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ABSTRACT: A central challenge in the development of next-generation
sustainable materials is to design polymers that can easily revert back to
their monomeric starting material through chemical recycling to
monomer (CRM). An emerging monomer class that displays efficient
CRM are thiolactones, which exhibit rapid rates of polymerization and
depolymerization. This report details the polymerization thermody-
namics for a series of thiolactone monomers through systematic changes
to substitution patterns and sulfur heteroatom incorporation. Addition-
ally, computational studies highlight the importance of conformation in
modulating the enthalpy of polymerization, leading to monomers that
display high conversions to polymer at near-ambient temperatures, while
maintaining low ceiling temperatures (T.). Specifically, the combination

of a highly negative enthalpy (—19.3 kJ/mol) and entropy (—58.4 J/

Highest polymerizability
Most negative AHp and ASp

AH = -19.3 kJimol
ASp =-58.4 Jimol-K

AHP =-9.5 kJ/mol
ASp =-30.8 J/imol-K

il

(mol'K)) of polymerization allows for a monomer whose equilibrium polymerization conversion is very sensitive to temperature.

E ach year, more than 300 million tons of plastic waste are
produced worldwide." The majority of this plastic waste is
either landfilled, combusted, or polluted into the environment,
leaving only a small fraction that is recycled.” Of the plastic
waste that is recycled, most is converted into lower quality
materials.” An emerging approach that seeks to address this
issue is chemical recycling to monomer (CRM).>*" In CRM,
the polymer is depolymerized back to its monomeric starting
material, which can then be used to remake the polymer with
no loss in material properties.

Monomers with ceiling temperatures (T.) near ambient
temperatures (and below) are good candidates for chemical
recycling. The T, of a monomer is defined as the temperature
at which the rates of polymerization and depolymerization are
equal, which occurs when the Gibbs free energy of polymer-
ization (AG,) is zero. The T, is thus determined by both the
enthalpy (AHY) and entropy (ASS) of polymerization,'* and
low-T, monomers can be targeted by identifying systems that
have the proper balance of enthalpic and entropic contribu-
tions to the polymerization reaction. For a polymerization
equilibrium to be temperature-dependent in a manner that
allows for practical depolymerization, the entropic contribution
(favoring depolymerization) must be able to overcome the
exothermicity of monomer addition (favoring polymerization)
at reasonable temperatures (Figure 1A). Thus, polymers made
from low-T, monomers can be reprocessed at temperatures
mild enough to minimize chemical side reactions and energy
consumption. While T, is an important parameter often used
to qualify monomers for CRM, it is important to consider the
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ratio of the individual AH and AS] values, as this determines
how sensitive the polymerization equilibrium is to temperature.
A monomer that is ideally suited for CRM would display a
narrow and near-ambient temperature range in which it can be
fully polymerized and depolymerized.

A variety of monomers have been explored for the use of low
T. polymers in CRM, including lactones,">™** phthalalde-
hydes,zg’30 carbonates,>! =3¢ cyclic acetals,”” and others.*®*’
Early efforts largely focused on lactones,™ but the rates of
polymerization and depolymerization are prohibitively slow for
many applications. This has led to an increased interest in
thiolactones, which polymerize and depolymerize more rapidly
due to rapid thiol-thioester exchange reactions.*”* The first
thiolactone ring-opening polymerization was reported by
Overberger in 1968 for the synthesis of poly-
(thiocaprolactone).43 After receiving minimal attention in the
literature since that time, thiolactones have seen renewed
interest in the field and a number of groups have recently
revisited this monomer class (Figure 1B) and thioester-based
materials in general.”*° Ghadiri and Bowman explored
polythioester systems to create abiotic mimics of polypeptides
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A. Thermodynamics of Ceiling Temperature (T,)
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C. This Work: Design evolution of six-membered thiolactone monomers

y&@;&g -
o
@

0

S

Increased polymerizability
More negative AH, and more negative AS,
Substitution induced conformational change

Figure 1. (A) Thermodynamics of ceiling temperature (T,). (B)
Recently reported thiolactone monomers. (C) This work: Design
evolution of six-membered thiolactones via sulfur substitution and
methylation; gray, C; white, H; red, O; yellow, S.

and polynucleic acids, respectively, that could undergo
dynamic reorganization of the polymer sequence via thiol-
thioester exchange. More recent studies by the Lu, Chen, and
Tao groups have each focused on developing low T,
thiolactones for applications in chemical recycling. Lu has
developed a number of thiolactone systems that can be
polymerized to yield high molecular weight polymers with
narrow dispersities.46 Chen has built upon Lu’s [2.2.1] bicyclic
framework to yield stereodisordered p017ythioesters with high
crystallinity and chemical recyclability.*” Most recently, Tao
has investigated alkylated dithiolactones, and shown them to
possess high polymerizability, chemical recyclability, and
crystallinity.*” While these reports have contributed to the
understanding of thiolactone polymerizations, there is still
much to learn with regard to how changes to ring size,
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substituents, and heteroatomic substitution impact polymer-
ization thermodynamics.

In this work, the synthesis and polymerization behavior of a
series of six-membered thiolactone derivatives is reported,
augmented by insights from computational studies (Figure
1C). Through systematic heteroatom substitution and
methylation, the monomer-polymer equilibria can be signifi-
cantly modulated through surprising changes to the ground
state monomer conformation. From this study, an improved
understanding of how sulfur atoms affect the conformations of
thiolactone monomers is gained and leads to a nonintuitive
approach for modulating polymerization thermodynamics.

Interest in six-membered thiolactone derivatives was
prompted by Overberger’s early attempts to polymerize
thiovalerolactone (TVL, 1).** In these studies, low molecular
weight polymers were obtained at high temperatures,
suggesting that TVL may have a low ceiling temperature. To
test this hypothesis, a series of six-membered thiolactone
monomers were designed to investigate polymerization
behavior at reduced temperatures (Figure 2). Based on the
Thorpe—Ingold effect,”” the introduction of methyl groups to
the monomers was expected to accelerate the rate of
cyclization, thereby favoring depolymerization and lowering
the T.. Two series of monomers were synthesized that varied
in methylation and sulfur substitution: TVLs (1—5) and 1,4-
dithianones (DTNs; 6—9). For both series, methyl groups
were introduced at different positions to study the effect of
alkyl substitution on polymerizability. All monomers were
prepared through two general strategies. TVLs 1—5 were
prepared following Scanlan’s protocol involving thiol-ene
reaction, hydrolysis, and Steglich cyclization.® The DTN
monomers (6—9) were prepared based on Lenoir’s reaction of
ethane dithiol with the appropriate haloacetyl halides (see
SI3—SI8 for synthetic details).”” Monomers were all prepared
in 31-61% yields from commercially available materials and
were readily scaled for production of sufficient quantities to
evaluate polymerization behavior (500 mg to 12 g).

Initial polymerization studies on this collection of
thiolactone monomers were performed to identify reaction
conditions to produce polymeric material. Anionic polymer-
izations were performed in either CDCl; or THF using 1-
dodecanethiol as the initiator and 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) as the base. Depending on the monomer,
concentrations ranged from 3 M to bulk and temperatures
from room temperature to —33 °C (Table 1). All polymer-
izations were found to be rapid and reached equilibrium after
30 min, after which time they were quenched with trifluoro-
acetic acid (TFA). Polymers that showed conversion were
isolated by precipitation, then characterized by size-exclusion
chromatography (SEC), thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). The results of the
polymerizations are summarized in Table 1. The molecular
weights of the polymers ranged from 3.7 to 18.7 kDa, and
generally correlated with the overall conversion of the
monomers. High dispersities were observed for all polymers,
likely due to chain transfer events derived from trans-
thioesterification of the polymer backbone, as indicated by
GPC (Figures S9—S15). Semicrystalline materials were
observed by DSC with monomers that lacked side chains (1
and 6) and amorphous polymers were obtained from
monomers containing side chains (2, 3, and 7—9). Glass
transition temperatures for all systems were generally low (—40
to 19 °C) but could be increased by the introduction of methyl
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Figure 2. Synthesis of TVL and DTN monomers.
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“Conversion determined by 'H NMR in CDCl,. *Determined by CHCI, size-exclusion chromatography (SEC) calibrated using polystyrene
standards. “Calculated as described in ref 61. “T, expressed at 1 M conditions. “THF was used instead of CDCI, for the polymerization of these
monomers.fExperimental thermodynamic values not obtainable due to low equilibrium polymerization conversion. *Experimental thermodynamic

values not obtainable due to polymer insolubility at low temperature.

and phenyl substituents that inhibit rotation of the polymer
backbone.

As expected, the monomer conversion of these polymer-
izations was highly dependent on the monomer structure.
Using a S M monomer concentration at room temperature,
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TVL (1) achieved 46% conversion at equilibrium (Table 1,
entry 1). Attempts to increase the monomer concentration as a
means to increase conversion were prevented by the
insolubility of the polymer product in all solvents explored.
The introduction of the methyl substituent in a-methyl TVL
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(2) yielded a more soluble polymer, but also led to a decrease
in the equilibrium polymer conversion to 35% at S M
monomer concentration (Table 1, entry 2). This was
anticipated according to the Thorpe—Ingold effect, as
discussed above. The substitution effect was heightened in
the polymerization of @,a-dimethyl TVL (3) and displayed
only 16% conversion to polymer when performed in the bulk
(Table 1, entry 3). Surprisingly, introducing one or two methyl
substituents at the f-position led to complete inhibition of
polymerization in the bulk at temperatures as low as —20 °C
(Table 1, entries 4 and S), possibly due to a conformational
impact of the ring-opened state.”® The parent DTN (6)
monomer displayed a much higher equilibrium polymer
conversion (87%) compared to the parent TVL monomer
(1) under the same reaction conditions. While the
introduction of one methyl group in a-methyl DTN (7) led
to a decrease in polymer conversion (70%, in the bulk),
addition of the second methyl in @,a-dimethyl DTN (8) led to
a significant increase in conversion (91%) even at lower
concentrations (3 M). Further experiments were performed to
better understand this counterintuitive result and elucidate the
relative roles of ring-strain and entropy in each of these
systems.

To gain insight into the underlying thermodynamics of these
systems, variable temperature NMR (VT-NMR) experiments
were performed to measure the change in monomer
equilibrium as a function of temperature. This enabled the
experimental determination of AHp and AS] through van’t
Hoft analysis. Applying the Dainton equation, the T, could also
be obtained. A general procedure for the van’t Hoff analysis
and corresponding plots is included in the SI (Figures S30—
S34). Given the different solubilities and polymerizabilities of
these monomers, the entropy of polymerization and ceiling
temperature (T.) values in Table 1 are normalized to 1 M. VT-
NMR data were not obtained for monomers 3, 4, and § due to
insufficient conversion at the concentration used for the
experiments.

The thermodynamic trends observed during VT-NMR were
in general agreement with the conversion results discussed
above. Specifically, an increased enthalpy and decreased
entropy of polymerization was observed upon methylation of
1 (AH) = —4.9 kJ/mol and AS) = —23.7 J/(molK)) to 2
(AH; = —4.5 kJ/mol and AS} = —26.2 J/(mol-K)), leading to
a decrease in T from —66 to —101 °C. As observed during the
initial polymerization studies, the DTN monomer series 6—8
did not follow trends expected from the Thorpe—Ingold effect.
Table 1 shows how addition of one methyl substituent leads to
a slightly more exothermic polymerization of 7 (AHp = —10.2
kJ/mol) and a T. of —18 °C was measured. However,
introduction of the second methyl group in 8 significantly
decreased the AH} (=19.3 kJ/mol) and the ASp (—58.4 ]/
(mol-K)), leading to a T, of 58 °C. To highlight the different
polymerization behaviors of DTNs 6—8, a graph of the
conversions at different temperatures predicted by the Dainton
equation was plotted for these monomers using the
thermodynamic values obtained (Figure 3). At first consid-
eration, it would seem that a lower ceiling temperature would
lead to a more easily recyclable material. This plot
demonstrates that this assumption can be misleading. The
more exothermic and exoentropic ring-opening of DTN 8
allows it to reach high conversions at near-ambient temper-
atures, while still maintaining a relatively low T.. In addition,
the larger magnitude of AS) in 8 gives an equilibrium
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Figure 3. Predicted polymer conversion at different temperatures.

Plotted at 1 M using the van’t Hoff equation and experimental values
of AH; and AS;.

monomer conversion that is much more sensitive to changes in
temperature. This allows the monomer to shift from a highly
polymerized to fully depolymerized state with a relatively small
change in temperature. To demonstrate this behavior on an
isolated polymer sample, a 0.5 M solution of poly(a,a-
dimethyl DTN) in THF was treated with substoichiometric
quantities of DBU and dodecanethiol (1 mol % relative to each
repeating unit). After heating the reaction at 80 °C for 1 h, 'H
NMR and SEC (Figures S37 and $38) showed 90% conversion
back to monomer.

Due to the insolubility of the a-phenyl homopolymer (9),
VT-NMR analysis could not be carried out. However,
monomer 9 was still viable for copolymerization experiments
to explore how monomers that are not easily homopoly-
merized can be kinetically trapped in a copolymer product and
modify the thermal properties. A first experiment was
performed using a 4:1 ratio of 8:9 and resulted in a polymer
composed of 88% monomer 8 and 12% monomer 9 (Table
S10, entry 1). A second experiment was conducted using a 3:1
ratio of 8:9 and resulted in 83% incorporation of monomer 8
and 17% monomer 9 (Table S10, entry 2). The thermal
properties of these copolymers were also tested, which revealed
two distinct glass transition temperatures (Table S10 and
Figures S39 and S40). The presence of two T,s could suggest
phase separation from block-like incorporation of 8 into the
polymer backbone.®’

To better understand the unexpectedly high exothermicity in
the ring-opening of monomer 8, we have developed a first-
principles based computational strategy to compute AH.”' By
adequately incorporating conformational sampling through ab
initio molecular dynamics and extrapolating schemes to access
behavior at large length-scales, this important quantity can now
be computed accurately for a large and chemically diverse set
of ring-opening polymers. This capability is separately
described and validated against a diverse benchmark set of
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Figure 4. Energy-minimized configurations of DTN (6), a-methyl DTN (7), a,a-dimethyl DTN (8), and a-phenyl DTN (9); gray, C; white, H;
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polymers produced using ring-opening polymerization. In the
present contribution, this procedure is adopted to calculate
enthalpies of polymerization AH,. for polymers considered
here, and the AH_. results are shown in Table 1. As can be
seen, AH_,. correlates well with available experimentally
determined AHJ for monomers, including low AH,. values
for 4 and $ that were completely resistant to polymerization.
While the AH_; of 8 was in good agreement with the
experimental results, further insights into the origins of this
change were seen in the ground state monomer conformations
obtained in the DFT calculations. TVL monomers 1-3
consistently featured half-chairlike conformations (Figure $42)
that followed the expected polymerization trends. Interestingly,
the introduction of a second sulfur atom caused the DTN
monomers 6 and 7 to adopt a boat conformation (Figure 4),
which was further supported by the crystal structure obtained
for a-phenyl-DTN (9). A similar boat conformation was
recently observed by Tao and co-workers for analogous
dithiolactone monomers.”” As seen in Figure 4, the boat
conformation causes two hydrogen atoms to point internally
toward each other, which increases ring strain through
transannular interactions and explains why DTN 6 possesses
a higher AHp than TVL 1. Substitution of both a-hydrogens
for two methyl groups in DTN 8 would lead to severe
transannular strain between the methyl and hydrogen
substituents in the boat configuration. This prompts a
conformational change to a flattened structure with increased
ring strain as observed in the more negative AH} (Figure 4).

In summary, the effect of methyl substitution and sulfur
incorporation on the polymerization thermodynamics of a
series of thiolactone monomers was investigated. Polymer-
ization and VT-NMR experiments revealed that addition of
methyl substituents to the TVL monomers favors depolyme-
rization and lowers the T,. First-principles computations and
crystallographic data showed how the addition of a sulfur
heteroatom in the DTN series alters the ground state
conformation and polymerization thermodynamics in non-
intuitive ways. DTNs were observed to preferentially adopt a
boat structure, but the addition of bulky substituents in 8
further disrupts the monomer geometry to give increased
monomer strain and exoentropicity. This highlights the
importance of the magnitude of AH; and AS] values in
designing low ceiling-temperature monomers with efficient
recyclability. With insufficiently small AS] values, a monomer
with a low T, may still require large changes in temperature to
reach reasonable conversions. Having the appropriate combi-
nation of thermodynamic values can give rise to systems
capable of high conversion at modest temperatures, while still
retaining polymerization equilibria highly sensitive to temper-
ature. It is anticipated these findings will further the rational
development of low ceiling temperature thiolactone monomers
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and encourage the exploration of heterocyclic systems that
have nontraditional ground-state conformations.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00319.

X-ray crystallographic data for 9 (CIF)
Experimental details and characterization data (PDF)

Accession Codes

CCDC 2174022 contains supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/data_request/cif, or by emailing data_
request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK,; Fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Authors

Rampi Ramprasad — School of Materials Science and
Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332, United States; © orcid.org/0000-0003-
4630-1565; Email: rampiramprasad@mse.gatech.edu

Will R. Gutekunst — School of Chemistry and Biochemistry,
Georgia Institute of Technology, Atlanta, Georgia 30332,
United States; ® orcid.org/0000-0002-2427-4431;
Email: willgute@gatech.edu

Authors

Kellie A. Stellmach — School of Chemistry and Biochemistry,
Georgia Institute of Technology, Atlanta, Georgia 30332,
United States

McKinley K. Paul — School of Chemistry and Biochemistry,
Georgia Institute of Technology, Atlanta, Georgia 30332,
United States

Mizhi Xu — School of Chemistry and Biochemistry, Georgia
Institute of Technology, Atlanta, Georgia 30332, United
States; ® orcid.org/0000-0003-4595-0109

Yong-Liang Su — School of Chemistry and Biochemistry,
Georgia Institute of Technology, Atlanta, Georgia 30332,
United States

Liangbing Fu — School of Chemistry and Biochemistry,
Georgia Institute of Technology, Atlanta, Georgia 30332,
United States

Aubrey R. Toland — School of Materials Science and
Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332, United States

Huan Tran — School of Materials Science and Engineering,
Georgia Institute of Technology, Atlanta, Georgia 30332,
United States; ® orcid.org/0000-0002-8093-9426

https://doi.org/10.1021/acsmacrolett.2c00319
ACS Macro Lett. 2022, 11, 895-901


https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.2c00319/suppl_file/mz2c00319_si_002.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00319?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.2c00319/suppl_file/mz2c00319_si_001.cif
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.2c00319/suppl_file/mz2c00319_si_002.pdf
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rampi+Ramprasad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4630-1565
https://orcid.org/0000-0003-4630-1565
mailto:rampi.ramprasad@mse.gatech.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Will+R.+Gutekunst"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2427-4431
mailto:willgute@gatech.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kellie+A.+Stellmach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="McKinley+K.+Paul"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mizhi+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4595-0109
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong-Liang+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liangbing+Fu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aubrey+R.+Toland"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huan+Tran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8093-9426
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lihua+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00319?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00319?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00319?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00319?fig=fig4&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.2c00319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters

pubs.acs.org/macroletters

Lihua Chen — School of Materials Science and Engineering,
Georgia Institute of Technology, Atlanta, Georgia 30332,
United States; ® orcid.org/0000-0002-9852-8211

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmacrolett.2c00319

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by ONR MURI N00014-20-1- 2586.
K.A.S. was supported by the Graduate Assistance in Areas of
National Need fellowship program at Georgia Tech (Award
No. P200A180075). We acknowledge support from the
Organic Materials Characterization Laboratory (OMCL) at
GT for use of the shared characterization facility. The authors
thank Dr. Anthony Engler for the insightful discussions. We
thank Dr. John Bacsa (Emory University) for assistance with
X-ray crystallography. Computational resource provided by
XSEDE through Project No. “DMRO800S8N” is acknowl-
edged.

B REFERENCES

(1) Geyer, R.; Jambeck, J. R;; Law, K. L. Production, use, and fate of
all plastics ever made. Sci. Adv. 2017, 3 (7), No. e1700782.

(2) Coates, G. W.; Getzler, Y. D. Y. L. Chemical recycling to
monomer for an ideal, circular polymer economy. Nat. Rev. Mater.
2020, 5 (7), S01-516.

(3) Schyns, Z. O. G.; Shaver, M. P. Mechanical Recycling of
Packaging Plastics: A Review. Macromol. Rapid Commun. 2021, 42
(3), 2000415.

(4) Yardley, R. E,; Kenaree, A. R; Gilliess, E. R. Triggering
Depolymerization: Progress and Opportunities for Self-Immolative
Polymers. Macromolecules 2019, 52 (17), 6342—6360.

(5) Tang, H,; Luan, Y,; Yang, L. Sun, H. A Perspective on
Reversibility in Controlled Polymerization Systems: Recent Progress
and New Opportunities. Molecules 2018, 23 (11), 2870.

(6) Hong, M.; Chen, E. Y. X. Chemically recyclable polymers: a
circular economy approach to sustainability. Green Chem. 2017, 19
(16), 3692—3706.

(7) Tang, X.; Chen, E. Y. X. Toward Infinitely Recyclable Plastics
Derived from Renewable Cyclic Esters. Chem. 2019, S (2), 284—312.

(8) Lu, X.-B; Liu, Y,; Zhou, H. Learning Nature: Recyclable
Monomers and Polymers. Chem.—Eur. J. 2018, 24 (44), 11255—
11266.

(9) Fagnani, D. E;; Tami, J. L.; Copley, G.; Clemons, M. N.; Getzler,
Y. D. Y. L; McNeil, A. J. 100th Anniversary of Macromolecular
Science Viewpoint: Redefining Sustainable Polymers. ACS Macro Lett.
2021, 10 (1), 41-53.

(10) Millican, J. M; Agarwal, S. Plastic Pollution: A Material
Problem? Macromolecules 2021, 54 (10), 4455—4469.

(11) Hong, M,; Chen, E. Y. X. Future Directions for Sustainable
Polymers. Trends Chem. 2019, 1 (2), 148—151.

(12) Sardon, H.; Dove, A. P. Plastics recycling with a difference.
Science 2018, 360 (6387), 380—381.

(13) Worch, J. C.; Dove, A. P. 100th Anniversary of Macromolecular
Science Viewpoint: Toward Catalytic Chemical Recycling of Waste
(and Future) Plastics. ACS Macro Lett. 2020, 9 (11), 1494—1506.

(14) Dainton, F. S; Ivin, K. J. Reversibility of the Propagation
Reaction in Polymerization Processes and its Manifestation in the
Phenomenon of a ‘Ceiling Temperature’. Nature 1948, 162 (4122),
705-=707.

(15) Shi, C; Li, Z.-C.; Caporaso, L.; Cavallo, L.; Falivene, L.; Chen,
E. Y. X. Hybrid monomer design for unifying conflicting polymer-
izability, recyclability, and performance properties. Chem. 2021, 7 (3),
670—685.

9200

(16) Saiyasombat, W.; Molloy, R; Nicholson, T. M.; Johnson, A. F.;
Ward, I. M,; Poshyachinda, S. Ring strain and polymerizability of
cyclic esters. Polymer 1998, 39 (23), 5581—558S.

(17) Duda, A.; Kowalski, A. Handbook of Ring-Opening Polymer-
ization; Wiley, 2009; pp 1-51.

(18) Amador, A. G.; Watts, A,; Neitzel, A. E.; Hillmyer, M. A.
Entropically Driven Macrolide Polymerizations for the Synthesis of
Aliphatic Polyester Copolymers Using Titanium Isopropoxide.
Macromolecules 2019, 52 (6), 2371—2383.

(19) Haba, O.; Itabashi, H. Ring-opening polymerization of a five-
membered lactone trans-fused to a cyclohexane ring. Polym. J. 2014,
46 (2), 89—93.

(20) Gagliardi, M.; Bifone, A. Ring-opening copolymerization
thermodynamics and kinetics of y-valerolactone/e-caprolactone.
PLoS One 2018, 13 (6), No. e0199231.

(21) Lebedev, B. V. Thermodynamics of polylactones. Russ. Chem.
Rev. 1996, 65 (12), 1063—1082.

(22) Nishida, H.; Yamashita, M.; Endo, T.; Tokiwa, Y. Equilibrium
Polymerization Behavior of 1,4-Dioxan-2-one in Bulk. Macromolecules
2000, 33 (19), 6982—6986.

(23) Zhy, J.-B.; Watson, E. M.; Tang, J.; Chen, E. Y. X. A synthetic
polymer system with repeatable chemical recyclability. Science 2018,
360 (6387), 398—403.

(24) Schneiderman, D. K; Hillmyer, M. A. Aliphatic Polyester Block
Polymer Design. Macromolecules 2016, 49 (7), 2419—2428.

(25) Cederholm, L.; Olsén, P.; Hakkarainen, M.; Odelius, K.
Turning natural J-lactones to thermodynamically stable polymers
with triggered recyclability. Polym. Chem. 2020, 11 (30), 4883—4894.

(26) Delgove, M. A. F.; Wréblewska, A. A; Stouten, ]; van
Slagmaat, C. A. M. R;; Noordijk, J.; De Wildeman, S. M. A.; Bernaerts,
K. V. Organocatalyzed ring opening polymerization of regio-isomeric
lactones: reactivity and thermodynamics considerations. Polym. Chem.
2020, 11 (21), 3573—3584.

(27) Hong, M.; Chen, E. Y. X. Completely recyclable biopolymers
with linear and cyclic topologies via ring-opening polymerization of y-
butyrolactone. Nat. Chem. 2016, 8 (1), 42—49.

(28) Li, L.-G.; Wang, Q.-Y.; Zheng, Q.-Y.; Dy, F.-S.; Li, Z.-C. Tough
and Thermally Recyclable Semiaromatic Polyesters by Ring-Opening
Polymerization of Benzo-thia-caprolactones. Macromolecules 2021, 54
(14), 6745—6752.

(29) Schwartz, J. M.; Engler, A.; Phillips, O.; Lee, J.; Kohl, P. A.
Determination of ceiling temperature and thermodynamic properties
of low ceiling temperature polyaldehydes. J. Polym. Sci,, Part A: Polym.
Chem. 2018, 56 (2), 221-228.

(30) Lutz, J. P; Davydovich, O.; Hannigan, M. D.; Moore, J. S.;
Zimmerman, P. M.; McNeil, A. J. Functionalized and Degradable
Polyphthalaldehyde Derivatives. J. Am. Chem. Soc. 2019, 141 (37),
14544—14548.

(31) Zhang, W.; Dai, J.; Wu, Y.-C.; Chen, J.-X;; Shan, S.-Y.; Cai, Z;
Zhu, J.-B. Highly Reactive Cyclic Carbonates with a Fused Ring
toward Functionalizable and Recyclable Polycarbonates. ACS Macro
Lett. 2022, 11 (2), 173—178.

(32) Saxon, D. J.; Gormong, E. A; Shah, V. M.; Reineke, T. M.
Rapid Synthesis of Chemically Recyclable Polycarbonates from
Renewable Feedstocks. ACS Macro Lett. 2021, 10 (1), 98—103.

(33) Antonakou, E. V.; Achilias, D. S. Recent Advances in
Polycarbonate Recycling: A Review of Degradation Methods and
Their Mechanisms. Waste Biomass Valorization 2013, 4 (1), 9—-21.

(34) Olsén, P.; Undin, J.; Odelius, K; Keul, H.; Albertsson, A.-C.
Switching from Controlled Ring-Opening Polymerization (cROP) to
Controlled Ring-Closing Depolymerization (cRCDP) by Adjusting
the Reaction Parameters That Determine the Ceiling Temperature.
Biomacromolecules 2016, 17 (12), 3995—4002.

(35) Yu, Y; Fang, L.-M,; Liu, Y.; Lu, X.-B. Chemical Synthesis of
CO2-Based Polymers with Enhanced Thermal Stability and
Unexpected Recyclability from Biosourced Monomers. ACS Catal.
2021, 11 (13), 8349—8357.

https://doi.org/10.1021/acsmacrolett.2c00319
ACS Macro Lett. 2022, 11, 895-901


https://orcid.org/0000-0002-9852-8211
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00319?ref=pdf
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1038/s41578-020-0190-4
https://doi.org/10.1038/s41578-020-0190-4
https://doi.org/10.1002/marc.202000415
https://doi.org/10.1002/marc.202000415
https://doi.org/10.1021/acs.macromol.9b00965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b00965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b00965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules23112870
https://doi.org/10.3390/molecules23112870
https://doi.org/10.3390/molecules23112870
https://doi.org/10.1039/C7GC01496A
https://doi.org/10.1039/C7GC01496A
https://doi.org/10.1016/j.chempr.2018.10.011
https://doi.org/10.1016/j.chempr.2018.10.011
https://doi.org/10.1002/chem.201704461
https://doi.org/10.1002/chem.201704461
https://doi.org/10.1021/acsmacrolett.0c00789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.trechm.2019.03.004
https://doi.org/10.1016/j.trechm.2019.03.004
https://doi.org/10.1126/science.aat4997
https://doi.org/10.1021/acsmacrolett.0c00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/162705a0
https://doi.org/10.1038/162705a0
https://doi.org/10.1038/162705a0
https://doi.org/10.1016/j.chempr.2021.02.003
https://doi.org/10.1016/j.chempr.2021.02.003
https://doi.org/10.1016/S0032-3861(97)10370-6
https://doi.org/10.1016/S0032-3861(97)10370-6
https://doi.org/10.1021/acs.macromol.9b00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/pj.2013.70
https://doi.org/10.1038/pj.2013.70
https://doi.org/10.1371/journal.pone.0199231
https://doi.org/10.1371/journal.pone.0199231
https://doi.org/10.1070/RC1996v065n12ABEH000265
https://doi.org/10.1021/ma000457t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma000457t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aar5498
https://doi.org/10.1126/science.aar5498
https://doi.org/10.1021/acs.macromol.6b00211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b00211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0PY00270D
https://doi.org/10.1039/D0PY00270D
https://doi.org/10.1039/C9PY01777A
https://doi.org/10.1039/C9PY01777A
https://doi.org/10.1038/nchem.2391
https://doi.org/10.1038/nchem.2391
https://doi.org/10.1038/nchem.2391
https://doi.org/10.1021/acs.macromol.1c00497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c00497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c00497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pola.28888
https://doi.org/10.1002/pola.28888
https://doi.org/10.1021/jacs.9b07508?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07508?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.1c00653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.1c00653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12649-012-9159-x
https://doi.org/10.1007/s12649-012-9159-x
https://doi.org/10.1007/s12649-012-9159-x
https://doi.org/10.1021/acs.biomac.6b01375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.6b01375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.6b01375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.2c00319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters

pubs.acs.org/macroletters

(36) Liu, Y.; Zhou, H; Guo, J.-Z.; Ren, W.-M.; Lu, X.-B. Completely
Recyclable Monomers and Polycarbonate: Approach to Sustainable
Polymers. Angew. Chem., Int. Ed. 2017, 56 (17), 4862—4866.

(37) Abel, B. A.; Snyder, R. L.; Coates, G. W. Chemically recyclable
thermoplastics from reversible-deactivation polymerization of cyclic
acetals. Science 2021, 373 (6556), 783—789.

(38) Russo, S.; Casazza, E. Ring-Opening Polymerization of Cyclic
Amides (Lactams). Polymer Science: A Comprehensive Reference, 10
Volume Set 2012, 4, 331—396.

(39) Zhou, J.; Sathe, D.; Wang, J. Understanding the Structure—
Polymerization Thermodynamics Relationships of Fused-Ring Cyclo-
octenes for Developing Chemically Recyclable Polymers. ]. Am. Chem.
Soc. 2022, 144 (2), 928—934.

(40) Olsén, P.; Odelius, K; Albertsson, A.-C. Thermodynamic
Presynthetic Considerations for Ring-Opening Polymerization.
Biomacromolecules 2016, 17 (3), 699—709.

(41) Kricheldorf, H. R.; Schwarz, G. Poly(thioester)s. J. Macromol.
Sci. A 2007, 44 (6), 625—649.

(42) Aksakal, S.; Aksakal, R.; Becer, C. R. Thioester functional
polymers. Polym. Chem. 2018, 9 (36), 4507—4516.

(43) Overberger, C. G.; Weise, J. K. Anionic ring-opening
polymerization of thiolactones. J. Am. Chem. Soc. 1968, 90 (13),
3533—3537.

(44) Ura, Y.; Al-Sayah, M.; Montenegro, J.; Beierle, J. M.; Leman, L.
J.; Ghadiri, M. R. Dynamic polythioesters viaring-opening polymer-
ization of 1,4-thiazine-2,5-diones. Org. Biomol. Chem. 2009, 7 (14),
2878—2884.

(45) Mavila, S.; Worrell, B. T.; Culver, H. R;; Goldman, T. M,;
Wang, C,; Lim, C.-H.; Domaille, D. W,; Pattanayak, S.; McBride, M.
K.; Musgrave, C. B.; Bowman, C. N. Dynamic and Responsive DNA-
like Polymers. J. Am. Chem. Soc. 2018, 140 (42), 13594—13598.

(46) Yuan, J.; Xiong, W.; Zhou, X.; Zhang, Y.; Shi, D.; Li, Z.; Lu, H.
4-Hydroxyproline-Derived Sustainable Polythioesters: Controlled
Ring-Opening Polymerization, Complete Recyclability, and Facile
Functionalization. J. Am. Chem. Soc. 2019, 141 (12), 4928—4935.

(47) Shi, C; McGraw, M. L.; Li, Z.-C.; Cavallo, L.; Falivene, L.;
Chen, E. Y. X. High-performance pan-tactic polythioesters with
intrinsic crystallinity and chemical recyclability. Sci. Adv. 2020, 6 (34),
eabc0495.

(48) Xiong, W.; Chang, W.; Shi, D.; Yang, L.; Tian, Z.; Wang, H.;
Zhang, Z.; Zhou, X; Chen, E-Q; Lu, H. Geminal Dimethyl
Substitution Enables Controlled Polymerization of Penicillamine-
Derived f-Thiolactones and Reversed Depolymerization. Chem. 2020,
6 (7), 1831—1843.

(49) Wang, Y; Li, M; Chen, J; Tao, Y; Wang, X. O-to-S
Substitution Enables Dovetailing Conflicting Cyclizability, Polymer-
izability, and Recyclability: Dithiolactone vs. Dilactone. Angew. Chem.,
Int. Ed. 2021, 60 (41), 22547—22553.

(50) Bannin, T. J.; Kiesewetter, M. K. Poly(thioester) by
Organocatalytic Ring-Opening Polymerization. Macromolecules 20185,
48 (16), 5481—5486.

(51) Suzuki, M.; Watanabe, A.; Kawai, R; Sato, R.; Matsuoka, S.-i.;
Kawauchi, S. Ring-opening polymerization of thiolactide by using
thiol-amine combination. Polymer 2021, 215, 123386.

(52) Datta, P. P.; Kiesewetter, M. K. Controlled Organocatalytic
Ring-Opening Polymerization of e-Thionocaprolactone. Macromole-
cules 2016, 49 (3), 774—780.

(53) Wang, Y; Li, M,; Wang, S; Tao, Y,; Wang, X. S-
Carboxyanhydrides: Ultrafast and Selective Ring-Opening Polymer-
izations Towards Well-defined Functionalized Polythioesters. Angew.
Chem., Int. Ed. 2021, 60 (19), 10798—10805.

(54) Galanopoulo, P.; Gil, N.; Gigmes, D.; Lefay, C.; Guillaneuf, Y.;
Lages, M.; Nicolas, J.; Lansalot, M.; D’Agosto, F. One-Step Synthesis
of Degradable Vinylic Polymer-Based Latexes via Aqueous Radical
Emulsion Polymerization. Angew. Chem. Int. Ed. 2022, 61 (15),
€202117498.

(55) Spick, M. P.; Bingham, N. M,; Li, Y.; de Jesus, J.; Costa, C.;
Bailey, M. J; Roth, P. J. Fully Degradable Thioester-Functional
Homo- and Alternating Copolymers Prepared through Thiocarbonyl

901

Addition—Ring-Opening RAFT Radical Polymerization. Macromole-
cules 2020, 53 (2), 539—547.

(56) Smith, R. A; Fu, G.; McAteer, O.; Xu, M.; Gutekunst, W. R.
Radical Approach to Thioester-Containing Polymers. J. Am. Chem.
Soc. 2019, 141 (4), 1446—1451.

(57) Beesley, R. M,; Ingold, C. K; Thorpe, J. F. CXIX.—The
formation and stability of spiro-compounds. Part I. spiro-Compounds
from cyclohexane. J. Chem. Soc, Trans. 1915, 107 (0), 1080—1106.

(58) McCourt, R. O.; Scanlan, E. M. A Sequential Acyl Thiol—Ene
and Thiolactonization Approach for the Synthesis of J-Thiolactones.
Org. Lett. 2019, 21 (9), 3460—3464.

(59) Larsen, J; Lenoir, C. 2,2’-Bi-5,6-Dihydro-1,3-Dithiolo[4,5-
b][1,4]Dithiinylidene (BEDT-TTF). Org. Synth. 1995, 72, 26S.

(60) Odian, G. G. Principles of Polymerization; John Wiley & Sons,
2004; pp 140—141.

(61) Tran, H; Toland, A.; Stellmach, K; Paul, M. K,; Gutekunst,
W.; Ramprasad, R. Toward Recyclable Polymers: Ring-Opening
Polymerization Enthalpy from First-Principles. J. Phys. Chem. Lett.
2022, 13 (21), 4778—478S.

[0 Recommended by ACS

Ru-Catalyzed, cis-Selective Living Ring-Opening
Metathesis Polymerization of Various Monomers,
Including a Dendronized Macromonomer, and Impli...

Jung-Ah Song, Tae-Lim Choi, et al.
MAY 11,2020

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ =

Understanding the Structure-Polymerization
Thermodynamics Relationships of Fused-Ring
Cyclooctenes for Developing Chemically Recyclable ...

Junfeng Zhou, Junpeng Wang, et al.
JANUARY 05, 2022

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ =

Sequence Control from Mixtures: Switchable
Polymerization Catalysis and Future Materials
Applications

Arron C. Deacy, Charlotte K. Williams, et al.
JUNE 30, 2021

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ

Closing the “One Monomer-Two Polymers-One
Monomer” Loop via Orthogonal (De)polymerization of
a Lactone/Olefin Hybrid

Changxia Shi, Eugene Y.-X. Chen, et al.
JANUARY 27,2022

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ &

Get More Suggestions >

https://doi.org/10.1021/acsmacrolett.2c00319
ACS Macro Lett. 2022, 11, 895-901


https://doi.org/10.1002/anie.201701438
https://doi.org/10.1002/anie.201701438
https://doi.org/10.1002/anie.201701438
https://doi.org/10.1126/science.abh0626
https://doi.org/10.1126/science.abh0626
https://doi.org/10.1126/science.abh0626
https://doi.org/10.1016/B978-0-444-53349-4.00109-6
https://doi.org/10.1016/B978-0-444-53349-4.00109-6
https://doi.org/10.1021/jacs.1c11197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b01698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b01698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/10601320701285094
https://doi.org/10.1039/C8PY00872H
https://doi.org/10.1039/C8PY00872H
https://doi.org/10.1021/ja01015a043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01015a043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b903612a
https://doi.org/10.1039/b903612a
https://doi.org/10.1021/jacs.8b09105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.abc0495
https://doi.org/10.1126/sciadv.abc0495
https://doi.org/10.1016/j.chempr.2020.06.003
https://doi.org/10.1016/j.chempr.2020.06.003
https://doi.org/10.1016/j.chempr.2020.06.003
https://doi.org/10.1002/anie.202109767
https://doi.org/10.1002/anie.202109767
https://doi.org/10.1002/anie.202109767
https://doi.org/10.1021/acs.macromol.5b01463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2021.123386
https://doi.org/10.1016/j.polymer.2021.123386
https://doi.org/10.1021/acs.macromol.6b00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202016228
https://doi.org/10.1002/anie.202016228
https://doi.org/10.1002/anie.202016228
https://doi.org/10.1002/anie.202117498
https://doi.org/10.1002/anie.202117498
https://doi.org/10.1002/anie.202117498
https://doi.org/10.1021/acs.macromol.9b02497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/CT9150701080
https://doi.org/10.1039/CT9150701080
https://doi.org/10.1039/CT9150701080
https://doi.org/10.1021/acs.orglett.9b01271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.15227/orgsyn.072.0265
https://doi.org/10.15227/orgsyn.072.0265
https://doi.org/10.1021/acs.jpclett.2c00995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c00995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.2c00319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/jacs.0c02785?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.0c02785?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.0c02785?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.0c02785?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.0c02785?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c11197?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c11197?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c11197?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c11197?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c11197?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c03250?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c03250?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c03250?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c03250?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c03250?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c12278?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c12278?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c12278?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c12278?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
http://pubs.acs.org/doi/10.1021/jacs.1c12278?utm_campaign=RRCC_amlccd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657239601&referrer_DOI=10.1021%2Facsmacrolett.2c00319
https://preferences.acs.org/ai_alert?follow=1

