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= ] '"H NMR, SEC, XRD #l DSC %} BFLHR (PLLA) -J Z 2 (PEG) i BAL W k4T T RAE. T4t
Ry PR S LN TR, SRR SEA S SRk 2 Sl P AP 2 Sy AL Rl 45 . B DSC M POM Jrik, X2 43
ﬁ%*ﬁ%E@;@%%ﬁﬁ??%ﬁg%rﬁﬁ?jﬂﬁﬁ%, FHRH Aveami FFREHEAT T 45 5 sh J124371H 8. H Lauritzen-Hoff-
mann #EXE PLLA-PEG 45 S HLEEUEAT T 4001, 7E 70 ~ 94 CIURE A, 15 3] % S 40 K, (POM) =5.23 x
10° K. LRI K, MBS A A8 o, #8 IS RY) 0 SCIRIGE R, KRB PEG BEEIAFTERZI T PLLA ()
g, (AR AR B4 SR TR M.

KR RIMR; RO R, mBILRY); AL
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FRYIE I — R EA R TSR R, &) 2N B2 | 255 KA Rl S g, o
Ay R R EAT A, CEAT TR A BRI I Al A B A A A ) n] S R
HoR o4 Bl A TR VRS, AR R RALER (PLA) | R e-C IR (PCL) | REFFLLMR (PGA) 5] |
R JRBA R ( Polyorthoester) . S FR I ( Polyanhydride ) . W% R g ( Polyphosphazene ) Fll 5 4 % ( Polyacetal )
SR T R FLRR SRR I 1 TR LA G S A A AR 2 R R A B AR R A S B R B, SR T
NI R B 4R A OCTE.

H T PLA EABKYE, XA R fpEAe 2 | BRI 7 AR U TR T W . 238 PLA KPR
B — A RO ERTE B D 5] AR KA BEE B, R B2 (PEG) HA R AF M A P AH 25 1 Fn Sz 7K
P, T HTAEYH RS EY RS0, 78 PLA 4> FHET 5] A PEG 85 Bt AL RS ol 3% 3 R W 1) 5%
AP, ] LA T BEALACPE BE L 2R W BRI AT O S i R AT . BUAR XS PLA-PEG i B,
PLA-PEG-PLA =it Bt R i BRI & S RE A FFIT i ) (A8 ST R Bk o i A £
W, ARSCRH XRD, DSC il POM 545K, 43047 T PLLA-PEG i BEIL IR Yy ) Bk R A e A8 i R i e
A, INGERIT )5 KB 12 AT TR R

1 SEIEESY

B A N ZE R FLRR (PLLA) 5804501 (M, =5000) (95 £ B2 i BEILRY) PLLA-PEG,
LG YR TR0 B T ERATT

o0

[
HO-ECH(CH;)—C—04-£CH,CH,04; CH,

Horp ) JERYIP A 3B EE R L n(EO): n(LA) =y x, y #l x 235~ PEG F1 PLA #5BtAY-FH R G .
75 Bruker A FIEZH A VAVCE-DMX 500 ARG LR 354, LRI 500 MHz, PIbREE
i TMS, DL DMSO-d, (RE& D, E, F)F1 CDCL (RESH A, B, C) J¥EH.
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FRHEBE (5 3% (SEC) JH Waters 410 A I3R. THF MW shAH, HE 1.0 mL/min, & 0K T 5
20 pL FEARFER 1. 0% MWL, DA LIGPRIERERCIE.

ZRE AT (DSC) 7E DuPont DSC 910 {4 #% 58 A, FREGIEFE 58 29 10 mg, 7F 30 mL/min
(N, SEAYTT, LL10 K/min FHE, 20 3I0AE AR (T, AUARIN AR, ). FRERE &R S T
FURVES, RRCES AR 193 K, LA 10 K/min 55 R THE, TGS ARREE (T,) | &4 S iR E
(T..) TR RIS RIELRE (T, . YARLES IR (T,,) 2R THR R 5 58 X B )5 , LS K/min [
TIAS. AR C AAETEES S AT MR, 1 SETHELE 200 °C &R 2 min, PHIRGHE A 31) 45 A IR AT 4%
TR 4G i 2 45 g ot 4 L

X B A7 81 1RlE (XRD) B Philips Diffractometer Jll3, Cu Ka(A =0. 154 nm) , 20 FH#7EE R 10° ~
30°.

TG B 1% (POM) TE24 0 4 Linkam THMSE-600 #5 4 Leica DMLP i )G i i85 I Wig%. 7
N, SRR, BERESRAE 200 C R R, U A 245 IR (343 ~ 367 K) A TIE RS S, . Wik

2 HR5H

2.1 PLLA-PEG Z#EBHEBYNEHMELERITH

PLLA-PEG — i BtALRY 0 F i M HA AR 1 R, K n(EO0): n(LA)J&'H NMR 75 () 4L 3R
P 2 o i EEJR L. &1 O PLLA-PEG ik B AL RWIAE MY SEC #th4k. M 1 Al &, AHXTT PEG
4RI, SR YIRE G AR A BT AR 9. XA TE PEG SEBOIN I PLLA J5, 4 FRM K, 4 F R
A58, HFE n(EO): n(LA) BIXERIMZE /N, BRI PLA SE BN BIE I | 5 0 06 (5 128 37 ) /55 431
Fmsh, 5 'H NMR 258 —3.

Table 1 Molecular properties of PLLA-PEG copolymers

Sample n(EO):n(LA) M /M M, DP g DPp s
A 0.36 2.6 27 700 114 316
B 0.52 2.3 20 700 114 219
C 1.05 1.7 12 800 114 108
D 2.50 1.8 8 300 114 46
E 5.70 2.2 6 400 114 20
F 11.00 1.1 5 700 114 10

a. Determined by SEC; b. determined by 'H NMR.

Sample F Sample E

—[\—-—— Sample E Sample D
—J\"‘ Sample D
[\ Sample C
Sample C
— ~ Sample B Sample B
/\— Sample A | | | | ISample‘ A
10 15 20 25 10 15 20 25 30 35
Retention volume/ml. 26/
Fig.1 SEC curves of PEG and PLLA-PEG Fig.2 XRD patterns of PLLA-PEG copolymers
copolymers

& 2 i PLLA-PEG i B RYIFE S 9 XRD MK, 2 ]I, 24 n(EO):n(LA) <1 B} (FEM
A, B, C), Bh PEG &, HAEEBTLIZE S, 1 PLA 5B, MELLIZE &Y. NIL, 76 20 =19.4° 0
23. 2°4b SR AT 06, X PEG BEBEAE SAYEFAEIE ST B3 n(EO): n(LA) B8N, 77 5 06 5
WG, RUIEEE & PEG SR pIE N, HE5RRE K. M2 n(EO):n(LA) >1(HM D, E,
F) B, BRI PEG #EBLZ5 i, PLA #EBCB T LIS &, i 2 I 0L, PLA BBt 45 S 7E 260 = 16. 6°
AR TIERE n(EO): n( LA) FIRFEARTTITIS AT 1558 , 3RI PLA #EB 045 fhAg 1 K.
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K3 (A) ISR —THER) DSC f1Zk. 24 n(EO0): n(LA) <1 W, DSC A PN i, R
PLA #l PEG ¥145#, X5 XRD 45 RF54. BEE n(EO): n(LA)ETHE, MR (T, ) B PEG BEBIAY
VAR RETEE , KA RN BRI (T, ) B PLA BEBEAOME IR BE FRAR, MEm &I/, W PEG 4
B Fr S JELEE RS SR I, T PLA S B2 Fr R EERNZE SR BE. 124 n(EO):n(LA) >1 B}, DSC
Bk EAUH — RIS (T, ), BB PEG BEBCSS . B n(EO): n(LA) K, AH,, oW B
B, BOZ R FAES T PEG S iR, ool g5 BB N MRS T, e LA ) REA K
1) PEG F A& AL,

(A) (B)

_‘“*—ﬁ/—sampk A Sample A &—/\‘N_
E —\/ﬁfsample B g Sample B ___________,\‘__L__\lr_
& . g |Sample C ——r A~V
2 | T~ <o~ SampleC E-]
= Sample D 2 Sample D
LE Sample E E ., .

Sample F Sample E
l l WSample F
313 353 393 433 473 153 233 313 393 473
T/K T/K

Fig.3 DSC thermograms of PLLA-PEG
(A) First heating at 10 K/min; (B) second heating at 10 K/min after quenching.

K3 (B) oA Ja 25 R THILAY DSC k. #ih A T PEG & EED>, 705 " UOTHERAE T
(10 K/min) HAEBOAELLIZ S, BOR I BURIEIR 45 5, DU E— DA i, B PLA A9ZE S (T, by ) . FE
dn B AL C AR B4 R, S UBAR IR BE RN PEG ROSS S (T, ), Jo HE B0 B0 1 T BE A
0 PLA &S . T AL 2%, il T 3L R Yy bl RER] I A7 7 O FR A, NI RTRE R AR PEG §E B
A, T PLA SEBEES S G Rl S A5 S R A 2R (R BRI RIS S SN, DSC M2 S BN AS iz
[BIZELAmAL , FTLL, DIHOESIWT TSR0 T,. 2 n(EO): n(LA) =1.05 I, A b S B H XUG fl
WEPLG:. 4 n (EO): n(LA) #E— MK, 24550 ORI HLg, O PEG 25 fh. FERR Y T, o Bl
n(EO): n(LA) BYHE KM, HER] PEG & i3 2 A F] TR Y h PEG §EERZE . [AIal L 7,8
BE n(EO): n(LA) S INTIREAL, RUIEEE PEC SRAIEZ , LERYT PEG #BUZ S EMA S, ti
TSI S RS AR B WA R AR, X5 6 m R shn0 e 45 fhad #2007, 2 A RGN T,
ALK IR R ZEABL. DSC A A B 51 1 3% 2.

Table 2 Thermal properties of PLLA-PEG copolymers determined by DSC *

n(EO): T/ T/ Teeric/ Teerra’ T pec” Tipra” AH, ppe/ AH A/

Sample T,p/K
n(LA) K K K K K K J-g™H  d-g"H

A 0.36 304.9 378.5 — 347.2 319.6 439.8 7.5 37.1 437.6

B 0.52 282.9  387.3 320.5 367.7 323.0 436.2 17.2 34.4 435.0

C 1.05 265.1  297.3 293.5 362.7 331.8 404.7 39.6 14.0 390. 1

D 2.5 240.5 297.4 256.8 — 332.7 — 68.7 — 329.7

E 5.7 224.0  304.2 234.3 — 334.4 — 99. 6 — 330.5

F 11.0 218.5  308.9 225.4 — 333.2 — 107.7 — 330. 8

PEG — — — — 337.2 — 178. 1 — 336.0

# Ty, Ty, Ty : obtained by the second heating; T, : obtained by cooling at 5 K/min from melt; T,,; , AH,, : obtained by the first heating.
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2.2 PLLA-PEG Z#BHEBYNERHHFE

T BALRYI S AT AR T RY, S RAEEE A A TS, B R LR Y S A 5
)& FR TR E 1. ASSCUARE L C AR F ) IR Yrh PLLA B BE Y45 i il Vel (353 ~373 K)
X PLLA-PEG itk BEALIR WA 45 b sl J1 24047 TF5%. 1B 4 J2FE 5 C AER AL T A9 R 55 TR 245
DSC A5 A R BE R [R] A A i h 2. H 1l 4l DL, FF S 7E 353 1358 K &5 @l BE T, WS 2145 s
S, SEAgs AN 5 min, 2485 IR TR 2 373 K I, 4515 S0 5 min, 52445 S ]
WAER 2 1 h. UEBHBERE S5 R B R THE , IR v BEAR, R, &5 A5 I, A AU R R
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ARFTFEAL, Hh DSC I ) s R B (T T334
FERRAR XTS5 B (X)), RA WL 5 Bk 2
Avrami 27 X, (1) =1 —exp(K,t") , I, K J&
S5 R AL, n oA Aveami FE5U, 5 i iRA KA
FAERKHEEME. gl —In(1 -X,) X lg(e) 1
B, REERR Aveami $8458 n, #IEH 1K, M X, =
0.5 I, Al f3REh B4 BT a] ¢, 7F 353 ~373 K
Z IS RIS RS T HEA TR C RIS IRES &,
DSC 38 By 45 2R Al 23 50 3 5 R 9 X, HAA Fig.4 Heat flow-time curves of sample C during iso-

<—— Endotherm

Avrami J5 % s AL TR 3. A REN T , thermal crystallization at different temperatures
Avrami F880 n YO, 45 SR E R K D8/, 245 8 a. 353 K; b. 358 K; c. 363 K; d. 368 K; e. 373 K.
Hj"ETJ tl/2ij(.

Table 3 Avrami index n, crystallization rate constant K, and half crystallization time ¢, ,

of sample C at different crystallization temperatures

T./K n K,/min"" ty,,/min T./K n K,/min"" ty,,/min
353 2. 40 1.79 x 1072 4.6 368 2.85 4.90 x10~* 12.8
358 2.77 4.47 x10 73 6.2 373 2.88 5.00 x107° 27.6
363 2.78 1.84 x1073 8.5

&5 kRS C 78 353 K I A [R50 45 fh It i POM B . Al UL PLLA-PEG ik Be AL IR Y3k bt
AT TR A SE T K. 5 PLLA AUBRERAI L™ iR Be L TR Wy e 1 5 W ok it 2 T S IR . X = X
HAE 353 K 45 dnit, BAR{UA PLLA 5B nl LAZS &, {H PEG 5B AFAEX) PLLA 45 AR K IsZm.
Ak, 353 K SRS )R T PLLA 19 Regime NERLIX. 7F LR X 45 AT, A% BB, AbiARAE KT AH
XiRLRE , AR B AR AR 0 535 B AR

Fig.5 POM images during isothermal crystallization at 353 K with 1 min intervals

(A) The moment where first crystals are observed; (B) 1 min; (C) 2 min; (D) 3 min.

BAYIER A K3 % 6 1] Lauritzen-Hoffman /A\:T:E[g‘m &

N A B

R(T, -T,) T - ATf

X, U HYEOEILEE, — B2 6 300 J/mol; K, AMAESE; AT =T - T, (id¥E); T, =T, -30
Rl B SE A UREE I A TRRE 5 f SR PR TR A AR [ 1T 6T it AR R A B IR B IE R T, B f =27/ (T2 +
T,)"20 4% PLLA (9 7° =480 K2 AR A, BUIn[ G+ U™ /R(T, =T, ) 1%k 1/(T. AT H){EFE, 45 5P
6 Fi/R. 1 LH BEE A M, 7F 343 ~367 K JL I N2 PLLA Y Regime I #X ", py 528645 5 (AN H LR

InG + InG,
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fARERE ) BT SR HE % H 80 K, fBL(5.23 x 10° K?).
P{H M T PLLA 14 K, (4.38 x10° K*) ' 3R]
i BALRY) T PEG 5EBIRHATH PLLA 454, YR
YIRS R, A, R SCER[ 11, 12 ] WAL K, =
(nbooo, T0)/(AHKk) , X, n NE5MSE,
Regime I 41X, n =4, b, HEEHTEiE A Fr i 1l

In[GHU* /R(Te—T)]

?-2 L 1 1 L 1
N PN N 2.55 2.60 2.65 2.70 2.75 Z.80
FEEE(0. 517 nm) . o S Fe R AGMIT 1 1H BE, o, HF s0. 268 210
r TSI H AR, AR RIS, kMR 2R Fig.6 W[G+U'/R(T -T,)]-(T, ATf) "' plot of
B o=0AH’) (ayb,) ", W a=0.25, X T4 sample C obtained by POM with hot stage

S A SRR AR a =0. 597 nm WEEITSIEA A FOEETE, 1A o, (A2 5.23 x10 ° J/em?,
KFICHR[ 11 4G5 ) PLLA 1 o, {H(4.05 x 107™° J/em®) , W ik BEIL R Y b PEG 55 Bl 1545 M0
PLLA 5478 RIME.

s % x #t
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Crystallization Behavior of Poly( L-lactide ) -poly ( ethylene
glycol ) Diblock Copolymers

WU Tong, HE Yong, WEI Jia, FAN Zhong-Yong, LI Su-Ming "
( Departmemi of Materials Science, Fudan University, Shanghai 200433, China)

Abstract  Poly ( L-lactide ) -poly ( ethylene glycol) ( PLLA-PEG) diblock copolymers were characterized by
'"H NMR, SEC, XRD and DSC. Depending on the composition, one or two melting peaks were detected
although both components were intrinsically semi-crystalline. A copolymer with equivalent block lengths was
selected for melt crystallization studies by DSC and POM. The experimental data were calculated with Avrami
equation. On the other hand, the crystallization characteristics of PLLA-PEG were analyzed by using
Lauritzen-Hoffmann theory. The nucleation constant K, (POM) was found to be 5. 23 x 10° K? in the tempera-
ture range from 343 to 367 K. Both values of K, and fold surface free energy o, of the copolymer are higher
than those of the PLLA homopolymer, which suggests that the crystallization behavior of PLLA is affected by
the presence of PEG block, nucleation being more difficult in the case of the copolymers.

Keywords Poly( L-lactide) ; Poly( ethylene glycol) ; Block copolymers; Melt crystallization
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