5 54 4,56 9 ) T & @ B W H Vol.54, No.9

2026 4% 9 A ENGINEERING PLASTICS APPLICATION Sept. 2026 73

doi:10.3969/j.issn.1001-3539.2026.09.008

L-A 3 F-e-C AEE BRI & 5 RIE

IER, PR, ®KE, X, WHEL, THE, fA—K
LSRN L T BERTOR 5 1 T 2B BRI & bR ST A 5005 LR 102617)

E: ARACT(L-F B -co-e- T MBS )(PLCL) L R M 9 4 otk de , J6 R L B A 9%, @ iR L-R LB (L-LA) 5
e-T M B (e-CL) B A e B0k, R A TR R A 5E R T PLCL RAER 4 . A AT Lot & 34 o0 ki Mk 9k |
BE S E TR ERE BRIREE G RT ) R X AT RS A RIS FE TR, RGP T &AL
5B MAF LM S ST B RN LA UGS 1 SR R R, BREW T HASRT MY AR
MERY, RAEA0.72~1.13 Z 7] , BH 2 A/H 1; M e-CL A F38 M, £ B M 5% M TMEIREI27851 °CRAZE
320.32 °C, f R AL B AR, FIHIG 52 A L-LA G2 &, H3A5 T 2 MG X, 4 4 e RILER 544, LA
R ERI, AP B EI2.09 MPa £ 11.87 MPa, 34 3452 A 8.22 MPaF £ 184.13 MPa, B 47 K K 1 311.26%
% %360.97%, 2 AR G RIE- A X R, FFRERVH T RIS PLCL AN SR AR AL EANDE
M IR QBRI SCR R AR R NIRRT HOR X3,

KR : L-7 5B ;e- T N B s 3L A R AR A At

FESZES: TQ316.342 XHEkARIRAL: A XE4RS: 1001-3539(2026)09-0073-11

Preparation and characterization of L-lactide-e-caprolactone copolymers
WANG lJiahao, LUO Mengmeng, WEI Jiwen, JIN Yushun, LIU Ruofan, DING Wei, WU Yibo
(School of New Materials and Chemical Engineering, Beijing University of Chemical Technology, Beijing Key Laboratory of Special Elastomer
Composites, Beijing 102617, China)

Abstract : To optimize the overall properties of poly(L-lactide-co-e-caprolactone)(PLCL) copolymers and broaden their range
of applications, random PLCL copolymers were synthesised via a ring-opening polymerisation process by adjusting the molar ratio
of L-lactide (L-LA) to e-caprolactone (¢-CL). Using Fourier transform infrared spectroscopy, nuclear magnetic resonance, thermo-
gravimetric analysis, differential scanning calorimetry, gel permeation chromatography, atomic force microscopy, X-ray diffraction
and dynamic mechanical analysis, the relationships between the feed ratio and the copolymer's chemical structure, thermal proper-
ties, molecular weight and distribution, crystallisation characteristics, microstructure and mechanical properties were systematically
investigated. The results indicate that all synthetic products are random copolymers, with a randomness ranging from 0.72 to 1.13,
approaching the ideal value of 1; as the e-CL content increases, the 5% mass-loss temperature of the copolymer rises from 278.51 °C
to 320.32 °C, the storage modulus decreases, and flexibility increases; As the L-LA content increases, the number-average molecular
weight (Mn) first decreases and then increases; the crystallisation characteristics converge towards those of polylactic acid, with a
significant improvement in regularity; tensile strength rises from 2.09 MPa to 11.87 MPa, the elastic modulus increases from 8.22
MPa to 184.13 MPa, whilst the strain at break decreases from 1 311.26% to 360.97%, exhibiting a typical stiffness-toughness trade-
off. These results clarify the quantitative relationship between the feed ratio and the key properties of PLCL, providing technical
support for its precise application in biomedical materials, eco-friendly packaging and cartilage tissue engineering.
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Fig. 1 Copolymerization reaction equation of L-LA and &-CL
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Fig. 2 Infrared spectra of PLCL
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JCHYE F B (—CH,—) A & 56=2.29~2.40 &b Xt 137 ¢ {37
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R ] 3 7 7 45 AL, X 46 3 W) PLLA -PCL, .
PLLA,-PCL,, PLLA.-PCL,. PLLA,-PCL,, PLLA,-
PCL, "' PLA 4 Bt 5 PCL 4% Bt 4 ot iy it LL i A7 1
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5 PCL STy i iy it 53 o 1:8.18,1:2.40,
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Fig. 3 'H-NMR spectra of PLLA and PLCL

%1 PLCLHJ'H-NMR S #T##E
Tab.1 'H-NMR spectra analysis data for PLCL

Feed molar ratio Copolymer molar ratio

Samples -
L-lactide:e-CL PLA:PCL nim
PLLA -PCL, 1:18 1:8.18 1:16.36
PLLA,-PCL, 1:4.6 1:2.4 1:4.8
PLLA-PCL; 1:2 1:1.14 1:2.28
PLLA,-PCL, 1:0.84 1:0.32 1:0.64
PLLA-PCL, 1:0.22 1:0.09 1:0.18

Notes: L-lactide : &-CL denotes the molar ratio of L-LA to &-CL in
the feedstock; PLA : PCL denotes the actual molar ratio of polylactic
acid units to polycaprolactone units in the segments of the copolymer; n:
m denotes the molar ratio of L-LA repeating units to e-CL repeating units
in the copolymer molecular chain (= number of L-LA units, m=number
of &-CL units).

1:1.14,1:0.32,1:0.09, W& 1 7R, — 4 F N B
F P FLIR B e B, T AR R Y R i n 5 m Wy Jox
a5 N 1:1636.1:4.8,1:2.28.1:0.64, 1:
018, ZLERSL-LAY e-CLAYS AL 1:18,1¢
4.6.1:2.1:0.84,1:0.22 FF%3IT , YA 7E L5 3 F
FTIIAR) CL S LA A RS 5 T R N,

/%] 4 ;& PLLA #1 PLCL 1) "C-NMR [&],8=173.38
F16=169.47 4b X i PCL F1 PLLA % B 1) T i 3k,
8=16.73 &b XF 1. PLLA 5% Bt i /' 3£ % (—CH,), 6=
69.08 b XJ i PLLA 5 B (1)U HH It fifk , 6=64.07~24.55
A% PCL BE B 1 TS AN A H ik [—(CH,)s— 1
PRI 5 W) v PLLA i B o ool /b , PLLA 4§ B 194
HEBR I (U258 PLLA " a b c FI4) A X 3 B 14 iy
REAR

M 4 5B AY PLCL JC B 36 38 W i Bk X da
() *C-NMR i REWE & H ,6=169.47 Fl1 173.8 4k iy,
53 %N PLA £ B2 5 PCL & B (R ILm ™
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Fig.4 "“C-NMR spectra of PLLA and PLCL
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& Bh & 4 g EfE B R4 A0 @)t
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W, % 2, PLLA-PCL,. PLLA,-PCL,. PLLA,-PCL,.
PLLA,-PCL, 2 Wiy R H AKX N 1.05.1.13.,0.81 .
0.72, ¥ F T TR A BRARE 1, X —25 it —
ACBGUE T, 8 3 R S iR FH A BT T L RS
B i A B A A ) 3 5 41 By PLCL Tt AR 4t

—_llc-c)+J(c-1L)

L. = 1
J(C-1) )
-1+ l(L-0)
L= 2
L (L-C) @
_ 1
R=pe ot 3)

Ao Lo ML 20513678 CL BT LA BAITHY) -
PIFE SR  [(C-C) . J(C-L) J(L-C) L4 K J(L-L) 535
& F PC-NMR 3 & F 3R 4 5 51) ¢ AiF 06 1) FHL 43
[1g A

A 2 R RS TR 5 2 IR LR P4 G TG AL
PR, R (E S il P9 58 R A Xt 5 2 184 0 T 3 ¥4
TS 1 RS MR LA . X O N R A (0
PLLA,-PCL)H}, R=1.05, #2231, TCHLRL % = s W&
PAZ TG £ 5 THE5 (A PLLA -PCL,), R=0.72, W 55 1 4%
G, 156 I S W rh B R ST HE B R R
Tb, X 5N A BREE B K ER K BB L A 7
HEF A 2%
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Tab.2 Average sequence length and randomness of PLCL

Samples Ly L R
PLLA -PCL, 1 21 1.05
PLLA,-PCL, 1.28 2.85 1.13
PLLA-PCL; 2.13 2.96 0.81
PLLA -PCL, 5.02 1.91 0.72

Notes: I, denotes the average sequence length of the LA units;
denotes the average sequence length of the CL units; R denotes the

randomness of the copolymer.
2.3 BIRHEEESH
& 5 R AN [R) 41 53 35 5 9 PLCL 1) GPC il £,
GPC 5ud W36 3. Bt & PITRAR X 5 LR AR (P 22
Fi 5 LT ), B3 40 - 2 SE s/ N A B R AR 1
FETN 2SR 55 O N R 40 0 A0 o 1L 1 1Rk B A /M
(6.54x10%), Z J i N 52 i o LU itE— 20 T i ok
o3 T BB 0 AR 10 5 T R LA 1) 3R A B N T
PE2 5 R ERAC e N AT . L-LA P IRR G 16
T e-CL, 7EIK e-CL HL B, L-LA (%) P 554 K
TR, A FF R S TR RE Y ; b
% e-CL FH = A3 N, B sc 4 s v L34, BR il 1T
SRR BB TR FEL; Y e-CL L
HE—2DHETN, L-LA LB/ N, PR 28 46 5 LR
D AR TR R K, XK, N R
Fi -5 L P TR B B3 A 42 o 11 B4 Bk 3 i i 3R
YR o1tk K o i o0 A (22 03 WvE) , AN [FEORELE
—PLLA,- PCL,

9
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%
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Fig. 5 GPC curves of PLCL copolymer
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&3 PLCL#HZRME GPCHIER
Tab.3 GPC data sheet for PLCL copolymers

%4 PLCLHTGHIESITER
Tab. 4 Statistical summary of TG data for PLCL

Samples M x 10* M x10* PDI Samples T,,/°C T ../°C T ./°C
PLLA -PCL, 10.77 17.38 1.52 PCL 322.50 361.08 483.37
PLLA,-PCL, 7.45 10.46 1.61 PLLA-PCL, 320.32 43523
PLLA-PCL, 6.54 9.95 1.40 PLLA,-PCL, 330.98 432.90
PLLA,-PCL, 9.43 15.42 1.63 PLLA,-PCL; 312.52 322.77 437.55
PLLA,-PCL, 12.91 20.10 1.56 PLLA -PCL, 281.84 309.78 430.71
Notes: M, is number-average molecular weight; M is weight-aver- PLLA,-PCL, 278.51 312.79

PLLA 216.04 299.27

age molecular weight; PDI is polydispersity index.
T RGN B 15 B S A S R A 2
5, A FEERE YR o T EADCR AR,
2.4 TGHH
IR B EPEREE L TG /M 3R A, He
TG.DTG MiZetni&l 6 s, Brit ik 5% M (Ts,) M
ORI A AR B ( T, VR B TR 4
IRV G EES CL &S UIAE bl 4t
KWy CL L LB BE I , 3 T, S22 25 G i i
M 282.44 °CiZATFE 320.32 °C, T, LB,
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80
N
2
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= 60+
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(a) TG curves
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Fl6  PLCLILERYIN TG/DTG L
Fig. 6 TG/DTG curve of PLCL copolymer

Notes: T, is temperature at 5% mass loss; 7,

max|

is temperature
corresponding to the maximum rate of mass loss in the first stage, the
primary thermal decomposition stage; 7, is temperature corresponding
to the maximum rate of mass loss in the second stage, the residue or

secondary decomposition stage.
ffUERR ST T R P SR W A IR A TR S B
ZH AP E BT AR RRAE™, 138 TG/DTG 43 #r 4 e %
B, 3 5 )84 L-LA/e-CL $R} Hb AT 7832 5878 Bl P 9
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TR N TR, BRI 5 T 5 B0 B
KRR F AT ] AL, SR R R A3 i B D)
2.5 DSCo#r

& 7 AR 4143 35 9 PLCL ) DSC Hi 2k, DSC
GRS, H—IHRMZeh K PCLAEEBAE A,
I PLLA -PCL,. PLLA,-PCL,. PLLA.-PCL, %} 5|l 7E
55.64.43.49 .44.48 °CH} BUIA R | XoF b7 1485 ks 73
H1°7109.6.95.10.91 J/g, UiBl FZF IR PCL 5E B:
45 ¢ o 5 PCL #f BCFE &, W1 PLLA,-PCL,, PLLA,-
PCL, 7F 134.05.153.98 °C i Bz il , X 1 A Famnks
53914 6.42 .38.49 J/g, W] PCL 55 Bk, PLLA 55 B
o7 ECARG E E, E LR B PLLA 8RB & b . 5 —
W TR M £k b, K PCL ## Bt #f i PLLA-PCL,.
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Fig. 7 DSC curves of PLCL copolymers
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Tab.5 DSC data of PLCL copolymers

| | |
120 160 200

°C
1st heating scan 2nd heating scan
Samples
T, T, T
PCL 64.55 54.94
PLLA -PCL, 55.64 55.68
PLLA,-PCL, 43.49 35.01 —55.25
PLLA,-PCL, 44.48
PLLA -PCL, 134.05
PLLA,-PCL, 153.98 153.72 35.25
PLLA 169.67 170.20 57.06

Notes: T, and T, , denote the melting temperatures acquired from

the first-heating scan and second-heating scan; 7, is glass transition

temperature.

BT HTIETE 17.10° ,19.44°4b , /2 o i 8 PLLA [ %F
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W . UL 6, 1% PCL & & PLCL $: 5 ¥ (41 PLLA-
PCL,) AT 5506 T 125301 4 PLLA AT S IEERAE , 15601
I PLLA J2& “ ERH ™, PCL & &A% , S R 4 LU
PLLA (U&7 kA 3. " PCL % 5 PLCL ALYy
(I PLLA -PCL, . PLLA,-PCL, . PLLA.-PCL.) ) 7 5
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WA FL) , 7] A 0 i Bl 2 G . WA PCL BCA 44
FH”,fH PLLA 5] A KIRBEIR T PCL 145 i ML

PE, FEOLRYPBE RS T, N ER bl
LA 1, PLCL # X ST 561 73 M 45 51 55 DSC 43 A
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Fig. 8 XRD pattern of PLCL

%6 PLCL#HEH XRD #iE
Tab. 6 XRD data of PLCL copolymers

Diffraction peak (26)/(°)

Samples

Peak 1 Peak 2

PCL 21.47 23.71
PLLA -PCL, 21.36 23.71
PLLA,-PCL, 21.69 24.17
PLLA,-PCL; 21.36 23.71
PLLA,-PCL, 16.98 19.34
PLLA 17.10 19.44

2.7 BT BB

I 9}y PLCL 3L 5 ¥ ) AFM & 11 3D AFM & .
W 9 Fr7s , 24 PCL 4% B K (1 PLLA -PCL)H , 3%
T S B 0 B 2 Bl AT RS54, U BH 2 T4 )
TEHREL” R AR K PCLAEBLIW 45 dl i , SR (e B
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PCL,), ¢ 1120 3 D\ R B )27 ] “ o HICRORE /A S- T
{HA RN " A SR WTAR 73 25 sl B A Jy =Xkt
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B B A AR R Ao B AR ) el A | 3R
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AN, 3D AFM B AT AT, K PCL 85 B i (40
PLLA,-PCL,)f RS fR IR MRS FE &1 5 A5 i PCL A
BEFE S (I PLLA,-PCL, . PLLA-PCL,) &5 JE AR U/,
10 5OV 2% 5 45 PCL 85 BLAFE i (PLLA,-PCL, . PLLA,-
PCL, )i B AR PR B i A8 R A
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Fig. 9 AFM images and 3D AFM images of PLCL copolymers
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Fig. 10 DMA diagram of PLCL
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Tab.7 Tensile properties of PLCL

Samples Maximum Tensile Elastic modu- Elongation

force/N  strength/MPa lus/MPa at break/%

PLLA,-PCL, 33.6 2.09 8.22 1311.26
PLLA-PCL; 25.09 5.82 62.31 596.18
PLLA,-PCL, 50.02 11.87 184.13 360.97

PCL, Ml PLLA,-PCL, i) T, ., 53 9 7 =33.03 °C FlI
-33.94 °C ; PLLA,-PCL, # T, 8 — & F 55 =
51.67 °Co T, py,, B L-LA & B RSN A0 1 T), 2
T PLLA i B W X 58 Bz sl i BIR il 1 FH 28 44
SR A PLCL AR SRAAE Sl AP FE A -1 B2 it 2k
ISR I T, i » BE—2PESE T IR YN
TCHALRY)

K11 2 AN R 20 43 36 5 9 PLCL (9 17 g -1 A%
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F1184.13 MPa, JE I H B B i S M RHRRE . 52
HH S, 3 3R ) W7 4 1K R Bl L-LA 5 28 0 386 i it B
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Fig. 11  Stress-strain curves of PLCL
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