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Heterometallic cooperativity is gaining momentum in cyclic ester
ring-opening polymerisation, yet remains surprisingly underexplored
in their block copolymerisations. Here, we report the first homoge-
neous heterometallic “ate” catalysts for poly(s-caprolactone)—poly-
(lactic acid) block copolymers, showcasing the substantial differences
in the polymer structures observed upon exchanging Zn for Mg or Ca.

The ring-opening polymerisation (ROP) of cyclic esters produces
aliphatic polyesters that are promising alternatives to conventional
hydrocarbon-based polymers, yet their applications remain limited
by their material properties. For example, poly(lactic acid) (PLA) is
bioderived and biodegradable but is also brittle.! This can be
overcome by copolymerising the parent monomer, lactide (LA),
with other cyclic esters such as e-caprolactone (CL), to harness the
complementary thermal, physical and mechanical properties of
both polymers.>™ The material properties can be further tuned by
altering the copolymer composition, chain lengths and architec-
ture (e.g. block, gradient or random). For example, diblock and
triblock copolymers of poly(e-caprolactone) (PCL)-PLA and PCL-
PLA-PCL can give higher elongation at break values than PLA.
Accordingly, PCL-PLA copolymers have diverse applications in
biomedicine,® compatibilisation’ and packaging production.®
The sequential addition of two (or more) cyclic ester monomers
to a metal-based catalyst is a particularly attractive method of
producing block copolymers (BCPs), as this is a simple, one-pot,
living polymerisation method where some catalysts have delivered
high activities and exquisite polymerisation control.” However,
transesterification can disrupt the block structure to give random
copolymers, and thus the relative rates of propagation and trans-
esterification are key to controlling the copolymer structures.'®
Some of us previously reported a bis-Zn catalyst for cyclic ester
ROP (1, Fig. 1), which successfully generated PCL-PLA BCPs via
sequential monomer addition, without transesterification
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1 Electronic supplementary information (ESI) available: NMR (*H, *C and DOSY)
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disrupting the structure.’® The analogous heterometallic Mg/Zn
(2) and Ca/Zn (3) catalysts successfully homopolymerised LA and
CL, outperforming homometallic 1 with an overall activity trend
3 > 2 > 1 (Fig. 1)."" These performance enhancements were
attributed to the “ate” structure of the heterometallic complexes.
Pairing a hard metal (e.g group 1 and 2) with a softer, more
carbophilic metal (e.g. Zn) can result in anionic “ate” activation,
with transfer of the anionic ligands to the more carbophilic metal
(Fig. 1).">"'® This can simultaneously enhance the Lewis acidity of
the group 2 metal (i.e. facilitating monomer coordination), and
the nucleophilicity of the Zn-Et/OR unit (enhancing ring-opening
and enchainment).’*'® Despite these advantages, the use of
heterometallic complexes to prepare BCPs from cyclic esters is
surprisingly limited.

To the best of our knowledge, the only homogeneous
heterometallic catalysts reported for BCPs via cyclic ester ROP
are switchable catalysts. These catalysts either switch between
cyclic ester ROP and the ring-opening copolymerisation of

epoxides with anhydrides or CO, (Fig. 1, top left),"*™"® or use
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Fig. 1 Examples of literature reported heterometallic switch catalysts
(top), general structural motifs of “ate” complexes and heterometallic
ProPhenol structures tested for cyclic ester block copolymers in this work
(bottom).
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a redox-switchable ferrocene unit to change between LA and CL
ROP (Fig. 1, top right).?° The lack of heterometallic catalysts for
cyclic ester BCPs is surprising, as several heterometallic catalysts
can efficiently homopolymerise multiple cyclic esters.'*** Here,
we unlock the potential of heterometallic “ate” catalysts in pre-
paring BCPs from cyclic esters. We also provide insight into the
influence of the heterometal on the copolymer structure, revealing
which heterometallic catalyst features lead to a trade-off between
activity and control.

Complexes 1-3 are efficient catalysts for LA and CL homo-
polymerisation,">"" and were selected for this study as the
divalent nature of all three metals enables direct comparison
between the three catalysts. Therefore, differences in the catalyst
activity and copolymer structures can be attributed to the nature
of the heterometal instead of differences in the number of co-
ligands or initiating units. The synthesis of PCL;o—PLA;qo
diblock copolymers was targeted, with CL as the first monomer
because the addition of LA to a living PCL* chain is generally
more straightforward than the addition of CL to a PLA* chain
(*denotes the active chain end).>*>> All three catalysts gave
essentially complete conversion of 100 equiv. CL within 5 min-
utes, after which 100 equiv. of LA was added to the living PCL*
chain to form PCL-b-PLA. Heterometallic 3 was significantly more
active than 2 or 1, consuming 95% of rac-LA in 20 min, whereas 2
and 1 required 1.5 h and 2.5 h, respectively. Strikingly,
1 displayed a first-order rate constant for the rac-LA ROP
(kobs = 0.052 min~ "), whereas 2 and 3 were second-order in
monomer (kqps = 0.295 min~ " and 1.17 min ™", respectively) under
identical reaction conditions (Fig. S1, ESIt). This differs from the
homopolymerisation of rac-LA with 2 and 3, where ROP is
initiated by the active catalyst rather than a PCL* chain (refer
to ESIt for details).

The formation of PCL-b-PLA copolymers was confirmed by
monomodal SEC traces that showed a significant increase in
the M, values upon incorporation of rac-LA as the second block
(Fig. S2, ESIt). The dispersities were relatively low for all three
catalysts (Table 1, entries 1-3), and were generally narrower for
the copolymers than the PCL precursors (Fig. S2, ESIT), indicat-
ing that the second step of the copolymerisation (LA ROP) was
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living in nature.”® The formation of a copolymer was also
supported by diffusion order NMR spectroscopy (DOSY NMR,
Fig. S3, ESIY), as a single diffusion coefficient was observed for
both PCL and PLA resonances. The block structure was further
investigated by "H NMR spectroscopy, which showed that the
composition of all copolymers was concordant with the tar-
geted 50:50 PCL: PLA composition (Table 1). The randomness
factor, R, gives insight into whether the copolymer has a well-
defined block structure (R = 0) or a purely random structure (R =
1, refer to ESIt).*° Gratifyingly, 1-3 all generated highly defined
‘blocky’ PCL-b-PLA structures, with R values from 0.02-0.04.
The average monomer sequence lengths in PCL-b-PLA, Ic;, and
Ipa, were also relatively close to the target values (entries 1-3),
albeit with 3 delivering somewhat shorter than expected
sequence lengths.

Overall, these results show that 1-3 are highly efficient
catalysts that deliver well-defined PCL-b-PLA copolymers. Nota-
bly, catalysts 1-3 did not display any stereocontrol for rac-LA
ROP, resulting in atactic PLA blocks in all cases."®'! Upon
substituting rac-LA for 1-LA, 1 and 2 generated isotactic PLLA
blocks (Table 1, entries 4 and 5), whereas 3 gave an atactic PLA
block (entry 6). This is attributed to epimerisation, an issue
encountered with some other alkaline earth metal-based
catalysts.>” Kricheldorf and co-workers investigated 1-LA race-
misation with different metal salt initiators and observed that
catalysts with higher Bronsted basicity (i.e. Ca vs. Mg) generally
gave a greater degree of racemisation due to deprotonation of
the methine C-H of 1-LA.*® The PCL-b-PLA diblock copolymers
synthesised by 1-3 all display similar thermal behaviour, with a
single melting temperature (T, ~ 56 °C) corresponding to the
T of PCL homopolymer, but no PLA T,, reflecting the amor-
phous state of the atactic PLA block (Table 1 and Table S2,
entries 1-3, Fig. S5, ESIt). In all cases, two glass transition
temperature (T) values were observed for PLA and PCL, indi-
cating that insignificant randomisation occurs in the block
copolymer chain.?® The comparable thermal properties of the
PCL-b-PLA copolymers gives further evidence that 1-3 all deliv-
ered BCP structures. When 1-LA was used instead of rac-LA,
catalysts 1 and 2 gave polymers with a T, value of 156-158 °C,

Table 1 PCL-PLA and PCL-PLLA diblock copolymers prepared using catalysts 1-3, with a 100:100:1:1 ratio of [CL]:[LA]:[cat]:[BnOH] in

toluene solvent

5 iy PCL PL(L)A
M, obs Calc Composition
Cat.  Polymer® (kg mol %) (kg mol ™) P p?  (pCL:PLA) g, L R T, (°C) Tm (°C) Ty(°C) Tm(°C)
1 1 PCL-PLA 46.3 24.9 1.19 0.51 54:46 119, 100  0.02 —62.6 56.3 25.1 —
2 2 35.4 25.2 1.24 0.48 50:50 100, 99 0.02 —62.2 55.8 30.4 —
3 3 34.1 25.3 1.29  0.49° 57:43 68, 50 0.04 —60.4 55.7 29.9 —
4 1 PCL-PLLA 47.8 25.3 1.27 1.00 55:45 62, 50 0.04 —62.8 55.3 26.0 156.5
5 2 42.6 24.8 1.34 1.00 52:48 54, 50 0.04 —62.2 54.7 — 163.2
6 3 32.6 25.0 1.42  0.62° 58:42 70, 50 0.03 —59.8 55.8 — —

“[CL] =1 M, [LA] = 0.5 M in toluene, 70 °C (refer to ESI for details). ?
uncorrected to enable comparisons between crude homopolymers and copolymers. °
(Mza x (MJ/[I]) x LA conv.)), assuming 1 chain per catalyst. ¢

([M]/[ ]) x CL conv.) +

Determined by SEC analysis using polystyrene standards in THF, values

Calculated from monomer conversions, My carec = ((MCL ><
Determined by decoupled 'H{"H} NMR spectroscopy.’’

®values subject to error due to LA epimerisation with 3 (vide infra).>>/ Determlned from PCL/PLA 'H NMR integrals for purlfled copolymer

samples (refer to ESI for further details). £ I: number average sequence length. ” Randomness factor, R: R = 0 (blocky structure), R

random).
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due to the crystalline phase of the isotactic PLLA block (Table 1,
entries 4 and 5 and Fig. S6, ESIT), whereas no T;,, was observed
in the copolymers produced using 3. This was attributed to the
amorphous nature of the PLA block resulting from r-LA epi-
merisation (entry 6; Fig. S6, ESIT).

As catalysts 1-3 all displayed high activities and delivered
well-controlled diblock copolymer structures, we attempted to
access higher-order triblock PCL-PLA-PCL copolymers. The
PCL-b-PLA precursor was synthesised using higher monomer
concentrations ([CL,] = 1.76 M, [LA] = 0.88 M in toluene) with a
subsequent batch of neat CL (CL,) added in situ, as increased
concentration improved CL, conversion in the ‘third block’.*
Intriguingly, homometallic 1 outperformed 2 and 3 in the conver-
sion of CL, as the third block after 24 h, reaching 73% conversion
vs. 42% for 2 and 16% for 3 (Table 2, entries 1, 2 and 4). This is a
striking difference from the CL and LA homopolymerisations and
the synthesis of PCL-b-PLA diblock copolymers, where the activity
trend was 3 > 2 > 1. Moreover, only 1 produced a copolymer with
a significantly increased M, value compared to the PCL-b-PLA
precursor (Table S3 and Fig. S7, ESIt).

These observations indicate that transesterification is initiated
by incorporation of CL into the propagating PCL-PLA* chain
(Fig. S8-S11, ESIf). This was confirmed by "H NMR analysis of
the PCL-PLA-PCL copolymer structures. This phenomenon has
been observed previously, and is proposed to occur via propaga-
tion of a CL monomer followed by transesterification via the
reactive PCL-[M] alkoxide bond (Fig. S17, ESIt).>* While the direct
comparison of the triblock and diblock structures was somewhat
limited by the different copolymer compositions, the triblock
copolymers clearly have a less well-defined “blocky” structure
than the diblock copolymers, as evidenced by the lower average
sequence lengths and higher randomness factors, which
increased from R = 0.02-0.04 for the diblock copolymers to
R = 0.13-0.76 for the triblock copolymers (Table 2 and Table S3,
ESIF).* The loss of the block structure was attributed to transes-
terification, as evidenced by notable CL-LA linkage resonances at
4.11 ppm in the "H NMR spectra (Fig. S4, refer to ESIT). Transes-
terification appears to outcompete the propagation of CL, when

Table 2 Investigations into the synthesis of PCL-PLA-PCL copolymers
using 1-3, with a [CLj]:[LA]:[CL;]:[cat]:[BnOH] ratio  of
100:100:100:1:1 in toluene solvent
CL, conv.® M,’ PCL:PLA
Cat. (%) (kg mol™") P’  composition® gy, [ A R

SUNEE | 73 56.3 1.48 64:36 9,5 031
2 2 42 31.3 1.56 53:47 9,8 023
3 2 90 31.5 1.55 67:33 4,2 0.76
Y 3 16 28.9 1.44 63:37 21,13  0.13
58 3 48 22.8 1.62 63:37 7,4 0.38

Determlned from "H NMR integrals for PCL/PLA vs. CL/LA monomer
integrals. ” Determined by SEC analysis us1ng polystyrene standards in
THF values uncorrected to enable comparisons. ¢ Determined from

H NMR integrals of purified copolymer samples (see ESI for details).

4 I: number average sequence length. ¢ Randomness factor, R: R = 0
(blocky structure) R =1 (fully random)./ [CL,] = 1.76 M, [LA] = 0.88 M
solution in toluene and CL, added neat, at 70 °C. ¢ [CLl] =2M, [LA] =
1 M solution in toluene and CL, added neat, at 100 °C.
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using heterometallic 2 and 3, with 3 giving the poorest control on
the basis of the R and [ values as well as DOSY analysis. Specifically,
the DOSY spectra gave a single diffusion coefficient for the PCL-
PLA-PCL copolymers synthesised using 1 and 2, yet multiple
diffusion coefficients for the copolymers prepared using 3. The
latter indicates the presence of multiple polymer species in solution
due to transesterification, which may be catalysed by the large and
Lewis acidic Ca coordinating and activating carbonyl units from the
polymer chain towards transesterification (Scheme 1).

To increase the conversion of CL, using 2 and 3, both the
temperature and the monomer concentrations were increased
(100 °C, [CLy] = 2 M, [LA] = 1 M, [CL,] = neat, in toluene). This
gave higher CL, conversions, achieving 90% and 48% conversion
with 2 and 3, respectively (Table 2, entries 3 and 5). However, this
increased conversion comes at the expense of increased transes-
terification and randomisation of the polymer microstructure, as
confirmed by the increased R factors and shorter average sequence
lengths (e.g. Table S3, ESIt entry 4, R increases from 0.02 for PCL-b-
PLA to 0.76 for PCL-PLA-PCL). Additionally, despite 90% conver-
sion of the third monomer, the M, value increased only slightly
(from 31.0 kg mol™* for PCL-b-PLA to 31.5 kg mol~" PCL-PLA-
PCL, Fig. S10, ESIt), indicating that intramolecular transesterifica-
tion occurs forming lower molar mass species (Fig. S8-S11, ESI+).*>
The experimental data suggests that with 2 and 3, higher CL,
conversion is generally linked to increased transesterification
(Table 2, entries 2 vs. 3 and 4 vs. 5), which makes it challenging
to draw direct comparisons between the different catalysts. Yet 3
gives very short average sequence lengths even at just 48% con-
version, which are lower than the average sequence lengths
observed with catalyst 2 at a similar, albeit slightly lower conver-
sion (entries 2 and 5). Perhaps more significant are the shorter M,
values and the multiple DOSY diffusion coefficients observed with
3 (e.g entry 5, Fig. S11 and S12, ESIt), which indicate a greater loss
of control i.e. more transesterification occurring with 3 than for 2.
For example, with 3, the M,, value decreased from 26.4 kg mol * to
22.8 kg mol ™~ * upon addition of CL,, which correlated with a visual
decrease in the polymerisation viscosity upon addition of CL,.

Lewis acidity
Ca >Mg>2Zn

. Nucleo hilicit:
P y (monomer coord/nat/on)

(propagation)

transesterification R\ ~ y qo propagation
R r7>= 7 OU
M P q
>= oM
RO . — > RO

R h

M—OP
P = polymer

Scheme 1 The features of heterometallic “ate” catalysts that enhance
propagation also enhance transesterification, with increased metal Lewis
acidity (Ca > Mg > Zn) facilitating monomer coordination (propagation)
or polymer coordination (transesterification), and enhancing the nucleo-
philicity of the M-OR unit (both).

This journal is © The Royal Society of Chemistry 2024
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Taken together, this data suggests that the different catalysts give
different degrees of transesterification upon addition of CL to the
PCL-PLA* chain, in the order of 3 > 2 > 1, highlighting the
influence of the (hetero)metal over the structure of PCL-PLA-PCL
copolymers.

Notably, the transesterification trend of 3 > 2 > 1 upon
addition of CL, matches the catalyst propagation rate in the
homopolymerisation of CL or LA and the synthesis of PCL-PLA
diblock copolymers. Addition of CL, converts the metal-PLA*
alkoxide bond into a metal-PCL* alkoxide bond, and transes-
terification significantly outcompetes propagation for both 2
and 3, resulting in low conversions of CL, as the third mono-
mer. This shows that heterometallic catalysts can deliver activity
enhancements in ROP but this needs to be carefully balanced,
as the catalyst features that lead to enhanced activities can also
enhance transesterification side-reactions (Scheme 1 and
Fig. S17, ESIt). Specifically, both Lewis acid coordination of a
Lewis donor monomer and nucleophilic attack/ring-opening are
key steps in cyclic ester ROP.'* Notably, Lewis acid catalysed
transesterification also involves the Lewis activation of a carbo-
nyl unit and nucleophilic attack. The nature of the (hetero)-
metals is thus key in controlling the competition between
propagation and transesterification.

To the best of our knowledge, this study represents the first
report of a homogeneous, heterometallic “ate” catalyst for the
synthesis of well-controlled PCL-b-PLA diblock copolymers. The
heterometallic Ca/Zn and Mg/Zn complexes outperform the
homometallic bis-Zn analogue in terms of activity, showcasing
that heterometallic cooperativity enhancements can be trans-
lated from PLA and PCL homopolymers to diblock copolymers.
In contrast, investigations into PCL-PLA-PCL triblock copoly-
mers revealed that addition of CL, as the third monomer
triggered transesterification, with heterometallic 2 and 3 giving
more random polymer structures than homometallic 1. The
enhanced activity of heterometallic complexes in cyclic ester
ROP has previously been ascribed to the formation of ‘“ate”
structures, which simultaneously enhances the Lewis acidity of
one metal (e.g. Mg or Ca) to aid monomer coordination, and the
nucleophilicity of another (e.g. Zn-OR bond) to enhance nucleo-
philic attack and ring-opening.'’ While these two catalyst
features facilitate ROP, they can also facilitate transesterification
through a Lewis acid activation mechanism. Therefore, a careful
choice of metal combinations in heterometallic complexes is
imperative to harness both high activity and good control in the
synthesis of well-defined PCL-P(L)LA BCPs. These studies pave
the way for future investigations into harnessing heterometallic
cooperativity for the efficient and controlled synthesis of block
copolyesters, and other cyclic ester combinations are currently
under investigation in our laboratory.
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