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Epoxy functionalised poly(e-caprolactone): synthesis and applicationf
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Glycidol is used as an initiator for ring-opening polymerisation
of e-caprolactone (s-CL) to synthesise epoxy-functionalised
poly(e-caprolactone) (PCL) in a reaction catalysed by lipase,
and the epoxy-functionalised PCL was further copolymerised
with carbon dioxide or anhydride to produce novel graft or
hyperbranched copolymers.

The synthesis of polymers with tailored reactive functionalities
plays an important role in the development of various materials
for industrial and biomedical applications. As a versatile func-
tional group, the epoxy group not only facilitates the covalent
attachment of drugs, proteins and genes,'™ but also enables
copolymerisation with monomers such as carbon dioxide® and
anhydride'®!" to produce a wide variety of copolymers.
Epoxy-functionalised polyesters can be synthesised by poly-
condensation of monomers incorporating an epoxy group'> or
by post-oxidation of a double bond in the polyester.!>*
However, these two approaches require specially designed
monomers or initiators, which decreases the versatility of such
methodologies. Glycidol and e-caprolactone (e-CL) are com-
mercially available in bulk quantities. It would therefore be
highly advantageous if glycidol could be used simply as the
initiator for the ring-opening polymerisation (ROP) of &-CL,
and hence epoxy-functionalised PCL obtained. However, this
is not an easy task, since the epoxy ring must be kept intact
while the lactone ring-opening and polymerisation occurs.
ROP reactions of lactones are usually initiated by either an
organometallic complex'>! or an enzyme.!” '° However, very
different characteristics are found with these two systems.
ROP by chemical initiators strongly depends on the strain in
the lactone ring, i.e., the smaller the ring, the faster it can be
polymerised.?® On the other hand, the rate of polymerisation
increases with increasing lactone ring size when using the
lipase of Pseudomonas fluorescens (Lipase PF)?*2' or Novo-
zym 435, an immobilised Candida antarctica Lipase B
(CALB).?? Interestingly, this rule also applies to glycidol. In
the investigation of the copolymerisation of glycidol with
g-caprolactone, we discovered that Sn(Oct), catalyses the
ring-opening of glycidol while CALB does not (see S2.1,
ESI¥). Therefore, this opens up the possibility that epoxy-
functionalised PCL might be synthesised by glycidol initiated
ROP of e-CL using CALB as catalyst (Scheme 1). This epoxy-
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1 Electronic supplementary information (ESI) available: Experimental
details, NMR spectra, SEC traces. See DOI: 10.1039/b810297j

functionalised PCL could then further copolymerise with CO,
or succinic anhydride to produce either graft copolymers ((1),
Scheme 1) or hyperbranched copolymers ((2), Scheme 1).
The glycidol-initiated ring-opening polymerisation of g-capro-
lactone was carried out in toluene using Novozym-435 as the
catalyst (Table 1). Glycidol acts solely as an initiator in this
polymerisation, hence the more glycidol that is present, the lower
the molecular weight of the PCL product. However, the M,
analysed by SEC is much larger than would be predicted by
stoichiometry. This may be attributed to two possibilities. Firstly,
the M, of PCL is usually overestimated by SEC using poly-
styrene standards. Secondly, hydrophobic substrates are gener-
ally favourable for lipase-catalysed reactions. Thus the hydroxyl
group at the chain end of PCL is more active towards the
addition of the enzyme-activated monomer because of the higher
hydrophobicity of PCL than glycidol, leaving some glycidol
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Scheme 1 Enzymatic synthesis of epoxy-functionalised PCL and the
further copolymerisation with CO, or anhydride to produce graft or
hyperbranched copolymers.
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Table 1 CALB-catalysed ring-opening polymerisation of €-CL using
glycidol as initiator”

Glycidol/  Conversion M, sgc/
Entry mmol of e-CL? Da PDI¢ M,?/Da
1 3.75 95% 7300 1.67 2729
2 7.5 87% 3240 1.80 1250
3 15 90% 3100 1.43 646
4 30 95% 1570 1.67 341

“94.5 mmol e-CL in 20 ml toluene, 0.5 g Novozyme-435 (0.5 wt% CALB
to e-CL). 90 °C, 3 h. ® By '"H NMR. ¢ By SEC with RI detector calibrated
by polystyrene standards. ¢ Calculated from glycidol stoichiometry.
M, = [e-CL]/[glycidol] x M,..cr x conversion of e-CL.
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Fig. 1 'H NMR spectrum of glycidol-initiated PCL (entry 3 in
Table 1) clearly demonstrating that the epoxy group remains intact
in the final polymer product.

unused. This unused glycidol also explains why the M,, of PCL
does not decrease linearly with increasing glycidol concentration.

"H NMR data clearly show the epoxy ring was intact in the
polymer product (Fig. 1).

MALDI-TOF MS provided an insight into the molecular
structure of the glycidol-initiated PCL (Gly-PCL) (Fig. 2). The
masses in the MALDI-TOF MS spectrum were used to
determine the end-groups that were present in the polymer.
The distribution clearly showed a separation of 114.144
(equivalent to the mass of an &-CL unit), while the peak
masses can be assigned to linear PCL with a glycidol end-
group. Importantly, no peaks were found that could be
attributed to ether end groups from the epoxy ring-opening
of glycidol. Therefore, CALB seems to have selectively cata-
lysed the ring opening of &-CL, whilst the epoxy ring was not
affected. However, when an organometallic species such as
Sn(Oct), was used, not only was the ring-opening polymerisa-
tion of e-CL observed, but also the epoxy group is ring opened
leading to a much more complex MALDI-TOF spectrum with
multiple series of masses (see S2.2, ESIf). Therefore, enzy-
matic polymerisation shows significant advantages over the
organometallic route when epoxy functional groups are de-
sired in the final polyester product. This is the first time
glycidol has been used as an initiator for the ring-opening
polymerisation of &-CL to yield epoxy-functionalised PCL.

The successful introduction of an epoxy functional group
into the PCL chain allows further reaction with CO, or
anhydride to produce novel copolymers.
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Fig.2 MALDI-TOF MS spectrum of glycidol-initiated PCL (entry 2
in Table 1). The peak separation of 114.144 is highlighted (inset). The
precise m/z values by theoretical calculation and experimental
detection are listed in the table below the figure.

The copolymerisation of epoxides with CO, is well known,®®

and we now show that Gly-PCL can be copolymerised with
CO, at 60 °C, 1500 psi for 6 h using ZnO/Glutaric acid as
catalyst. The coupling of CO, with the epoxy ring should yield
polycarbonates, in this case a poly(ethylene carbonate)-graft-
poly(e-caprolactone) (polymer (1) in Scheme 1. See ESI+ for 'H
NMR spectrum (Fig. S-5) and SEC trace (Fig. S-6)).

The copolymersiation of Gly-PCL with succinic anhydride
(SA) is a typical A3-B2 polymerisation, which leads to branch-
ing. Here, the epoxy ring on the Gly-PCL can be regarded as
two —OH groups, with the -OH end group at the PCL chain
end being considered as the third —OH site. Therefore, the
A3-B2 (3 -OH, 2 -COOH) reaction should lead to a hyper-
branched polyester (polymer (2) in Scheme 1. See ESI¥ for 'H
NMR spectrum (Fig. S-7) and SEC trace (Fig. S-8)). In this
study, the Gly-PCL and SA were copolymerised in bulk at
160 °C with benzyl dimethyl amine (BDMA) as catalyst.

Molecular weight and structure analysis of Gly-PCL, poly-
mer (1) and (2) was performed by SEC with an RI detector and
multi-angle light scattering (MALS) detector. It is well known
that calibration by polystyrene (PS) standards can over-
estimate the My of PCL, because linear PCL has a larger
hydrodynamic volume than PS at the same Myy. On the other
hand, the MALS detector can determine the absolute M
without calibration. The increase in My, following copolymer-
isation was confirmed by both RI and MALS (Table 2), and
clearly showed the copolymerisations were successful (the SEC
chromatographs can be found in the ESIf, S2.3).

SEC-MALS also provided information on the conformation
of the polymer (Fig. 3). The conformation plot compares the root
mean square (RMS) radius versus the molecular weight obtained
by MALS on a logarithmic scale. The slope of the subsequent
line gives information on the conformation of the polymer.?* 2>
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Table 2 Copolymerisation of epoxy-functionalised PCL with CO,
(polymer (1)) or succinic anhydride (polymer (2)): the increase of
molecular weight upon copolymerisation is clearly shown

SEC-RI“ SEC-MALS"
Polymer M, |Da PDI M, /Da PDI
Gly-PCL¢ 3240 1.80 1880 1.40
Polymer (1) 10840 1.69 7030 1.36
Polymer (2) 10390 3.20 11920 2.03
Gly-PCL? 1570 1.67 950 1.33
Polymer (1) 5510 1.99 3480 1.68
Polymer (2) 8110 2.49 8960 1.74

“ Calibrated using polystyrene standards. * The dn/dc value for PCL is
0.075 ml g~ !. Because the copolymer samples measured here consist of
over 90% PCL in molar ratio, the dn/dc value of PCL was also used
for the copolymers as a simplification. ¢ Entry 2 in Table 1. ¢ Entry 4
in Table 1.
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Fig. 3 Conformation plot of linear PCL (3), graft copolymer (1) and
hyperbranched copolymer (2).

Generally, linear polymers exhibit a slope of 0.5-0.6; and
spherical molecules such as hyperbranched polymers have
slopes around 0.33. In the conformation plot (Fig. 3), the
linear PCL has a slope of 0.53, which indicates the expected
random coil, while polymers (1) and (2) have values of 0.35
and 0.36, respectively, suggesting that graft polymer and
hyperbranched polymer have been formed.

A further interesting observation from the conformation plot
is seen if we draw a vertical line to intersect the three conforma-
tion curves (1, 2 and 3). These crosspoints have the same Myy,
while the RMS radius or the size of the molecules are clearly
different. The order of RMS radii of linear polymer (3) > graft
polymer (1) > hyperbranched polymer (2) is exactly what we
would predict from the conformations of these molecules in
solution. Spherical molecules have a smaller RMS radius than
the random coil counterpart at the same My (see S2.3, ESI).
Furthermore, the closer to spherical the molecule, the smaller
the RMS radius, and again we predict that at the same M+ the
hyperbranched polymer (2) would be more spherical than
the graft polymer (1), which should also be more spherical than
the linear (3). These trends again would seem to reinforce our
conclusions that graft and hyperbranched polymer have been

successfully synthesised from the intact epoxy moiety on the
enzymatically synthesised linear PCL chains.

In conclusion, we present the first example of the successful
use of glycidol as an initiator for ring-opening polymerisation
of e-caprolactone, where the epoxy ring remains intact, whilst
the ring-opening polymerisation of &-CL successfully yields
epoxy-functionalised  poly(e-caprolactone). The epoxy-
functionalised PCL was subsequently copolymerised with
CO, or anhydride to produce novel graft or hyperbranched
copolymers. The structure of the epoxy-functionalised PCL
was analysed by 'H NMR and MALDI-TOF MS, and the
formation of graft or hyperbranched copolymers was
confirmed by '"H NMR and SEC-MALS.
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