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The existing catalyst/initiator systems and methodologies used for the
synthesis of polymers can access only a few cyclic polymers composed

entirely of a single monomer type, and the synthesis of such authentic

cyclic polar vinyl polymers (acrylics) devoid of any foreign motifs remains a
challenge. Here we report that a tethered B-P-B trifunctional, intramolecular
frustrated Lewis pair catalyst enables the synthesis of an authentic cyclic
acrylic polymer, cyclic poly(y-methyl-a-methylene-y-butyrolactone)
(c-PMMBL), from the bio-based monomer MMBL. Detailed studies have
revealed aninitiation and propagation mechanism through pairwise
monomer enchainment enabled by the cooperative and synergisticinitiator/
catalyst sites of the trifunctional catalyst. We propose that macrocyclic
intermediates and transition states comprising two catalyst molecules are
involved inthe catalyst-regulated ring expansion and eventual cyclization,
forming authentic c-PMMBL rings and concurrently regenerating the
catalyst. The cyclic topology of the c-PMMBL polymers imparts an -50 °C
higher onset decomposition temperature and amuch narrower degradation
window compared with their linear counterparts of similar molecular weight
and dispersity, while maintaining high chemical recyclability.

Cyclic polymers without chain ends are fascinating materials and
have continued to capture intense interest'>. Developing more effi-
cient and selective syntheses of diverse cyclic polymer structures
will enable reliable material-property evaluations and a better
understanding of the effects of their cyclic topology on their physi-
cal, mechanical and rheological properties® ™2, ultimately allowing
unique applications of cyclic polymers compared with their linear
counterparts”®°. However, our knowledge of cyclic polymers is
limited due to the difficulty in synthesizing well-defined, diverse
classes of cyclic polymers. The current synthetic strategies for
synthesizing cyclic polymers can be categorized into two major
approaches:ring-closing polymerization (RCP) and ring-expansion
polymerization (REP)*>?°, The RCP strategy through the coupling

of the a,w-terminal functional groups of linear polymer chains
unimolecularly or bimolecularly is not limited by monomer type.
However, this method often requires multistep functionalization of
thelinear polymer backbone and high dilution for the ring-closing
step. It also affords cyclic polymers with limited molecular weight
(MW)?. In contrast, the REP approach can lead to cyclic polymers
with high MW under normal or high concentration conditions,
butitis limited to a few monomer/polymer classes and requires a
specifically designed cyclic catalyst/initiator template system for
each monomer class?. Nonetheless, applying the REP strategy to
ring-opening olefin metathesis polymerization has enabled the
synthesis of high-MW cyclic polymers of cycloalkenes', alkynes'>*>**
and norbornene®?°. Note that the ring-opening polymerization
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Fig.1|Hypothesized REP pathway leading to c-PMMBL. a, Schematic
illustration of the formation of c-PMMBL. FLP I reacts with monomer to form
acyclicdimer template, followed by pairwise monomer enchainment for ring
expansion and eventual cyclization and regeneration of the catalyst I. The acidic

FLP I
release

Cyclization

Bsites are coloured blue and labelled B' and B?, the basic Psites are coloured
red and monomers are coloured green. b, Structures of tethered trifunctional
catalyst B-P-B (I) and the monofunctional P control (II) used in this work.

(ROP) method is a hybrid strategy that incorporates features of
both RCP (through intramolecular cyclization of «,w-chain ends)
and REP (through mechanism-dependent, tandem chain propaga-
tion and ring closure). The ROP method has enabled the rapid and
convenient synthesis of cyclic polymers via either metal-mediated
coordination-insertion ROP>*¥ or zwitterionic ROP*™2,

Since theinitial reportin 2010*, Lewis pair polymerization (LPP)
has emerged as a powerful methodology for polymer synthesis®* .
In LPP, Lewis acid (LA) and Lewis base (LB) components of Lewis
pairs (LPs), particularly frustrated Lewis pairs (FLPs)***, are used
to not only cooperatively and synergistically activate monomers,
but also effect chain initiation, propagation and transfer events.
It has been successfully implemented to realize the living and con-
trolled polymerization of various polar vinyl monomers**’, ROP*$"%,
as well as for the precision control of monomer sequence®® and
polymer topology***°**~2, Most recently, covalently linked, intra-
molecular LPs have been shown to exhibit unique synergy and utility
in the ROP catalysis of heterocyclic monomers®¢, but tethered
intramolecular LPs had not beenreported for vinyl addition polym-
erization of polar alkenes before this work. We were particularly
interested in exploring the potential of such LPs in the synthesis
of cyclic polymers of polar vinyl monomers. Previously, Takasu
and co-workers reported the synthesis of cyclic poly(alkyl sorbate)
from methyl (£,E)-sorbate with an intermolecular LP consisting of
the LA bis(2,6-di-tert-butyl-4-methylphenoxy)methylaluminium
and the LB 1,3-di-tert-butylimidazolin-2-ylidene®®. This sorbate/LP
system was later used by Takasu and co-workers® to synthesize cyclic
poly(methyl methacrylate) (PMMA) and by Chen and co-workers*

to synthesize cyclic block copolymers of highly reactive acrylates.
However, in this method, the introduction of stoichiometric sorbate
monomer at the a-terminus of the polymer chain (for ring closure
via nucleophilic cyclization) and the unique structure of sorbate
monomers/co-initiators are both requisites for cyclic polymer forma-
tion, affording cyclic acrylic polymers bearing the sorbate unit. To
address the challenge of synthesizing authentic cyclic acrylic poly-
mers devoid of other non-parent monomer units, we hypothesized
that acovalently tethered B-P-B trifunctional FLP catalyst/initiator,
such as FLP I (Fig. 1b)*”*® composed of two acidic B sites and one basic
Psite that naturally satisfy the required 2:1LA/LB ratio based on the
LPP mechanism (that is, one LA activates the monomer while the
other stabilizes the active chain end)®, could afford authentic cyclic
acrylic polymer chains. In the postulated overall pathway outlined in
Fig.1,FLPIreacts with monomer to formacyclic dimer template that
establishes the basis for subsequent LP-regulated REP via pairwise
monomer enchainment, with eventual cyclization leading to authen-
tic acrylic polymer rings and regeneration of the the catalyst 1. In
this work, we chose y-methyl-a-methylene-y-butyrolactone (MMBL)
becauseitnot onlyis bio-based but also leads to the corresponding
polymer PMMBL, which exhibits performance-enhanced proper-
ties compared with its petroleum-based PMMA counterpart’®”7% In
addition, PMMBL, despite its greater thermal stability and better
performance compared with PMMA, was recently shown to be chemi-
cally more recyclable, leading to the recovery of pure monomer in
aconsiderably higher yield due to the lactone-imparted stability of
the macroradicals generated in the random chain scission processes
of thermolysis”.
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Results and discussion

Formation and characterization of c-PMMBL

AsshowninFig.2a, withaFLP catalyst loading of 0.25%, fullmonomer
consumptionwas achieved within 14 min. Changing the [MMBL],/[1],
ratio from 100:1to0 200:1and 400:1 increased the number-averaged
molecular mass (M,) of the resulting PMMBL from 232 to 316 and
344 kg mol ™, respectively (Fig. 2a, entries 1-3). The dispersity of the
polymers was found to be relatively broad (P =1.50-1.61), indicative
of anon-living polymerization process and a sign of chain transfer
events (vide infra)'. Further increasing the [MMBL]/[1], ratio to
800:1and 1,200:1 enhanced the PMMBL M, to 383 and 403 kg mol?,
respectively (Fig. 2a, entries 4 and 5), but not proportionally to the
monomer-to-catalyst/initiator ratio, furtherindicating that other pro-
cesses such as chain transfer compete with chain growth.

To identify the chain initiation and termination end groups of
the resulting polymers, we analysed a low-MW oligomeric PMMBL
sample produced with trifunctional FLP I by matrix-assisted laser
desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF
MS). The mass spectrumin Fig. 2b shows two series of molecularions,
which, atfirst glance, seems to indicate the presence of two different
chain initiation/termination pathways giving two different types of
chain. Plotting the m/z values for the major and minor series in the
MS spectrum versus the number of 2MMBL repeat units afforded
the relationshipsy, =224.12x +135.15 (Fig. 2c) and y, = 224.13x + 23.07
(Fig. 2d), corresponding to the structures [(2MMBL), + MMBL + Na*]
and [(2MMBL),, + Na'], respectively. Theresults of this analysis indicate
thattwo MMBL molecules arerequired for each monomer enchainment
cycle, no matter which m/z series (major or minor). Furthermore, the
fact that no end groups were detected for either series suggests the
formation of cyclic polymers, and the m/z difference of 112 (that is,
a MMBL unit) between the two series points to cyclized rings with an
even and odd number of MMBL units (vide infra). To further validate
the cyclic topology of the resulting PMMBL, we compared the intrinsic
viscosities of the PMMBL produced with FLPI([7];) and aknown linear
PMMBL (I-PMMBL) prepared with an FLP consisting of an imidazolin
-2-ylideneaminophosphine (IAP) and AI(CF5); ([7]iinear)”’- As shown in
the Mark-Houwink plot (Fig. 2e), as expected, [7], is less than [7]inearr
with [7])/[7]inear = 0.7, thereby confirming the cyclic topology of the
PMMBL produced with FLPI.

To probe the applicability of trifunctional FLP I for the
polymerization of different monomers to cyclic polymers and to
post-functionalize the polymers, we used Ito polymerize 3-methylene-5
-vinyldihydrofuran-2(3H)-one (VMBL), which can be readily polymer-
ized byland contains an unconjugated vinyl functional group suitable
for post-modification. VMBL was randomly copolymerized with MMBL
inthe presence of FLP 1 (MMBL/VMBL/I = 50:50:1), reaching quantita-
tive monomer conversion in 3 h.'H NMR spectroscopy revealed that
the produced PMMBL-ran-PVMBL possessed a1:1 MMBL/VMBL ratio,
and gel permeation chromatography (GPC) traces revealed the uni-
modal MW distribution of the polymer (Supplementary Fig. 30). Using
the vinyl groups of the VMBL units retained in the polymer chain, we
post-functionalized c-PMMBL;,-ran-PVMBL,, by thiol-ene click reac-
tion using poly(ethylene glycol) methyl ether thiol (MPEG2000-SH,
M, =2,000) to successfully obtain the PEG2000-grafted cyclic copoly-
mer c-PMMBL;,-ran-PVMBL;,-g-PEG2000 (Supplementary Fig. 31).
Although only around 50% of the vinyl groups of the copolymer were
consumed due to the high MW of MPEG2000-SH, a transmission
electron microscopy (TEM) image of the grafted copolymer clearly

displayed the anticipated ring structure with diameters of 30-40 nm
(Fig.2f), which further confirmed the formation of the cyclic polymer
by this strategy.

Characterization of cyclic active species (templates for REP)
The above results showed that the trifunctional, tethered B-P-B 1
uniquely produced c-PMMBL, prompting us to seek mechanistic
insights into this unusual polymerization system. In this context, the
stoichiometricreaction of FLPIwith MMBL produced cyclic bimolecu-
lar product 1A and cyclicunimolecular product 1Bin an approximately
equimolar ratio (Fig. 3a and Supplementary Fig. 5). Following further
purification, 1A was isolated and structurally characterized (Supple-
mentary Figs. 8-14). Asshown in the'H-"*C heteronuclear single quan-
tum coherence (HSQC; Supplementary Fig. 11) and 'H-'H correlation
spectroscopy (COSY; Supplementary Fig.12) spectra of 1A, the peaks at
1.35and-0.53 ppmin the'H NMR spectra correlate with the 'Hsignal at
2.45 ppm (-PCH,-), and thus can be assigned to protons from the same
-CH,B- group. Noteworthy here is the observation of only one pair of
diastereomers (out of four possible pairs) of the cyclic bimolecular
product 1A, indicating that the reaction of FLP 1 and MMBL is diaste-
reoselective. Single-crystal X-ray diffraction analysis of 1A (Fig. 3b and
Supplementary Table 1) revealed that it consists of two land two MMBL
molecules, acyclicbimolecular structure that acts as the starting cyclic
template for the ensuing REP process. In this cyclic structure, the P
atom and one B atom of one FLP I are separately attached to the C=C
bond of one MMBL through 1,2-P,B addition, while the other B atom
is coordinated to the carbonyl oxygen of the other MMBL. The other
FLPIadoptsthe same coordination pattern such that a16-membered
macrocycleis formed from two I molecules and two MMBL molecules,
whichisadrastically different structure from the previously reported
enolate adducts generated from the reactions of intermolecular LPs
and monomers*”’*”, It should be noted that the length of the B2-C20
bond (1.733 A), which can be thought of a C-bonded enolate motif, is
significantly longer than that of a typical B-C single bond (-1.65 A)
and thus more susceptible to cleavage under suitable conditions (for
example, in the presence of excess monomer in polymerization reac-
tions). In contrast, the length of the B1-0O2 coordination bond (1.579 A),
which canbe thought of as an O-bonded enolate motif, is close to that
ofanormal B-O coordination bond (1.54 A). Therefore, compared with
the B1-O2bond (O-bonded enolate), it would be easier for the B2-C20
bond (C-bonded enolate) to be broken. This analysis suggests that the
B2 centre can be considered as the active LA site to grab a free MMBL
molecule fromsolution and activate it for the subsequent propagation
reaction. Overall, suchimportantstructural information provides criti-
calinsights into a fundamental understanding of the templated REP
of MMBL to ¢c-PMMBL via the proposed unusual pairwise monomer
enchainment.

Attempts to obtain the single-crystal X-ray structure of 1B were
unsuccessful. Based onits NMR spectroscopic data (Supplementary
Fig.5), 1B should have a structure similar to that of 1A. For exam-
ple, the peak at —0.53 ppm for 1A and at —0.69 ppm for 1B can be
attributed to one proton of the -CH,B- group, while the resonance at
5.21 ppmfor1Aand at4.96 ppm for 1B can be assigned to the methine
groups of MMBL. Based on the whole analysis described above, 1B
is proposed to contain one FLP I and one MMBL monomer, namely
it is a unimolecular cycle. This assignment was further confirmed
by the exclusive generation of cyclic unimolecular intermediate 2
from the reaction of linear analogue methyl methacrylate (MMA)

Fig.2| Characterization of polymer topology. a, Table showing selected
polymerization data for PMMBL prepared from MMBL with FLPIin
dichloromethane at room temperature (-25 °C) with [M], = 0.936 M. °Monomer
conversion was measured by 'H NMR spectroscopy. °Absolute weight-averaged
molecular mass (M,) was measured by GPC using a light scattering detector. ‘M,
was calculated from M,,/P. %D = M, /M,. b, MALDI-TOF MS spectrum of MMBL

oligomers produced with FLPI. ¢,d, Plots of m/z versus the number of 2MMBL
repeat units for the major (c) and minor (d) series of molecularionsinb.

e, Comparison of the intrinsic viscosity of -PMMBL and c-PMMBL, reported as
Mark-Houwink plots for I-PMMBL produced with IAP-AI(CF;), and c-PMMBL
produced with I. f, TEM image of c-PMMBL;,-ran-PVMBL;,-g-PEG2000.
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1 100:1 10 min 100 348 232 1.50
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Fig. 3 |Isolation and structural characterization of reactive intermediates.

a, Reaction of FLP Iwith MMBL affords cyclic bimolecular and unimolecular
intermediates 1A and 1B, respectively. The two B atoms are designated B' and B>
for clarity. b, X-ray crystal structure of cyclic bimolecular intermediate 1A.

¢, X-ray crystal structure of cyclic unimolecular intermediate 2 (generated from
thereaction of FLP1and MMA), which is amodel for cyclic unimolecular 1B. All the

1A 1B

[ 7Ny

/ \ P1 o
NG

hydrogen atoms and C4F;s groups on B have been omitted for clarity and ellipsoids
aredrawn at the 30% probability level. In the chemical structures in a, the B sites
are coloured blue, the P sites are coloured red, and the monomer and parts of the
intermediates derived from the monomer are coloured green. The same colour
codingisused in the X-ray structuresin b and c. The O atoms of monomers are
coloured green to distinguish them from C atoms, which are showningrey.

and FLP I (Supplementary Figs. 17-22). Cyclic 2 also exhibited a
characteristic peak at —0.66 ppm, attributed to one proton of -CH,B-
(Supplementary Fig. 18), and correlations with the proton signal at
1.12 ppmattributed to the other H of the same -CH,B- and one proton
attributed to the -PCH,- group, as shown in its'"H-'H COSY spectrum
(Supplementary Fig.19). The X-ray crystal structure of 2 showed that
itis composed of one LP molecule and one MMA molecule, in which
P and B atoms of FLP I have added to the C=C double bond of MMA
through 1,2-P,B addition, respectively (Fig. 3c). These combined
results verify the structure of 1B, even though its structure could
not be identified directly. Furthermore, we monitored the conver-
sionof1Ainto 1B on heatingasolution of 1A at 90 °C and found that
the amount of 1B slowly increased with a decrease in 1A, reaching
73% after 29 h (Supplementary Fig. 15). The conversion rate was
significantly accelerated using fluorobenzene instead of [*H,]dichlo-
romethane as solvent, requiring only 2.67 h to reach a comparable
conversion of 1A (Supplementary Fig. 16).

As a control experiment, we analysed the low-MW oligomeric
PMMBL sample produced by a mixture of 1A and 1B. Two series of
molecular mass ions were observed in the MALDI-TOF mass spec-
trum corresponding to the structures of [(2MMBL),, + MMBL + K] and
[(2MMBL), +K'], respectively (Supplementary Fig. 25). Based on the
above results, we can draw the same conclusion that two MMBL mol-
eculesarerequired for each enchainment and that no FLP molecule or
fragmentis attached to the polymer chain. Thus, the polymer obtained
fromthe mixture of 1A and 1B is exactly the same as that obtained with
FLPI, thus demonstratingthat1A and 1B are the activeintermediatesin
the polymerization of MMBL starting with FLP Iand that they produce
the same polymer structure.

Polymerization kinetics and kinetic scenarios

Next, we investigated how these cyclic active species relate to the
chain propagation by conducting kinetics studies of MMBL polym-
erization mediated by pure 1A and a mixture of 1A and 1B. Both cata-
lyst systems clearly showed a zero-order dependence on [MMBL]
concentration for all [MMBLI]/[P],, ratios investigated ([Pl
the concentration of all P sites in the catalyst system, Fig. 4a,b), as
similarly reported for LPP catalysed by intermolecular LPs**%¢%7,
These results indicated that, in this intramolecular, trifunctional
FLP system, the monomer needs to be coordinated to, and activated
by, the LAbefore enchainment via nucleophilic attack by the propa-
gating chain end, and therefore the rate-determining step (RDS) is
notrelated to the free monomer concentration. Based on the struc-
turalinformation of 1A and 1B and the mechanism proposed for LPP
with intermolecular LPs, we proposed two kinds of ground state
(the unimolecular state, denoted as monomeric M, and bimolecu-
lar state, denoted as dimeric D) and their corresponding transition
states for monomer enchainment (Fig. 4c). Along the dimeric cycle
pathway, cleavage of the B>-C (C-bonded enolate in1A) bond by the
incoming monomer generates dimeric cycle D with two activated
MMBL molecules, and the RDS involves the nucleophilic attack of
the B*-activated monomer by the zwitterionic enolate species. The
monomer coordination/activation step for the monomeric pathway
isthought to be the same as above, but the subsequent propagation
step is proposed to be different, based on the results of the polym-
erization kinetics study. Specifically, a double logarithmic plot of
the apparent rate constants (k,,,), obtained from the slopes of the
best-fitlines to the plots of [MMBL],/[MMBL], versus time, as a func-
tion of the concentration of all P sites ([P],,,) was fitted to a straight
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Fig. 4| Polymerization kinetics and possible kinetic scenarios for MMBL
polymerization. a,b, Zero-order kinetic plots for MMBL polymerization using
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unimolecular cycle 1B templates to catalyst-monomer complexes Dand M,
respectively, and their corresponding transition states for monomer enchainment.
The corresponding kinetic equations for the proposed RDSs with1A and 1B are also
shown. In the chemical structuresin ¢, the B sites (designated B' and B*for clarity)
are coloured blue, the Psites are coloured red, and the monomer and parts of the
intermediates derived from the monomer are coloured green.

line (R*=0.977) with a slope of 1.1 (Fig. 4a, inset), revealing that the
propagation has a first-order dependence on the concentration of
1A. For the monomeric cycle M derived from 1B, if a monocatalyst
transition state is adopted (k,, route), in principle, the propagation
should have a first-order dependence on [M], such that the kinetic
order of the the reaction of a mixture of 1A and 1B would be 1 (for
both k,, and k,, routes). Conversely, if a bicatalyst transition state is
followed (k,, route), the propagation should have a second-order
dependence on[M], such that the kinetic order of the reaction witha
mixture of 1A and 1B would be between1and 2. In practice, asrevealed
by theinset in Fig. 4b, the kinetic order obtained for the mixture of
1Aand1Bis1.5(betweenland?2). Thereforeitcanbe concluded that
monomeric cycle Malsoreacts via the bicatalyst transition state (that
is, the k,, route). Furthermore, kinetic studies were conducted for
the polymerization of MMBL catalysed by FLP I, which also revealed
azero-order dependence on monomer concentration and a kinetic
order of 1.62 for FLP I (R*>= 0.999; Supplementary Fig. 24). These
results are similar to those obtained with the mixture of 1A and 1B,
thus confirming that both dimericand monomeric cycles1A and 1B

areactive species for propagating polymer chains via the proposed
bicatalyst transition state (k,; and k., routes, Fig. 4¢).

Mechanism of c-PMMBL formation

On the basis of the above-described experimental details, structural
characterizations of active species, and polymerization and kinetic
studies, we can propose an overall mechanism for the formation of
c-PMMBL rendered by trifunctional B-P-BI (Fig. 5). In the first step, the
reaction of FLP Iwith MMBL affords bimolecular cycle 1A and unimo-
lecular cycle 1B for the ensuing REP. Both cyclic templates have been
shown tobe kinetically competent for polymerization, which proceeds
through the same postulated bicatalyst transition state, formed by
cleavage of the labile B>-C (C-bonded enolate) bond by the incoming
MMBL to generate the activated catalyst—-monomer complex. Subse-
quent Michael addition to the activated monomer by the active enolate
chainend connected to the O-bonded B' results in the insertion of one
monomer into the growing polymer chain. Meanwhile, B'is released
from the polymer chain and swaps roles with B* to activate another
incoming monomer in the next monomer addition cycle, followed
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Fig. 5| Proposed REP mechanism for creating c-PMMBL. The key fundamental
stepsin the synthesis of c-PMMBL, including the formation of the cyclic
templates 1A and 1B through 1,2-P,B addition of the catalyst to MMBL with

the same stoichiometry, subsequent monomer coordination/activation and
insertion eventsin the cyclic templates 1A and 1B and the bicatalyst transition
state, ring expansion by concurrent repeated pairwise monomer enchainment at

P2 - Bicatalyst transition state

the two LP catalyst sites in the bicatalyst transition state and ring closure to yield
cyclic polymers with odd- and even-numbered MMBL units and regenerate the
catalyst. The B sites (designated B! and B?for clarity) are coloured blue, the P sites
are coloured red, and the monomer and parts of the intermediates derived from
the monomer are coloured green, with green circles representing the MMBL
monomer. The two C,F; groups on each B have been omitted for clarity.

by Michael addition of the active enolate chain end connected to B
Throughthis repeated monomer activation and addition assisted by the
alternating roles of the B' and B sites, monomer is continuously incor-
porated into the growing polymer chain and the ring keeps expanding
(thus REP). As the polymerization proceeds through abicatalyst transi-
tion state, a pair of monomer molecules can be inserted concurrently
into the polymer chains grown from the two LP sites, thus achieving
unique pairwise monomer enchainment in this REP.

On completion of polymerization, the trifunctional LPs would
have a P atom linked to the a-terminus of one polymer chainand aB
atom connected to the w-terminus of the other polymer chain (Fig. 5).

Through this connectivity, the two concurrently growing polymer
chains are kept in close proximity, which promotes cyclization via
nucleophilic attack of the a-terminus of one chain by the w-terminus
(nucleophilic enolate) of the other chain, resulting in ring closure to
form c-PMMBL with concurrent release of the LP catalysts from the
chains. Thismechanismalso explains the cyclic structures formed with
both odd-and even-numbered monomer units revealed by MALDI-TOF
MS. Specifically, here we use the term ‘pairwise monomer enchain-
ment’ to indicate that two monomers can be enchained at once due
to the presence of the two catalyst sites in the bicatalyst REP tem-
plate, but it does not necessarily mean that the two sites would have
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Fig. 6 | Comparison of the properties of PMMBL with different topologies.

a, Comparison of the intrinsic viscosity of PMMBLs with different topologies,
reported as Mark-Houwink plots: c-PMMBL produced by FLP I, a mixture of
cyclicand linear PMMBLs produced by intermolecular II-2B(C,F;); and -PMMBL
produced by intermolecular LP II-2AI(C¢F;),. b, Overlay of TGA (solid lines) and
DTG (dashed lines) curves for c-PMMBL samples with four different MWs: sample
1,M,=93.1kg mol™, D=1.31;sample 2, M, =109 kg mol ™, P =1.21; sample 3,

M, =176 kg mol™, P =1.41; sample 4, M, = 403 kg mol™, D =1.88. ¢, Overlay of TGA
(solid lines) and DTG (dashed lines) curves for -PMMBL samples with two different
MWs: sample 5, M, =289 kg mol™, » =1.82; sample 6, M, =427 kg mol ™, D =1.77.

identical propagation rates. Thus, three propagation-cyclization
scenarios can be envisioned (Fig. 5): (1) an equal number of mono-
mers are added to the polymer chain on each side of the dotted line

dividing the macrocycle (P5), (2) one more monomer is added to the
chain on the left side than to the chain on the right side (P4) and (3)
one more monomer is added to the chain on the right side than to the
chainontheleftside (P3). Therefore the probability for the formation
of odd-numbered MMBL units (P3 + P4) is higher than that for the
formation of even-numbered MMBL units (P5), which is consistent
with our MALDI-TOF MS analysis, which revealed that the ratio of the
major series, attributed to the odd-numbered c-PMMBL, to the minor
series, attributed to the even-numbered c-PMMBL, is approximately
1.7 (Fig.2b).

To determine whether the trifunctionality of the intramolecular
B-P-B FLPIis a requisite for the selective production of c-PMMBL, we
synthesized a monofunctional compound without the Lewis acidic B
site, namely Mes*P(CH,CH,), (II, Fig.1b), which serves only asa LB, for a
comparative study. MALDI-TOF MS of the oligomeric PMMBL produced
using the intermolecular LPII-2A1(C4F;); showed the formation of the
linear structure with the a-terminus capped by LB Il (Supplementary
Fig.27).Interestingly, the combination of LB Il and B(C4F;); produced
c-PMMBL as the major product, accompanied by I-PMMBL chains
(Supplementary Fig. 26). The above results show that the acidity of the
LA bound to the w-terminus of the polymer chain impacts the ability
of the w-terminus to attack the a-terminus for cyclic polymer forma-
tion. AI(C4Fs), is a stronger LA than B(C4F;); and thus provides more
stabilization for the negatively charged w-terminus, thus preventing
it from attacking the a-terminus and forming only the linear polymer
structure. In contrast, the weaker -B(C¢Fs), LA sites in 1 and B(C4Fs); in
II-2B(C(F;); appear to provide balanced stabilization and reactivity
of the negatively charged w-terminus for effective chain propagation
and eventual cyclization. It should be noted that although both intra-
molecular and intermolecular LP systems produced cyclic polymer
chains, their propagation and termination mechanisms are different.
As revealed by MALDI-TOF MS, the slope obtained from the plot of
m/z versus the number of MMBL repeat units is 112 for the polymers
produced with the II-B(C,F;); intermolecular LP compared with 224
for the polymers produced with the intramolecular trifunctional FLP.
Furthermore, linear polymer chains are inevitable co-productsin the
polymerization with the II-2B(C,F;), LP, in which the two B acidic sites
arenotboundto thestructure with the P site. Inshort, the intramolecu-
lar trifunctional FLPIis required for the selective synthesis of c-PMMBL.

Figure 6ashows the Mark-Houwink plots of log [[] (dl g™)] versus
log [M,, (g mol™)] for the PMMBL samples produced with the above
three LP systems. As expected, the intrinsic viscosity of the -PMMBL
produced by the II-2AI(C(F;); LP is higher than that of the c-PMMBL
produced by the trifunctional intramolecular FLP I, which is in good
agreement with the theoretical relationship of viscosity for cyclicand
linear polymers ([n]i/[7]u-aic,Fs); = 0-75). As the PMMBL sample pro-
duced by II-2B(C,F;), is a mixture of cyclic and linear structures, its
Mark-Houwink plotis located between the plots of 1and II-2AI(C4F5);.
Overall, these results demonstrate that the intramolecular, trifunc-
tional B-P-BFLP composed of atethered Patom and two Batomsis the
necessary catalyst/initiator structure for producing c-PMMBL effi-
ciently and selectively.

Thermal degradation behaviour and chemical recycling of
c-PMMBL

Thermal gravimetric analysis (TGA) was performed on c-PMMBL
samples with various MWs and their linear counterparts with simi-
lar MWs; the results are summarized in Fig. 6b,c. Two notable dif-
ferences between the I-PMMBL and c-PMMBL are readily apparent.
First, the onset decomposition temperature (T,,.,) of the -PMMBL
samples was about 300 °C, while the T, of the c-PMMBL samples
was ~50 °C higher. Second, the T,,, (the temperature of maximum
rate of decomposition obtained from first derivative (wt% °C™) ver-
sus temperature or derivative thermogravimetry (DTG) plots) of the
c-PMMBL samples was between 391 and 395 °C, and they exhibited a
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narrow thermal degradation window, as clearly shown by their sharp
DTG peaksin Fig. 6b. Although the T,,,, of the -PMMBL samples also
lies within a small range between 390 and 395 °C, their DTG peaks
or degradation windows are much broader (Fig. 6c). However, their
glass-transition temperatures (T,), measured by differential scan-
ning calorimetry, were essentially the same, spanning a narrow range
between 220 and 225 °C.

Touncover the fundamental reasons for the observed significantly
higher T,...and narrower degradation window of c-PMMBL compared
with I-PMMBL, we set out to further investigate the two topologically
different PMMBL materials by in situ thermogravimetric-coupled
mass spectroscopy (TGA-MS). Although full-temperature sweeps at
10 °C min™ from 30 to 600 °C (Supplementary Figs. 35-40) did not
reveal any extractable insight, isothermal treatment of c-PMMBL and
I-PMMBL samples at 300 °C for 60 min, followed by continued heat-
ing to 600 °C at 10 °C min™ showed significantly different thermal
behaviour. Specifically, I-PMMBL experienced high total mass loss
(>51%) during the isothermal heating at relatively low temperature,
while c-PMMBL lost only ~10% of its mass during the same treatment
(Supplementary Figs. 41-44).Inaddition, -PMMBL displayed an earlier
increaseinthe peaksat40 and 68 AMU in the mass spectrum, which can
beattributed to chain-end scissions occurring at this low temperature
(300 °C). This chain-end scission pathway predominated throughout
theisothermal treatment of -)PMMBL, and increasing the temperature
further then led to random in-chain scissions, leading to complete
degradation. The c-PMMBL sample showed a slight increase in the
40 AMU signal (against the background) during the isothermal treat-
ment, which can perhapsbe attributed to pendant group degradation.
After the isothermal treatment was concluded and the temperature
was ramped up, the signals of the linear sample at 40 and 68 AMU held
steady foralonger temperature window than the cyclic sample, which
briefly showed increases in the signals at 40 and 68 amu before the
monomer (112 AMU) signal increased. We have proposed pathways for
PMMBL degradation and MMBL fragmentation under MS conditions
on the basis of the above data (Supplementary Fig. 45).

The greater thermal resistance of c-PMMBL compared with
I-PMMBL prompted an interesting question: whether c-PMMBL
could be chemically recycled as efficiently as I-PMMBL. To address
this question, we followed the protocol and conditions previously
reported for the depolymerization of I-PMMBL" to depolymerize
a c-PMMBL sample (M, =165 kg mol™, B =1.50) under thermolysis
conditions (400 °C, 4 h) using a short-path distillation set-up under
dynamicvacuumandrecovered the pure monomer MMBLin79% yield
(Supplementary Fig. 46). This yield compares well with that (76%)
achieved for I-PMMBL. The non-depolymerized residue contained
mostly low-MW oligomers; thus it can be expected that the use of a
better designed reactor (for example, a fluidized bed reactor”) should
increase the monomer recovery to perhaps recover the monomer
near quantitatively.

Conclusion

A covalently tethered B-P-B trifunctional, intramolecular FLP has been
found to serve as both catalyst and initiator to effect the synthesis of
the authentic cyclic acrylic polymer c-PMMBL composed entirely of
MMBL monomer units. The detailed studies described herein have
uncovered anunprecedented chaininitiation reaction that generates
alé6-membered macrocycle composed of two FLP catalyst molecules
and two monomer molecules. This macrocycle establishes atemplate
to direct subsequent REP, with two polymer chains growing concur-
rently fromthe two catalyst sites via pairwise monomer enchainment.
Eventual cyclization occurs via nucleophilic attack of the a-terminus
of one chain by the w-terminus (nucleophilic enolate) of the other
chain, resulting in ring closure to form authentic c-PMMBL with con-
currentrelease of the FLP catalyst from the chains. The cyclic topology
inc-PMMBL imparts an enhanced initial decomposition temperature

and a much narrower degradation window compared with -PMMBL
having chain ends and similar MW and P values, while maintaining
high chemical recyclability.
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Methods

Materials and methods

Allsyntheses and manipulations of air-and moisture-sensitive mate-
rials were carried out in flame-dried Schlenk-type glassware on a
dual-manifold Schlenkline orin an argon-filled glove box. NMR exper-
iments on air-sensitive samples were conducted in Teflon valve-sealed
J. Young-type NMR tubes. THF, n-pentane and hexane were refluxed
over sodium-potassium alloy and distilled under nitrogen. Methylene
chloride and fluorobenzene were dried with CaH,, distilled under
nitrogen and then stored over molecular sieves (4 A). [?H,]Methylene
chloride and [*H ]benzene were dried over molecular sieves (4 A).
MMA and MMBL were purchased from TCI. The monomers were dried
over CaH, overnight and then subjected to vacuum distillation. The
dried monomers were stored in brown bottles inside a glove-box
freezer at —30 °C. Vinylmagnesium bromide solution (1.0 M in THF)
and ethylmagnesium bromide solution (1.0 Min THF) were purchased
from Adamas. PMMA used for TGA-MS experiments was produced by
group transfer polymerization with methyl trimethylsilyl dimethyl-
ketene acetal and AI(C¢F;); (M, =44.8 kg mol™, P=1.18). Literature
procedures were followed for the preparation of the following com-
pounds: B(C4Fs);”/, HB(C¢F5),”®, Mes*PCl,, trifunctional intramolecular
FLPI°*® and VMBL”’.

MMBL polymerization catalysed by 1A or amixture of 1Aand 1B
Polymerizations were performedin20-mlglassreactorsinside aninert
glovebox under N,atmosphere atambient temperature. The monomer
concentration was kept constant, while the catalyst concentration was
changed according to the monomer/catalyst ratio. A predetermined
amount of 1A or amixture of 1A and 1B was first dissolved in methylene
chloride. The polymerization reaction was started by addition of MMBL
to the catalyst solution in methylene chloride. After a specific period
oftime,a 0.1 mlaliquot was removed from the reaction mixture usinga
pipette and quickly quenched ina4-mlvial containing 0.6 mlof undried
‘wet’ CDCl; stabilized by 250 ppm BHT(butylated hydroxytoluene).
The quenched aliquots were later analysed by '"H NMR spectroscopy to
determine the monomer conversion. After stirring the polymerization
mixture for the stated reaction time, the reactor was removed from the
glove box and the reaction quenched by the addition of 5 ml hexane.
The quenched reaction mixture was isolated by filtration and dried in
avacuumoven at room temperature to a constant weight.

MMBL polymerization catalysed by intermolecular LP
11-2B(C¢F;); or II-2AI(C4F;),

All polymerizations were performed in 20-ml glass reactors inside an
inert glove box under N, atmosphere at ambient temperature. The
monomer concentration was kept constant, while the catalyst con-
centration was changed according to the monomer/catalyst ratio. A
predetermined amount of LA B(C4F;); or AI(C¢Fs); (in the form of the
adduct AI(C4F5);-MMBL) was first dissolved in monomer and methyl-
ene chloride. The polymerization reaction was started by the rapid
addition of a solution of Il in methylene chloride by pipette to the
above mixture under vigorous stirring. After a specific period of time,
a0.1 mlaliquot was removed from the reaction mixture using a pipette
and quickly quenched ina4-mlvial containing 0.6 ml of undried ‘wet’
CDCl; stabilized by 250 ppm BHT. The quenched aliquots were later
analysed by 'HNMR spectroscopy to determine the monomer conver-
sion. After stirring the polymerization mixture for the stated reaction
time, the reactor was removed from the glove box and the reaction
was quenched by the addition of 5 ml hexane. The quenched reaction
mixture was isolated by filtration and dried ina vacuum oven at room
temperature to a constant weight.

Characterizations
NMR spectra were recorded on a Bruker Avance 11 500 spectrom-
eter (*H, 500 MHz; C, 126 MHz; *°F, 471 MHz; *'P, 202 MHz) or a

Zhongke-Niujin 400 (*H, 400 MHz) spectrometer at room tempera-
ture. The'H and ®C chemical shifts are referenced to internal solvent
resonances and reported as parts per million relative to SiMe,, and
theF chemical shifts are referenced to external CFCl,. Single-crystal
X-ray diffraction analysis was performed on a Bruker APEX-II CCD
diffractometer.

The isolated low-MW oligomeric samples were analysed by
MALDI-TOF MS on a Bruker Autoflex speed TOF/TOF mass spectrom-
eterinlinear, positive ion, reflector mode using a355 nm Nd:YAG laser
and an accelerating voltage of 25 kV. A thin layer of 1% CF;COONa
or CF,COOK solution was first deposited on the target plate, fol-
lowed by 0.6 pl of both polymer samples and the matrix trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene]malonitrile (20 mg ml™
in THF). External calibration was carried out using a peptide calibration
mixture (four to six peptides) ataspotadjacent to the sample. The raw
datawere processed using the FlexAnalysis software.

The low-MW PMMBL samples were prepared for MALDI-TOF MS
analysis as follows:

(1) Synthesis of low-MW PMMBL samples with FLPI: 0.0100 g FLP I
(0.0098 mmol, 1 equiv.) was dissolved in 1 ml CH,Cl,. Next, 10 pl
MMBL was dissolved in 2 ml CH,Cl, and 1 ml of this solution
containing -5 pl MMBL (0.0468 mmol, ~4.8 equiv.) was removed
and injected into the above-mentioned FLP I solution to initi-
ate polymerization. After 3 h, the polymers were isolated and
analysed by MALDI-TOF MS.

(2) Synthesis of low-MW PMMBL with a mixture of 1A and 1B:
0.0054 g of a mixture of 1A and 1B (0.00476 mmol, 1 equiv.)
was dissolved in 1 ml CH,Cl,. Then 20 pl MMBL (0.1837 mmol, ~
3 equiv.) was added to the above solution to initiate polymeri-
zation. After 1 h, the polymers were isolated and analysed by
MALDI-TOF MS.

(3) Synthesis of low-MW PMMBL with LB II-2B(C4F);, I-2AI(C4Fs),
or IAP-2AI(C¢F;);: 0.0120 g B(C(F5); (0.0234 mmol, 2 equiv.) or
0.0135 g AI(CF;);-0.5toluene (0.0234 mmol, 2 equiv.) and 25 pl
MMBL (0.234 mmol, 20 equiv.) were premixed in 1.5 ml CH,Cl,.
Then 0.0039 g LBII (0.0117 mmol,1 equiv.) or 0.0044 g LB IAP
(0.0117 mmol,1 equiv.) was dissolved in 500 pl CH,Cl,, then
added to the above solution to initiate polymerization. After 1 h,
the polymers were isolated and analysed by MALDI-TOF MS.

Polymer M,, and molecular weight distributions (P =M, /M)
were measured by GPC coupled to a Wyatt DAWAN 8+ light scat-
tering detector at 35°C and a flow rate of 1.0 ml min™, with
N,N-dimethylformamide (DMF; HPLC grade, containing 50 mmol I
LiBr) as eluent on a Waters 1515 HPLC pump (solvent delivery system)
equipped with a Waters 4.6 mm x 30 mm guard column and three
Waters columns (WAT054466, WAT044226 and WAT044223, Poly-
mer Laboratories, linear range of MW =500 to 4 x 10°). The data for
the Mark-Houwink plots were obtained from polymers on a Waters
1515 instrument equipped with a triple detector (Wyatt DAWAN 8+
light scattering, Waters 2414 refractive index and Wyatt ViscoStar Il
viscometer) at 35 °C and a flow rate of 1.0 ml min™, with DMF as the
eluent. The differential refractive index increment (d,/d.) value of
0.0844 ml g'was used for PMMBL.

TGA analysis was performed on a Q50 TGA analyser (TA Instru-
ments) to determine the decomposition temperatures (7T 5,) and
the temperature of maximum rate of decomposition (7;,,,) of the
polymers. T 5, is defined as the temperature at which 5% weight loss
occurs. T,,,, values were obtained from derivative (wt% °C™) versus
temperature (°C) plots by selecting the peak values. Between 3.5 and
10 mg of polymer was heated from room temperature to 500 °C at
10 °C minwhile the mass of the sample was continuously measured.
Differential scanning calorimetry was performed on a Q20 instru-
ment (TA Instruments) to obtain the glass transition temperature
(Ty).Between 3 and 10 mg of polymer was weighed into an aluminium
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pan and sealed with an aluminium lid. The samples were then heated
from room temperature to 250 °C at 10-20 °C min™ and then cooled
to 150 °C to remove the thermal history before being reheated to
250 °C.During this time, the thermal response was measured relative
to areference pan.

TGA-MS experiments were performed with a TGA-55 thermo-
gravimetric analyser (TA Instruments) fitted with an evolved gas
analysis furnace (TA Instruments). The analyser was coupled to a
Cirrus 3 electron ionization mass spectrometer (MKS Instruments).
The TGA datawere processed using TRIOS software (TA Instruments,
v5.1.1.46572), and the MS data were processed using both TRIOS and
ProcessEye Professional software (MKS Instruments, v5.83.20111.1).
In a standard TGA-MS experiment, polymer samples of between 3
and 5 mg were heated from 30 to 600 °C at 10 °C min™ with nitrogen
flow rates through the balance and furnace of 10 and 90 ml min~,
respectively, while the sample mass was continuously measured
and MS data were collected. T; s, and T, values were obtained from
derivative (wt% °C™) versus temperature plots by selecting the point
of the weight percentage versus temperature (°C) corresponding to
95 wt% of sample remaining (for T 5,) and the maximum point (for
Tma)- The mass spectra were captured at the maximum signal of the
decomposition products for all samples. In the isothermal experi-
ments, polymer samples of between 3 and 5 mg were heated from 30
to 300 °C at 10 °C min with nitrogen flow rates through the balance
and furnace of 10 and 90 ml min, respectively, allowed to equilibrate
andthenheld at300 °Cfor1h. Thesamples were then heated to 600 °C
at 10 °C min™. MS data were collected continuously throughout the
experiments. The mass spectra for the isothermal experiments were
collected at precisely 41 min and 40 s during the isothermal stage of
each experiment.

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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