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of thiol-terminated poly(3-
caprolactone): a study on polymerization kinetics,
mechanism and rare earth phenolates' structure–
activity relationship†

Yihuan Liu, Weijun Huang, Ning Zhu and Kai Guo *

Herein, chemoselective ring-opening polymerization kinetics, mechanism and rare earth phenolates'

structure–activity relationship were investigated for direct synthesis of thiol-terminated poly(3-

caprolactone). Polymerization kinetics was measured using lanthanide tris(2,6-di-tert-butyl-4-

methylphenolate) and unprotected 6-mercapto-1-hexanol as model catalyst/initiator. The fraction of

thiol-terminated poly(3-caprolactone) in the product (thiol fidelity) first decreased with the increasing

consumption of monomers and then increased afterwards. The degree of polymerization and

molecular weight distribution increased continuously with the reaction time. The proposed

polymerization mechanism is presented herein. Active site of O–La bond was generated via

chemoselective ligand exchange between phenol and hydroxyl groups of the initiator, leading to

designable polymers. A small amount of thiolester intermediates was yielded by monomer insertion

into the S–La bond and disappeared through transesterification attacked by the O–La bond, which

was confirmed by NMR, MALDI-TOF MS and SEC. The structure–activity relationship was investigated

by employing 14 catalysts with varied substituted ligands and center metals. All catalysts exhibited

good activities to achieve over 75% thiol fidelities and controlled molecular weights and distributions.

2,6-Di-tert-butyl-4-methylphenol and lanthanide showed relatively higher chemoselectivity. Well-

defined thiol-terminated poly(3-caprolactone) with a molar mass up to 20 000 g mol�1 was prepared

under mild conditions. This study provides deep insights into chemoselective polymerization and rare

earth phenolate catalysis.
Introduction

By virtue of excellent biodegradability, biocompatibility and
special properties of the end group, thiol-terminated polyesters
have broad applications in biotechnology, microelectronics,
material science, etc.1–7 Owing to the active chemical and
physical properties of thiol, it was challenging to directly
produce polyesters containing thiol functionality via ring-
opening polymerization (ROP) of cyclic monomers in the pres-
ence of mercapto alcohol used as a multifunctional initiator.8,9

Indirect synthetic methods were used to yield target products by
employing tedious protecting/deprotecting steps.10–12

Since the discovery of Candida antarctica lipase B (CALB),
a direct strategy for synthesis of thiol-terminated polyesters was
established without any protecting group.13 To date, chemo-
selective catalysts of Sn(OTf)2,14 rare earth phenolates15,16 and
al Engineering, State Key Laboratory of
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(ESI) available: Details of 1H NMR, 13C
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lipase from Candida sp. 99–125,17 as well as microow tech-
nology,18 were developed to promote protecting-group-free
approach. However, there were still some drawbacks,
including poor control of thiol delity, molecular weight and
distribution.

Previously, we have reported rare earth phenolates as highly
chemoselective and low-cost catalysts for unprotected mer-
capto alcohol-initiated polymerization of 3-caprolactone (CL) to
linear and branched thiol-functionalized poly(3-capro-
lactone).15,16 In the absence of the thiol group, experimental
and computational studies have strongly proved the living/
controlled nature of ring-opening polymerization through
coordination–insertion mechanism.19–27 For the system con-
taining the thiol group, the polymerization kinetics, mecha-
nism and catalyst's structure–activity relationship were
unknown, which were critical for obtaining more under-
standing of the catalyst design.

In this contribution, chemoselective ring-opening polymer-
ization kinetics was carefully measured and the proposed
polymerization mechanism is presented with the support of
NMR, MALDI-TOF MS and SEC. The structure–activity
This journal is © The Royal Society of Chemistry 2017
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Table 1 Results of MH-initiated chemoselective ROP of CL catalyzed by varied rare earth phenolatesa

Entry Catalyst [CL]/[MH]/[Cat]
Temperature
�C Time h Thiol delityb % Mn,NMR

b g mol�1 ĐM
c

1 1 40 : 1 : 0.2 30 1 75 3550 1.05
2 2 40 : 1 : 0.2 30 1 83 5090 1.10
3 3 40 : 1 : 0.2 30 1 85 3900 1.06
4 4 40 : 1 : 0.2 30 1 79 3860 1.06
5 5 40 : 1 : 0.2 30 1 77 4470 1.08
6 6 40 : 1 : 0.2 30 1 88 4900 1.11
7 7 40 : 1 : 0.2 30 1 86 5160 1.24
8 8 40 : 1 : 0.2 30 1 91 6870 1.27
9 9 40 : 1 : 0.2 60 1 75 5600 1.25
10 10 40 : 1 : 0.2 30 1 84 7180 1.22
11 11 40 : 1 : 0.2 30 1 77 5100 1.23
12 12 40 : 1 : 0.2 60 1 81 5740 1.29
13 13 40 : 1 : 0.2 60 1 84 5800 1.32
14 14 40 : 1 : 0.2 60 1 76 5540 1.26

a All polymerization reactions ([CL] ¼ 1.7 mol L�1) were conducted in toluene to achieve over 99% conversion. b Determined by the integration
comparison according to a previous report.15,18 c Determined by SEC.

Table 2 Direct synthesis of thiol-terminated poly(3-caprolactone) with a wide range of molecular weightsa

Entry [CL]/[MH]/[8]
Temperature
�C Time h Thiol delityb % Mn,theo

c g mol�1 Mn,NMR
b g mol�1 ĐM

d

1 40 : 1 : 0.2 30 1 91 4700 6870 1.27
2 80 : 1 : 0.2 30 1 76 9270 10 410 1.34
3 100 : 1 : 0.2 30 1.5 72 11 550 12 120 1.35
4 150 : 1 : 0.2 60 1 73 17 260 15 540 1.36
5 200 : 1 : 0.2 60 2 75 22 960 20 450 1.37

a All polymerization reactions ([CL] ¼ 1.7 mol L�1) were conducted in toluene to achieve over 99% conversion. b Determined by comparing the
integration according to a previous report.15,18 c Calculated by a combination of conversion and feed ratio. d Determined by SEC.

Fig. 1 Dependence of monomer conversion, thiol fidelity, degree of
polymerization (DPNMR) and molecular weight distribution (ĐM) and on
the reaction time ([CL]/[MH]/[8] ¼ 40/1/0.2, [CL] ¼ 1.0 mol L�1, 30 �C).
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relationship study revealed that 2,6-di-tert-butyl-4-
methylphenol and lanthanide exhibited relatively higher che-
moselectivity. Moreover, well-dened thiol-terminated poly(3-
caprolactone) (PCLSH) with a molar mass up to 20 000 g mol�1

was obtained under optimized mild conditions. This study
provides deep insights into chemoselective polymerization and
rare earth phenolate catalysis.

Experimental
Materials

CL (J&K, 99%) was dried over CaH2 overnight, vacuum-distilled
and stored at room temperature. Toluene (Sinopharm chemical
Reagent, 99.5%) was reuxed over sodium under an argon
atmosphere. 6-Mercapto-1-hexanol (MH) (TCI, 98%) and other
chemicals were purchased and used without purication. The
rare earth phenolates were synthesized according to the
literature.21

General polymerization procedures

Polymerization reactions were performed in 20 mL ame-dried
ampoules interfaced to the dual-manifold Schlenk line. As an
example (Table 1, entry 1), MH (0.0111 g, 0.0824 mmol), catalyst
This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 37412–37418 | 37413
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1 (0.4 mL, 0.0412 mol L�1) and 1.7 mL toluene were transferred
into the previously amed and argon-purged ampoules. The
reaction proceeded at 30 �C for 1 h aer addition of CL
(0.3762 g, 3.296 mmol). Aer predetermined time, a portion of
the polymerization mixtures, quenched by addition of a small
amount of benzoic acid/CHCl3 (10 mg mL�1), was taken out for
the detection of monomer conversion by 1H NMR measure-
ment. An excess of 1 mol L�1 HCl solution was added to
neutralize the catalyst, and the polymer was precipitated by cold
methanol and then was ltered and dried under high vacuum to
a constant weight.
Characterizations

Nuclear magnetic resonance (NMR) spectra were recorded on
the Bruker-400 spectrometer in CDCl3 with tetramethylsilane
(TMS) as the internal reference. Molecular weight distribu-
tions of obtained polymers were determined by size exclusion
chromatography (SEC). The SEC was performed at 35 �C with
tetrahydrofuran (THF) as the eluent at a ow rate of 0.70 mL
min�1, using the SSI 1500 pump equipped with the Wyatt
Optilab rEX differential refractive index (DRI) detector with
a 658 nm light source, Wyatt DAWN HELEOS-II multiangle
Fig. 2 1H NMR of products at different reaction times ([CL]/[MH]/[8] ¼ 40
(c) 90 min and (d) 120 min.

37414 | RSC Adv., 2017, 7, 37412–37418
laser light scattering (MALLS) detector (laser at l ¼ 658 nm)
and Waters Styragel HR4E THF (5 mm, 300 mm � 7.8 mm)
column. Matrix-assisted laser desorption/ionization time-of-
ight mass spectra (MALDI-TOF MS) were obtained using
a mass spectrometer (Ultraextreme; Bruker Co.) with the
Smartbeam/Smartbeam II modied Nd:YGA laser. Mass
spectra of ve hundred shots were accumulated for the spectra
at a 25 kV acceleration voltage. The polymer sample was dis-
solved in CHCl3 at a concentration of 10.0 mg mL�1, while the
matrix 2,5-dihydroxybenzoic acid (2,5-DHB) was dissolved in
a solution of triuoroacetic acid and acetonitrile with
a volume ratio of 70 : 30 in 10 mL of water (1%). Samples for
MALDI-TOF MS were prepared by mixing the matrix
and polymer solutions with a volume ratio of 1 : 1. The MAL-
DI target was spotted with 1.0 mL of solution and allowed to
air-dry.
Results and discussion

Rare earth phenolates have been demonstrated to be the
chemoselective catalysts for mercapto alcohol-initiated ring-
opening polymerization reactions to thiol-functionalized
poly(3-caprolactone) (PCL).15,16 To obtain deep insights into
/1/0.2, [CL]¼ 1.0 mol L�1, 30 �C), reaction time: (a) 3.5 min; (b) 40 min;

This journal is © The Royal Society of Chemistry 2017
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this chemoselective polymerization system, polymerization
kinetics was carefully measured using easily available
lanthanum (La) tris(2,6-di-tert-butyl-4-methylphenolate)s (8)
and 6-mercapto-1-hexanol (MH) as the model catalyst and
initiator. Fig. 1 displays the dependence of monomer conver-
sion, thiol delity, degree of polymerization (DPNMR) and
molecular weight distribution (ĐM) on the reaction time. The
conversion of CL reached 99% in a remarkably short time of
3.5 min under mild conditions ([CL]/[MH]/[La] ¼ 40/1/0.2, [CL]
¼ 1.0 mol L�1, 30 �C). It was interesting that DPNMR (21) at full
monomer conversion was much lower than the theoretical
value (40). The fraction of thiol-terminated PCL in the product
(thiol delity) decreased slightly with the increasing
consumption of monomers, which could be generally calcu-
lated by integration comparison in 1H NMR according to
a previous report.15,17,18 About 35% thiol group (Hy/(Hy + Hw) in
Scheme 1 Proposed mechanism for MH initiated chemoselective ROP

This journal is © The Royal Society of Chemistry 2017
Fig. 2) took part in the initiation of monomers, resulting in
dihydroxyl-terminated PCL. Aer depletion of monomers,
thiol delity, DPNMR and ĐM continuously increased with the
reaction time.

Based on kinetics study, the proposed polymerization
mechanism is presented in Scheme 1. The chemoselective
ligand exchange between rare earth phenolates and hydroxyl
groups in MH played a dominant role in the formation of O–La
bond (i), which acted as an active site, followed by monomer
“coordination–insertion” (iii) to designable thiol-terminated
PCL. Moreover, a small amount of thiol group competed
with the hydroxyl group to form S–La bond (ii), resulting in
the dihydroxyl-terminated PCL containing thiolester (viii).
The “extra” hydroxyl resulted in reduced thiol delity, and
DPNMR. Proton signals (Hy) at 2.86 ppm conrmed the pres-
ence of thiolester structure (Fig. 2a). The decreased intensity
of CL catalyzed by [8].

RSC Adv., 2017, 7, 37412–37418 | 37415
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of Hy with reaction time, shown in Fig. 2b–d, was attributed
to the transesterication attacked by O–La bond, thus
releasing the thiol group again (ix). Moreover, trans-
esterications (ix and xi) were responsible for the increase in
molecular weight and distribution.28 This could be proved by
SEC traces, which shied toward regions of higher molecular
weight and became broader with the increasing reaction
time (Fig. 3).

To explore the structure–activity relationship, 1–14 rare
earth phenolates were prepared through varied substituted
Scheme 2 Structures of rare earth phenolates.

Fig. 3 SEC traces of products at different reaction times ([CL]/[MH]/[8]
¼ 40/1/0.2, [CL] ¼ 1.0 mol L�1, 30 �C).

37416 | RSC Adv., 2017, 7, 37412–37418
phenol ligands and rare earth metals (Scheme 2). The mono-
mer concentration was elevated to 1.7 mol L�1 to reduce the
reaction time. The results are summarized in Table 1. In
general, all rare earth phenolates (1–14) showed good activity
in the unprotected MH-initiated ROP system. The resultant
polymers exhibited thiol delity over 75% (up to 91%) with
narrow molecular weight distributions (ĐM < 1.4). 2,6-Di-tert-
butyl-4-methylphenol and the lanthanide showed relative
higher chemoselectivity, which might have resulted from
substituent's electronic/steric effect and metal
characteristic.29,30

To demonstrate the versatility of rare earth catalysts, poly-
merization reactions with different monomer feed ratios were
carried out to obtain varied molecular weights of PCLSH using
8 as the catalyst. On increasing [CL]/[MH] from 40 to 200,
a wide range of molecular weights from 6870 to 20 450 g mol�1

were achieved within 2 h, which were in good accordance with
the Mn,theo values. Fig. 5 shows the monomodal SEC traces
of the resulting PCLSH with controlled molecular weight
distributions (ĐM < 1.4). The chemical structure of the resul-
tant PCLSH was characterized by 1H NMR (Fig. S1†), 1H–1H
COSY (Fig. S2†) and 13C NMR (Fig. S3†). All signals were
well assigned and the presence of thiol group as the end group
was validated, which was consistent with a previous
report.15,17,18 MALDI-TOF MS was used to provide more infor-
mation about the polymer structure. In Fig. 4, two series of
main peaks cationized by Na+ and K+ fairly agreed with the
theoretical values of PCLSH. The interval of 114 represented
the molecular weight of the CL unit. No disulde byproducts
were detected. Next, the monomer scope should be expanded
to prepare varied thiol-terminated polyesters. The applications
of the resultant polymers with thiol functionality would
also be explored in the future.
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 MALDI-TOF MS of thiol-terminated poly(3-caprolactone) ([CL]/[MH]/[8] ¼ 40/1/0.2, [CL] ¼ 1.7 mol L�1, 1 h, 30 �C).

Fig. 5 SEC traces of the obtained thiol-terminated poly(3-capro-
lactone) with various [CL]/[MH] feed ratios (Table 2).
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Conclusions

In this study, unprotected 6-mercapto-1-hexanol-initiated ring-
opening polymerization kinetics was carefully investigated in
the presence of rare earth phenolates used as catalysts. Thiol
delity decreased as the monomers were consumed and
subsequently increased, accompanied by a continuous increase
in the degree of polymerization and molecular weight distri-
bution. The proposed polymerization mechanism is presented,
indicating that besides chemoselective ring-opening polymeri-
zation to design products, thiolester intermediates were
generated via initiation of S–La bond and disappeared through
transesterication attacked by O–La bond. The structure–
activity relationship study indicated that all 14 rare earth
phenolates exhibited good activities in control of thiol delities,
molecular weights and distributions. Furthermore, 2,6-di-tert-
butyl-4-methylphenol and lanthanide were found to be the
relative best ligand and metal. Moreover, well-dened high-
This journal is © The Royal Society of Chemistry 2017
molecular-weight thiol-terminated poly(3-caprolactone) with
high thiol delities and narrow distributions were successfully
prepared under optimized mild conditions. Further research
might be carried out on monomer scope expansion and post
modication of thiol groups. We believe that this article
provides deep insights into chemoselective polymerization and
rare earth phenolate catalysis.
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