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Guanidine-Zinc/Epoxide Catalyzed Ring-Opening Polymerization of
&Caprolactone and Aminolysis Recycling of PCL
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(School of Chemistry and Chemical Engineering, Yantai University, Yantai 264005, Shandong, China)

Abstract: Poly(e-caprolactone) (PCL), a typical aliphatic biodegradable polyester, holds significant application prospects in
biomedical and advanced manufacturing fields due to its excellent biocompatibility and processability. However, existing
catalytic systems still face challenges in simultaneously achieving high activity, low catalyst loading, and high molecular
weight under high-temperature bulk conditions. In this study, a guanidine-zinc complex was employed as the catalyst, and
four epoxides (glycidyl methacrylate (GMA), epichlorohydrin (ECH), cyclohexene oxide (CHO), propylene oxide (PO)) were
introduced as co-initiators to efficiently catalyze the bulk ring-opening polymerization of ¢-caprolactone (¢-CL). Techniques
including proton nuclear magnetic resonance ('"H-NMR), gel permeation chromatography (GPC), and differential scanning

calorimetry (DSC) were employed to study the structures of the complexes, along with the molecular weights and thermal
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properties of the polymers. This catalytic system achieved efficient monomer conversion with an extremely low catalyst
loading (n(e-CL):n(CHO):n(cat.) = 10000:2500: 1), delivering a turnover frequency (TOF) as high as 49.3x10% h™!. Under
optimized conditions (n(e-CL):n(CHO):n(cat.) = 5000:500:1, reaction time: 60 min), PCL with a number-average
molecular weight (M,) of 81.8x103 could be obtained. Furthermore, the obtained PCL could be completely depolymerized
into high value-added hydroxyamide derivatives under catalyst-free, mild conditions via ethanolamine aminolysis,
demonstrating promising potential for chemical circularity. This catalytic system provides a novel approach that is efficient,
cost-effective, and environmentally friendly for the industrial preparation of biodegradable polyesters and the chemical
recycling of waste plastics.

Key words: guanidine-zinc complex; e-caprolactone; ring-opening polymerization; epoxide; aminolysis recycling
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Wit 9% S0 (\H-NMR): H A JEOL /A & INM-ECZ400YH B A% g AR D% AY, v 7] M i At &5 (CDCly),
VY BL R e (TMS ) A N AR BEIS I35 (435 (GPC) : SR HI 39S [E Waters Alliance AU %E 81535 (435 (BE 2414 RI/R 2%
oAl & ) Wl e 54 WA 73 1 (M) KOS HU (D), FE BT MR B2 1.33 mg/mL, 3t 2l AH R H 3%
4fi THF, Ji 4 1 mL/min, #3840 C, brkE b RIK 2 M5 2R &3 (DSC) : >k A% [E NETZSCH A ]
DSC 200 F3 #2278 45 s S0 5 A W0 A9 55 ( Th) o DK R AE RV B 2547, SELA10 °C/min 33 3R i 4
% 150 °C, F-£ 3 min, FfJ5 LA 10 °C/min 3 K [F £ —50 °C, V£ 3 min, FLL 10 °C/min 3 2R 587 il #4 8] 150 °C,
FI A BT 2R R B AR 2 ORGSR
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1.3.1 BeAkegb o 720 °C T, ¥ 2-50-1,3- W B AL Rk 55 (2.53 g, 15 mmol) i £ JIi§ ¥ ¥ (15 mL) i fin 3
1,2- 382 —}#(0.85 g, 7.5 mmol) Fl = Z % (2.08 mL) ) ZHE ¥ (15 mL) 1, 7F 83 °C s vh MR HEFE 12 h; ¥
AZ R, A NaOH(60 mmol) ; €1 /5 i A KOH ¥ % (30 mL, w=50%) , F £ Jif§ (3x30 mL ) £ HiUJ5 I = 25 18
AR EOIPRY . TH-NMR (400 MHz, CDCL3): 0=3.29 (m, 2 H), 3.21 (m, 4 H), 2.93 (m, 4 H), 2.74 (s, 12 H), 1.74
(m, 2 H), 1.65 (m, 2 H), 1.42 (m, 2 H), 1.27 (m, 2 H),
132 BbHmaabm B =R P Leakie4r (0.15 g, 0.4 mmol) 5 f# T THF(4 mL) Hr, F4F 44 (0.31 g, 1 mmol)
Vs f# T THF(6 mL) 5 7 55 °C Il K BC ARV V0 38 = 98U o fitl R S s W by, 15 380 1 68 TR 0 , ok U8
J&i Fl THF Fil Et,O P 3 WK, T 5452 8 AR @A . "TH-NMR (400 MHz, CDCl5): 6= 3.48 (m, 12 H), 3.26
(m, 8 H), 2.92 (m, 24 H), 1.92 (m, 4 H), 1.74 (m, 4 H), 1.56 (m, 4 H), 1.32 (m, 4 H).
1.4 PCL ARSI

PCL R & -Reffm B E & 1 iR . PCL MR A i F2 LA n(e-CL) :n(CHO) :n(cat.)=1000:500:1 > i
B, 75T B 2 5 AWK I 22 it 4 7 (0.01 mmol, 6.78 mg) . CHO( 5 mmol, 0.5 mL) Fl e-CL( 10 mmol,
1.1 mL); #2258, $HRG Y E T o BOE GF iR B A 86 v I s SRS, R 2 2 3R, B b & OV IR & W kAT
¥zt AR S0 40 Hr, T AYIR AW — S b i n B S B TP UTE; T n, WES 2R A9 PCL, H & 1%
VRV 3 U, A 45 °C B2 THRAR D T4 24 h 25 H .
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Fig. 1 Synthetic diagram for polymerization and aminolysis of PCL

FREL 0.228 g PCL ‘& T W4, il A 2.76 mL THF FE 43V i, Bl o % S W 4 B T 60 C Il HEs, 1+
PCL S &V )G, TR AMY RN 2.76 mL Z B, THIE RN 4 ho 20 25 305 HEZE BR 25V 771, Wi oE
fif P~ 4y, K "H-NMR 5 GPC £AF, HI& PCL AYFEMFLE
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PP A TR C S WAL e-CL AR 4 (n(e-CL) :n(cat.)=1000:1, 150 °C, 30 min) , %k 3{Y 21%,
RAE AR (TOF) 2 4.20x10> h' (5% 1, Entry 1), RINZ MK RIER AT W BOG oo A2 RUSCR R AL,
BAEWEHEMIRTI T RE S R RN & BRI A B AR A 5. Mol AREE N LSRG, K&
A TG AT B AR B, (EAS R IR S A 7 R i (2 10E R 3 25 53 3% (3R 1, Entry 2~5, 81 2) . A CHO R 3L5|
KN, AT 21% B E L H E 97%, TOF KiFhh % 19.4x102 h!, [R5 2] M, ik 46.4x10° 1) PCL.
2, R L PO R 3ET| & HIA5 B (4 PCL A 4 1 (56.2x103) i, (H5] & 3 ¥ 5 TOF FEAK (F 4L %K 63%,
TOF 4 12.6x102h™") o 3X — B4 0] BE5 PR 2 Ak 49 1472 () 07 BELRSOR; 5 02 AR A 5 | 2 R0 n] R 5 80 000G P
B b, DTS- R 3, e e A B B4 F i . DL BCH 3k GMA S 3E5 | & 59 ) 52 B0 41 4
F CEAERART 10%) o 3% — G AT B 5 H o7 R A7 FE e PR RO 36 AT 56, i S SE 1 T BB 5 80 vh oo & 2 A i
BCALAE FH, DT 0% 4 a8 rvC 1) R~ P35 3 SEL A B %) T A7 5 47 A It 2, 0 77 A AR e A 2R 1 33 1

LA TH-NMR 4538 (18] 3) B eyl i I (& 2) 204 ol 1, R4 AR AE 6 0 ., B E AL LT & A 07
IR R k. X R R EAE AR PR SV 5 51 KA, B a5 8 b & AR T IR RN A
i Zn—OR BUIE VLY Fh, IF 78BS LA BEERVE R B i AN Wi A e-CL 58 pUEEI K o %5 F CHO 78 16 M TH A i
TR PERE T T A B, R SR RIS 6 CHO 1 A 3E5] &7,

® 1 AR AYE R S5 KR SR 45 RN [

Table I Comparison of polymerization results using different epoxides as co-initiators
Entry" Epoxide Conversion”/% TOF/h™! M pY 7,Y/°C
1 No epoxide 21 4.20%107 27.3%10° 1.18 57.6
2 CHO 97 19.4x10° 46.4x10° 1.57 55.6
3 PO 63 12.6%10° 56.2x10° 1.41 7
4 ECH 5 1.00x10? —9 —9 7
5 GMA 7 1.40x10° —9 -9 -

3)

b n(e-CL):n(Epoxide):n(cat.) = 1000:500: 1, 150 °C, 30 min; ? Determined by 1H—NMR; TOF = moles of e-CL consumed per mole of zinc per hour; ) Determined by GPC in THF

against PS standards with a correction factor of 0.56; % Determined by DSC; 9 No polymer precipitated; ) Not measured

n(e-CL) : n(cat.)=1000 : 1

) ;
| oy O
b
n(e-CL) : n(CHO) : n(cat.) =

1000 : 500 : 1 J\M
2,4
n(e-CL) : n(PO) : n(cat.) = ML s 3
1

1000 : 500 : 1
bd c
_fJ;A;_Ju

n(e-CL) : n(ECH) : n(cat.) =
1000 : 500 : 1

n(e-CL) : n(GMA) : n(cat.) =

’_0"—'—‘
1000 : 500 : 1 S
MM —_
480 470 460 450 440 430 420 4.10 4.00 3.90 3.80 46 42 38 34 30 5 26 22 18 14 10
5
K2 REFEAYE LS %3], RV 30 min Bt PCL fykz B3 £ n(e-CL) :n(CHO) :n(cat.)=1000:500: 1 S BE A1 T,

SR 30 min B PCL ARG IR S0k
Fig.3 'H-NMR spectrum of PCL under the conditions of n(e-
CL):n(CHO):n(cat.) = 1000:500: 1 for 30 min

BEIIRAIE
Fig.2 'H-NMR spectra of PCL using different epoxides as co-

initiators for 30 min
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[ % n(e-CL):n(cat.) = 1000:1, %% CHO it X 2R A R 52 (% 2) o 4 n(CHO) :n(cat.) P\ 50:1 3
% 500:1(4 2, Entry 1~3), 546 1 30% 2 TF = 97%, M, M 39.5x10% 1 & 46.4x103 . X — &% 5 ¢ W 4 Jin
CHO & & A BT o-CL FFA RS IR #OR . S5ILFEE, BA P05 0 78 B R 2500l (HR R
L A AL ME DG AR, U I L R] 5 52 31 5 | A R0 M e A A R R B AR [R5 FRATTHEN 7E S ok #2 b, CHO
e B I 23 BR ) G 55 IICRE R E 5 W0 A EAE S BRI B 3 AL %, CHO MU TES I R B Be 2 2IMEH, i
2338 3 5 4 S WS R T B A A B g B R AR IR AR B RG G o SR, 24 n(CHO) tn(cat.) 3 i % 1000 B, K&
YR 2t T R R 26.6x103(5€ 2, Entry 5), #E00 A] B8 9 B U2 2 it 1) CHO 23 i i AR R ok & it R, §:3%
LR SO A AE AR NG, 75 B A, TEASEIR A5 1R, SRR CHO #E4T 1 TR AL 3L, (B S5 ok 7 vp
A5 LASEE SR K 43 S LA, S 28 S8R S K 2 e, 8 A R RO 45 4 B R AR BRK 19 CHO ##E AT T X i S 56
(2, Entry 4), Z &M TR REY M, IR ZE 35.4%103, i/ TR0 A Kk 2 1.62, B /K AT fE S 5 4%
SR G AL FE, DT A AT RO T A A S R K AT R . B, AR R R E W 4 i SO A A T R
B 22 35 | B RCR S8 A B S 2R R AL REm . kAh, DSC MAZE SRR, s fifi 4k 77 5 5] A CHO
YR AE5 ] R, T8 PCL A4 540 9 57.6 °C 1 55.6 °C(F 1, Entry 1 12, [ 4), X UL A CHO 15 4t
SIEFIANEH RS S . I GPC gk (] 5)TTLLE H, 3£ 2 IR A YR GPC 44 2 fIg /A5 .

%2 150 C F AR CHO Fit F i 44
Table 2 Polymerization results with different amounts of CHO at 150 C

Entry" n(e-CL): n(CHO): n(cat.) Conversion?/% TOF/h™! M pY
1 1000:50: 1 30 6.00x10° 39.5x10° 1.28

2 1000:100: 1 53 10.6x10° 38.0x10° 115
3 1000:500: 1 97 19.4x10° 46.4x10° 1.57
49 1000:500:1 97 19.4x10° 35.4x10° 1.62

5 1000:1000:1 >99 20.0x10? 26.6x10° 1.46

D150 °C, 30 min; 2 Determined by lH-NMR; ) TOF = moles of &-CL consumed per mole of zinc per hour; 4 Determined by GPC in THF against PS standards with a correction factor
of 0.56; > Using un-dried CHO

n(e-CL) : n(cat.)=1000 : 1
30 min, Ty, =57.6 C

n(e-CL) : n(CHO) : n(cat.) =
1 000 : 500 : 1
30 min, Tj, =55.6 C

0 25 50 75 100 10.0 12.5 15.0 17.5

7/C t/min
K4 AR CHO 25 %1521 PCL #Y DSC itk 5 %2 PCL ) GPC ik
Fig. 4 DSC curves of PCL obtained with and without CHO as co- Fig. 5 GPC curves of PCL listed in Table 2

initiator

22 REEHXMRERNEME

BT FRSIIGZEH, [ n(CHO) n(cat.) hy 500: 1, 4k SEERZR IR . A4k 70 4 25 0 B K2 I 1Y) 5%
M (% 3) o R G IREFEINE 130 °C B, FH RS TR R 07 L3R B E BRI (23%, %% 3, Entry 1), ¥4
TREE 150 °C FEIRZ 100 C, ALK R 1Y TOF ERFEAR T — 49, H 19.4x10°h! B % 1.60x102h ™' (5% 2,
Entry 3; % 3, Entry 2) .

AR R AR AL G 241 T RE AR i Mk, JRREE I R B B A FE R AW, R R
T B I 170 24 n(e-CL) :n(cat.) $2 25 2 2 000 F1 3000 B, S5 30 min i TOF {43 51 7] 35 38.4x102 h! il
46.2x102 h!, AWK 4> T8 43 591 K 53.6x103 1 43.0x103(3% 3, Entry 4 #15) . T EIE R, BEW
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FRAMG RS /A, 25 RBOR B R UL S SR AR E R R . B, Y n(e-
CL):n(cat.) B 1000 ¥4 % 3000 A, Frfd R &9 0 F i IF R SO R it ok, ik — 20 AR AR
i, 4 n(e-CL):n(cat.) 3 K 2 5000 i, B 30 min HLA JL-F AR5 4k, B >4 & K I [A] 2] 60 min 1, 7] 35 3
64% B FRIEAL R, TS PCL %L 7 B I IN 2 81.8x103 (3 3, Entry 7), ¢ W% {14 R 7E A AL 70 1
N EAA B AL M . X AT BRJE B TR B T A AT, 3l e S S B[] i A S BT S 43 Y
HERK T RE, INTTIRAS T = F R AR A . N Tk fbA 7= B th %, il 4 PCL 75 FE s A 2 i, R nl G

FH AL, R 22388 n(e-CL):n(cat.) 54 2 10 000, 25 52 0, Bl 78 88 5% 4 A0 30 4 F , ALk
R0 BRI E A TR B, BN 300 min B BRLA B e £k SR AT R A 38%, A W R 4 F it ik 60.4%103
(33, Entry 8) o 734k, 24 n(e-CL):n(cat.) ¥ 10000 I}, 4K n(CHO): n(cat.) Z2500, 761 7] 54 T [ 45 min,
AR [ 3 Ak 22 BT 3K 5] 37%, TOF 1B 5 35 49.3x102 h ' (32 3, Entry 9), 3X 3 BIZ ALK 2 A Tl o FH 89% 77 .

#3 ARIFAREE . e-CL Al 5 R R0 ] F 054455

Table 3 Polymerization results at different temperatures, e-CL dosages and reaction time

Entry 7/C n(e-CL):n(CHO): n(cat.) t/min Conversion/% TOF?/h ™! MnS} DY
1 130 1000:500: 1 30 23 4.60x10? 14.2x10° 1.13
2 100 1000:500: 1 30 8 1.60x10% -9 -
3 100 1000:500: 1 240 75 1.87x107 31.3x10° 132
4 150 2.000:500: 1 30 96 38.4x107 53.6x10° 1.49
5 150 3000:500:1 30 77 46.2x107 43.0x10° 1.39
6 150 5000:500:1 30 3 3.00x10% _4 _4
7 150 5000:500:1 60 64 32.0x107 81.8x10° 1.39
8 150 10000:500:1 300 38 7.60x10° 60.4x10° 1.22
9 150 10000:2500:1 45 37 49.3x107 36.0x10° 1.18

" Determined by lH—NMR; ) TOF = moles of &-CL consumed per mole of zinc per hour; % Determined by GPC in THF against PS standards with a correction factor of 0.56; 4 Not

measured

2.3 PCL HYB&EFEERE

FERU TS 50T, SRME A 205 WAL N E B . AR S i A K 12 55 () PCL B fife Ay v BRI /N 3
T, SCE TR EAH, T T HAME . A RENE S PCL IR SN A5 1T A TC A AR R Ak 2 T, DA R
T 5% PCL 1 Tolk A ol . AR SCHR [28, 29] 18, B R W 1 4k 27 i b 2 30 i 45 v 3 M, I fg e
BN G50 52 2 0 PR FEBEREAT A2 ), X e A= T LA T PERE 4P A SR G W) . AR SCi%#% ETA il n-BuNH, R
R SEAZARF, IR AN S5 T8 PCL R fif A Ik e My = 46.4 % 103 My =65 %103

bD=1.57 b=142

KB Y . A A PCL(Z 1, Entry 2), 1E 60 °C
T, LA n-BuNH, 1E 4 A% A GE#Z X7 5 PCL 1Y
it oA 14:1) . THF 7ER¥% 5 (THE 5 8% 050 1Y
TRFEE R 1:1), W 4 h J5 PCL AL RE i b Bk 2y
TN 6500, DNy 1.42 55 (E 6), KL TE 4
WA BV 4 4 K I R B ], OF T e A7) S | | |
A AR T 57 R Y, R B 58 2 Wi R /Ny F 10 i 20
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