nature chemistry

Article

https://doi.org/10.1038/s41557-024-01511-2

Proton-triggered topological
transformation insuperbase-mediated
selective polymerizationenablesaccessto
ultrahigh-molar-mass cyclic polymers

Received: 19 June 2023

Accepted: 18 March 2024

LiZhou®, Liam T. Reilly®, Changxia Shi, Ethan C. Quinn® &
Eugene Y.-X. Chen®

Published online: 22 April 2024

% Check for updates

The selective synthesis of ultrahigh-molar-mass (UHMM, >2 million Da) cyclic
polymersis challenging as an exceptional degree of spatiotemporal control

isrequired to overcome the possible undesired reactions that can compete
with the desired intramolecular cyclization. Here we present
acounterintuitive synthetic methodology for cyclic polymers, represented
here by polythioesters, which proceeds via superbase-mediated
ring-opening polymerization of gem-dimethylated thiopropiolactone,
followed by macromolecular cyclization triggered by protic quenching.
This proton-triggered linear-to-cyclic topological transformation enables
selective, linear polymer-like access to desired cyclic polythioesters,
including those with UHMM surpassing 2 MDa. In addition, this method
eliminates the need for stringent conditions such as high dilution to prevent
or suppress linear polymer contaminants and presents the opposite scenario
inwhich protic-free conditions are required to prevent cyclic polymer
formation, whichs capitalized to produce cyclic polymers on demand.
Furthermore, such UHMM cyclic polythioester exhibits not only much
enhanced thermostability and mechanical toughness, butit can also be
quantitatively recycled back to monomer under mild conditions due toits
gem-disubstitution.

Cyclic polymers have continued to attract much attentionin polymer
science due to their unique loop topology and stillunmet synthetic chal-
lenges in preparing them in high molar mass and purity, and ina con-
trolled fashion' . Without chain ends, cyclic polymers exhibit unique
physical, rheological and thermal properties relative to their linear
counterparts’ 2. Notable progress has been made to understand cyclic
polymers’ topologically enabled properties, revealing their unique
applicationsinbiomedicine™ ™, microelectronics'*® and material sci-
ence'”, The cyclic structure is traditionally accessed through ring
closing or ring expansion mechanisms. The former approach typically

requires high dilution or is otherwise plagued by the lack of control
over molar mass and dispersity” . The latter method requires specific
catalysts or initiating species, and such suitable catalysts have been
reported and successfully used in ring-opening olefin metathesis* %
and Lewis pair polymerization®* %,

Numerous examples using ring-opening polymerization (ROP) of
heterocyclic monomers to produce cyclic polymers viain situ cycliza-
tion of propagating species have been reported® *°. However, regard-
less of whether the ROP is organically initiated zwitterionic** > or
metal-catalysed coordinative-insertion mechanisms®**°, the enabling
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Fig.1|Proton-triggered cyclization versus in-polymerization cyclization.

a, Outlined common challenges in the synthesis of cyclic polymers due to
competing linear-chain propagation (orange arrow) and cyclization (purple
arrow) processes leading to structural heterogeneity (purple rings and orange
open chains). b, Chemically circular cyclic P3T(Me),P through ‘Bu-P,-mediated
ROP and protic quenching, as well as catalysed recycling to monomer with NaOH.

¢, Proposed mechanism for macromolecular cyclization triggered by a protic
reagent MeOH (showninred). In-polymerization cyclization s sterically blocked
by the bonded bulky superbase (‘Bu-P,) moiety. However, the detachment of

this bulky superbase on protonation allows cyclization to occur, producing
c-P3T(Me),P with excellent properties (M, =2.23 MDa, 6, = 39.3 MPa, ¢, = 282%).
The structure of the leaving group [P,H]" is enclosed in abox with adashed border.

stepisin-polymerization cyclization (polymerization and cyclization
events occur concurrently) of agrowing chain, which always competes
with linear-chain propagation, thus often resulting in formation of
cyclic polymers with uncontrolled molar mass and high dispersity (that
is, forming ringsin large size variations) as well as linear contaminants
(Fig. 1a). Using such existing methods to access cyclic polymers with
ultrahigh-molar-mass (UHMM, defined here as number-average molar
mass (M,) >2 million daltons (MDa)) and in high selectivity is particu-
larly challenging, due to competing propagation and/or cyclization
processes and other side reactions such as chain transfer or termina-
tion under high monomer-to-initiator and/or catalyst conditions.
Ideally, if cyclization occurs only when an external trigger is applied,
then cyclic polymers should be synthesizable in the same manner as
linear counterparts, thereby accessing cyclic polymers with the same
precision and designability as the linear ones, including UHMM cyclic
polymers with low dispersity (P <1.4).

Torealize this intriguing possibility and demonstrate the concept,
we arrived to the organic ROP of 2,2-dimethyl-3-thiopropiolactone
((Me),TPL) aiming for the corresponding cyclic polythioester, poly
(2,2-dimethyl-3-thiopropiolactone) (c-P3T(Me),P) (Fig. 1b), on the
basis of the following four hypotheses. First, cyclic, sulfur-containing
polythioester with UHMM may provide aunique opportunity for direct
visualization by microscopies such as atomic force microscopy (AFM),
thus eliminating the need for postpolymerization functionalization via
thiol-ene click to enable visualization®**'*, Second, owing to the lability

of thioester bonds, back-biting cyclization via transthioesterification
should be more facile thantransesterification of polyester chains, facili-
tating cyclic polythioester formation. This reasoning was beautifully
demonstrated by the recent work of Guillaume and Carpentier showing
that the metal-mediated ROP of an analogous four-membered thiolac-
tone, (+)-B-thiobutyrolactone, forms cyclic poly(3-thiobutyrolactone)
(c-P3TB) enabled by in-polymerization back-biting cyclization*. Iso-
tactic and syndiotactic c-P3TB materials were synthesized using dif-
ferent yttrium-based catalysts, but the reported M, was only up to
46.5 kDaandtherecycling of P3TB to monomer was not demonstrated.
Obtaining cyclic polymers with high molar mass and the ability to be
recycled back toamonomer (known as chemical circularity) is essential
for achieving high-performance materials and circular economy***,
Third, installation of a,a-gem-dimethyl groups to the thiopropiolac-
toneringshouldincrease the depolymerizability of the polythioester
back to its thiolactone monomer by shifting the polymer-monomer
equilibrium towards the monomer through the Thorpe-Ingold effect*®,
thus establishing chemical circularity of c-P3T(Me),P (Fig. 1b). This
gem-disubstitution effect has been successfully applied to several
strained (thio)lactonesto enable their corresponding poly(thio)esters
to be chemically circular*~2 Fourth, suppression or elimination of
in-polymerization cyclization could be achieved by using an excep-
tionally bulky (-1.4 nm) phosphazene superbase, ‘Bu-P, (((Me,N),
P=N)),P=N(‘Bu))>’, whichis posited to effectively block the cyclization
duringthe polymerization (Fig.1c). However, whenitis detached from
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Fig.2|Evidence for the controlled synthesis I-and c-P3T(Me),P. a, Plot of

M, and P values of c-P3T(Me),P as a function of the ((Me),TPL):(‘Bu-P,) ratio;

M, isshowninblackand Pinblue.b, SEC curves for the c-P3T(Me),P samples
produced at the different ((Me),TPL):(‘Bu-P,) ratio. c, MALDI-TOF-MS spectrum
of c-P3T(Me),P produced with ((Me),TPL):(‘Bu-P,) = 50:1; the inset is the plot of
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my/zvalues versus the number of (Me),TPL repeat units. The series of molecular
ion peaks are assigned to the c-P3T(Me),P without no chain ends (M, =0 +23
(Na*) g mol™).d, MALDI-TOF-MS spectrum of [-P3T(Me),P produced with
((Me),TPL):(DBU):(BnSH) = 50:1:1; *denotes ‘times’.

the chain, simply triggered by a protic quenching reagent, suchasH"/
MeOH or MeOH at the end of polymerization, due to its high Brgnsted
basicity but relatively low nucleophilicity®*, spontaneous cyclization
takes place to furnish the desired c-P3T(Me),P (Fig. 1c). Guided by the
above four hypotheses, we achieved results, described as follows,
demonstrating that the ‘Bu-P,-mediated ROP of (Me),TPL does indeed
selectively produce c-P3T(Me),P with UHMM (M, = 2.23 MDa) through
the proposed macromolecular cyclizationby a protic trigger, and it is
fully recyclable to amonomer.

Result and discussion

Organocatalyst-controlled topology P3T(Me),P

Themonomer (Me),TPL canbe synthesized in good yield viaatwo-step
process from commercially available 3-chloropivalic acid (Supple-
mentary Methods) or, more importantly, is obtainable in high yield
(up to 95%) from NaOH-catalysed bulk depolymerization of UHMM
P3T(Me),Pat190 °C (vide infra). Initial polymerization screenings used
organic bases including superbases ‘Bu-P,, Et;N and 1,8-diazabicyclo
[5.4.0]Jundec-7-ene (DBU) in tetrahydrofuran (THF) at 70 °C (Supple-
mentary Table 1). Polymerization runs with ‘Bu-P, were conducted
across a range of ((Me),TPL):(‘Bu-P,) ratios from 200:1 to 3,200:1.

The size-exclusion chromatography (SEC) analysis of the resulting
polymers revealed a linear and proportional increase of molar mass
(M, =36.7-687 kDa) with the increase of the ((Me),TPL):(‘Bu-P,) ratio,
while the dispersity remained relatively narrow (P =1.27-1.31), evidenc-
ing a controlled polymerization (Fig. 2a,b). The ROP of (Me),TPL by
‘Bu-P,ataratio of 6,400:1afforded UHMM P3T(Me),P (M, =2.23 MDa,
P =1.34). Matrix-assisted laser desorption-ionization time-of-flight-
mass spectroscopy (MALDI-TOF-MS) analysis of the low-molar-mass
P3T(Me),P using ((Me),TPL):(‘Bu-P,) = 50:1 showed a single series of
molecularion peaks correspondingto arepeating unit mass of 116 Da
andnoendgroups, indicating the prospective formation of c-P3T(Me),P
(Fig. 2c and Supplementary Fig. 1).

To further characterize the topology of the proposed c-P3T(Me),P,
we attempted to synthesize alinear analogue®, [-P3T(Me),P, for com-
parative analysis. We proposed that substituting the initiating ‘Bu-P,
withaspecies of alower propensity for displacementin the ring closing
attack of the a terminus by the anionic w terminus would suppress the
formation of c-P3T(Me),P and result in the formation of [-P3T(Me),P.
Additionally, aninitiating species that does not electrostatically draw
the terminiinto proximity and proceeds through anion-paired or neu-
tral, rather than zwitterionic, polymerization should further inhibit the
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Fig.3| Comparative characterizations of linear (orange lines) and cyclic
(purplelines) P3T(Me),P prepared by different quenching methods.

a, Different quenching methods yield different topologies through end-group
analysis by 'H NMR (THF-d;). b, Rheological shear viscosities of UHMM [- and
c-P3T(Me),P. ¢, Plots of R, versus log(M,,) showing lower R, for the cyclic
polymer, c-P3T(Me),P (M, =2.22 MDa) than the linear counterpart, [-P3T(Me),P
(M,=2.17 MDa). d, Two-dimensional height sensor data collected from AFM
analysis of c-P3T(Me),P (1.0 mg ml™, 2,000 rpm); polymer aggregates are
discerned by the observed heights, approximately 77 nm for c-P3T(Me),P. Scale
bar, 5.0 pum. e, Two-dimensional height sensor data collected from AFM analysis

Inphase

of comparative [-P3T(Me),P (1.0 mg ml™, 2,000 rpm); polymer aggregates
arediscerned by the observed heights, approximately 34 nm for [-P3T(Me),P.
Scale bar, 2.0 pm. f, Two-dimensional height sensor data collected from AFM
analysis of comparative [-P3T(Me),P (0.01 mg ml™, 4,000 rpm). Scale bar,

700 nm. g, Three-dimensional height sensor data collected from AFM analysis
of c-P3T(Me),P (0.01 mg ml™, 4,000 rpm). h, Two-dimensional height sensor
data collected from AFM analysis of comparative c-P3T(Me),P (0.0l mg ml™,
4,000 rpm). Scale bar, 700 nm. i, Two-dimensional in-phase phase shift data
collected from AFM analysis of c-P3T(Me),P (0.01 mg ml™, 4,000 rpm). Scale bar,
850 nm.

formation of cyclic products. To this end, benzyl alcohol (BnOH) was
used as the co-initiator. Before monomer addition, BnOH was premixed
with‘Bu-P,inal:1ratioandstirred for 10 minutes to ensure formation
ofthe corresponding benzyl alkoxide. MALDI-TOF-MS analysis of the
P3T(Me),P obtained from the ((Me),TPL):(‘Bu-P,):(BnOH) = 50:1:1 ratio
run produced a mass spectrum with the major peaks matching those
of the P3T(Me),P produced by ‘Bu-P, alone (Supplementary Fig. 2).
Switchingto the mercaptan equivalent (BnSH) resulted in amixture of
differentend groups (Supplementary Fig. 3). We therefore opted fora
weaker nucleophilicbase (Et;N) that would not compete with BnSH for
initiation of the ROP of (Me),TPL with ((Me),TPL):(Et;N):(BnSH) = 50:1:1
and satisfyingly observed the formation of [-P3T(Me),P (M,=7.2kDa,

b =1.37)withasingle end-group set corresponding to the mass of BnSH
(Supplementary Fig. 4). However, the rate of polymerization (86%
conversion after 96 h ((Me),TPL):(Et;N):(BnSH) =200:1:1) proved too
slow for the efficient synthesis of high molar mass samples. This is most
probably aresult of an equilibrium proton exchange between the active
anionic chainend and Et;N-H", thusimpeding the rate of propagation.
Inlight of this reasoning, the stronger base DBU was used. Quantitative
monomer conversion was achieved within 12 h with ((Me),TPL):(DBU):
(BnSH) =200:1:1, corresponding toagreater than eight timesincreasein
raterelative to the Et;N runs. MALDI-TOF-MS analysis of the P3T(Me),P
(M, =6.4kDa, b =1.33) obtained from a run with ((Me),TPL):(DBU):
(BnSH) =50:1:1confirmed the linear topology with a single end-group
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set corresponding to the mass of BnSH (Fig. 2d and Supplementary
Fig. 5). The control of the DBU-BnSH polymerization was confirmed
by SEC analysis across a range of initiator loadings from ((Me),TPL):
(DBU):(BnSH) = 50:1:1to 200:1:1, which revealed a linear and propor-
tional relationship between molar mass and the ((Me),TPL):(BnSH)
ratio, while the dispersity of the resulting linear P3T(Me),P remained
relatively narrow (1.33-1.49) (Supplementary Fig. 6). Lowering the DBU
catalyst loading to 0.06 mol% (((Me),TPL):(DBU):(BnSH) =1,600:1:1),
a high-molar-mass [-P3T(Me),P (129 kDa, P =1.35) was afforded. Hav-
ing achieved the synthetic route to [-P3T(Me),P, analogous c- and
[-P3T(Me),P were subsequently synthesized by their respective ini-
tiating system (‘Bu-P, and DBU-BnSH) with similar molar mass and
dispersity values (c-P3T(Me),P: M,=16.0 kDa, P =1.35; [-P3T(Me),
P:M,=17.1kDa, P =1.60, Supplementary Fig. 7). A Mark-Houwink-
Sakurada plot (that is, double logarithmic plots of intrinsic viscosity
([n7]) versus weight-average molar mass (M,,) determined by light scat-
tering detection) confirmed the c-P3T(Me),P exhibited alower [g] than
its linear counterpart (Supplementary Fig. 8), further supporting the
topological assignments.

Controlling the topology by different quenching methods

The above observed excellent selectivity, control over molar mass and
narrow dispersity for the synthesized c-P3T(Me),P led to a hypothesis
that the chain cyclization event occurs after complete conversion of
the monomer. Two plausible explanations could account for this sce-
nario: the first being that the mechanism of cyclization is available
throughout the polymerization reaction, but the rate of this event is
too slow to compete with propagation. Alternatively, the cyclization
pathway isinaccessible before fullmonomer conversion and addition
of anexternal trigger such as the protic quench or workup that catalyses
the topological transformation. We produced the following four lines
of evidence that are consistent with the latter scenario. First, the rate
of polymerization was not observed to be particularly fast and several
runs that were analysed before complete monomer conversion also pos-
sessed narrow dispersity and cyclic topology after the protic quench.
Second, 'H nuclear magnetic resonance (NMR) (THF-dy) analysis of
the polymer sample obtained from quenching the polymerization
with ((Me),TPL):(‘Bu-P,) = 50:1in anon-protic solvent such as hexane
clearlyrevealed the ‘Bu-P, chainend (Fig. 3a and Supplementary Figs.13
and 15). This chain-end evidence revealed by '"H NMR was further cor-
roborated by ®P NMR spectra that showed the ‘Bu-P, chain end is well
located on the polymer chain quenched in hexane (Supplementary
Fig.16), supportingalinear topology without cyclization. Third, in con-
trast, no chainend was observed in the polymer sample quenched with
protic MeOH or acidified MeOH (Fig. 3a and Supplementary Fig. 14).
Note that, to exclude the potential interference of the possibly con-
sumed initiator ‘Bu-P,, allisolated polymers before NMR analyses were
precipitated twice in hexane or methanol and dried.

This unique, selective and convenient quenching method for
topological transformation enabled us to synthesize both UHMM linear
and cyclic polymersin parallel. Specifically, we carried out polymeriza-
tion runs with ((Me),TPL):(‘Bu-P,) = 6,400:1 in parallel reaction ves-
sels and terminated both reactions simultaneously via precipitation
into two different solvents, non-protic hexane and protic methanol,
respectively, yielding similar molar mass [-P3T(Me),P (M, =2.17 MDa,
D =1.26) and c-P3T(Me),P (M,=2.23 MDa, P =1.34) (Supplementary
Figs.19 and 20). It is worth mentioning these molar masses were deter-
mined absolutely via the use of dn/dc values obtained independently
for both [- and c-P3T(Me),P samples. As is consistent with previous
literature®, the dn/dc of [-P3T(Me),P (0.1171 ml g™) was higher than that
of its cyclic analogue (0.1107 ml g™) (Supplementary Figs. 21 and 22).
These samples were further characterized and compared through
analysis of their [r] and bulk rheological viscosity 5. As expected,
c-P3T(Me),P had lower n and [5] (Fig. 3b and Supplementary Fig. 23)
as cyclic polymers have a lower degree of chain entanglement®®?,

Comparing the M,, per elution volume (as functions of hydrodynamic
radius), it was found that c-P3T(Me),P onaverage had M, afactor of 1.58
times higher than [-P3T(Me),P (Supplementary Fig.24). Additionally,
the radius of gyration (R,) was measured through multiangle light
scattering and compared between the linear and cyclic polymers. To
measure the mean square radius of gyration ratio more accurately,
we first synthesized [-P3T(Me),P (M, = 2.17 MDa) through quenching
in hexanes; it was then redissolved in dichloromethane (DCM) and
precipitated in methanol to obtain c-P3T(Me),P (M, = 2.22 MDa). The
¢/l R, ratio was found to be 0.84 for these UHMM polymers (Fig. 3¢)
and decreased to 0.71 (Supplementary Fig. 26) for much lower molar
mass samples: c-P3T(Me),P, M, =18.0 kDa; [-P3T(Me),P, M, =18.5 kDa.
We reasoned that this observed effect of molar mass on the R, ratio
was because the longer the chains, the lower the differences in rheol-
ogy and viscosity between cyclic and linear chains, especially in the
UHMM region (the model of an infinite linear chain is just that of the
cyclic chain). AFM microscopy was selected as the preferred imaging
technique, as this method of direct imaging does not require addi-
tional modification of polymer chains by way of postpolymerization
functionalization or staining typically required for observation***,
Thus, owing to its sulfur-containing and UHMM, direct visualization
of the cyclic topology became possible by AFM, which was used to
directly image the UHMM c-P3T(Me),P sample, revealing rings of on
average roughly 517 nm in diameter, and this again directly supports
the cyclic topological assignment (Fig. 3d). At the same time, UHMM
[-P3T(Me),P showed completely different, linear morphology through
characterization by AFM (Fig. 3e). However, the conditions used for
sample preparation (1.0 mg ml™ concentration and 2,000 rpm spin
coating speed) yielded polymer aggregates asindicated by the height
of around 77 nm for ¢-P3T(Me),P and roughly 34 nm for [-P3T(Me),P.
Toreduce or suppress polymer aggregation, we reduced the polymer
concentration to 0.01 mg ml™ and increased the speed of spin coat-
ing to 4,000 rpm. The resulting AFM images of both cyclic and linear
polymers showed a much-reduced height to only about 3.5 nm for
c-P3T(Me),P and [-P3T(Me),P (Fig. 3f-i), which is consistent with the
height scale for single polymer chains*. Overall, coupled with the
above-described MALDI-TOF-MS, NMR and SECresults, the collective
AFMimages fully support our topological assignments, both directly
through the observation of aggregate and single chains.
Theaboveresults fully support the linear and cyclic structures of
UHMM P3T(Me),P initiated by ‘Bu-P, and quenched with non-protic
hexane or protic MeOH, respectively,and demonstrate that the protic
quench is the key step in enabling the linear-to-cyclic topological
transformation. The results and above-described reasonings led to a
proposed mechanism, showninFig. 1c, that the protic quenchtriggers
thering closing cyclization event and subsequent displacement of the
initiating ‘Bu-P, end group. The inability of the propagating zwitteri-
onicP,"-S speciesto cyclize during polymerization canbe attributed
tothe exceptionally steric hindrance of the P," (-1.4 nm) that effectively
blocksintramolecular nucleophilic attack by the terminal sulfide anion
S™and poor leaving nature of ‘Bu-P,. The same reasoning applies to
the postpolymerization quench with hexane. By contrast, quench-
ing with MeOH provides a protic source that triggers the cyclization,
as ‘Bu-P, is a superbase that favours the abstraction of proton from
MeOH to ‘Bu-P, yielding [P,H]'[OMe]’, causing detachment of the
P, from the chain and concomitant ring closure (Fig. 1c). Considering
thatanequilibrium for potential proton exchange between the sulfide
and methoxide anions should lie far to the MeOH + sulfide since the
pK, of methyl mercaptan (10.4) is much smaller than that of methanol
(24.0), there should be mainly sulfide anions in the system on addition
of MeOH. Regarding the observed apparently exclusive selectivity for
the intramolecular cyclization over the possible competing intermo-
lecular coupling, we posit thatitis due to the combination of theionic
interactions between the termini of the zwitterionic polymer chain
and favoured entropy for cyclization via intramolecular ion pairing
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by DMA (tension film mode, 0.05% strain, 1Hz, 3 °C min™). d, Stress-strain curve
overlays of UHMM c-P3T(Me),P (M, = 2.23 MDa) and c-P3T(Me),P (M, = 77.5 kDa)
with LDPE (melt-flow index 7.5) and HDPE (melt-flow index 7.6). The impact

of molar mass on mechanical properties is pivotal, with UHMM c-P3T(Me),P
demonstrating high ultimate strength and elongation at break.

as the coupling of two polymer chains via intermolecular ion pairing
further reduces the total number of microstates (that is, the loss of
translational freedom) by a greater amount than cyclization does.

Thermal, rheological and mechanical properties

Thermal properties of UHMM c-P3T(Me),P (M, =2.23 MDa) were
first characterized using differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). Despite having a moderate
melting-transition temperature (7;,) of 76/83 °C (from the first heating
scan, not observable onthe second heating scan) and glass-transition
temperature (T,) of -1.1°C (from the second heating scan, unclear onthe
first heating scan) for c-P3T(Me),P (Supplementary Fig. 28), it exhibited
a higher degradation temperature (T;) (the temperature at 5% weight
loss) value of 272 °C and maximum rate decomposition temperature
(Tmax) 0f 342 °C (Fig. 4a, Supplementary Fig. 31) compared to that of
¢c-P3TB* without the dimethyl substituents (7; =198 °C). This 74 °C
increase in T; can be attributed to the absence of a-hydrogens that
promote cis-elimination at high temperatures*’ and leads to a larger
processing window (difference between 7,,and T;) of 191 °C. Although
the topology and molar mass (within the current high molecular region
from129 kDato 2.23 MDa) were found to have alittle effect on T;, (Sup-
plementary Figs. 28-30), the topology showed a greater effect on 7.
The T, of [-P3T(Me),P (M, =2.17 MDa) decreased by 14 °C to a lower
T, 0f 258 °C (Supplementary Fig. 32), attributable to the presence
of chain ends. Thermal stability of UHMM c-P3T(Me),P was further
evaluated by examining its melt processability through shear viscosity
measurements over a period of 30 min at a fixed shear rate and under
continuous-flow mode. The shear viscosity remained constant without

any obvious decrease at 130 or 150 °C, but at 170 °C there was a slight
drop in shear viscosity after 30 min (Fig. 4b), which may indicate the
upper limit of the processing temperature.

Thermomechanical properties were examined by dynamic
mechanical analysis (DMA), which revealed a high storage modulus
(E’) value of 3.66 GPa at 0 °C (the glassy state) and adrop in E’after the
glass-transition region with an « transition temperature of around
20 °C, as defined by the peak maxima of tan & (the loss modulus (£”)
to storage modulus ratio (E'/E")) (Fig. 4c). Uniaxial tensile testing of
dog-bone-shaped specimens of UHMM c-P3T(Me),P (M, =2.23 MDa),
which were compression moulded via hot pressing at 150 °C, followed
by slow cooling and annealing at room temperature for 24 h, revealed
a high ultimate strength (o) of 39.3 + 2.9 MPa, a good elongation at
break (&,) of 282 +14% and an elastic modulus (£) of 0.51+ 0.08 GPa,
giving rise to a high toughness of U; = 66 + 6 M) m™ (Supplementary
Table 2and Supplementary Fig. 34). These results were obtained from
twice-recycled (reprocessed) specimens prepared by compression
moulding, demonstrating excellent reprocessability. When compared
with low-density polyethylene (LDPE) and high-density polyethyl-
ene (HDPE) standards used for comparison, the UHMM c-P3T(Me),P
showed similar ductility but much greater ultimate stress due to its
pronounced strain hardening (Fig. 4d). Effects of molar mass on the
mechanical performance of c-P3T(Me),P are evident as the polymer
with a medium molar mass of M, =77.5kDa (P =1.31) is only a soft
elastomer with elastic stress cbelow 1.6 MPa and without a yield point
(Fig. 4d). Last, transmittance and reflectance properties of UHMM
c-P3T(Me),P were analysed using an ultraviolet-visible near-infrared
spectrophotometer. The analysis showed that this polymer is optically
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Fig. 5| Chemical recycling to monomer. a, Overlays of 'H NMR spectra (23 °C,

CDCl,, with residual solvent peak at 7.26 ppm for CHCl,), (i) virgin (Me),TPL, (ii)

the recovered monomer after depolymerization of c-P3T(Me),P (M, =36.7 kDa,
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(M,=24.4kDa, D =1.49), (iv) virgin c-P3T(Me),P and (v) virgin [-P3T(Me),P.

b, Visual representation of the depolymerization of reprocessed c-P3T(Me),P
film that was depolymerized with 3-5 wt% NaOH at 190-210 °C under vacuum to
recover (Me),TPL.

clear, with a transmittance value (7%) of 84% and a reflectance value
0f 9.0% in the visible range (350-800 nm). Compared to other com-
mercially available materials, this UHMM cyclic polymer is as good as
aroughly3.79 1(1 gallon) Ziplocbag (LDPE, 7% = 89%), and far superior
to highly crystalline isotactic poly(3-hydroxybutyrate) (7% =19%) (Sup-
plementary Fig.35). Last, these properties of UHMM c-P3T(Me),P were
also compared with those of UHMM [-P3T(Me),P. Before testing, the
topological stability of the zwitterionic [-P3T(Me),P under processing
conditions (hot press at150 °C for 15 min) was verified by observing no
change in the integration ratio of the relevant 'H NMR peaks of the P,,
chain end to the polymer main chain before and after processing (Sup-
plementary Fig.36). The test results showed that UHMM c-P3T(Me),P
(M,=2.23 MDa, D =1.34) exhibits similar properties to [-P3T(Me),P
(M,=2.01MDa, P =1.35) intransmittance, reflectance and elongation
at the break (Supplementary Figs. 37-39), but c-P3T(Me),P displays
higher storage and loss moduli in the glassy state by DMA and higher
yield stress and ultimate strength by tensile testing (Supplementary
Table 3 and Supplementary Figs. 39 and 40).

Chemical circularity of c-P3T(Me),P

The prospect of chemical recycling to monomer towards establishing
aclosed-looplifecycle for c-P3T(Me),P was investigated by chemically
catalysed thermolysis or chemolysis (Supplementary Table 4). Heating
c-P3T(Me),P(M,=36.7 kDa,P =1.27),obtained with ((Me),TPL):(‘Bu-P,) =
200:1, mixed with 5wt% NaOH at 190 °C for 6 h under solvent-free,
vacuum (-0.2 Torr) conditions distilled off pure thiolactone monomer
(Me),TPLina90% isolated yield (Fig. 5a(ii)). Likewise, a [-P3T(Me),P
sample (M, =24.4 kDa, P =1.49) was also effectively depolymerized
under the same conditions to recover pure (Me),TPL in a 91% iso-
lated yield (Fig. 5a(iii)). Furthermore, the ceiling temperature (T) of
c-P3T(Me),P was determined by measuring equilibrium monomer
concentration ((Me),TPL), at different temperatures through a
variable-temperature NMR study using aratio of ((Me),TPL):(‘Bu-P,) =
100:1at ((Me),TPL), = 0.1 mol I"in toluene-ds. The Van ‘t Hoff plot of
In((Me),TPL), versus 1/T from this experiment gave a straight line,
fromwhich standard-state thermodynamic parameters were calculated
(SupplementaryFig. 41): the enthalpy change (AH°,) = -34.4 k) mol™and
the entropy change of polymerization (AS°,) = -60.9 ) mol™ K™. On the
basis of the equation 7. = AH°/(AS°, + RIn((Me), TPL),), 7. was calculated
to be 298 °C when extrapolated to (Me),TPL), =1.0 mol I". Owing to
the dynamic nature of thioester bonds promoting the equilibrium to

shift towards the monomer state under catalysis and vacuum, catalysed
depolymerization can be carried out at a much lower temperature of
190 °C, with continuous removal of the reformed monomer using a
vacuum distillation setup (Fig. 5b).

The above depolymerization results used a precipitated powder
sample before processing. To simulate a sample that has completed
areal-world application use cycle, dog-bone-shaped specimens that
had undergone mechanical testing were directly depolymerizedin the
presence of a catalyst (3 wt% solid NaOH). Thus, when using the repro-
cessed c-P3T(Me),P film material (M, =77.5 kDa, b =1.31), (Me),TPL
was distilled offunder vacuumat 190 °C, obtaining the pure monomer
in 88% isolated yield (Fig. 5b). Notably, when performing depolym-
erization on a UHMM cyclic P3T(Me),P film (1.40 g, M,=2.23 MDa,
P =1.34) with 3 wt% NaOH at 210 °C under vacuum, pure (Me),TPL was
collectedinatotalyield of 95% (Supplementary Fig. 42). Worth noting
alsois that, when the recovered (Me),TPL was subjected to repolym-
erization through the ‘Bu-P,-mediated ROP (((Me),TPL):(‘Bu-P,) =
6,400:1) at 70 °C, UHMM cyclic c-P3T(Me),P was again obtained,
achieving a similar M, (2.09 MDa, D =1.39) to that of the virgin poly-
mer synthesized from the staring (Me), TPL monomer (Supplementary
Fig. 43). Comparative thermal (uncatalysed) depolymerizations of
[-P3T(Me),P (M,=2.17 MDa,  =1.26) and c-P3T(Me),P (M, =2.23 MDa,
b =1.34) at 210 °C, ~0.2 Torr and fixed time (12 h) revealed that the
monomer recovery yield from the linear polymer (85%) is more than
twice that from the cyclic counterpart (40%, Supplementary Fig. 44).
Thisresultis expected as the linear polymer has chain ends that allow
for depolymerization via chain ‘unzipping’initiated by the chain-end
nucleophiles, whereas the depolymerization of cyclic polymer relies
on spontaneous chain scission. Overall, the above results demon-
strated the expedient chemical circularity of c-P3T(Me),P and the
distinctive topology-dependent depolymerization phenomenon,
primarily dictated by the concentration of polymer chain-end nucleo-
philes that facilitate depolymerization through the proposed chain
‘unzipping’ process.

Conclusion

Insummary, weintroduced asimple, selective method for the synthesis
of UHMM (>2 MDa) linear or cyclic polymers, simply by quenching
the polymerization reaction with non-protic hexane or protic metha-
nol, while all other reaction conditions and reagents are identical. In
essence, we developed a synthetic methodology that allows for the
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synthesis of cyclic polymers with the same degree of control, ease and
designability as the synthesis of linear polymers.

In the representative ROP of thiolactone (Me),TPL described
herein in detail, the ROP initiated by superbase ‘Bu-P, yields either
UHMM [-P3T(Me),P (M, =2.17 MDa, P =1.26) when quenched in hexane
or UHMM c¢-P3T(Me),P (M, =2.23 MDa, b =1.34) when quenched in
methanol. Uniquely, in-polymerization macromolecular cyclization,
whichis challenging to suppress or eliminate in conventional methods
for cyclic polymer synthesis, does not occur during the polymerization
or postpolymerization quench with non-protic hexane, but, desirably,
it occurs instantaneously when quenching the reaction with protic
methanol. This unique cyclization mechanism by a protic trigger on
demand enabled selective and controlled synthesis of cyclic polymers,
just like the way the linear analogues are synthesized, but just with a
different quenching reagent or solvent. In addition, the combination of
UHMM and sulfur content in c-P3T(Me),P allowed for direct visualiza-
tion by AFM without the need for postpolymerization functionaliza-
tion, whereas UHMM endows much enhanced thermostability and
mechanical toughness. Furthermore, owing toits gem-disubstitution,
this UHMM cyclic (or linear) polymer can be quantitatively recycled
back to monomer under mild conditions, establishing a circular lifecy-
cleforcyclic polythioester. Our preliminary results also indicate that
this simple method can be applied to other polymer types and that
comprehensive study is underway and will be reported in due course
infuture contributions.
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Methods

General consideration

Allsyntheses and manipulations of air-and moisture-sensitive materials
were carried outin flamed Schlenk-type glassware on a dual-manifold
Schlenkline orinaninert gas (N,)-filled glovebox. High-performance
liquid chromatography (HPLC)-grade organic solvents were first
sparged extensively with nitrogen during filling 20 | solvent reser-
voirs and then dried by passage through activated alumina (for THF
and DCM) followed by passage through Q-5 supported copper cata-
lyst (for toluene and hexanes) stainless-steel columns. For the THF
used in polymerization reactions, HPLC-grade THF was degassed and
dried over sodium and benzophenone for 12 h, followed by vacuum
distillation.

Materials

‘Bu-P, (0.8 M in hexane) was purchased from Sigma-Aldrich Chemi-
cal Co.and usedinaglovebox asreceived. Benzyl alcohol (BnOH) and
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) were purchased from Fisher
Scientific Co.and Sigma-Aldrich Chemical Co., respectively, purified by
distillation over CaH, and stored over activated Davison 4 A molecular
sieves. Benzyl mercaptan (BnSH) was purchased from TCI Chemical Co.
and usedinthegloveboxasreceived. Sodium hydrosulfide hydrate, tri-
ethylamine andisobutyl chloroformate were purchased from Oakwood
Chemical Co., sodium hydroxide was purchased from Fisher Scientific
Co. and all were used in the glovebox as received. 3-Chloropivalic
acid was purchased from TCI Chemical Co. LDPE (3-4 mm granules,
melt-flowindex 7.5) and HDPE (2-4 mm granules, melt-flow index 7.6)
were purchased from Sigma-Aldrich and Goodfellow, respectively.
Aroughly3.79 1 (1 gallon) Ziploc bag was purchased from Walmart and
tested as purchased. Bacterial it-P3HB (M, = 550 kDa, 5 mm granules,
product code BU39-GL-000111) was purchased from Goodfellow.

Instruments and characterizations

NMR analysis. NMR spectrawererecorded onaVarianInovaor Bruker
AV-II1 400 MHz spectrometer (400 MHz, 'H; 100 MHz, *C) at 298 K.
Chemical shifts () are reported in ppm with the solvent resonance
used as the internal standard (chloroform-d, at 7.26 ppm for 'H NMR
and 77.0 ppm for ®C NMR; THF-dg at 3.58 ppm for 'H NMR; DCM-d, at
5.30 ppm for 'H NMR). Signals are reported as integration, multiplic-
ity (s, singlet; d, doublet; t, triplet), coupling constant(s) in Hz and
assignment.

Absolute molar mass measurements by SEC. Measurements of
polymer absolute M,, M, and D values were performed by SEC on an
Agilent HPLC system equipped with one guard column and two PLgel
5 ummixed-C gel permeation columns, and coupled with a Wyatt DAWN
HELEOS Il multi (18)-angle light scattering detector and a Wyatt Optilab
TrEX dRI detector. The analysis was performed at 40 °C using CHCl,
as the eluent at a flow rate of 1.0 ml min™, using Wyatt ASTRA v.7.1.2
molar mass characterization software. Viscometry experiments were
performed in a similar way with the addition of a Wyatt Viscostar IlI
viscometer. Polymer solutions were prepared in CHCI; and injected
intoadRl detector by the Harvard Apparatus pump 11 at a flow rate of
0.2 mlmin™. A series of known concentrations were injected and the
change inrefractive index was measured to obtain a plot of change in
refractive index versus change in concentration ranging from 0.5 to
10.0 mg ml™. The slope from a linear fitting of the data was the dn/dc
of the polymer:dn/dc=0.1171+ 0.0029 ml g for [-P3T(Me),P and dn/
dc=0.1107 + 0.0019 ml g for c-P3T(Me),P.

MALDI-TOF-MS. The experiment was performed on a Bruker Ultraflex-
treme mass spectrometer (Bruker Daltonics) operated in positive ion,
reflector mode using a Nd:YAG laser at 355 nm and 20 kV accelerating
voltage. A thin layer of a mixed solution (20 pl of 20 g I trans-2-(3-
(4-tert-butyphenyl)-2-methyl-2-propenylidene)malononitrile in THF,

3 ulof10 g™ polymersample,1plof22.1g 1 sodium trifluoroacetate)
was deposited on the target plate (ground steel). Polyethylene glycol
(4 kDa) was used as the calibrant and prepared the same way as the
polymer sample. The raw data were processed using FlexAnalysis
(v.3.4.7, Bruker Daltonics).

DSC and TGA. Melting-transition (7,,) and glass-transition (7,) tem-
peratures were measured by DSC on an Auto Q20, TAInstruments. All
T.,and T, values were obtained from the second scan unless indicated
otherwise. Both heating rate and cooling rate were 10 °C min™ unless
indicated otherwise. Decomposition temperatures (7,) and maximum
rate decomposition temperatures (7,,,,) of the polymers were meas-
ured by TGA on a Q50 TGA Analyzer, TA Instruments. Polymer samples
were heated from ambient temperature to 700 °C at a heating rate of
10 °C min. Values of T,,,, were obtained from derivative thermogravi-
metric curve: wt%/°C versus temperature (°C) plots.

Mechanical analysis. Tensile stress-strain testing was performed
by an Instron 5966 universal testing system (10 kN load cell) on
dog-bone-shaped test specimens (ASTM D638 standard; Type V) pre-
pared viacompression moulding using a Carver Bench Top Laboratory
Press (model no. 4386) equipped with a two-column hydraulic unit
(Carver, model 3912, maximum force 24,000 psi) unless indicated
otherwise. Isolated polymer materials wereloaded between non-stick
Teflon paper sheetsinto astainless-steel mould with inset dimensions
30 x 73.5 x 0.38 mm?>fabricated in-house and compressed between two
1.8 x1.8 m? (6 x 6 feet?) steel electrically heated platens ata clamp force
of 5,000 psi and at a temperature 10 °C higher than each material’s
respective T;,. Specimens for analysis were generated via compression
moulding and cut usingan ASTM D638-5-IMP cutting die (Qualitest) to
standard dimensions. Mechanical behaviour was averaged for all the
specimens measured for each individual species investigated. Thick-
ness (0.38 + 0.01 mm), width (3.18 mm) and grip length (26.4 £ 0.2 mm)
ofthe measured dog-bone specimens were measured for normalization
of data by the Bluehillmeasurement software (Instron). Test specimens
were affixed into the screw-tight grip frame. Tensile stress and strain
were measured to the point of material break at agrip extension speed
of 5.0 mm min™ at ambient conditions. Testing of control standards
of commercial HDPE and LDPE for comparative stress-strain curves
included in Fig. 4d. The detailed tensile testing results (individual
stress—-strain curves and tables) were previously reportedinref. 52 and
the values were taken from that paper for comparison while plotting
overlay Fig. 4d in the main text.

Rheology experiments. Shear viscosity measurements were per-
formed onaDiscovery Series HR-2 hybrid rheometer (TA Instruments)
under nitrogen gas flow (30 psi). Test specimens were loaded between
two 8 mm steel electrically heated platenloading discs. Test specimens
were trimmed at predetermined temperatures above the T, of respec-
tive polymers. The measurements were performed at gap lengths
around 600 pm and an experimental axial force of roughly 0.2 N. The
shear viscosity (in melt) over time experiment was performed under
flow mode with ashear ratet=0.01s™and a duration time of 1,800 s.

Rheology-viscosity experiments. Viscosity experiments by rheol-
ogy were performed on thoroughly dried linear and cyclic polymers
prepared by heated compression moulding at 150 °C (between two
steel plates, a 38.1 x 12.7 x 1 mm? steel mould, and non-stick Teflon
sheets) inside a Carver Bench Top Laboratory Press (model 4386). Small
circular-cut (8 mm diameter) samples were loaded betweentwo 8 mm
steel S6 electrically heated platen loading discs within a Discovery
Series HR-2 (Hybrid Rheometer) (TA Instruments) under nitrogen gas
flow (30 psi) connected to the TRIOS software (TA Instruments). Viscos-
ity was studied under the flow testing option and amplitude setting.
Experiments were run at 150 °C with shear rates varying between 10~
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and 10 rad s’ The axial force was controlled within a negligible 0.1 N
to prevent non-frictional forces.

AFM. AFM images were obtained under ambient conditions using a
Bruker Bioscope Resolve AFMin Peak Force Tapping Scanasyst mode.
Silicon cantilevers (SCANASYST-AIR, spring force constant 0.12 N m™,
frequency 23 kHz) were used. The samples were prepared under ambi-
ent conditions by spin coating (2,000 or 4,000 rpm, 30 s) freshly
cleaved sheets (5 mm?) of highly ordered pyrolytic graphite with 10 pl
of thoroughly dissolved polymer samples (1or 0.01 mg ml™intoluene).

DMA. Storage modulus (E"), lossmodulus (£”) and tan § (E'/E) were meas-
ured ona Q800 DMA Analyzer (TA Instruments) ina tension film mode
atamaximum strain of 0.05% and a frequency of 1 Hz (complying with
strain-sweep and frequency-sweep linearity analysis performed before
sample testing). Specimens for analysis were generated viacompression
moulding and cutdownto astandard width (13 mm). Specimenlength
(5-10 mm) and thickness (0.85 + 0.01 mm) were measured for normali-
zation of databy Q-series measurement software (TA Instruments). Test
specimens were mounted to screw-tight grips (maximum 2 N). The
samples were heated from -50 to 100 °C at a heating rate of 3°C min™.
The a-transition temperature was calculated as the peak maxima of the
tanécurve.Samples were tested to the point of yield (amplitude of dis-
placement >20 mm) with measurements repeated for three specimens,
the values reported are averaged from the measured data.

Ultraviolet-visible light-near-infrared optical property measure-
ments. A Cary 5000 ultraviolet-visible light-near-infrared spectropho-
tometer from Agilent was used to measure the optical properties of thin
films that were acquired by solvent casting from a suitable solvent. The
films were cast in circular Teflon petri dish with a diameter of 6.5 cm.
Filmthickness was measured tobe 0.02 + 0.01 mm. Films were acquired
by solvent casting from an appropriate solvent that was allowed to
evaporate overnight and covered by tin foil with small holes to allow
for slow evaporation before testing.

Procedures for the synthesis of [- and c-P3T(Me),P. The ROP reac-
tions were performed in 10 mlSchlenk flasks orin 5.5 mlglass reactors
inside aninert glovebox at ambient temperature (-23 °C). A predeter-
mined amount of (Me),TPLwas added to abase catalyst solutionin THF,
ortoamixture of base catalyst and alcoholinitiatorin THF (asindicated
inthe polymerizationtables) that was stirred at ambient temperature
for 10 min before addition of monomer. The sealed reactors were taken
outofthegloveboxandstirred at 70 °C. After adesired period, agradu-
atechangeinviscosity was observed, and an aliquot was taken from the
reaction mixture and prepared for 'H NMR analysis to obtain the per-
centage monomer conversion data. For reactions with (DBU):(BnSH)
toobtainlinear polymer, the polymerization was quenched by addition
of benzoic acid in chloroform (5 mg ml™), followed by precipitation
in excess methanol 2-3 times. For the reactions with ‘Bu-P, to obtain
[-P3T(Me),P, the polymerization was precipitated in excess hexane 2-3
times. For reactions with ‘Bu-P, to obtain c-P3T(Me),P, the polymeriza-
tionwas quenched by addition of benzoicacid in chloroform (S mg ml™)
and precipitated in excess methanol 2-3 times, or directly precipitated
into methanol without addition of benzoic acid in chloroform. All
precipitated polymers were then isolated by filtration, and the white
polymer solid was dried inavacuum ovenat 60 °C to a constant weight.

Chemical recycling to lactone monomers (Me),TPL and
repolymerization

For freshly precipitated c- or [-P3T(Me),P, NaOH (5.0 mg, 5 wt%) and
c-or[-P3T(Me),P (0.116 g,1 mmol) obtained with a ((Me),TPL):(‘Bu-P,)
ratioof200:1or ((Me),TPL):(DBU):(BnSH) ratio of 200:1:1was added to
a 5.5 mlglass reactor with a stir bar. The mixture was heated at 190 °C
(oil bath) and the reformed monomer was distilled off under vacuum

(-0.2 Torr) with areceiving flask cooled to -78 °C (dry ice and acetone).
After the polymersolid disappeared (about 6 h), the vacuumwas turned
off and the cold bath was removed. As the flask was warmed to room
temperature, a liquid was obtained, which was confirmed to be the
recycled, pure monomer (Me),TPL by 'H NMR analysis at 90-91% iso-
lated yields.

For areprocessed film of c-P3T(Me),P (M,=77.5kDa, b =1.31; cut
into small pieces with scissors): NaOH (39 mg, 5 wt%) and c-P3T(Me),P
(1.30 g, 11.2 mmol) obtained with a ((Me),TPL):(‘Bu-P,) ratio of 400:1
was added to a 25 ml flask with a stir bar. The mixture was heated at
190 °C (oil bath) and the reformed monomer was distilled off under
vacuum (~0.2 Torr) with areceiving flask cooled to -78 °C (dry ice and
acetone). After the polymer solid disappeared (about 6 h), the vacuum
was turned offand the cold bath was removed. As the flask was warmed
to room temperature, a liquid was obtained, which was confirmed to
be the recycled, pure monomer (Me),TPL by 'H NMR analysis at 88%
isolated yield.

For a thin film of c-P3T(Me),P (M, =2.23 MDa, D =1.34; cut into
small pieces with scissors): NaOH (42 mg, 3 wt%) and c-P3T(Me),P
(1.40 g,12.1 mmol) obtained with a ((Me),TPL):(‘Bu-P,) ratio of 6,400:1
was added to a 25 ml bottle with a stir bar. The mixture was heated
at 210 °C (oil bath) and distilled off under vacuum (~0.2 Torr) with a
receiving flask cooled to-78 °C (dry ice and acetone). After the polymer
solid disappeared (10 h), the vacuum was turned off and the cold bath
was removed. As the flask was warmed to room temperature, a liquid
was obtained, which was confirmed to be the recycled, pure monomer
(Me),TPL by 'H NMR analysis at 95% isolated yield.

The recovered (Me),TPL monomer was filtered through a layer of
silica gel (pentane:acetone at 50:1), and the filtrate was concentrated,
then added CaH, and distilled. The distilled monomer was repolymer-
ized with the same polymerization procedure as the virginmonomer to
obtain UHMM ¢-P3T(Me),P with asimilar M, (2.09 MDa, P =1.39) to that
of UHMM c-P3T(Me),P synthesized from the starting (Me),TPL monomer.

Synthesis, tables, spectra and plots. Detailed procedures of the
synthesis of the monomer and the results of polymerization and depo-
lymerization reactions summarized in tables and spectra, as well as
additional polymer characterization data, are provided in the respec-
tive sections of the Supplementary Information.

Data availability

Full experimental details and the data supporting the findings of this
study are available within the article and its Supplementary Informa-
tion. Source data are provided with this paper.
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