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IR S R AR ek, R TR
fig) (P4HB)ANMLHRETE H AR BT 5e A B, BT #E N
PR IR T T 4- 72 5 T IR, AR A 14, 6t
TRAERNL. Iz HARS M ZRIE . AV A5 iE
BRI, ETAREGL. AR TIESRFEST
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EW)(n-Bu,Mg) & & 1 =4 T = PyBL, I Hisid i
38 IS 25 A T A RO PYBLIR R AN G5 4. R 4 R
AL B0 e v AT, EL7E & AR O B A A
AR IR R 2 ol AT A AR R M. 52 387 PR, -
BLH IR A IEH T AEARIR FkT, %%, Al
AT BT, R DL e s AL ok, A
U TE 45 B A WLARE AL 22 4 A0 R S B Py B L i3 2K & J 1)
AAT S, Chenif AR 1> o Y s 3 ik e-BuP, 1
AL, ST y-BLES BRSO MR A, 534
TERFRRPYBLIGIR AW, 20174, FRAT84H > &
T R E TR W T R I R SR BRC TPB, B Th sk
LT y-BLINE ROR G, JER1E T DRI 4N 1
PyBL. Hilt— i FH AL M RE, A TRELLECTPBY
RGE BRI T e IR R, %R ROEARIE @Y
S0 ) S B P I o 37 e 9 A it O B 3 5 9-BLIY)
PRI, H IR AR G o T IR SEAZ R UG AR N &
A\ TS I T W SEZ R, AR I T
BEMEKH R, WA AN TR, AR A T
5035 4 F 8 (M) I PyBL(80.4 kg/mol)'***). Zhang
P -BuP/B IR — oA AR R b B
BT B TR IEPYBL. SR, AL
FU A OB W 200 OB, fE— 2 R PR 7 3
PZRIF. RS, MengZs P U F 20 5 1310
Bl 4 J8 FEE 25 (KOMe, NaOMe) 5 MR 41 i — o fiE ik
TR R FRESRAR 7m0 TR NLIEPYBL, (EAEMEALT R
KEREVE. LIk B ) RO XU 43 Bl TR AL A1 P o 1
2 5 A A AE R PR,

[Rltk, AHEREPYBLISERRN H, AWFR T
R—Fh a1 B S 5 0 ARG, AT SEEly-BLE BOT IR
BEMAESBMAKR. CHVFREY, NTEER
e (TBAH) 5 ik & R4 i 1) 3 1A LA 7 T A T
FACEE(LA) . p-BLP" ., e-C N ME(e-CL) o-7% M g
(5-VL)FI9-C N E(0-CL) IR R &, ZHE R, &
e A TBAH 5 2% FBE(BnOH) 8 i i 7K S BT %,
FHRHES 7xF, B H Ty-BLINFA RS, RGBT 7
THAEAT N, BE— RS I B XU AL RS
Z JUEE A i, TBAHRERS @ I /K s SLvE b 2 Fh 45
P g, MTTE G R R A, s s A
B (1) 12, AT SEBX PyBLr 1= 1A O TS, thah, A
SCIRARTE T 1% e AR R AEy-BL e-CLI L B 07
HHR N e A S SR AR L R SR AR, IS
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BT BAA RS R R (- T WEE-co-e- LN
fig) (PBL-co-PCL)J: 5.

2 SR
2.1 RAFNEME

VT RS S (TBAH, LR T A, 0.8 M);
K HELBnOH, FHEBTHL T AH], 99%); 2- T 3-2- 2, %-
1,3-N —I(BEPD, L¥#BIH T AF], 99%); 1,2- T [
(1,2-BDO, g2 kAT, 99%); 1,2-H —FE(PG, I
BE AT, 99%); 1,2-3 W (1,2-octanediol, i
F RN T, 99%); To/K VUSRI (THF, H R, 99%);
=& H b ABR(EALERAFERAR), FE(EF
Faaif TAHRAT]); »- T HBR(-BL, M ICHBEH
MEE A RA B HATEI4A S T T1572 h,
BTERARAGNFEFTEM, 7 rimrEamie %
{5 2 F IR S b, LL10 °C/min 1) 7 %
M20 °CIm#Z350 °C, #RJ5350 °CiFittd h; e-C N
(e-CL, L#FEWAAT, 99%)7E=HRT) FIIAS L
P24 h, B EOR RS, HE TSI,
BTRAAATFER T, FR(EFRMELTER
ArNEE SRR, TS TR, 153
ToAKH I, Hofh s R i — DA P EH L, B
IS AR R

i AR 3% 4 (NMR): Bruker AVANCE NEO,
PICDCly. - H 3L IV A(DMSO-d,) N IE), VU R e
(TMS) A W AR BEAT 45 K2 4E, "H NMRAHZ 9400 MHz,
C NMR#IZ 4100 MHz.

BEREBE (1B (GPC): Aglient 1260, fi FIEE# 2.
IEPS)PRFERR B AL IE M ZE, W RA W o1& A
34, MR ATHE, 5% 1.0 mL/min, #6565 E A
40 °C, Ff LS mg/mL.

55 5 O A R/ FEL S TR AT N T 5 1% (MALDI-
TOF MS): Bruker Microflex LRF, #5337 nm[f) 1F &1
LA WA, BAEMBER(THFYR A
10 mg/mL) S x0-2-[3-(4-H T F R I )-2- H 562 7R 475
W I (DCTB)&E W (THF /40 mg/mL)fl =% L 1%
ENVE TR (THFH N5 mg/mL)1%8:8: 2 (/A AR LLIR &, HX
1 pLYURR TR BEAR b fe il 5.

ZRAREHGE(DSC): TA DSC25, i K F #lbr
AR HE, RIGEN, SR N HEAT (NLIL# 950 mL/min),
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THEHEZ 10 °C/min, BU5~10 mghe i FIHR. B
WR: RS —uom# T, KRS A —80 eChn#k s
100 °C/a R FF3 min LAVE BRI 5, 7258 a4
o, OB RE A EI R 80 °COF /73 min, B 5 FRINIAE
100 °C, MEE RN i 2 45 2i(T,).

22 FRITE

¥ TBAH F B A BnOHE & T Schlenk & v,
FELETO °C. 180 PaFL 73 5k T~ R B h A 25 HH I A
SN REIIK, PEEAETBA /BnO ™, SR 5 7E B/
MFEFHFIMATHFRES &H. BE&RMETET
Schlenk& 11T, ERIRANFEM ¥ )-BLIA
Schlenk’& H1 % 35 372 HH B T —40 °C F /430 min, 2
J5 P S 2 B TBA /BnO ™ I Bly-BL A #E/T 2 &
SN, RS R G, M\ GBI E A A2 1R R A
JS2. HR—EB 4 S GEAT TH NMR ST LI 52 54k
R, BERRMREASHAZSEMKFES, JFEid
HOEREY, BRI U R AR R
PITEAR, R R EVIREERSHE FHREE
i, AR EYPyBL.

SNAE T I Schlenk & R #E(T, ERASAKITF
Efih¥y-BL. e-CLIETHFIIASchlenk® 1, 4R 5 H
TE T 2 PUE B TBA/BnO ™ IR & Hh 3EAT B4 S i
R E, TN SRRV E A2 BB, Ji5 A B D

# 1 TBA"/BnO fifby-BLIIFHF R &
Table 1 ROP of y-BL using TBA/BnO~

RIA b, A3 33 R PBL-co-PCL.

3 AEREIE
3.1 p-BLIHRHRE

B/ HETBAH (L7 N MR A TBAHE R 1 1)
FH ) B R AL p-BLIF A RS AT (K L, run 1), [
4 hJ5'H NMRiE AR I FPyBLIRHE(S S, 0]k
ff I TBAHE % 5] Ky-BLEI SR RS, #t— B
TBAH5BnOHIIY)EIR G ) (TBAH 2 & I BEH K 5
BnOHHEAT Bt /K & M) EALy-BLIF AR A (1, run 2),
R4 hfi ' H NMRE K E]y-BLEE (L FRALA2%. 124
TBAHFIBnOHZEAT /K &M J5, £ R TBA /BnO iR
AR A G Ry-BLIVF ARG, HAFEIAE 71
= IPyBL (%1, runs 3-10).

TE—40 °C. FARIKE[M],=10 M4 1 T 34T
TBA/BnO {E{by-BLIF M R A HIBE 7. 4[y-BL]/
[TBAH]/[BnOH]=100:1:1F, yp-BLIIHIL A H28%.
¥ MBnOH ] & Z[y-BL]/[TBAH]/[BnOH]=100:1:2[},
It B FIBnOHA R T TBAH M ZU SR B 2514 52 45
FE, [RIINT 8 5 1 IR A A SR BV AR, AT 1 IR A 2
R, ALEEALRIET 2 76%. #2515 K& 75/BnOH
MRS FEERREEYM R, SEREER N
100:1:4H5F (%1, run 7), PyBLIIM, F&MK %24.5 kg/mol, ilF

Run [M]/[cat]/[1] Sol. Conv. ” (%) M, gpe © (kg/mol) pY
1 100:1:0 THF 0 - -

29 100:1:1 THF 2 - -
3 100:1:1 THF 28 73 1.30
4 100:1:2 THF 76 9.1 1.32
5 100:1:3 THF 83 5.2 1.76
6 100:1:4 THF 83 45 1.72
7 200:1:2 THF 63 11.1 1.41
8 300:1:2 THF 46 9.2 1.39
9 100:1:1 Tol 24 53 135
10 100:1:2 Tol 77 8.4 1.37
11 200:1:2 Tol 61 11.1 1.53
12 300:1:2 Tol 47 5.7 1.46

a) BLFAF: npgay=1 mmol, [XBLHLE—40 °C, HAWEI0 M, R4 h. b) H1'H NMREEI. ¢) 478 K578 43 Ai B 8 THF (1)
GPCll €, IIRALFZ V40 °C, PRFENERIR 2%, d) HE T LBRIRIATBAHIE ) 75 5 BnOH R W) B & AN HEAT it /K SSE.
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BB EA S BN R EYM, BH FEE. @iy
[y-BLY/[TBAH)/[BnOH]# KL EE /R b, BT il £ AN [l M, 1
PyBL, WIEI1F/R, BE%[)-BLY/[TBA )/[BnO [#A}EE
JREEM100:1: 282 5 % 200:1:20, PyBLHIM, M
9.1 kg/mol# INZE 11.1 kg/mol (¥1, runs 4, 5), XM, #F
— 1N [y-BL)/[TBAH]/[BnOH]#RHEE /K L 2£300:1:2
(1, run 6), AKAEIRASHE =M, KIPYBL, XA AER H
THEA AR R E PG, F8-BLEALE TR, It
Gb, R R ITREIEN, 4 B LATHF AL
ZK(To)VE NIEFEATy-BLE IR 5 & i (1R E2),
KB R ARG, FTSPYBLINM, B N T (%1, runs
4, 10).

NN 4 PyBLIEG 2y T-45 44, S%H'H NMRAI
MALDI-TOF MSX} SR & ME5 AT T RAE. El3adfir
F4.12. 2.39811.96 ppmAb i 3LRIEHE TR AW E
T R IE LR T, 7.36405.13 ppmib 15 5 27
XoF N T o A Uity (1) R o S FLAHAT W FH R T, 144
REPESLBnOHE NI KA S5 T RERPL #—
W IEIIMALDI-TOF MSZ#TPyBLI &5 4544, [¥13b
W N HRALE S, Hodh RS 5 0 BT
NBnO/HHILFEPYBL A F4%, VB ] A J& A o s 5
IIRPYBLA T8, Mifi it — P I00E 7 BnOHAE A5
RS 5 EE RBLHILH.

%t b 4 BnOH X% TBA /BnO ™ )'H NMRi & 3,
TBA/BnO™ "% B (I BnOH Y. F 3 5t 715 5 [ 7 iz
#, HH AR g 120 R E IR TBAHIH
i K R R B iE 4k BnOH, 4 S TBA/BnO™. _Eik#
IS R IL [FUE S 3 SR AW HBnO™ 51 il &, A

o]

18 1'9 2'0 2'1 2l2 2'3 2'4 2'5 2'6 2'7 28

Time (min)

18 19 20 21 22 23 24 25 26 27 28
Time (min)
B 1 (M&REE) PBLIIGPCHIZ. (a) RISEHINIUE
WRIR; (b) SRSV F R
Figure 1 (Color online) Gel permeation chromatography (GPC)

traces of PyBL. (a) The solvent is tetrahydrofuran (THF); (b) the
solvent is toluene.

FRH M TBA/BnO™ i {by-BLIF I R & & B HLEL(F2)
FRAL TR S

(o]
o (o]
0" @, n H* OH
rR—0° ®N"Bu4 —— ROW N"Bu, _ 7 _ Ro/éu\/\/O){K/\/
g B

backbiting
gojo

B2 (M El) TBA/BnO #E4ky-BLITFF B &R & &l

o (o]

Figure 2 (Color online) Schematic illustration of y-BL ring-opening polymerization (ROP) catalyzed by TBA/BnO".
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(a)

e BnO-(yBL)-H+Na*
(b) e  Cyclic P(yBL) +Na*

1 n=36 n=37
3223.13 3309.72
2 ° .
8 o a3 e
Ph/\o/ekz/\'l/o)"Jl\/\Q/OH
3
3200 3250 3300 3350
Phl 8
J ; JLe J
80 75 70 65 60 55 50 45 40 35 30 25 20 15 2000 4000 6000 8000

ppm

miz

B 3 (M E) (a) PyBLII'H NMRi (CDCI5); (b) PyBLIYIMALDI-TOF MSi[&/(#1, run 4)
Figure 3 (Color online) (a) 'H NMR spectrum of PyBL (CDCly); (b) matrix-assisted laser desorption/ionization time-of-flight mass (MALDI-TOF

MS) spectra of PyBL (Table 1, run 4).

(b) c.d i
@@oe@a(,/;—/ to d
N i
- FJ/:' i i DMSO-d6
]
Vi 5 J b ¢
ll s 1 "
1 1
(a) i i
]
it b —
(M b
'
o
f '
il
1 1
l : : DM?O-dG
[

75 7.0 65 6.0 55 50 45 40 3.5 3.0 25 2.0 1.5 1.0 05

ppm

B 4 (M E) (a) BhOHAI (b) TBA/BnO™ff)'H NMRi(DMSO-dj)
Figure 4 (Color online) 'H NMR spectra of (a) BnOH and (b) TBA/BnO~ (dimethyl sulfoxide-d; (DMSO-dj)).

TESEBRAL I A, SR BEFE I SRS 2 JuRE nT /R A 5
RlEA B S R A, BA BB ANMA.
ik, ASHEIT 1 5% FHBEPDAE MU E B 51 &7, %
F 51T R BnOHAAR 52 A7 7] 1) T AR BE 7 200 HoR Ak b AT
T4k, 24[y-BLY/[TBAH]/[BEPD]=100:1:2/ (2, run 1),
L4 )5 AR AL AT IR T8 %, R I ] A% M,
8.7 kg/mol, DA1.40/JPyBL. ilit'H NMRi([&5)%t
BEPD 5| K [ PyBLBFAT &5 R AE, 1% Kl b m] W )4 )&
BEPDZ: 4 1 {1 5 L i T8 5, UFSXBEPDJK
WEIRES. Wi RGP BFIBEPD H & 1)

SEPPYBL Y F 2= AA FOATE. 0382, runs 1~577KR,
bt % [y-BL]/[TBAH]/[BEPD]*BEPD] 24 & M2 8
i, PyBLAIM, M 8.7 kg/moliz & B#AK 1.9 kg/mol, H.4
B DR AR R I S T (1.40~1.20). 3E—25 4, BAT]
F A WA TBAH S AN [ S5/ /N o 7 R (L3
1,2-BDO. PG} 1,2-3¢ )it fr4s &, BRI &M T
WA FEPyBL. iR R, TBAHREW @ L
Jt 7K S SE SRR 7N 22 TO I (i A I T Bt e B AL
k&

7E[y-BL)/[TBAH)/[BnOH]=100:1:25 1 F, #—
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5 4 4 4 - 5
H,:(O/\/\n)'o?g/‘nj\/s\o)*ﬂ
le] N 2 m

75 7.0 65 6.0 55 50 45 4.0 35 3.0 25 2.0 1.5 1.0 05
ppm

B 5 (W% E) PyBLIY'H NMRiE (CDCLy) (2, run 1)

Figure S (Color online) 'H NMR spectrum of PyBL (CDCl;) (Table 2, run 1).

#2 TBA"/Z TR A A HEAky-BLIGTT R R A

Table 2 ROP of y-BL using TBA"/Polyol”

Run [M]/[cat]/[1] Initiator Conv. ” (%) M, pc © (kg/mol) p))

1 100:1:2 BEPD 78 8.7 1.40
2 100:1:4 BEPD 75 35 1.25
3 100:1:6 BEPD 66 2.4 1.20
4 100:1:8 BEPD 61 1.9 1.22
5 100:1:10 BEPD 46 12 1.25
6 100:1:8 1,2-BDO 45 22 1.24
7 100:1:8 PG 46 2.0 1.23
8 100:1:8 1,2-Octanediol 43 2.1 1.23

a) BT nppap=1 mmol, 2 {EFE—40 °C, BAfAVRAE10 M, S SiAT 4 h. b) H1'H NMRIS. ¢) 4>F & M 4 F 5404 R ZAH 9 THF 1

GPCIIE, iR EE 940 °C, brke N AR M.

W9 7 p-BLIN R A 3h /12847 8. wiE6afizx, TBA'/
BnO LR R AE—40 °C T RILH B & I R BLE 1, F
ST BRI E N [y-BL]=2.2 M. I R A B0 125
PRI ERLA KL, In(((M]y—[M1)/(IM],~[M].))-5 if
]2 R R, RFIZEESRPOEE—H3) 7]
SEHRME, RS B y-BLIT 3K 5 A 10 38 W R 5
(kapp) 9134510 min~" . AN BEEMH TR
FAREEAL R ) R (E6b) T WL, PyBLI¥IM,BE Fik 44k
RN R LMK ES, RN DHAREFTEL32~1.39

958

MR S ATIE ], 1X— 45 SR By-BLAaE I Ko F2 2
ARG mr .

XIPyBL (1, run 4)iETDSCH#T, HA Ik THE
i 2 S 0 H A B B (T, (D7), HA R a5
(~50.7 °C)HJE T HAR R S I Rt 7., 177 vy 5 A
(~63.0 °C) N %F N T 26 FEPyBLA A il FE, X —4
S MR G R0 o T T S S A AR ) 2
S, AR S ek o — =Y. PyBLI
DSCHli £ BhIR ik 7 H iR 454, 5EMALDI-TOF MS
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4.0

3.5
3.04
2.5
2.0

1.5

In[(Mo-M,)/(M-M,)]

1.0 4

0.5

0.0+ T T T T T
0 50 100 150 200 250
Time(min)

10000 25

(b)

9000 4
42.0

8000

M, (g/mol)

115
7000 4

6000 T T T T y T T T 1.0
40 50 60 70 80

Conversion (%)

B6 (MEMEE) () In((M]—[MI)/(M]~[M].))bH ]
5 7157 112k (b) M FIDRE SAREEAG R (1 A2 1 2k

Figure 6 (Color online) (a) Plot of In(([M]y—[M].)/([M],—[M].)) vs.
time; (b) plots of M, and D as a function of monomer conversion.

B 5E FIPyBLAH M S5 A (BI3b) M — 8L, #E— 0 50HF T3
R ZIE S5 HIPyBLILAE I 2510

3.2 y-BLY5e-CLIJFIRILRE

BT y-BLEAA M ) R e e if, TBA'/
BnO™ b H 25 75 7 —40 °CHIMIKIR #7221 R HHAT,
XAE— e R R BRI T LS A . B0 X — r) 3, SRR
IR S R 5K 70 28 I TR ok 70 FE A R S SRR R A y-
BLIT M4 7 2= SR G 240k, R 5K S0 38 Y BRI 2R
RIS AZ(AH < 0)y-BLIFHR A T 22 5K 5)
J3, T AR S R XU 2, ST bk, ASHF 9t
#efe-CLEy-BLEAT I, 4R BIRiZ IR KM AERT
S MR ST, RS T RN AR AN
FIMLE T TBA /BnO AL [H1y-BL S e-CLAIIL I R B,
G T — Z A ILERE(PBL-co-PCL) (8). RT4M T
¥y-BL/e-CLIVEE /R EE AT 182 R £25:1 (33, runs 2~5)
if, JEEREE T y-BL & B M 27% N 2 43%. 46T R

T,=27.0°C

N

Ty= 50.7°C

Heat Flow Exo up

T,g= 63.0°C

60 -40 -20 0 20 40 60 80
Temperature (°C)

7 (W% IE) PyBLIIDSCES — Uk THik i 2k
Figure 7 (Color online) The 2nd heating differential scanning
calorimetry (DSC) curves of PyBL.

——PCL ——11RT =——2[1RT ——3/1RT ——5/1RT
««««« 11-20°C  ++oes 211 20°C  ++eeve 3/1-20°C -+ooo- 511 20°C

18 19 20 21 22 23 24 25 26 27 28
Time (min)

B8 (M) PBL-co-PCLIGPCHHiZk
Figure 8 (Color online) GPC traces of PBL-co-PCL.

BA AR Ty-BLIF AR A, KR MRTRE
kA -20 °C, *4y-BL/e-CLEE/RLENS5:1I (K3, runs 35,
9), y-BLE 8 M43.0%3E = H157.0%, FLRESFIM, M
3.2 kg/mol# 5 %24.6 kg/mol.

N T H\PBL-co-PCLI 73 T 451 5 7 FIRHIE, K
HI'"H NMRA!C NMREEAT ZAE(F9), H b %15 5 1A
A5 LA A Sk 7736 Y R i o E A [l p-BL A B 1
BRI R Y 2 18] (A Bk 0B, BAZR2Hrun 8
St B IREE ), FH NMRiE((9a) 1 545
ST AR, TR T LR EE T y-BLIN S
T E . B3R ""C NMR% 7 T PBL-co-PCL
751458, FEI9bHe-CLELTCHRILRIAS 5 /3 RN A
U, 43 % B FCL-CLF 4 FICL-BLJF 4. p-BLHLIGHK
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%3 TBA"/BnO fffky-BL5e-CLITHF 4L
Table 3 ROP of y-BL and &-CL using TBA/BnO"

)

Temp. Conv. Conv.

)

Incorp. ¥ M, e o

Run  [-BLVCLI” ooy (-BL%) (-CL%) (-BL%) (kg/mol) Y Ta (°O)
1" 0/100 RT - 95 - 11.8 1.62 57.6
2 11 RT 37 97 27 7.0 1.79 35.1
3 2/1 RT 26 88 36 5.1 1.83 313
4 3/1 RT 22 91 40 3.8 1.62 29.9
5 5/1 RT 16 91 43 32 1.56 26.7
6 11 -20 43 99 31 8.6 1.83 29.9
7 2/1 -20 43 99 45 7.2 1.76 27.4
8 3/1 20 33 98 53 6.4 1.50 222
9 5/1 -20 26 97 57 4.6 1.62 15.7
a) JRE S [M)/[cat])/[T]=100:1:2, nyga=1 mmol, THF A, [y-BL+e-CL]=6.0 M, S} /i1 h. b) p-BL/e-CLIIHORIEE /R EL. ¢) t1'H NMR
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Ring-opening polymerization of y-butyrolactone catalyzed by organic
quaternary ammonium base catalysts
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Abstract: In this study, a low-cost quaternary ammonium base, tetrabutylammonium hydroxide (TBAH), was
combined with benzyl alcohol (BnOH) through a simple dehydration process to form a catalytic system for the efficient
ring-opening polymerization (ROP) of y-butyrolactone (y-BL). Under the conditions of —40 °C and a monomer
concentration of 10 M, the conversion can reach up to 76% after 4 h, and the number-average molecular weight (M) of
the obtained poly(y-butyrolactone) (PyBL) was as high as 11.1 kg/mol. The M, of PyBL could be effectively controlled
by varying the monomer to initiator ratio. Furthermore, this strategy was also applied to synthesize bisfunctional
polyester polyols, where TBAH activated various diols via dehydration to efficiently initiate polymerization. In addition,
TBA/BnO system facilitated the copolymerization of y-BL and e-caprolactone (¢-CL) at room temperature. A series of
random copolyesters (PBL-co-PCL) with tunable y-BL content were successfully synthesized by adjusting the y-BL/e-
CL feed ratio. The melting points (7;,) of these copolymers could be tuned in the range of 15.7-35.1 °C by varying the
copolymer composition. This catalytic system exhibits prominent advantages such as being metal-free, operationally
simple, and low-cost, providing a new and highly promising approach for the large-scale synthesis of y-BL-based
polyesters.

Keywords: ring-opening polymerization, y-butyrolactone, tetrabutylammonium hydroxide, polyester polyol
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