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Cationic Zr catalysts for the sequential
polymerisation of alkenes and cyclic oxygenated
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Block copolymers (BCPs) featuring an apolar polyalkene and a polar polyester segment are attractive

materials that can be synthesised through one-pot procedures with rare-earth metal catalysts, including

those based on Sc. However, examples remain limited to the copolymerisation of conjugated olefins, such

as isoprene and myrcene, with cyclic esters. While Zr is diagonally related to Sc in the periodic table, and

Zr-based catalysts excel at non-conjugated olefin polymerisations, cationic Zr complexes remain

unreported for apolar polyolefin/polar polyester BCPs. Here, we show that cationic Zr amine bisphenolate
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and zirconocene complexes are effective catalysts for the sequential polymerisation of various alkene and
cyclic ester/ether monomers, yet deliver two separate homopolymers instead of copolymers. Mechanistic
studies combined with DFT calculations suggest that the alkene monomer is polymerised via a

coordination-insertion pathway, whereas g-caprolactone polymerisation follows a cationic ring-opening

rsc.li/catalysis

Introduction

Block copolymers (BCPs) can combine the advantages of two
or more homopolymers, opening up access to materials with
tunable properties and versatile applications spanning drug
delivery, membranes, compatibilisers and lubricants." Polar/
apolar BCPs are particularly attractive, as the synergy of
hydrophobicity and hydrophilicity enables self-assembly into
tailored nanostructures, and can also deliver enhanced tensile
modulus, flexibility and dyeability compared to the respective
homopolymers or their blends.>” However, BCPs that
combine polyolefins with polyesters remain scarce, due to the
different monomer classes and thus the disparate
mechanisms required to generate the polar and apolar
blocks.®® Polar/apolar BCPs are generally synthesised via
multi-step procedures involving end-group functionalisation
of the first block, so that it can be employed as a
macroinitiator.  Alternative one-pot methods utilising
bifunctional catalysts and sequential monomer addition are
beneficial, as these can avoid time-consuming and costly
purification steps. Relatively recently, catalyst systems have
been reported that are capable of copolymerising alkenes with
cyclic esters to generate poly(alkene-co-ester) BCPs. These
catalysts are predominantly based on M*" rare earth metals,
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mechanism under these conditions.

including Sc, Y (Fig. 1a—c) and lanthanides such as Sm, Er, Yb
and Lu.”"” So far, studies have been almost exclusively
limited to the copolymerisation of conjugated alkenes such as
1,3-dienes or styrene with e-caprolactone (CL). The ability to
incorporate industrially more relevant monoalkenes (e.g.
ethylene or 1-hexene) remains a challenge.™

Zirconium catalysts have a strong track record in the
homopolymerisation of commodity olefins and cyclic
esters."®>” A range of Zr complexes, including cationic
zirconocenes and Zr-phenolates, have been used to prepare
apolar/apolar BCPs from olefin monomers such as ethylene,
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Fig. 1 Structures of cationic Y-° (a) and Sc-based'® catalysts (b and
c) reported for olefin/cyclic ester block copolymer synthesis and the
structures of two Zr-based catalysts investigated in this work (counter
anions omitted for clarity).
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1-hexene and styrene.”®' Polar/polar BCPs have also been
produced via Zr-catalysed ring-opening polymerisation (ROP)
of cyclic esters, cyclic ethers (epoxides) or cyclic
carbonates.>**” Notably, Hadjichristidis and co-workers
copolymerised a polar alkene (methyl methacrylate, MMA)
with a polar cyclic ester (CL) using a zirconocene catalyst.*®
Some Zr-based catalysts have even been reported for the
separate homopolymerisation of apolar olefins and polar
cyclic esters.>® However, we are not aware of any reports of Zr
catalysts combining these two distinct monomer classes to
produce apolar/polar BCPs. This is somewhat surprising, as
the diagonal relationship between metals in the periodic
table is well-known, with Sc and Zr sharing several key
similarities relevant to olefin and cyclic ester polymerisation.
Specifically, the two elements have similar electronegativities
(x = 1.33 for Zr vs. y = 1.36 for Sc), oxophilicities (6 = 0.8 for
both Sc and Zr) and ionic radii (88 ppm for Zr*" vs. 86 ppm
for Sc®).*°** The parallels between Sc and Zr for olefin
oligomerisation and polymerisation have been reported,*
and both Sc and Zr metallocene complexes catalyse the
random copolymerisation of ethylene with polar olefins.****
To understand the opportunities and limitations of using
cationic Zr catalysts to prepare poly(olefin-co-esters), we
selected two zirconium pre-catalysts (ABPZrBn, (1) and
Cp,ZrMe, (2), Fig. 1) that have, along with structurally related
derivatives, previously shown for both olefin
polymerisation and the ROP of cyclic esters. Here, we
investigated the potential of these catalysts to synthesise
apolar/polar BCPs.**™*

success

Results and discussion

Exploring monomer scope with cationic ABPZrBn" and
Cp.Z1tMe" complexes

The ABPZrBn, pre-catalyst was synthesised via literature
procedures (Fig. S1 and S21),°>°® whilst commercially
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available Cp,ZrMe, was used as received. Both pre-catalysts
were activated towards olefin polymerisation via the in situ
addition of one equivalent of tris(pentafluorophenyl)borane
(BCF) or trityl tetrakis(pentafluorophenyl)borate (TBCF), to
generate cationic ABPZrBn" or Cp,ZrMe’ (1 and 2, Fig. 1)
along with a weakly coordinating BnB(CeF5); /MeB(CgFs);~ or
B(CcFs); counter anion (Fig. S31).”” To establish the
monomer scope and the potential for block copolymer
formation, catalysts 1-2 were screened for the
homopolymerisation of a diverse range of monomers
(Table 1), including olefins and conjugated dienes (1-hexene,
styrene, isoprene and myrcene), cyclic esters (CL, rac-lactide
and f-butyrolactone) and cyclic ethers (propylene oxide,
cyclohexene oxide and limonene oxide).

While 1/BnB(CeFs);~ was previously shown to polymerise
1-hexene without solvent or in heptane,*’® here the
reactions were performed in toluene solvent at a 1 M
monomer concentration. This aligns with reaction conditions
often used for cyclic ester ROP, which were selected to
facilitate subsequent investigations into the sequential
addition of polar monomers for BCP synthesis (vide
infra).>*** Under these adapted conditions, 100 equiv. of
1-hexene was quantitatively converted at room temperature
in <20 minutes using ABPZrBn, with both the BCF and TBCF
co-catalysts (Table 1, entries 1-2). The M, values of the
resultant polyhexene (PH) were higher than expected, which
is commonly observed with cationic catalysts and is
attributed to the inefficient generation of the active catalyst
species.”® Control reactions revealed that the neutral
ABPZrBn, pre-catalyst and BCF co-catalyst were individually
inactive towards 1-hexene polymerisation (Table S1,i entries
2-3), confirming the cationic polymerisation mechanism.
Notably, under identical conditions, 2/MeB(CeFs); afforded
low-molecular-weight oligomers with a high prevalence of
olefinic (vinylene or vinylidene) end groups observed in the
'"H NMR spectrum (Table 1, entry 3, Fig. S5f). This

Table 1 Homopolymerisation of alkene, cyclic ester and cyclic ether monomers

Entry  Monomer  Pre-cat. Co-cat.  Mon.equiv. T(°C) ¢(h)  Conv. (%) Mpwm(kgmol™)  Myspc(kgmol™) B

1 1-Hexene ABPZrBn, BCF 100 r.t. 0.33 100 8.4 13.9 1.64
2 1-Hexene ABPZrBn, TBCF 100 r.t. 0.33 100 8.4 10.5 1.59
3 1-Hexene Cp,ZrMe, BCF 100 r.t. 0.33 100 8.4 <1 —
4 Isoprene ABPZrBn, BCF 50 75 18 0 — — —

5 Isoprene ABPZrBn, TBCF 50 r.t. 24 100 3.4 <1 —

6 Myrcene ABPZrBn, BCF 50 75 48 0 — — —

7 Myrcene ABPZrBn, TBCF 50 I.t. 24 47 3.2 <1 —

8 Styrene ABPZrBn, BCF 50 r.t. 24 21 1.0 <1 —

9 Styrene Cp,ZrMe, BCF 50 r.t. 0.5 43 2.2 2.0 1.5
10 &-CL ABPZrBn, BCF 100 r.t. 2 49 5.6 12.4 1.07
11 &-CL ABPZrBn, TBCF 100 r.t. 2 47 5.3 13.3 1.04
12 e-CL ABPZrBn, BCF 100 75 2 100 11.4 12.4 1.19
13 PO ABPZrBn, BCF 200 r.t. 2 100 11.6 <1.0 —
14 PO ABPZrBn, TBCF 200 r.t. 1 67 7.7 <1.0 —
15 PO — BCF 100 r.t. 0.33 100 5.8 <1.0 —
16 PO — TBCF 100 r.t. 0.33 100 5.8 <1.0 —

Conditions: 0.0125 mmol of ABPZrBn, or Cp,ZrMe, and BCF or TBCF pre-stirred in toluene for 10 minutes prior to the addition of monomer
to afford 1 M concentration of monomer in toluene. SEC - uncorrected values against polystyrene standards, except for PCL samples, which

were corrected with a correction factor of 0.56.%®

This journal is © The Royal Society of Chemistry 2025
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corresponds to significant B-hydride elimination reactions,®
which limits the applicability of 2 for the in situ synthesis of
BCPs, where a living polymer chain end is required. Notably,
the occurrence of §-H elimination using catalyst 1 cannot be
fully excluded, however, as the obtained PH showed relatively
well-controlled M, and relatively low quantities of olefinic
end groups (<1% vs. the PH resonances), 1/BnB(C¢F5); was
investigated for block copolymerisation studies.

In contrast to the aforementioned Sc- and Y-based
catalysts (Fig. 1a-c), which successfully homopolymerised
and copolymerised conjugated dienes with cyclic esters, 1/
BnB(CeF5); was inactive for the polymerisation of 1,3-dienes
(myrcene and isoprene), even under relatively harsh reaction
conditions and extended reaction times (Table 1, entries 4
and 6). In contrast, using TBCF as the co-catalyst led to
oligomerisation at room temperature (entries 5 and 7). Both
1/BnB(C¢F5); and 2/MeB(C¢F5); showed activity towards
styrene, however, only oligomeric product mixtures were
obtained (entries 8-9). Therefore, 1-hexene was selected as
the most promising olefinic monomer for further
investigations into BCP synthesis.

The homopolymerisation of CL occurred smoothly with
catalyst 1 using either BCF or TBCF cocatalysts at room
temperature (Table 1, entries 10-11). Increasing the
reaction temperature to 75 °C 1/BnB(C¢F5); gave complete
in 2 hours, with well-controlled
molecular weights and narrow dispersity (entry 12, M, sgc =
12.4 kg mol™ vs. My, heo = 11.4 kg mol™", D = 1.19). Catalyst
1/BnB(CeF5)3~ also polymerised rac-lactide and
B-butyrolactone, albeit with lower conversions and poorer
polymerisation control than CL (Table S1,f entries 15-16).
This is perhaps unsurprising, as most literature on olefin/
cyclic ester block copolymers features poly(e-caprolactone)
(PCL) as the polar block although the reason for this is
currently unclear. Specifically,
chromatography (SEC) analysis revealed a multimodal
distribution for poly(lactic acid) and low-molecular-weight
oligomers for poly(B-butyrolactone). Therefore, CL was
selected as the cyclic ester of choice for copolymerisation
studies.

Along with cyclic esters, cyclic ethers (epoxides) were
also investigated. Using 1/BnB(CeFs);” in toluene solvent,
propylene oxide (PO), cyclohexene oxide (CHO) and
limonene oxide (LO) were all ring-opened with essentially
quantitative monomer conversion, although SEC analysis
revealed that only oligomers were produced (<1.2 kg mol™*,
Table 1, entries 13-14 and Table S1;i entries 21-22). The
reactions with CHO and LO were highly exothermic,
increasing the reaction temperature above the boiling point
of the toluene solvent, and so these monomers were not
studied further. Inspection of the "H NMR spectra for the
crude PO polymerisation mixture revealed a diagnostic
triplet at 9.72 ppm in CDCIl;, attributed to the C(=O)H
unit of propionaldehyde.®® Control reactions using solely
the BCF or TBCF co-catalysts also gave quantitative
conversion of PO into oligomers and propionaldehyde

monomer conversion

size exclusion
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(Table 1, entries 15-16; Table S1,f entries 19-20), which
suggests that organoborane-catalysed isomerisation and
oligomerisation of propylene oxide occurs.®”®® Whilst the
Zr pre-catalysts and co-catalysts were stirred together for 10
minutes to generate the active cationic species prior to
monomer addition, traces of unreacted co-catalyst may be
present.” In contrast, the neutral ABPZrBn, pre-catalyst
showed no activity (Table S1,i entry 17).

Overall, the homopolymerisation studies revealed that
catalyst 1 with BCF or TBCF gave high activities and good
control over the polymerisation of 1-hexene and CL, and also
generated oligomeric poly(propylene oxide) (PPO). On the
basis of the potential affinity to form apolar polymers
(1-hexene) and polar polymers/oligomers (CL/PO), these three
monomers were selected for further studies on the synthesis
of poly(olefin-block-ester)s and poly(olefin-block-ether)s.

Sequential monomer addition: homopolymerisation or
copolymerisation?

To investigate the potential synthesis of poly(hexene-block-
caprolactone), 1-hexene and CL were sequentially added to
a solution of 1/BnB(C¢Fs); using optimised conditions
from the homopolymerisation studies. 1-Hexene was
quantitatively converted (10 minutes, r.t., toluene), then CL
was added and the temperature was raised to 75 °C for 1
hour. A variety of 1-hexene:CL ratios were tested (50:50,
50:100 and 100:100), and in all cases, complete
conversion of 1-hexene and >75% conversion of CL was
observed (Table 2, entries 1a-3b).

When using a 100:100 ratio of 1-hexene:CL, the SEC
analysis of the resultant polymers indicated an increase in
molecular weight compared to the PH samples taken prior
to the addition of CL, with the M, increasing from 13.7 kg
mol™ to 30.2 kg mol™ (Table 2, entry 2a-b) and with a
seemingly monomodal distribution (Fig. 2, top). However,
other monomer feed ratios showed bimodal SEC traces (e.g.
using a 50:100 ratio of 1-hexene:CL, Fig. 2, bottom,
Table 2). This indicates the presence of homopolymers,
which was subsequently corroborated by DOSY NMR
analysis. The PH;y—-PCL;o, polymerisation (Table 2, entry
3b) clearly shows two distinct diffusion coefficients for the
separate PH and PCL polymers (Fig. 3), emphasising the
importance of not relying solely on "H NMR and SEC
analysis to characterise BCPs. Indeed, closer inspection of
the SEC trace (Fig. 2, top, orange) reveals that the
“monomodal” peak overlaps with both the higher M,
PCL,q, fraction (Fig. 2, bottom, orange trace, left peak) and
the PH;, precursor (Fig. 2, top, blue). Furthermore, no
ketone resonance was present in the ">C NMR or the HMBC
spectrum (Fig. S91); a ketone unit would be formed from
the insertion of CL into a Zr-C(polyhexene) bond.®® The two
homopolymers could be mostly separated via precipitation
of the PCL component (in methanol or hexane), or hot
hexane washes/Soxhlet extraction (in refluxing hexane for 5
days) to remove the PH component. While pure PH was

This journal is © The Royal Society of Chemistry 2025
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Table 2 Sequential addition of 1-hexene and CL or PO to catalyst 1/BnB(CgFs)s™

Entry Equiv. 1-hexene Conv. 1-hexene (%) Equiv. M2 Conv. M2 (%) My (kg mol™) My, sec (kg mol™) D
la 50 >99 — — 4.2 7.7 1.34
1b 50 >99 50 CL 97 9.7 13.6 1.70
2a 100 >99 — — 8.4 13.7 1.70
2b 100 >99 100 CL 78 17.3 30.2 1.46
3a 50 >99 — — 4.2 8.6 1.49
3b* 50 >99 100 CL 87 14.1 47.3/9.6 1.12/1.31
4a 50 >99 — — 4.2 6.4 1.75
4b 50 >99 50 PO >99 7.1 7.9 1.51
5a 100 >99 — — 8.4 8.8 1.91
5b 100 >99 50 PO >99 11.3 10.7 1.61

Conditions: 0.0125 mmol of ABPZrBn, and BCF pre-stirred in toluene for 10 minutes prior to the addition of monomer to afford 1 M
concentration of monomer in toluene. SEC - uncorrected values against polystyrene standards. “ Bimodal distribution in SEC analysis, the

peaks were analysed separately.

obtained, 'H NMR analysis of the PCL fraction showed the
presence of some residual PH.

Overall, catalyst 1/BnB(C¢F5); is clearly capable of the
one-pot polymerisation of both olefin and cyclic ester
monomers through sequential addition. Yet under these
conditions, the reaction delivers homopolymers. Cationic 1/
BnB(C¢F;5); has been reported to initiate the living
polymerisation of 1-hexene through a coordination-insertion
mechanism.?”°®®! Here, a similar mechanism occurs in
spite of the different reaction conditions, as evidenced by
observation of benzyl units in the 'H NMR spectrum.
Notably, these resonances have the same diffusion
coefficient as PH in the DOSY NMR spectra of the purified
homopolymer, providing further support for benzyl-end-
capped PH. Following the 1-hexene polymerisation, the
organometallic species features a Zr'-C(polyhexene) bond

PHlOO
M, = 13.7 kg/mol
b=1.70

10 11 12 13 14 15 16 17

Elution time (min)

PHsq
M, = 8.6 kg/mol
b =1.49

Elution time (min)
Fig. 2 SEC traces of the polymers produced from the sequential
polymerisation of 1-hexene and caprolactone using 1/BnB(CgFs)s~
catalyst, with 1-hexene:CL ratios of 100:100 (top) and 50:100 eq.
(bottom).

This journal is © The Royal Society of Chemistry 2025

as the active chain end (Scheme 1, centre), assuming that
no significant B-hydride elimination occurs. This could
either initiate the ROP of CL via nucleophilic attack of the
Zr'-C(polyhexene) bond upon a coordinated CL monomer
(Scheme 1, left), and/or could initiate the cationic ROP
(cROP) of cyclic esters via an activated chain end
mechanism (Scheme 1, right).”*

To gain mechanistic insight into the formation of PCL
using 1/BnB(Cg¢F5); , MALDI-TOF analysis was performed on
both  the polymer products produced via CL
homopolymerisation (Table 1, entry 12) and sequential
1-hexene/CL polymerisations (Table 2, entry 2b). In both
cases, two dominant series were detected corresponding to
OH/H-capped PCL with Na’ or K' ions (Fig. $10 and S111),
suggesting a cationic ROP mechanism.”*’® Moreover, no Bn
end-groups were observed in the PCL obtained from CL
homopolymerisation, which suggests that the Bn group on
catalyst 1 does not participate in significant initiation under
these reaction conditions (75 °C, toluene). Intriguingly, upon
addition of CL to cationic 1, an immediate colour change
from yellow to colourless was observed. In contrast, 1
remains yellow upon 1-hexene addition. While the exact
reason for this difference remains unclear, this may be due
to the migration of the cationic charge from the Zr centre to

to8
9.9

PCL i ‘ [103

5 40 35 30 :;“ 20 s 10 05
Fig. 3 DOSY NMR spectrum of polymer products from the sequential
polymerisation of 100 eq. hexene and 100 eq. CL using 1/BnB(CgFs)s .
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Scheme 1 Possible mechanisms for the coordination-insertion (left)
and cationic (right) ring-opening of CL following 1-hexene
polymerisation (L = amine bisphenolate ligand, B~ = BnB(CgFs)s ).

the propagating end of the PCL chain, with concomitant
formation of a Zr-alkoxide species (Scheme 1, right). In
1-hexene polymerisation, the cationic charge remains
localised on Zr. Overall, the data suggests that the cationic
ROP mechanism occurs instead of initiation from a Zr'-
C(polyalkene) bond under these reaction conditions. Notably,
experiments performed with the reverse order of monomer
addition gave no 1-hexene polymerisation after the PCL was
formed. This potentially indicates that the Zr centre is no
longer cationic, although 1-hexene coordination may also be
blocked by polar functional groups in the PCL structure.

The sequential addition of 1-hexene followed by PO
revealed essentially quantitative conversion of both
monomers at room temperature (Table 2, entry 4a-b), yet the
evidence shows that no BCPs were formed. SEC studies of
the product mixtures showed multimodal distributions with
the PO component in the oligomeric range (M, < 1 kg mol ",
Fig. S15t1), and MALDI-ToF analysis of the PO oligomers
showed H/OH end groups consistent with a cROP mechanism
(Fig. S12t). Traces of unreacted BCF may oligomerise/
rearrange PO, preventing the formation of BCPs as well as
limiting the cROP of PO to the formation of oligomers.®” This
observation is significant, as it shows that the co-catalyst is
unlikely to be an innocent spectator in the group IV metal-
catalysed cROP of epoxides.”*

Computational studies

Given the aforementioned diagonal relationship between Sc
and Zr, combined with the literature precedence for
cationic Sc complexes to produce olefin/cyclic ester BCPs
(Fig. 1b and c), we were curious to understand why Zr'-
C(polyolefin) complexes appear to undergo cROP under
these conditions (Scheme 1, right), while structurally
similar ~ Sc'-C(polyolefin)  complexes can follow a
coordination-insertion pathway (Scheme 1, left). To probe
the difference in metal-O and metal-C bonds between
structurally similar Zr' and Sc' catalysts, DFT studies were
performed on simplified metallocene structures (see ESIY
for more details). An isobutyl unit was selected to represent
the polyolefin chain and the counteranion was omitted to

3050 | Catal Sci. Technol, 2025, 15, 3046-3052
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Scheme 2 Calculated free energy differences for the insertion of a
g-caprolactone unit into the Sc and Zr metallocene complexes shown.

AG =-54.0 kJ/mol

decrease the computational cost (Scheme 2). Moreover, the
Me and SiMe; Cp substituents from the Cp*Sc catalyst
reported in the literature (Fig. 1c) were omitted to allow
better structural comparison with catalyst 2. The
thermodynamic feasibility of the coordination-insertion
mechanism for Sc” vs. Zr" was compared, with two units of
CL inserted into the M-C bond (Scheme 2). For the Sc
complex an exothermic reaction (AG = -54.0 k] mol ') was
observed, while the identical insertion for the Zr' analogue
was endothermic (AG = +11.8 kJ mol ™', see Table S5t). This
falls in line with recently reported experimental and DFT
studies on the cROP of CL via zirconocene complexes.”>”?
The preferential formation of the coordination-insertion Sc
product (Scheme 2, top right) may be due to the stronger
Sc-O bond (local force constant = 4.33 mDyn A™)
compared to the analogous Zr-O bond (3.91 mDyn A™%)
(Table $31).”* Notably, some Zr catalysts are known to be
poisoned by polar monomers, which has been attributed to
the formation of a strong Zr-O bond hindering any further
propagation.”> Here, the DFT calculations show that this
may not always be the case. Intriguingly, with these
metallocene complexes the Sc-O bond is stronger, which
may in fact increase the thermodynamic stability of the
product enabling a coordination-insertion ROP mechanism.
While our studies focused solely on thermodynamics, a
clear difference between the two metals was shown, with Sc
being exothermic for coordination-insertion of CL, whereas
Zr is endothermic.

Conclusions

In conclusion, two cationic Zr-alkyl complexes based on
aminobisphenolate or Cp ligands have been tested for the
polymerisation of olefins, cyclic ethers and cyclic esters,
including sequential addition studies to investigate the
potential one-pot synthesis of polar/apolar block copolymers.
While the homopolymerisation of 1-hexene and
e-caprolactone occurred efficiently, SEC and DOSY analyses
of polymers with various monomer ratios showed that
separate homopolymers were formed. Mechanistic studies
revealed that block copolymer formation did not occur, and
that instead, cationic ring-opening polymerisation of the
cyclic ester takes place under these reaction conditions. DFT

This journal is © The Royal Society of Chemistry 2025
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calculations show that the ring-opening and insertion of CL
into the cationic zirconocene Zr'-C(polyolefin) bond is an
endothermic process. In contrast, CL ring-opening and
insertion into the analogous Sc'-C(polyolefin) bond is
exothermic, which aligns with previous reports for cationic
scandium complexes successfully producing diblock
copolymers from olefins and cyclic esters. In spite of the
diagonal relationship and similarities between Sc and Zr,
these differences in bond strengths may hamper the
effectiveness of the zirconocene catalyst for BCP synthesis,
although the impact of side-reactions such as B-hydride
elimination cannot be unequivocally ruled out and this is
currently being studied in our laboratory. Overall, this work
highlights additional challenges to overcome in synthesising
polyolefin/polyester diblock copolymers with cationic Zr"
catalysts.
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