PEE I 2 30 S TG . 7E 313-318 K IRLE X [B] A, U F i B P52 1) T v I K, 24
IR T 313 K LUt 318 KN, U5 B2 B IELBE (1 T v G M AR N A/ o IR R 94l PCL 7 313-318 K i
FEDXTR] A RAE T ISR, i SC DSC 45 538, 41 PCL [ 2908 317 K, UEE 7 FRATTAHEN . FRATIE R I
FER IR (323 K A 328 K) N, 4l PCL MIfE S Bl &Ry — BN S, RAWMMZHIIREEKIE
SASEIE VARG, B, ARSI SIR T, PCLZEA B LIS H hrisE
XAFAE

8 /¢ CG/PCL EaM AR REE . mE ™R, BERERNT R, Z&METh PCL A7k &4 2k
(Rt AR AL, o, H6 20w 98 A 143.32 Hz FEIR £ 20.12 Hz, H2 (258 M 172.23 Hz BEILE

23.56 Hz, H4,5 [P 5E 124.48 Hz LA 26.64 Hz, H3 (11K % M 166.51 Hz [ ZE 31.32 Hz. “FHM4%0R
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N 83%, 521 PCL #%i. % Heal PCL f%idl, AT, EMFENREZ T, CGIPCL E&+1EH PCL 471
KL A4 PCL Y 1.5~2 1%, WIRHE%E. UilAfE CGIPCL ARk PCL 44 2 FI 5 58 1 'H-"H {84k
MEAEM, XA DMEN = (A B A B A E R — e BEE TR T &, PCL 275 s s A8 (b M
541 PCL KL, RIS AR, RIFE—MRARIRE XA, Jy323~328 K, T4 PCL () 313-318 K.
FE I X T] A U 5B 38 K, B W] CGIPCL B A PP RHMEIZ AN B X [H] W AAAE — M &Rl I 75 . DSC 45 3K,
CGIPCL )% oM 324 K, WP 323~328 K ], {HJE il T ik SR, CGIPCL H Ak PCL 41
SRR R IR I # A5y, VA TH-H AR AR A ] R E AT . R AR PCL
HorfE i I RiEs) 4 B i RIRRE, 540 PCL BRI S H IR 2R .

H & 6 AT LLSNIE, E 298~333K i LV E N, CG AMAFEMEE AR /i, BA RIFIMEN:. Bk, AT
HEM, XTEEMESRYL, —RPFE MR CG EARMRM T PCL 41183, —& CG reie ka4t
#5 PCL 4y F1A) *H-"H AR EAE A, I R PR il T H-H AR ELAE A PR, 648 CGIPCL &
AEMEHERE R A RIS R, CG M PCLAREFINE G, EAICIAEEEIRRII1H
BAHEAE A IERXMAAELAER, (3RS EHER R DL ERRIRRECRKF R4 10 1541k RE -

180
160
1404 =
120

< 100

J 804
604

40+

20+

0

i | T T T T T T T T
“ 295 300 305 310 315 320 325 330 335
3, ppm TIK

(a) (b
K8 (a) CG/PCL IARIRANE (b iy i 5 Ao R FE I R R

Fig. 8 (a) Variable-temperature solid-state ‘H MAS NMR spectra of CG/PCL; (b) The dependence of vy, and
intensity of spectrum on temperature

W2 e R B K T Tagsh e e, BRI IRA T — I 1 R st RS TR) . JRAIT 503,
B Je- i M S TR I 18] Ty X 70 5 IS S ABURR, S BRIK -5 1 S R BE SR AL (IR IR 22D 10 13830,
- st 18] T, WA 3R A TARSIM (5 2, RIS AT #2210 0 71830, B F o 1Ak
T REIZEE R MRS v, JF H PCLAE CG HIMRE T 7> Tizah 2 20t — PRI IRE], BIHRM T, 6ei
1 RHOWENE R A0 5 4 a3 8 P,



(S, S E R EIRT S 4T 4 T OB E A MPRH S MR 0 T2 ) 11
R 2HM T EMEARFT T ToE. & 2 aTLLAIE, ST T35/ F 200 ms, 5 B 7E 5256 BT
B L SEF B P i B B b TR X S0 - 11 et P T T80 7 /I 3 B 5 A% ) M H-"H A ke T A%
SERHSAT %, TG T IR A = U0 R LG, [R5 85 BUS S 4 56 . R I BEROK, BEBUS SR, *H-H
AR FLAE FR AR5, M R BR T T BB K
#* 2CG. PCL. CG/PCL ™51yt H JiE- 5 g QI 18] T, (ms)

Table 2 The spin-spin relaxation time T, (ms) of proton of CG, PCL and CG/PCL

temperature CGH H6 H2 H4,5 H3
(K) Pure CG CG/PCL Pure PCL CG/PCL Pure PCL CG/PCL Pure PCL CG/PCL Pure PCL CG/PCL

298 0.828 1.04 7.63 3.71 6.78 3.45 7.56 4.08 6.60 3.44
303 0.921 1.26 11.13 4.42 10.13 4.13 10.95 4.86 9.80 3.99
308 1.031 1.50 21.67 5.33 21.10 4.97 21.94 5.82 19.90 4.81
313 1.143 1.80 35.26 6.61 35.12 6.25 35.78 7.15 33.72 5.83
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Fig. 9 The dependence of spin-spin relaxation times T, on temperature
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