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ystem for homo- and block
copolymerization of 3-caprolactone with d-
valerolactone†

Yan Wang,a Yongle Hanb and Lifang Zhang *abc

The combined interaction of 2,3,6,7-tetrahydro-5H-thiazolo[3,2-a] pyrimidine (ITU) as the organocatalytic

nucleophile with YCl3 as Lewis acid cocatalyst, generating ITU/YCl3, was employed for homo- and

copolymerization of 3-caprolactone (CL) with d-valerolactone (VL). Poly(caprolactone) (PCL) and

poly(caprolactone)–poly(ethylene glycol)–poly(caprolactone) (PCL–PEG–PCL) triblock copolymer and

poly(valerolactone)–poly(caprolactone)–poly(ethylene glycol)–poly(caprolactone)–poly(valerolactone)

(PVL–PCL–PEG–PCL–PVL) pentablock copolymer were successfully prepared by ring-opening

polymerization (ROP) of CL employing ITU/YCl3 as catalyst in the presence of benzyl alcohol (BnOH) or

poly(ethylene glycol) (PEG) as initiator, respectively. The reaction was systematically optimized, and the

architecture, molecular weight and thermal properties of the polymers were characterized by NMR, FTIR,

SEC and DSC analyses. Finally, a plausible polymerization mechanism was proposed.
Introduction

Biodegradable polymers have gained considerable attention
over the past decades. Poly(caprolactone) (PCL) and their
copolymers are widely used in the biomedical applications
including drug delivery, cell therapy, and tissue engineering.1,2

PCL applicability as a biomaterial arises from the presence of
polylactones generating high exibility and biocompatibility.
However, its high hydrophobicity and crystallinity can interfere
with modulation of its mechanical properties and degradation
rate, which can be efficiently adjusted via copolymerization.3,4

Poly(ethylene glycol) (PEG) is a useful material for segments in
block copolymers due to its nontoxicity and high hydrophilicity.
Additionally, poly(d-valerolactone) (PVL) is commonly employed
owing to its moderate mechanical properties. A–B–A block
copolymer of PCL with PEG can provide materials with desir-
able degradation rates. Furthermore, copolymerization of CL
with VL can potentially modify the mechanical, thermal
properties.

At present, metal catalysts dominate the eld of polymers
due to their nearly endless combinations of metals and
ligands.5–10 However, metal residues in polymers limited the
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application in biomedicine, food packaging, and microelec-
tronics. In contrast, organocatalysts can be considered alter-
natives to promote ROP of various monomers owing to
numerous advantages, including low toxicity, versatility and
high activity.11–18 And organopolymerizations have been
successfully employed in the preparation of functional and
biodegradable materials.19–29

To the date, successful organocatalysts for living ROP of cyclic
esters include guanidines and amidines, such as 1,5,7-triazabicyclo
[4.4.0]dec-5-ene (TBD), N-methyl-TBD (MTBD), and 1,8-diazabicyclo
[5.4.0]-undec-7-ene (DBU), thiourea/amines, N-heterocyclic carbenes
(NHCs), N-heterocyclic olens (NHOs) and 4-dimethylaminopyr-
idine (DMAP). Hedrick et al.30,31 reported that DBU and MTBD with
similar basicities, can efficiently control ROP of CL and VL only
when thiourea (TU) was used as the cocatalyst, producing high
yields (80% CL; 95% VL) with predictable molecular weights at
room temperature. In 2016, the ROP of CL and VL usingMTBD and
bis- (biTU) or trithiourea (triTU), was successfully reported by Kie-
sewetter group,32–36 and biTU displayed enhanced catalytic activity
versus mono-TU catalyst in C6D6 solution at room temperature. It
was found that triTU exhibited signicantly reduced activity versus
mono-TU or biTU. Moreover, bis- or trithiourea, along with an H-
bond accepting base, exhibited the highly active and living charac-
teristics. For all thiourea catalysts under solvent-free conditions, the
more active catalysts are generally more controlled. Kiesewetter
et al.37 developed TU/DBU dual catalytic system for the ROP of
substituted cyclic carbonates to afford high functionalized oligo-
carbonates. Such cooperative catalytic systems are of interest, due to
the combination of organic bases and Lewis acids for ROP with
cyclic esters. For example, InCl3/NEt3 pair (Lewis acid/amine)
promoted polymerization of CL and substituted derivatives,
RSC Adv., 2020, 10, 25979–25987 | 25979
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although slower polymerization rates and broader polydispersity
index were observed.38 Buchmeiser et al.39 showed that free NHCs in
combination with Lewis acids (Sn(II), Mg(II), or Zn(II) chlorides)
promote efficient ROP of CL. Importantly, the polymerization
activity depended both on the structure of NHCs and nature of
Lewis acid. Naumann et al.40 also utilized four NHOs coupled with
Lewis acids (MgCl2, MgI2, YCl3, or ZnI2) in order to control homo-
polymerization of CL and VL at room temperature, with an overall
order of activity of MgI2 > YCl3 > ZnI2 > MgCl2. Chen groups41 re-
ported that strong Lewis base NHO in combination with strong
Lewis acid Al(C6F5)3, cooperatively promoted the living ring-opening
(co)polymerization of VL and CL at 25 �C in toluene. Dove et al.42

employed DMAP and MgI2 or YCl3 in ROP of CL, VL and their
random copolymerization in THF at 70 �C. Lately, Bai et al.43

investigated isothiourea-based Lewis pairs (such as MgX2, X¼ I, Br,
Cl) dual catalyst system to homopolymerize u-pentadecalactone
(PDL) and random copolymerize PDL with CL.

Inspired by these pioneering works, novel 2,3,6,7-tetrahydro-
5H-thiazolo [3,2-a]pyrimidine (ITU) were synthesized and
further utilized in combination with YCl3 to achieve controlled
homopolymerization of CL in the presence of BnOH. Addi-
tionally, PCL–PEG–PCL triblock copolymer and PVL–PCL–PEG–
PCL–PVL pentablock copolymer were obtained successfully via
ITU/YCl3 system in the presence of PEG. Moreover, the archi-
tectures of the prepared polymers were analyzed and charac-
terized, and thermal properties were determined.
Experimental section
Materials

CL (Alfa Aesar) and VL were dried over CaH2, distilled under
vacuum, and stored over molecular sieves under argon. 3,4,5,6-
Tetrahydro-2-pyrimidinethiol was purchased from FLUORO
CHEM Ltd (Shanghai, China). 1,2-Dibromoethane was
purchased from Tianjin Guangfu Fine Chemicals Ltd (Tianjin,
China). YCl3 (Alfa Aesar, “ultra dry”, 99.99%) was purchased
from Alfa Aesar. Dihydroxyl-PEG2000 (Mn ¼ 2000) was dried by
azeotropic distillation with dry toluene prior to use. BnOH was
distilled over fresh CaH2 for 48 h under argon atmosphere and
stored over 4 Å molecular sieves. Toluene was dried with CaCl2
before distillation over sodium/benzophenone. Methanol was
used without further purication.
Scheme 1 Synthesis of ITU.
Equipment

Nuclear magnetic resonance (NMR) spectra were recorded using
a Bruker spectrometer operating at 600 MHz with deuterated
chloroform as solvent and tetramethylsilane as internal refer-
ence. The molecular weight (Mn) and molecular weight distri-
bution (Đ) of polymers determined by gel permeation
chromatography (SEC) (ACQUITY APC) were based on experi-
ments conducted in THF at a ow rate of 1.0 mLmin�1 at 40 �C.
Polystyrene standards with narrow Đ were used to generate
a calibration curve. Infrared (IR) spectra were recorded by
a Varian 660-IR spectrometer using KBr pellet technique. The
differential scanning calorimetry (DSC) analyses were carried
out on a DSC (NETZSCH DSC 200F3) instrument. The
25980 | RSC Adv., 2020, 10, 25979–25987
thermograms were recorded according to the following cycles:
samples were heated from room temperature to 200 �C at a rate
of 10 �C min�1 under a nitrogen purge and held for 2 min to
erase the thermal history, then cooled to �60 �C at a rate of 40
�C min�1 and held for another 2 min. The second heating scan
from �60 �C to 200 �C was then recorded. 3 mg of the sample
was used for each analysis, using aluminum capsules. Matrix-
assisted laser desorption/ionization time-of-ight mass spec-
trometry (MALDI-TOF MS) of the obtained polymer was per-
formed using a mass spectrometer (autoexspeed; Bruker)
equipped with a Smartbeam II modied Nd:YAG laser. Five
hundred shots were accumulated for the spectra at a 25 kV
acceleration voltage in the positive linear mode. The polymer
sample was dissolved in THF at a concentration of 5 mg mL�1

and the matrix was trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propylidene]malonitrile (DCTB) dissolved in THF (20 mg
mL�1). The sample for MALDI-TOF MS was prepared by mixing
the matrix solution, polymer solution and sodium tri-
uoroacetate (0.1 M in THF) with a volume ratio of 25 : 5 : 1.
Then 0.5 mL of which was spotted onto the MALDI-TOF sample
plate before being air-dried.
Catalyst preparation

ITU was synthesized according to the literature (Scheme 1).
3,4,5,6-Tetrahydro-2-pyrimidinethiol (5.7 g, 0.05 mol), Na2CO3

(6.0 g, 0.06 mol), absolute ethanol (50 mL) and 1,2-dibro-
methane (4.5 mL, 0.05 mol) were added to a round bottomed
ask, stirred, and reuxed under nitrogen atmosphere at 70 �C.
The reaction was monitored by TLC. Aer 15 h the reaction
mixture was evaporated, the resultant residue were diluted with
water (100 mL), then adjusted to pH ¼ 14 with 20% NaOH and
immediately extracted with dichloromethane (3 � 100 mL). The
organic phases were dried over Na2SO4 and ltered. The solvent
was then removed under vacuum to give a pale yellow oil. The
pure product was isolated by column chromatography (5%
MeOH, 5% Et3N and 90% CH2Cl2) to yield the product as a clear
oil. Yield: 70%; 1H NMR44 (600 MHz, CDCl3): d 3.56 (t, 2H), 3.40
(t, 2H), 3.27 (t, 2H), 3.15 (t, 2H), 1.88 (app. 2H).
Synthesis of PCL homopolymer

All polymerizations were carried out in 20 mL glass ampoules
that were previously amed and purged with dry argon. CL
(1.0 g, 8.77mmol) was rst syringed into an ampoule containing
the exact amount of YCl3 (0.024 g, 8.77 mmol). In a typical
procedure, BnOH (9.1 mL, 8.77 mmol) dissolved in toluene (2.0
mL) and ITU (0.0013 g, 0.0877 mmol) was then added into the
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04974c


Table 1 Effects of [CL]/[ITU] feed ratios on the synthesis of PCLa

Entry [CL]/[ITU] Conv.b (%) Mn
c (kg mol�1) Đc

1 50 98.7 24.5 1.58
2 80 98.7 24.7 1.22
3 100 98.8 24.8 1.09
4 150 57.3 10.2 1.05
5 200 21.1 7.8 1.01

a Polymerization conditions: [CL] ¼ 2.0 mol L�1, [CL]/[I] ¼ 100 : 1,
[YCl3]/[ITU] ¼ 1 : 1, 25 �C, 60 min, in toluene. b Monomer conversion
determined by 1H NMR spectroscopy. c Mn and Đ determined by SEC.

Table 2 Effects of reaction temperature and time on PCL synthesisa

Entry Tb (�C) Timec (min) Conv.d (%) Mn
e (kg mol�1) Đe

1 10 60 20.2 — —
2 15 60 45.0 0.80 1.04
3 20 60 75.1 18.6 1.06
4 30 60 98.5 24.7 1.25
5 35 60 98.8 24.9 1.28
6 40 60 98.8 25.2 1.43
7 25 40 86.4 21.2 1.06
8 25 50 95.0 22.3 1.07
9 25 60 98.8 24.8 1.09
10 25 80 94.7 22.2 1.07
11 25 110 87.4 21.0 1.21

a Polymerization conditions: [CL] ¼ 2.0 mol L�1, [CL]/[ITU]/[YCl3]/
[BnOH] ¼ 100 : 1 : 1 : 1, in toluene. b Polymerization temperature.
c Polymerization time. d Monomer conversion determined by 1H NMR
spectroscopy. e Mn and Đ determined by SEC.
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ampoule to start the polymerization. Aer the desired reaction
time, the product was terminated and precipitated with meth-
anol, isolated by ltration, and dried under reduced pressure at
40 �C to constant mass. Conversion: 98.8%; Mn,SEC, 24.8 kg
mol�1; Đ, 1.09. 1H NMR (CDCl3): d (ppm) 1.32 (m, 2H, CH2-
CH2CH2CO–O), 1.57 (m, 4H, CH2CH2CH2CH2CO–O), 2.24 (t, 2H,
CH2CO–O), 3.57 (t, 2H, CH2OH), 4.00 (t, 2H, CH2O–CO), 5.05 (s,
2H, ArCH2), 7.28 (s, 5H, aromatic);13C NMR (CDCl3): d (ppm),
173.49 (C]O), 64.12 (CH2O), 34.11 (COCH2), 28.35 (CH2CH2–

O), 25.53 (COCH2–CH2–CH2), 24.57 (COCH2CH2CH2CH2CH2O).

Synthesis of PCL–PEG–PCL triblock copolymer

The triblock copolymerizations were performed under argon by
using standard Schlenk techniques. YCl3 (0.0078 g, 0.0877
mmol) and CL (1.0 g, 8.77 mmol) were added to a glass
ampoule, and then polymerization was initiated with the
addition of dihydroxyl-PEG2000 (0.17 g, 0.0877 mmol) and ITU
(0.013 g, 0.0877mmol) in dry THF. Aer a specic reaction time,
the reaction was terminated. The work-up procedure was
similar to that described above, generating a white product.
Conversion: 97.8%; Mn,SEC, 25.5 kg mol�1; Đ, 1.08. 1H NMR
(CDCl3): d (ppm), 1.38 (m, 2H, CH2CH2CH2CO–O), 1.65 (m, 4H,
CH2CH2CH2CH2CO–O), 2.31 (t, 2H, CH2CO–O), 3.64 (s, OCH2-
CH2O), 4.06 (t, 2H, CH2O–CO);

13C NMR (CDCl3): d (ppm),
173.49 (C]O), 70.78 (OCH2CH2O), 64.12 (CH2O), 34.11
(COCH2), 28.35 (CH2CH2–O), 25.53 (COCH2CH2CH2), 24.57
(COCH2CH2CH2CH2CH2O).

Synthesis of PVL–PCL–PEG–PCL–PVL pentablock copolymer

As a typical pentablock copolymerization, a glass ampoule was
charged with YCl3 (0.0078 g, 0.0877 mmol) and CL (1.0 g, 8.77
mmol), dried toluene was added to maintain the initial
concentration of CL at 2.0 mol L�1. To this solution, dihydroxyl-
PEG2000 (0.17 g, 0.0877 mmol) and ITU (0.013 g, 0.0877 mmol)
were added to start the polymerization. Aer the rst poly-
merization mixture was proceed for 60 min at 60 �C, the block
copolymerization was started by the second monomer VL (0.8
mL, 8.77 mmol). Aer 2 h, the residual mixture was poured into
methanol to precipitate the polymer. Then the resulting
copolymer was dried under a vacuum to a constant weight.
Conversion: 91.4%; Mn,SEC, 36.9 kg mol�1; Đ, 1.16. 1H NMR
(CDCl3): d (ppm), 1.37 (m, 2H, CH2CH2CH2COO), 1.67–1.70 (m,
4H, COCH2CH2CH2 and CH2CH2CH2O), 2.34 (t, 4H, OCOCH2-
CH2), 3.64 (s, 2H, OCH2CH2O), 4.07 (t, 4H, CH2OCO);

13C NMR
(CDCl3): d (ppm), 173.55 (C]O), 71.00 (OCH2CH2O), 64.06
(CH2O), 34.01 (COCH2), 28.21 (CH2CH2–O), 25.53 (COCH2CH2-
CH2), 24.57 (COCH2CH2CH2CH2CH2O).

Results and discussion
Synthesis of PCL homopolymers using BnOH

ROP of CL with ITU/YCl3 as the catalyst in the presence of BnOH
as the initiator was investigated under different reaction
conditions. The rst polymerization reactions were performed
at 25 �C in toluene, in CL/catalyst ratio of 100 : 1. The results are
summarized in Table 1, where the effect of monomer/catalyst
This journal is © The Royal Society of Chemistry 2020
([CL]/[ITU]) on polymerization is observed. At [CL]/[ITU] molar
ratio of 100, PCL yield is 98.8% and molecular weight is 24.8 kg
mol�1 (Table 1, entry 3). Both the monomer conversion and
molecular weight of the product increase with increasing [CL]/
[ITU] molar ratio from 50 to 100. However, at higher molar ratio
([CL]/[ITU] > 100), the monomer conversion and molecular
weight of PCL decrease. Thus, for higher molecular weight
polymers, high monomer/catalyst ratios are necessary in order
to prevent undesired transesterication and cyclic oligomers
formation.

The inuence of polymerization temperature and time on
polymerization behavior was examined (Table 2). Enhanced
polymerization rate for ring-opening polymerization of CL was
obtained at higher temperature. As expected, the conversion
increases signicantly compared to experiments achieved at
25 �C, but the molecular weight distribution broadens to 1.43 at
40 �C (Table 2, entry 6). In terms of polymerization time, aer
80 min at 25 �C, 94.7% of monomer was consumed (Table 2,
entry 10). Prolongation of the reaction time, generates polymers
with lower molecular weight and broader molecular weight
distribution, which may be due to the transesterication reac-
tion occurring (Table 2, entry 11). The data show that 25 �C and
60 min are optimal reaction conditions for the ring-opening
polymerization of CL in toluene (Table 2, entry 9).
RSC Adv., 2020, 10, 25979–25987 | 25981
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Fig. 1 MALDI-TOF mass spectrum of PCL produced with [CL]/[ITU]/[YCl3]/[BnOH] ¼ 100 : 1 : 1 : 1 (Table 1, entry 3).

Fig. 2 SEC curves of obtained PCLs with [CL]/[BnOH] molar ratio of (a)
50, (b) 100, (c) 200, (d) 400.
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The chemical structure of the resulting PCL was analyzed
using 1H and 13C NMR spectra (Fig. S1 and S2†). As expected, the
corresponding peak at d ¼ 7.28 and 5.05 ppm can be respectively
recognized as benzyl protons present in the initiator BnOH. d ¼
3.57 ppm is assigned to the protons of CH2OH end group. Above
results revealed the ROP of CL was initiated by BnOH. In addition,
obtained PCL was also analyzed by MALDI-TOF mass spectros-
copy (Fig. 1). In Fig. 1, the peaks are separated by m/z 114, cor-
responding to linear PCL with BnO/H chain ends [Mn ¼ 114.14 +
108.14 (BnOH) + 23.0 (Na+) (g mol�1)].
25982 | RSC Adv., 2020, 10, 25979–25987
Living polymerization nature of ITU/YCl3-catalyzed ROP of CL

The ratios of [CL]/[BnOH] were changed to evaluate the living
nature of the reaction under catalytic conditions. As shown in
Fig. 2, SEC traces of PCLs shi shorter elution times, which
reects the average molecular weights of the corresponding
polymers that increase linearly with increasing molar ratio of
[CL]/[BnOH] from 50 to 200 to 400 while maintaining the
equivalent of [ITU]/[YCl3]. The observed distributions are
narrow even at high molecular weights, which strongly suggest
the controlling nature of ROP catalyzed by ITU/YCl3.

To evaluate the living nature of ITU/YCl3-catalyzed poly-
merization, the kinetics of ITU/YCl3-catalyzed ROP of CL per-
formed at 25 �C in toluene was examined (Fig. S3†). The linear
dependence of monomer consumption on reaction time for
different catalyst concentrations reveals a distinct rst-order
Fig. 3 The relationship of Mn and Đ versus conversion.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 SEC traces of first (black line) sequence and post-polymeriza-
tion (red line).

Fig. 5 Effect of monomer concentration on PCL–PEG–PCL synthesis.
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reaction rate. Moreover, the average molecular weight of ob-
tained PCLs increase linearly as a function of conversion
(Fig. 3), highlighting the controlling character of the
Table 3 Effects of [CL]/[ITU] and [CL]/[PEG] feed ratios on PCL–PEG–P

Entry [CL]/[ITU] [CL]/[PEG] Timeb (m

1 50 100 30
2 80 100 50
3 100 100 60
4 150 100 150
5 200 100 1440
6 100 50 60
8 100 200 90
9 100 400 120

a Copolymerization conditions: [CL] ¼ 2.0 mol L�1, 60 �C, in toluene. b Po
spectroscopy. d Mn and Đ determined by SEC.

This journal is © The Royal Society of Chemistry 2020
polymerization process. Interestingly, Đ values of PCLs remain
relatively narrow.

Chain extension experiments were conducted to study the
living character of ITU/YCl3-catalyzed ROP of CL. SEC traces of
obtained polymers are shown in Fig. 4. PCL with Mn of 24.8 kg
mol�1 and Đ of 1.25, produced 98.5% conversion using 80
equiv. of CL. The reaction proceeded further with the addition
of another 25 equiv. of CL, yielding PCL with Mn of 35.9 kg
mol�1 and Đ of 1.25. Hence, the chain end group of PCL
retained its living character.
Synthesis of triblock PCL–PEG–PCL copolymers with PEG
2000

The inuences of monomer concentration on CL copolymeri-
zation with PEG are systematically presented in Fig. 5. The
polymerization conversion is quite high, with higher monomer
concentration generating broadly dispersed products, however,
lower monomer concentration gave narrow distributions. We
found that PCL–PEG–PCL with 97.8% conversion and 25.5 kg
mol�1 molecular weight was obtained at 2.0 mol L�1 monomer
concentration.

Selected results for the polymerization reactions are listed in
Table 3 and show the effect of monomer/catalyst ([CL]/[ITU])
and monomer/initiator molar ratio ([CL]/[PEG]) on copolymer-
ization. Both the conversion of CL and molecular weight of the
copolymer increase with increasing [CL]/[ITU] molar ratio, but
decrease rapidly at [CL]/[ITU] molar ratio above 100. This may
be due to the lack of active species in the reaction medium,
which decreases the rate of polymerization. Additionally, Table
3 shows that the molecular weight of copolymer was increas-
ingly realized by adjusting [CL]/[PEG] molar ratio from 50 to
100. However, at higher molar ratio ([CL]/[PEG] > 100), the
monomer conversion of PCL–PEG–PCL decreases and molec-
ular weight distribution broadens. Therefore, copolymer with
97.8% conversion and molecular weight of 25.5 kg mol�1 was
obtained at [CL]/[ITU] molar ratio of 100 and [CL]/[PEG] molar
ratio of 100 (Table 3, entry 3).

As shown in Table 4, ITU/YCl3 binary catalyst exhibits
excellent activities toward CL polymerization in the presence of
PEG at 60 �C for 60 min in toluene (Table 4, entry 8). When the
polymerization temperature is over 60 �C, Đ gradually broadens
CL synthesisa

in) Conv.c (%) Mn
d (kg mol�1) Đd

97.7 23.8 1.18
98.0 24.0 1.14
97.8 25.5 1.08
97.7 25.1 1.07
34.6 7.0 1.05
97.7 7.6 1.06
97.8 41.2 1.32
96.8 62.0 1.37

lymerization time. c Total monomer conversion determined by 1H NMR
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Table 4 Effects of reaction temperature and time on PCL–PEG–PCL
synthesisa

Entry Tb (�C) Timec (min) Conv.d (%) Mn
e (kg mol�1) Đe

1 40 960 97.1 21.4 1.17
2 50 150 97.4 21.9 1.15
3 70 40 97.7 23.5 1.18
4 90 18 97.9 24.7 1.19
5 110 10 98.3 24.9 1.20
6 60 40 59.7 17.0 1.07
7 60 50 85.9 18.7 1.08
8 60 60 97.8 25.5 1.08
9 60 80 97.4 24.4 1.19
10 60 100 97.2 24.3 1.19

a Copolymerization conditions: [CL] ¼ 2.0 mol L�1, [CL]/[ITU]/[YCl3]/
[PEG] ¼ 100 : 1 : 1 : 1, in toluene. b Polymerization temperature.
c Polymerization time. d Monomer conversion determined by 1H NMR
spectroscopy. e Mn and Đ determined by SEC.

Fig. 6 SEC curves of PCL–PEG–PCL (a) and PCL (b) and PEG (c).

Fig. 7 1H NMR spectrum of PCL–PEG–PCL.
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(Table 4, entries 3–5). According to the results, higher temper-
atures promote weak control over copolymerization. Similarly,
prolongation of the reaction time from 60 min to 80 min leads
to undesirable side-reactions such as inter- and intra-
transesterications, which results in relatively low molecular
weights and wide Đ of PCL–PEG–PCL copolymer (Table 4, entry
9). However, when continuing prolongating time from 80min to
110 min, both molecular weight and Đ are almost unchanged
(Table 4, entry 10).

The puried polymer was analyzed by SEC, DSC, NMR and
FTIR analysis. In the SEC prole (Fig. 6) peak ‘‘a’’ corresponds
to PCL–PEG–PCL using PEG as the macroinitiator, whereas
peak ‘‘b’’ corresponds to homopolymer PCL using BnOH. The
SEC curves of the puried polymer show unimodal traces,
which indicates that only one active species is presented in the
polymerization system. Hence, monomer CL has been
completely converted to PCL–PEG–PCL successfully using ITU/
YCl3 cocatalyst. Moreover, SEC trace also conrmed the
formation of the triblock structure and absence of any detect-
able amount of unreacted PEG in triblock copolymers.
25984 | RSC Adv., 2020, 10, 25979–25987
In order to elaborate on the molecular structure of the
copolymer, it was analyzed by 1H and 13C NMR spectroscopy. The
1H NMR spectrum of PCL–PEG–PCL and its assigns are shown in
Fig. 7. Peaks at 4.06, 2.31, 1.64 and 1.38 ppm correspond to
methylene protons of –OCH2–, –(CH2)2–, –CH2– and –CH2O of
PCL units, respectively. The peak at 3.64 ppm (–CH2CH2–) relates
to PEG units. In the case of 13C NMR spectrum of PCL–PEG–PCL
(Fig. 8), the peak at 173.49 ppm corresponds to the PCL blocks,
whereas the peak at 70.78 ppm is attributed to the PEG block.

FTIRmeasurements further conrmed the molecular structure
of the copolymers. As shown in Fig. 9, the peak at approx.
1730 cm�1 corresponds to the carbonyl group stretching of the
ester groups, and the peaks at 1105 cm�1 are attributed to the
characteristic –CH2–O–CH2– stretching vibrations of –OCH2CH2–

units from the PEG segment. From these observations, we veried
that triblock copolymer was produced without any impurities.

The thermal analyses are depicted in Fig. 10. During the
second heating cycle, DSC curves revealed polymers with Tm
values at 49.9 �C (PEG), 63.4 �C (PCL) and 61.7 �C (PCL–PEG–
PCL). Tm of PCL–PEG–PCL copolymer is located between the
homopolymers PEG and PCL. This may be due to reduced
mobility of PEG chain in the presence of PCL chains (PCL–PEG–
PCL, Mn ¼ 25.5 kg mol�1, Đ ¼ 1.08).
Synthesis of pentablock PVL–PCL–PEG–PCL–PVL copolymers

The highly efficient and controlled ROP of CL and VL by ITU/
YCl3 catalytic system allowed the preparation of pentablock
copolymers via sequential copolymerization, as shown in
Scheme S1.† ROP of CL was rst conducted using PEG as the
initiator without quenching at 60 �C aer 60 min in toluene.
Subsequently, VL was added to polymerize as the second
monomer to afford PVL–PCL–PEG–PCL–PVL pentablock copol-
ymer at 60 �C in toluene. Time and temperature dependence of
the conversion and molecular weight of PVL–PCL–PEG–PCL–
PVL are listed in Table 5. From the data, the total conversion of
91.4% and high Mn ¼ 36.9 kg mol�1 were obtained within
120 min at 60 �C, retaining the optimized ratio of [CL]/[ITU]/
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04974c


Fig. 9 IR spectrum of (a) PEG2000, (b) PCL–PEG–PCL.

Fig. 8 13C NMR spectrum of PCL–PEG–PCL.

Fig. 10 DSC curves of PCL (a), PCL–PEG–PCL (b), PEG (c).

Table 5 Effects of reaction temperature and time on PVL–PCL–PEG–
PCL–PVL synthesisa

Entry Timeb (min) Tc (�C) Conv.d (%) Mn
e (kg mol�1) Đe

1 120 40 66.8 30.7 1.11
2 120 50 78.4 31.5 1.13
3 120 60 91.4 36.9 1.16
4 120 70 91.3 36.9 1.22
5 120 80 89.9 35.2 1.26
6 60 60 79.2 31.5 1.12
7 90 60 83.7 33.1 1.15
8 150 60 91.3 34.9 1.17
9 180 60 90.1 34.8 1.19

a Copolymerization conditions: rst stage of CL polymerization: [CL] ¼
2.0 mol L�1, [CL]/[ITU]/[YCl3]/[PEG] ¼ 100 : 1 : 1 : 1, [CL]/[VL] ¼ 50 : 50,
60 �C, 60 min, in toluene. b Polymerization time. c Polymerization
temperature. d Total monomer conversion determined by 1H NMR
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[YCl3]/[PEG] ¼ 100 : 1 : 1 : 1. Improving reaction temperature
led to a rapid copolymerization and the copolymers were easily
degraded (Table 5, entries 4 and 5). Prolong polymerization
time aer monomer consumption usually broaden the poly-
dispersity, which indicated some transesterication of the
copolymers backbone occurring (Table 5, entries 8 and 9).

Fig. 11 gives typical SEC trace of triblock PCL–PEG–PCL
precursor withMn of 25.5 kg mol�1 and Đ of 1.08 (Fig. 11, black
curve) before the addition of VL. Aer the addition of VL, a shi
of SEC curves of resulting pentablock copolymer toward higher
Mn of 36.9 kg mol�1 (Fig. 11, red curve) together with mono-
modal and narrow distribution (Đ ¼ 1.16) suggests excellent
control of this “one-pot” ROP synthesis. The 1H and 13C NMR
spectroscopy. e Mn and Đ determined by SEC.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 25979–25987 | 25985
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Fig. 11 SEC traces of PCL–PEG–PCL and PVL–PCL–PEG–PCL–PVL.

Fig. 12 DSC curves of PVL (a), PVL–PCL–PEG–PCL–PVL (b), PCL–
PEG–PCL (c).
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spectra show that PVL–PCL–PEG–PCL–PVL copolymer was
synthesized successfully. The well-designed structure compar-
atively analyzed by stacking 1H NMR spectra of PVL, PCL and
PVL–PCL–PEG–PCL–PVL (Fig. S4 and S5†). These results show
Scheme 2 Proposed mechanism for ROP of CL catalyzed by ITU/YCl3 b

25986 | RSC Adv., 2020, 10, 25979–25987
that ITU/YCl3 can be considered a good binary catalytic system
for the preparation of block copolymer from PCL and PVL with
different block sequences and topologies.

DSC curves of PVL, PCL–PEG–PCL and PVL–PCL–PEG–PCL–
PVL are shown in Fig. 12. Only a Tm value was detected at
49.5 �C (PVL), 58.3 �C (PVL–PCL–PEG–PCL–PVL) and 61.7 �C
(PCL–PEG–PCL) at the second heating, respectively. It noted
that Tm of PVL–PCL–PEG–PCL–PVL was lower than PCL–PEG–
PCL at 61.7 �C. This decreased melting point can be attributed
to the presence of PVL blocks attached to PCL blocks, probably
disrupting orderly fold pattern of the crystal.
Proposed mechanism

The proposed reaction mechanism for ITU/YCl3 catalyzed ROP
of CL is presented in Scheme 2. The process of ROP is assumed
to occur via coordination of CL to yttrium-center, thereby
increasing the electron deciency on the carbonyl carbon,
which facilitates ring opening via nucleophilic attack of acti-
vated alcohol. The mode of alcohol activation is oen described
as the deprotonation/activation of the initiating alcohol species
by ITU in the presence of YCl3. Furthermore, ITU activates of the
polymeric precursor chain ends generating active intermedi-
ates, similar to the mechanism proposed by Naumann.45–48

These intermediates attack the YCl3-activated monomers to
propagate chains. The chain-growths enter the next chain of
cyclic propagation to form linear PCLs. Further attempts to
characterize the polymers and to gain insight into the mecha-
nism of polymerization are in progress.
Conclusions

In summary, ITU showed excellent catalytic performances toward
ROP of CL. The well-dened PCL homopolymers and PCL–PEG–
PCL triblock copolymers were directly synthesized via ROP of CL
in the presence of hydroxyl-terminated BnOH or a,u-dihydroxyl
PEG2000 as initiators, and ITU/YCl3 as an organocatalyst,
respectively. Subsequently, PVL–PCL–PEG–PCL–PVL pentablock
copolymers were successfully obtained using ITU/YCl3 catalyst.
The architecture, molecular weight and thermal properties of
inary system.

This journal is © The Royal Society of Chemistry 2020
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PCL, PCL–PEG–PCL, and PVL–PCL–PEG–PCL–PVL were charac-
terized using NMR, MALDI-TOF mass, FTIR, SEC and DSC
analyses. A possible polymerization mechanism was speculated.
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