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W OE FITHEMGE S % (TRER) FHESE 5 RAZ IR K90 (SSA) F 7 L P58 T L-TN 28 fig (LLA) F e-C0 N
fii (&-CL) LR ¥ (PLC) 2» THESS MM AR B 23 1. & B 1 2 Bl R BE R e iy PLC JL 3R, i TREF 977 %%, ¥ A
— A SRR S G 3 A Gy R R3S AR U (T H-NMR) FIBE IR 7 4 €335 ( GPC) %5 J 1k 3 B A~ G 453 1 5 - 25
W REAT T RAE. 551 FW], A WO B Y T, 3L Ry P Y &-CL BT Ay & 5 W AR, 00 EL A0 iy %0
Ir TR, 71 A 18 BOREAR. TR SSA AT RS, R I PLC 2% 447 [ A7 78 W I8 /9 23 18] F 7 1
VA5 ) b B 22 S 3 R 45 4 2 S A 45 A 1R SR B R TR A R AT R

xR JLRY, B, THEMES Y, B8 A LR KA

RILME (PLA) e i R R B B A R 4r (9 22 )
FRAE R AL KA ALBROME BE , 72 A2 ) B~ ATl IR L
BTN T R I R A A
SR, 38 I R A 07 2 AR 28 A PR fE
BN 22 Wi 5 £ A R 1 38 W) (PLGA) A S ml 1
T ARAEL RS e-C WEEIE R Y (PLC)
TEMAMRET RSO SO S R 10 4y 45
Fah B LA P BE , T AR ) 9 it 0 ) 1 E ) 2 T
HE 2 P T Il PR A A9 2 A DRIk, I
DK LRI 454 5 B Y 6 R — B2 iR I
Y R A

AR & Y e-C W (e-CL)
5 L-N P (L-LA) 3L, al 45 21 5 R (L-IN 22 Hig)
(PLLA) ¥ 5 ¥ 68 5¢ 4 A [R] 9 2 W Bt e #4 k. H
HIT, 36 SRy %) 201 o 0 R T M 3 e 3 R PR
R A E . FESE b RO SRR 22
SRR o-CL Y FF 7K (45 PLC JLR Y 73 1
SR ELAT AR 3 g L SO R 1 Al 1 50
B 4% S R 1 5 e A 0 A 5 RS 4 23 ] A
Oy TR A, LA R4y 1 i RN R A A 1 Y
ARIGEINE. 524 O Ak AT B L SR AR X 2R 3L R W)
Or T AR AR Y SR I ST AR IS

RS B B A8 R K823 T A5 M T 58 b R
FHITHR I UE 43 9 (TREF) J7 3" o 4 iy
P A [v) S 3 LA L 19 PLC SRR TREF Jr ik
St T 53 9, B AZ RE 3L HR (T H-NMR) FEE K 5
7@ (GPC) X Ay #EAT T b [R5 &
PA7R 22 18 440 (DSC) Sy FE R Y 7 2 [ 8% R
PG (SSA) HAR T BT T Fly 1) 43 F e 45
R AR R 20 15 2] 7 56T PLC LR W) 5 T 454
R R 2P A W B 45 8, QTR T X M o) 1 A A
AR A X 50 1k 5 L2 R AT Sl Z TR 5C AR

1 SLBEs

L1 FZEFEH

L- A Fg (LLA, Purac Co. ), i HI Tl £ £ 1R
CPRE LS & 3 K e-C Wi (e-CL, Aldrich Co. ),
FHE AL 5 181 3 S5 Wk Fe 7% 18 45 H. 2E 2 8% (Sn
(Oct),, Sigma Co. ), & & 95% , A #: B (1-
dodecanol , b 5L T) ) , &4 B 44 0 7 M 4,
HLAEAH].
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25 HERE R ST AL UG B L-N AR -2 N R T
e T 0 2 TR I B8 LA AS [ B A9 i O S I % 3R A
140°CHY LM A T, G BT SEhi A R 5.
N7 36 h ZJ5 K 2B S5 e W = AR
PS5 ¥ A, ¥ 5 9 T K TP B LT, i g, 15
EOTY. S TR EER.

1.3 HERYMEMRIE

JHZ€E AVANCE DMX 500 MHz #Z fiff 3£ 4% 1%
05 W A R, LA O R A e Sk N T S
¥R KA EE S 10 mg/mL.

AW o1 S A R BRI B 1 103
CCGPC) M 2 (WATERS-2410 B¢ I (5 1% R 48 ) ,
W 0.3 wi% , I S0 WK I Sy 940 8, DN 0L 32
40°C 7% 4 Aii A LM AR HERE.

1.4 FEMES%K(TREF)

PEAT IR S G, B 5B AE 130°C T K EREY
FH PR fifp L B2 8 0. 007 g/ mL B, o 81
A A YRR AN AR 1.5 K/h 1
AR R . A5 T IR, 7R BOE IR B B
NE 3 h R AW B R R IR A
[F) b Y06 U B 9 9 4, I AR B L , o i, 50°C E
272 h .

1.5 BR#%K5%E (SN)

JH Perkin-Elmer Pyris-1 % DSC, 18 & 145 i
v B I A it R0 8 40 mL/min, B A 5
5 mg.

R S 36 d LR 1l Fillon S5 42 1T L
B 80 2 90 0 1 ORI BE (T) , T3 B8 Y 3 %
WLJBLIE R DL R 1 e X — IR AR v, BE
(LEEIRITEER Sek7/FTYIN 8330 PR G S
JEE SR SR, RE B T R B RYIC . X —id
10 30N fe S PR AR ORE =R R A T 4 (L
(crystallization precursors) ™.

SN # S 86 A0 3R O - (a) #5 B A T 2= 200°C
R 3 min DU BR300 525 (b)) R B dh B il =
50°C 5 () 4 FE i THi 2= — W€ U 19 A A% i B2
T, IR S min; (d) FREEAE AL R IR 2 50°C 5 (e)
B A R A THELZE 200°C G0 SR Rl 22 BT A Y
T AR il 3 AR AT BE S 10 K/ min.

1.6 ZEZAMZBAASTTR(SSA)

15 SSA s rh , AR (a) 2] (d) 5 SN (Y
A EAH TR Hrp 22 R (o) R BT B TR 2 e i A
AL R BE . SSA Hh TR ok B S8 B Ry (e) H5 4
a TR R T —A AR T (H b —A> Bl

Sy

AE HI

HEJEAL5C) ,1EHHR 5 ming () HE AL (d) Fl(e)
HEMRSEMEE LA E S (o) &5
BERE S THE ZE 200°C 30 5% 44 iy 28 .

2 HRMVR

HEY ) H-NMR i &
GHT 2 FZH 43R PLC Y, H LLA 5 o-
CL B e JRFORE LG 43900 2 952 571 90+ 10. 422 RE 6}
Fory A TR, 2 Fb 3 2R W) 4y 5l 4w 45 S PLC9S I
PLC90.2 i PLC 2L 49  H-NMR 33 & an & 1 fr
.8 =517 F1 159 ()5 &b 0 43 5 ) J& F LLA H
TR L b AP L a;6 =4.12,2.38,1. 64 F
1. 39 (44 b e 53 50 5 J& T e-CL BT g 5 A4
FIgE c,d,e,ffl g, H-NMR [ 25 5 R W1 7= 4 2 il
LLA Fl e-CL 20 sy 3L R Y. SR Wb 2 Rl ik
S bR 28 B bE AT DAy B g b A AR e YR
STARZ RN B LG T 2 R R I 3
o FARRE AR5 T AR (o e rp YR b i AR5 T AR
FEHN )2 AR Y b2 K SIERA A TR 1

2.1
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Fig. 1 '"H-NMR spectra of PLC copolymers
Table 1 Physical parameters of PLC original sample
Sample X¢r (mol% ) I/ M, /M,
PLC95 4.78 132000 1.93
PLC90 10. 16 136000 1.63

* Measured with GPC

2.2 TREF 4%

K 2 45 T F 4 7 TREF XF |34 2 #h PLC
HRYI B9 LE . 2 B PLC 3L R ¥ #8405 Wk
Ve 3 AP gy, Hidh PLCOS By 3 Fh g4y 4 ) 7E
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100°C , 110°C F1 120°C k6 e, 4K Uk £ 4 F PLCY5 -
100, PLC95-110 1 PLC95-120 ; PLCO () 3 Fh 4% 3
39 7E 90, 100 F1 110°C ik Uk, R W fiv 4 M
PLC90-90, PLC90-100 I PLC90-110. TREF [ 4%
RRWTE —Fh PLC IR Y b i SC A7 75 45
[ERARN G iR

TP LA P 1) e-CL 4150 19 & B 5 ik
PRI 2 18] 1 56 2 WL 3 (e-CL 443 (1 & &
"H-NMRi% F 3515 2)) . /T LI & 3,2 Rt Ry
ANE DL A, e-CL 453 1 & i 24 B 25 kU T B
1 TE = R, 5 40, W& 3 fros, PLCYS g M
ANy B K DR TR 5 PLCOO H 2 AN 4 45 B bk vk
AR AR e-CL 24 23 1 % 1 20 /D AR £ (] — ik
Ve B T AH2E 2 5% ). X JE R R AH T PLCIO,
PLCO5 AR B o-CL BTG & & /0, 3 8 &,
LA HE R f0 96 R IR B2 R, PLCOS bk 5k H 10 9 15y
e-CL 51y & f A X /b

6ol CJ PLCY0
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Fig. 2 Mass distribution of PLC90 ( white) and PLC95

(gray) TREF fractions as a function of elution temperature
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Fig. 3  &-CL units percentage determined by ' H-NMR as a

function of elution temperature for PLC90 ( A ) and PLC95
(O) fractions

PLC LR h e-CL 4150 1 & i 508 4
T (M) UKy T o3 A 50 1 3 2, m) DL B 5 ik
VeI T, DU AL 9y B9 M R3O, T HL 2y 1
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J ) 2 A ARG o7 9 3 RE T B0k U L R

Table 2 Characteristics and properties of PLC fractions

Fraction X (mol% ) M, M, /M,
PLC95-120 4.38 148000 1.85
PLC95-110 4.63 131000 1.92
PLC95-100 5.14 126000 1.98
PLC90-110 9.18 144000 1.56
PLC90-100 10. 11 137000 1.61
PLC90-90 11.89 118000 1.73
2.3 SN&R

FOBCAZ 5250 1 H R 0 ) e R A% R
T.. L%y PLC95-120 M), Al 4 24511 T PLCY5-
120 7EANE) TR E TfEIR 5 min 4P j5 10 K/min
R M2k, 18 S 2 L T ke i T T 28 06 il A it
2.z AR T B X S S R (T R T, ) R
fili B (T,,) 2 DL IET 6 FIE] 7.

PLC95-120

200°C

167°C |
166°C

165°C

164°C

163.5°C

Heat flow
Endo

N 1

1 1 1 1
60 80 100 120 140 160 180
Temperature (°C)

Fig. 4 DSC cooling scans at 10 K/min of PLC95-120 after

staying for 5 min at the indicated T temperature

WE 4 FrR, 24 T, =164C W], B o 72 ik
AEEAT R R BIFEARTT 5 T, =200C B 1
FEi AT A XA Wt R v e i TR E R, S
min [ FE R AL BEE DL SR G ) 58 A 0 Rl TR AR AR
PRI THERMZ h (B 5), 24 T, =164°C 1, #
il 0 3 A 4 R LI I AT 5 T, =200°C
B0 58 4 — . 75 B4 AR FE 0 OB A LA T
S U PR T - A A HL B B R A, N S E A
mm AR e RO A0 2,8 B S8 0 AR RS TR



266 B0 C I 2013 4f:
172
200°C PLCOS-120 A\ 170k pit | on | oI
167°C VA 6O
166°C — _/\ 168} 5
165°C VA 166F 5 ©
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= 2|[1625°C "\ <
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Fig. 5 Subsequent DSC heating scans at 10 K/min of PLC95-
120 after the cooling shown in Fig. 4

The values of T are indicated above each curve.
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Fig. 6  Peak crystallization temperature as a function of
self-nucleation temperature for PLC95-120 ( Data from

Figs. 4 and 5)

2T B2 163, 5°C i}, [ 72 v JF 6 A 45
fm UG L0 B, B R A 4 AR AT R R A TE AR N Y TR
R FER B A S T, = 164°C 1 1)
FHLEEE/ANFI- 2. B2 TR % 163°C B, ¥ 45 i 1
SEATE . ULEH UL B T F A6 i 2 IX S8 1 A Ak
¥ 1%, Bl Domain II. ¢ Domain II P, i1 T [ B %
RN, A% 5 B 45 M KM B, B o 1) 45 4t O B
T 2B T RYREARITT IS = (4 F6) , BIZE & i
193 Y8 BE (undercooling ) Fifi & T, (14 [ 1% 1M 36k

SN

Fig. 7 Melting temperature as a function of self-nucleation

temperature for PLC95-120 ( Data from Fig. 5)

1E Domain I1(163.5 ~162°C ) N, ¥E 5 B4 15 m
FromWg e T B E AR A (185) , BRIV X0 J25 il
7L AU DA I . X D H T U RO AR
A DA B JRE B S8 S R R, 52 DA LIS e it
BV s il 1 2 AL, O L Y IR BE T, 3B T
Ia] 5 Uk XA sl (181 7).

T R E 161, 5°C B A 5 3 B 30800 4%
R, U B T 78 09 T B X R T 38 0
Fll X, B Domain III. 7£ Domain III P, #E & & AN
SEAME R, BVA — 5 S iR 2 5k BT ke it B X
gy TR IR K, S 307 3T R i TH o 72
R TS R B IR R R e S R,
XL /N 1 e A Rl 0 ) o B, 2 T A Domain
T A bR (15 48 A2, XIS M B A0 7 A J
WA T Domain T i LAY XU I i, B 110
AN [] 1 it A ) 925 Rl 3 FRC 1 . T E Domain T A 1 XX
WA 75 il D) A 5L R 4 . O A R AR R AR T
LB BE S TR R AR T 28 O, 5 S5ORH 7 1Y 1 L I
Tl BT o5 1 L 18] R K

T4 & PLCI5-120 (1) T ¥ B X 8l A9 7 125
[ A3 ] T e gy, 2 3 198 T it A 90 1)
SR AT LUK I, A A AR & X 8] 1 5 A2
Table 3 T_ temperatures range for the self-nucleation domains of all

PLC fractions

Fraction Domain I (°C) Domain IT (°C) Domain IIT (°C)

PLCY5-120 T.> 163.5 162< T.< 163.5 T, < 162
PLCO5-110 T,> 163  161.5 < T.< 163 T, <161.5
PLC5-100 T, >161.5  160< T.< 161.5 T, <160
PLCO0-110 T, >160.5  159< T,< 160.5 T, <159
PLCO0-100 T, >159.5  158< T.< 159.5 T, <158
PLCO090 T, >158.5  157< T.< 158.5 T, <157
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1 B (transition temperature ) jifi 5 2% 1)y 0 5% B 2%
I REAR (B e-CL 2 43 3 1 B 35 0 ) 1 B A% Miiiller
SN X — B I PR T SR W v i B 2 ) A A Y FR
%L R ( confinement effect) .
2.4 SSA #4HZ%

— &M & , TREF 4 R H 68 £ AE A 6] 43 7 5
2 8] ) 45 #4 2% 5% (interchain distribution) , JG 3% 3
fit 7» 7 B N B 5 M 2 HF  ( intrachain
distribution) """ i SSA 5 A AT L) [F B 2 AE H 4T
B Ay THE I S kg 22 7

K8 & PLC LR Wy 9 1y 28 SSA Ab HLS 1Y K5
Al 2. B A B0 #RFR BN 2 IR S R AT O
X S Fal e T LA E T Sk AN TR JRE BE A Bl (O T
AN TR BE Y 0] 25 0 7 5) 8 RO 0 nd . T s A
SERY G0y 1 Bl AT O T LA B, PLC9S R 1 4%
5 F AR T A o e O o o S e 0 Y L B G /N T
PLCOO0 Z 41 4% 7y v AR i 445 Filt e e o5 1 1L 491, 152 A
T PLCOS (1% 48 Ay 43— itk 1) A0 2 2 AH X 3, 0
(R AT 45 i 0 e o 1Y) E A /)

Thermal factionation

Window
PLC95-120 163~138C A/\L
PLCY5-110 162~137°C ___,JJ \

PLCOs-100 161-136C__~J

Heat flow
Endo

PLC90-110 160~135C

PLC90-100 159~134'C

El PLC90-90  158~133C ,\/\/\/\/\_d
8 :

80 100 120 140 160 180 200
Temperature (°C)

Fig. 8  SSA final heating runs at 10 K/min for all TREF
fractions after applying the SSA thermal protocol and a

fractionation window of 5°C

734, T PLC Y90y J& i TREF 43 2%
13200, B % — A B 9 ok B, L
PLC95-120 , 2 5y A [] 43 55 B B K AT 45 T 91
YA T S A ] 1Y, 3% — s 2 3L T TREF Jgt B 15
FR 5. RN E 8 th Al LUE Y, iX 26 4y T 4
(K AT 45 5 7 91 1 K B8 A ] ) 3 2 R 3 i
ZVEIERIAT R, R T 0 1 BE N AKAR 40 A A A ]
K BERT 25 & 7 51, RIAEAE B o 155 N R 4540 22 5
1M PLC SR 90 s A ( BIJ il 3R 22 308 L) 19 AN
), 6B T AR R Ay 22 [B) B 465 4 19 25 5, R4 7 i

(1] 245 A 114) 2 S5 40 T R 1) R e 1 fe
il 3t & IE (1 Gibbs-Thomson J5 ', F H
SSA 475 il £ T LAk S AH B 04 R
I - ZO'ET?UAZ (1)
AH (T, - T,)
HpLERMEE,c RITSRMAHE (o, =
5.3 %1077 J/m®) 2T R BTN A I B - i
(T9 =490. 15 K) ' AH S0 RE (AH, = 1.2 x
10°)/m*) ™ Az RN R HE Sk — A EE R
J6(C,H,0,) K B (Az =0.278 nm) )| T J&5z
I 0 5 ) A
A 5T W, A A& 1E (9 Gibbs-Thomson J7
PR R B, v AR B 5 R H M X RO
(SAXS) Il 22 A% A5 iy 45 520 18] 9 & PLCOS 4%
13 F1 PLCOO 4 453 1) F i JEE B ) 43 A L. AIEL 9 o
A LUE A H 22 7 0 A R A B2, e-CL 41
O3 Er i R JER B R T 8 B B /N AR G
TG R IT o A L AR

PLC9SM
PLC95L,J\/\

PLCY5-100 -~/ \.

PLC90-110

PLC90-100

PLC90-90

16 18 20 22 24 26 28 30 32 34
Lamellar thickness (nm)

Relative probability

Fig. 9 Lamellar thickness distribution for all TREF fractions,
calculated by employing the modified Gibbs-Thomson equation to

the data presented in Fig. 8

3 &g

Xf 2 F A [ 3L SR A i PLC L3R Yy, S 1
TREF 734, & A PLC JE M #K 73 51 5 itk ok 1 3
bR A7y . 2% A7y PR B 235 A 40 2 B 1 A ) A9 LA, B
FIRY AL R A i AR O T 2 Y O o T T R W 4% PLC
Py A BAZAT 9 BB R, Ay 7E 45 A X B2
[ 4 P 7% it B T i A L e A I R T AR
SSA W45 R W PLC 2%y 1 S A7 75 43 1 B 18] 71
oy THE N OS5 R 22 S5, T I b 45 4 L A 22 S5 0O
Ay 2 B A [ (9 15 Rl A T 0 AR A S [A.
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CHARACTERIZATION ON THE CHAIN HETEROGENEITY OF
L-LACTIDE AND £-CAPROLACTONE COPOLYMERS

Jun Luo', Zhou-li Lin', Song-wei Tan'**, Zheng-jian Chen', Fang Yuan',
Yue-long Liang”, Hui Lin>, Hong-jun Wang',
Ding-rong Liu', Ke-hua Tu', Hong-liang Jiang', Fu-sheng Yu’, Li-qun Wang'
( 'MOE Key Laboratory of Macromolecular Synthesis and Functionalization, Department of Polymer Science and Engineering,
Zhejiang University, Hangzhou 310027 )
( * Department of Surgery, Sir Run Run Shaw Hospital ,School of Medicine, Zhejiang University, Hangzhou 310016)
( * Changchun Institute of Applied Chemistry, Chinese Academy of Science, Changchun 130022)
( *Tongji School of Pharmacy, National Engineering Research Center of Nanomedicine ,

Huazhong University of Science and Technology, Wuhan 430030)

Abstract  Molecular chain heterogeneity of the copolymer of L-lactide and g-caprolactone ( PLC) was
investigated using the preparative temperature rising elution fractionation ( TREF) technique and successive
self-nucleation/annealing (SSA) thermal fractionation. Two PLC samples with g-caprolactone compositions of
5 mol% and 10 mol% were prepared and fractionated by using TREF. For both samples, three fractions were
collected and characterized with nuclear magnetic resonance spectroscopy ('H-NMR) and gel permeation
chromatography ( GPC). The 'H-NMR results showed that there exists obvious differences in the caproyl
content among the fractions. It was also found, with GPC method, that for the fraction of higher elution
temperature , the number average molecular weight (M) is higher and the distribution is narrower. The data
obtained suggest that the fractionation is mainly the result of the difference of the chain tacticity. The chain
heterogeneity of TREF fractions was further analyzed with SSA thermal fractionation. The first T, to be used in
the SSA method was carefully chosen in Domain II for all fractions. After SSA treatment, the appearance of
multiple melting behavior for each fraction indicates that a heterogeneous intramolecular distribution of defects
still exsits in the chains of fractionated sample. On the other hand,the intermolecular heterogeneity is evident
in the different melting ranges of each fraction.
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