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CHEMISTRY

High-performance pan-tactic polythioesters
with intrinsic crystallinity and chemical recyclability

Changxia Shi'?, Michael L. McGraw’, Zi-Chen Li?, Luigi Cavallo®,

Laura Falivene3*, Eugene Y.-X. Chen'*

Three types of seemingly unyielding trade-offs have continued to challenge the rational design for circular poly-
mers with both high chemical recyclability and high-performance properties: depolymerizability/performance,
crystallinity/ductility, and stereo-disorder/crystallinity. Here, we introduce a monomer design strategy based
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on a bridged bicyclic thiolactone that produces stereo-disordered to perfectly stereo-ordered polythiolactones,
all exhibiting high crystallinity and full chemical recyclability. These polythioesters defy aforementioned trade-
offs by having an unusual set of desired properties, including intrinsic tacticity-independent crystallinity and
chemical recyclability, tunable tacticities from stereo-disorder to perfect stereoregularity, as well as combined
high-performance properties such as high thermal stability and crystallinity, and high mechanical strength, duc-

tility, and toughness.

INTRODUCTION

The failure to address end-of-life issues of today’s plastics has not
only accelerated the depletion of finite natural resources but also
caused severe worldwide plastics pollution problems and resulted
in enormous energy and materials value loss in the global economy
(1-3). To address this global challenge, the design of next-generation
polymers must consider their afterlife issues and establish closed-
loop life cycles toward a circular economy (4-8). In this context, the
development of chemically recyclable polymers that can be depolym-
erized back to their monomer building blocks in high selectivity and
purity for virgin-quality polymer reproduction offers a circular
economy approach to address these dire environmental and eco-
nomic issues (9-16). For example, the ring-opening polymerization
(ROP) of unstrained y-butyrolactone (GBL) leads to polyester poly(GBL)
that can be completely depolymerized back to GBL in quantitative
purity and yield with a low energy input (17, 18). However, poly(GBL)
performance properties are insufficient for common applications.
To address this depolymerizability/performance trade-off, ring-fused
bicyclic GBL structural derivatives were designed to enhance monomer
polymerizability as well as polymer thermal stability and crystallinity
without compromising the full chemical recyclability (10, 19), but
the resulting crystalline materials with high melting transition tem-
peratures (Tp,) are mechanically brittle, thus requiring incorporation
of flexible copolymers to reach useful ductility (20). In addition, to
afford these crystalline materials demands either stereocomplexation
of the preformed enantiomeric polymers from separate pools of
enantiopure monomers or the elaborate stereoselective polymeriza-
tion of the racemic monomer pool. When compared to the exten-
sively studied ROP of lactones (21, 22), the ROP of thiolactones has
been examined to a much lesser extent (23-28). A notable develop-
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ment on that front is that the ROP of chiral N-substituted cis-4-
thia-L-proline thiolactones leads to polythioesters that are readily
functionalizable (via the N site on the pyrrolidine ring) and show
full chemical recyclability (23). However, the resulting polythioesters
exhibit relatively low thermal stability with a Ty s (decomposition
temperature at 5% weight loss) of ~200°C and no observable Ty,
despite their chiral structure, and dilute conditions (1.0 g of polymer/
100 ml of solvent) were required to achieve their full chemical recy-
clability. The above examples highlight the daunting challenges of
designing chemically recyclable polymers that exhibit combined
desirable, but often conflicting, properties into one polymer structure,
as they must overcome two types of trade-offs: depolymerizability/
performance and crystallinity/ductility.

For polymers containing stereogenic centers, there is also a
stereo-disorder/crystallinity trade-off that must be addressed. The
stereochemical order or tacticity that measures the relative stereo-
chemical arrangement or order of neighboring stereocenters located
on their main-chain backbone of polymers significantly affects their
physical and mechanical properties (29-31). Although stereoregularity
of polymers is neither a necessary nor a sufficient condition for their
crystallinity, as a general rule for tactic polymers, tacticity determines
their crystallinity; thus, high tacticity is required to pack polymer
chains effectively into a (semi)crystalline domain. Therefore, higher
tacticity leads to a crystalline polymer with a higher T}, whereas
stereo-disordered or atactic polymers having a random arrangement
of stereocenters or even modestly tactic polymers are often amor-
phous. This long-standing rule highlights the importance of achieving
a high degree of stereochemical control in polymer synthesis and
often represents a highly demanding task for many polymerization
systems, which has continuously challenged polymer chemists and
captivated their attention and efforts (32-36). However, there are
a few exceptions to this rule. For example, atactic poly(vinylene-cis-
1,3-cyclopentylene) [fully hydrogenated polynorbornene (hPN)] is
unexpectedly crystalline (37), which is attributed to the unusual
ability to crystallize with good three-dimensional order (a defined
unit cell) even in the presence of a high degree of local structural
disorder (configurational disorder in the cis-cyclopentylene rings)
(38). An obvious advantage of designing these tacticity-independent
crystalline polymers is to circumvent the burden of developing
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exquisite stereoselective syntheses to achieve highly stereoregular,
high-performance crystalline polymers.

Inspired by the above overviewed results and the presented chal-
lenges, especially the work of Yuan et al. (23) and Lee and Register
(37), we set out to design high-performance circular polymers with
both intrinsic chemical recyclability and crystallinity. Guided by
the following working hypotheses, we arrived at a bridged bicyclic
thiolactone monomer, 2-thiabicyclo[2.2.1]heptan-3-one (22UBTL),
which can be prepared from a bio-based olefin carboxylic acid in
80% yield at a 50-g scale (see Materials and Methods). First, 2B,
should contain higher ring strain than the parent, nonpolymerizable
y-thiobutyrolactone, which should allow the ROP to proceed at
room temperature (RT) with high equilibrium monomer conver-
sions and yield high molecular weight (MW) polymers. Second,
the bridged bicyclic system should provide rigidity to the polymer
backbone for enhanced thermal and mechanical properties. Third, the
depolymerizability and selectivity in chemical recycling of the re-
sulting polymer poly(2-thiabicyclo[2.2.1]heptan-3-one) (PBTL) should
be high since the ring closure of the five-membered thiolactone is
kinetically facile and thermodynamically favored. Furthermore, the
bridged bicyclic monomer exists only in the cis configuration, thus
eliminating possible isomerization. Fourth, the aforementioned PBTL
that also contains the cyclopentylene units, the motif leading to atac-
tic yet crystalline hPN, could render its tacticity-independent, thus
intrinsic, crystallinity, provided the unique ability to crystalize be-
cause of pseudosymmetry and long-range order present in the pan-
tactic PBTL with all degrees of tacticity.
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RESULTS

Control of tacticity, crystallinitY, and topology

The results of the ROP of racemic '?2!!'BTL by four different catalyst/
initiator systems were summarized in table S1. First, with the La-N/
BnOH system, the ROP in toluene at RT with [M]/[La-N]/[BnOH] =
300/1/3 achieved only 57% conversion after 24 hours {La-N =
La[N(SiMe3)]3; BnOH = benzyl alcohol, which converts in situ the
La-N precatalyst to the La-OBn catalyst via facile alcoholysis (15);
M = monomer}. Although the resulting PBTL has a low number-
average MW (M) of 8.8 x 10° g mol ™" and is not stereoregular on
the basis of 'H and *C nuclear magnetic resonance (NMR) spectra,
it unexpectedly is crystalline with a high Ty, of 167°C (Fig. 1) and a
heat of fusion (AHp) of 25.6 J g_l measured by differential scanning
calorimetry (DSC) from a second heating scan at 10°C/min. Likewise,
the ROP catalyzed by organic base 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) led to atactic PBTL but is semicrystalline, exhibiting a Ty, of
166°C. The use of superbase 1-tert-butyl-4,4,4-tris(dimethylamino)-
2,2-bis[tris(dimethylamino)-phosphoranylid-enamino] 2205, 40°-
catenadi (phosphazene) ('Bu-P,) resulted in immediate gelation with
an M concentration of 160 mg/0.1 ml in toluene, affording also a
crystalline PBTL but with a higher Ty, of 176°C, while still being
mostly atactic. Intriguingly, when the M concentration was increased
to 240 mg/0.1 ml in toluene and the catalyst loading was decreased
to reach a ratio of [M]/['Bu-P4]/[BnOH] = 1000/1/1, the Tj, of the
resulting PBTL (M, = 4.98 x 10* g mol™}, D = 1.44) increased
significantly to 213°C [glass transition temperature (T,) = 112°C],
coupled with essentially perfect stereoregularity, as revealed by its
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Fig. 1. NMR spectra and DSC thermograms of PBTL with varied stereoregularity. (A) "H NMR (25°C, CDCls) spectra. ppm, parts per million. (B) 3C NMR (25°C, CDCl3)
spectra in the C=0 region. (C) DSC curves of second heating scans at 10°C/min. PBTL samples are as follows: (1) PBTL with low (32%) tacticity by DBU; (2) PBTL with medium

(45%) tacticity by IMes; and (3) PBTL with perfect (100%) tacticity by ‘Bu-P.
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’C NMR (Fig. 1B and table S1, run 4). Replacing ‘Bu-P, with a
N-heterocyclic carbene (NHC), 1,3-bis(2,4,6-trimethylphenyl) imidazol-
2-ylidene (IMes), the ROP with [M]/[IMes]/ [BnOH] = 1000/1/1
(320 mg of M in 0.1 ml of toluene) reached 85% in 5 min, affording
a high-MW, crystalline PBTL (M, = 1.15 x 10° g mol ™", Ty, = 194°C;
Fig. 1C). By gradually lowering the IMes catalyst loading to 0.02%,
we realized essentially perfectly stereoregular PBTL with Ty, = 213°C.
The linear structure of the PBTL produced by the catalyst/BnOH
systems was characterized by the end groups from their NMR spectra,
which was further confirmed by matrix-assisted laser desorption/
ionization-time-of-flight mass spectrometry (MALDI-TOF MS) to
show the linear structure BnO—{**'BTL},—H (Fig. 2A).

As NHCs are well-established catalysts promoting cyclic polymer
formation through zwitterionic ROP of lactones and lactides (39-41),
we performed zwitterionic ROP of *?!BTL using IMes in toluene
at RT. The ROP with [M]/[IMes] = 100/1 (160 mg of M in 0.1 ml
of toluene) gelled in 10 s and reached 44% conversion, with a final
conversion of 72% upon quenching after 5 min. This resultant PBTL
(M, = 6.61 x 10* g mol™!, P = 2.37) is also a crystalline material,
showing a Ty, of 176°C (table S2, run 1). Analysis of a low-MW
sample by MALDI-TOF MS (Fig. 2B) revealed no end groups, indi-
cating that IMes mediated zwitterionic ROP to produce cyclic PBTL.
To provide further experimental evidence to distinguish between the
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linear and cyclic PBTL topologies, gel permeation chromatography
(GPC) with light scattering, refractive index, and viscosity triple
detection was used to analyze and compare the PBTL materials
produced by IMes with (to linear PBTL) or without (to cyclic PBTL)
the BnOH initiator. A Mark-Houwink plot {i.e., double logarithmic
plots of intrinsic viscosity [n] versus weight-average MW (M,,) de-
termined by light scattering detection} of the linear PBTL produced
by IMes/BnOH (table S1, run 6) and the cyclic PBTL produced by
IMes alone (table S2, run 6) is depicted in Fig. 2C. As expected, cyclic
PBTL exhibited a lower intrinsic viscosity than its linear analog, with
a [M]eyclic/ [M]linear ratio of approximately 0.7, consistent with the
theoretically predicted value for cyclic polymers (42).

Subsequent studies examined effects on the polymerization char-
acteristics and cyclic PBTL properties (particularly M, and T,) by
varying the [M]/[IMes] ratio (100/1 to 1000/1), M concentration
(1.60 to 3.20 g/ml), and solvent polarity [toluene, tetrahydrofuran
(THF), and dimethylformamide (DMF)]. From the results summa-
rized in table S2, several trends can be observed. First, these polym-
erizations typically gel in a few seconds and are not well controlled,
affording high-MW, crystalline cyclic PBTL with even a relatively low
[M]/[IMes] ratio to 300/1: M, = 1.70 x 10° g mol ', P = 2.78, and
T = 180°C. Second, using combined high M concentration (2.40 g/ml)
and high [M]/[IMes] ratio (1000/1) conditions produced cyclic PBTL
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Fig. 2. Determination of topology by MALDI-TOF MS and viscosity. (A) MS spectrum and plot of mass/charge ratio (m/z) values versus the theoretical number of
M repeat units for the linear PBTL produced by IMes and BnOH. (B) MS spectrum and plot of m/z values versus the theoretical number of M repeat units for the cyclic PBTL
produced by IMes alone. (C) Double logarithm (Mark-Houwink) plots of intrinsic viscosity [n] versus M,, of the linear (blue line) and cyclic (red line) PBTL samples produced

by IMes with BnOH and without BnOH. Inset: a photograph of isolated cyclic PBTL.
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with essentiall?l perfect tacticity, as characterized by the highest Ty,
of 213°C and °C NMR spectra. Third, changing the solvent from
toluene to THF, while using high M concentration and [M]/[IMes]
ratio conditions, can also lead to perfectly tactic cyclic PBTL, but the
ROP in the most polar solvent of this series (DMF) led to erosion of
tacticity to only 30% (vide infra).

Stereomicrostructures and stereocontrol mechanism

One critical observation and clue to the origin of stereoselectivity is
the appearance of four *C peaks in the carbonyl region of lower Ty,
(less stereoregular) PBTL materials (Fig. 3). Considering that only
one of the four peaks [at 202.0 parts per million (ppm)] appears in
the highest tacticity (100%) and Ty, (213°C) sample, we attribute
the other three peaks (202.2, 201.8, and 201.6 ppm) to stereoerrors.
Next, to formulate any reasonable explanation for the observation
of only four peaks, we make a critical assumption that these carbonyl
13C signals must be diads, not triads. For diads, there should be 16
possible stereochemical outcomes (2*) or 8 pairs of observable en-
antiomers with distinct chemical shifts. Therefore, there must be a
chemical explanation for the exclusion of four other pairs of enan-
tiomers. All eight possible diastereomers (their enantiomers not
shown) at the diad level are shown in Fig. 3A, which are broken into
two sets (I and II) of four. Diastereomers 1 and 5 represent the two

possible parent enantiomers that arise from inherent chain-end
stereoselectivity inherited from the unracemized enantiomeric cis
monomer. It makes sense to split them up into these two scenarios
if, and only if, the chiral center adjacent to the sulfur does not race-
mize (note that in each set, the stereocenters adjacent to the sulfur
atom do not change). Regardless of what the parent chirality is, cis/cis
threodisyndiotactic 1 [(R,S)(S,R)] or cis/cis threodiisotactic 5 [(R,S)
(R,S)], we can still infer that racemization between any of the di-
astereomers in scenarios I to II requires a flip in chirality at one of
the stereocenters adjacent to a sulfur. Therefore, under the above
assumption, we can consider the two scenarios as mutually exclu-
sive and thus provide a well-reasoned chemical explanation for the
exclusion of the four statistically possible but missing peaks. To un-
derstand which scenario can be ruled out, we performed density
functional theory (DFT) calculations and reported relative energies
of the eight diads in Fig. 3A. From a thermodynamic perspective,
group I diastereomers are calculated to be more stable than the ones
in group II. Specifically, threodisyndiotactic 1, representing the tac-
ticity formed by the stereoselective chain growth, is about 2 kcal/mol
more stable than threodiisotactic 5 and, among the racemized chains,
trans/trans 4 is the favored one. The kinetic results that emerged
from the DFT analysis of mechanistic pathways discussed below show
that the selective formation of 1 is also kinetically favored.
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Fig. 3. Tentative assignments of stereomicrostructures of PBTL and '>C NMR spectra. (A) Structures of all possible stereo-arrangements (tacticities) in diads
(enantiomers not shown) and DFT calculated relative energies (numbers in red; kcal/mol). (B) PBTL produced by IMes (table S2, run 8). (C) PBTL produced by DBU
(table S1, run 2). (D) PBTL produced by IMes (table S1, run 8). (E) PBTL produced by ‘Bu-P4, [M]/['Bu-P41/[BnOH] = 100/1/1, 0.80 g/ml.
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The above rationalization can also explain the two outside peaks
(202.2 and 201.6 ppm), which are stereoerrors, that apparently
always have similar integration (Fig. 3, C to E). There are two cis/
trans diastereomers, 2 and 3. Since each °C peak is representing
one specific carbonyl carbon that can either be on the cis ring or the
trans ring within the cis/trans diad and since these are two chemi-
cally different carbons, they would logically be similar in abundance
and therefore have similar integration in every case. Last, the inside/
right peak (4) represents the trans/trans diastereomer. This assign-
ment is consistent with Fig. 3E for the PBTL produced by ‘Bu-P,
under more dilute conditions, where the trans/trans peak is highest
in intensity because of facile racemization under these conditions.

We propose a stereospecific chain-end control mechanism on the
basis of inherent steric differences in the pro-(S) and pro-(R) faces
of any incoming 2UBTL molecule, coupled with the chirality of any
propagating PBTL anionic chain end. Stereomistakes are caused by
racemization of the stereocenter o- to a PBTL carbonyl by an equiv-
alent of free base. In addition, while one might expect stronger bases
to produce more stereoerrors, the results from table S1 indicated that
stronger bases are actually the most stereoselective. This counter-
intuitive observation can be explained by the absolute concentration
of the free base being lower in the case of a stronger base such as
'Bu-P4in comparison to a weaker base such as DBU. This hypothesis
is also supported by the higher T\,’s observed at higher [M]/[B:]
ratios, where the absolute concentration of the free base must be
lower. However, current evidence could not allow us to conclusively
rule out an alternative hypothesis that the higher stereoselectivity
achieved by the stronger base ‘Bu-P, is due, at least partially, to its
much greater steric hindrance (thus, bulkier resulting conjugate-acid
anion). Deconvolution of the steric bulk from the basicity of bases
requires further structure/reactivity studies. Overall, the experimental
observations and analyses led to three critical conclusions: (i) The
thiolate anion is not a strong enough base to racemize the a-carbonyl
carbon; (ii) the proton adjacent to the sulfur is not acidic enough to
racemize; and (iii) stronger bases are less prone to racemize the
polymer chain because they are more likely to exist in the innocuous
protonated form.

To address the above mechanistic hypotheses, DFT calculations
were carried out for the ROP of racemic 2?/BTL with ‘Bu-P,. Starting
from the anionic thiolate propagating chain A stabilized by electro-
static interaction with the protonated base [BH]" (Fig. 4A), the next
monomer addition occurs through a nucleophilic attack by the
thiolate on the carbonyl of the monomer with concomitant ring
opening and reformation of a longer thiolate chain. The reaction of
the pro-(S) face of 22y, requires a barrier of only 8.5 kcal/mol,
4.6 kcal/mol lower than that for the pro-(R) face, confirming a
completely stereospecific chain-end control. Moreover, this kinetic
barrier difference shows that the selective formation of diad 1 [(R,S)
(S,R)] over 5 [(R,S)(R,S)] is both kinetically and thermodynamically
favored.

Next, we investigated the possible pathways leading to stereo-
errors. The proton exchange between the thiolate anion at the chain
end and the base creates an equilibrium between ion pair A and
neutral thiol and base pair B (Fig. 4A). As expected, the formation
of B is disfavored, but, when formed, B can facilitate racemization
at the a-carbonyl carbon through abstraction of the proton by the
released base, which has a barrier of 13 kcal/mol leading to C (only
3.6 kcal/mol higher in energy than B). On the other hand, analogous
product D, generated by racemization at the stereocenter adjacent
to sulfur, is very high in energy (41.4 kcal/mol higher than A or
28.4 kcal/mol higher than B); thus, its formation can be ruled out.
Further, chain growth from C occurs more rapidly for the newly
formed trans chain end that propagates with a barrier lower by al-
most 2 kcal/mol with respect to the regular chain end. These results
support the formation of a predominantly trans/trans structure
(4 in Fig. 3A) and its existence as a kinetic product when the reaction
conditions were used such that extensive racemization can occur
(Fig. 3E).

Furthermore, we examined both initiation and propagation path-
ways for the IMes-catalyzed cyclic PBTL formation in toluene (Fig. 4B).
The initiating nucleophilic attack of IMes to the carbonyl carbon of
(2UBTL requires a barrier of 12.6 kcal/mol, leading to ring-opened
zwitterionic adduct E that is 6.6 kcal/mol higher in energy than the
reactants. The following monomer addition is also stereoselective
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Fig. 4. Proposed stereospecific ROP mechanism. (A) Stereospecific ROP of ?2"BTL into perfectly stereoregular linear PBTL (P-1) with threo-disyndiotacticity by chain-end
control (top) and stereoerror formation via racemization at the stereocenter adjacent to the carbonyl by free base present in the system (bottom). (B) Zwitterionic initiation,
propagation, chain extension, and cyclization fundamental steps for cyclic PBTL formation by IMes. DFT calculated relative free energies in toluene (kcal/mol) reported by
numbers in red, and AG” calculated as the free energy difference between each transition state and its preceding minima.
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(AAG of 2.5 keal/mol between the transition states for the two faces
of the monomer) with a relative energy barrier of 16.3 kcal/mol for
the favored enantiomer, which also leads to the thermodynamically
favored diad (threodisyndiotactic P-1). The propagation step for the
favored stereoselective pathway requires a relative energy barrier of
11.9 kcal/mol for the addition of the third monomer (Fig. 5A). The
lower energy required in this step with respect to the previous one
correlates well with the strength of the ion pair formed by the grow-
ing chain. In the initial adduct E, the end-to-end distance is very
short, i.e., 2.10 A, indicating a very tight ion pair, but after at least
two monomer units have been inserted into the chain, the ion pair
is much weaker with an end-to-end distance of 2.88 A. A complete
chain propagation scenario contemplates also possible intermolecular
chain transfer by coupling of two growing chains and regeneration
of the catalyst with an energy barrier of only 9.9 kcal/mol (Fig. 5B).
The “truncated” model used, which is based on a hypothesis that
there is no ring strain for big rings, allows one to ignore the repeat
units and compute only the reaction between the two chain ends to
avoid the conformational issues caused from the modeling of long
chains. This chain transfer step competes with the analog intra-
molecular cyclization step that is approximated to have a similarly
low energy barrier since the same truncated model can be used to
model the chemistry of both the chain transfer reactions. Last, we
considered the possible reactivation of small rings by active propa-
gating species E or its homologs to test the possibility for cyclized
chains to reenter the propagation cycle and lead to a further increase
of MW (Fig. 5C). Considering a ring formed by two monomer units,
the energy barrier required for the propagating chain to reopen the
ring by E amounts to only 5 kcal/mol (which will increase as the
ring size increases), supporting the facile formation of high MW
chains even when there are small rings formed during the initial
stage of polymerization. Thus, the lack of control and high MW/D
can be understood as a broad probability distribution encompassing
inter/intramolecular chain transfer and macrocyclic ring opening/
ring closing.

Last, we also compared the computed AAG” values in toluene
and DMF for the monomer addition step (E to P-1; Fig. 4B). The
calculated AAG” value between the two competing transition states
was reduced from 2.5 kcal/mol in toluene to only 1.2 kcal/mol in
DMF, in agreement with the low stereoselectivity observed in DMF
experimentally. We noticed that the stereoselection is inverted with
the chain preferring to select the monomer of the opposite chirality
in DMF than in toluene. Looking closely to the geometries of the
two transition states, it emerges that the structure having the shorter
distance between the positively and the negatively charged chain ends

A
=) '

(i.e., the tighter ion pair) is strongly favored in an apolar solvent
such as toluene, but this tight ion pairing becomes disfavored in a
polar solvent such as DMF where the solvent—chain end interactions
are stronger and compete with the in-chain interactions.

Materials properties of PBTL of varying topology

and tacticity

The thermal stability of linear and cyclic PBTL materials were
examined by thermogravimetric analysis (TGA) for their Ty sy, and
Tmax (@ maximum rate decomposition temperature) values. Both
linear and cyclic PBTL materials exhibit high thermal stability, with
Tq,5% > 320°C and with cyclic PBTL (absent of chain ends) showing
somewhat higher Ty sy, than the linear PBTL. For example, cyclic
PBTL produced by IMes alone was analyzed to have T4 sy = 328°C
(Fig. 6A), which is 7°C higher than the linear PBTL obtained with
['Bu-P, + BnOH] (fig. S67A).

Mechanical properties of crystalline cyclic PBTL materials with
two different Ty, values (different tacticities) prepared from the ROP
of racemic *'BTL by IMes at a multigram scale were examined by
tensile testing. Dog bone-shaped specimens of PBTL, 5 (subscripted
178 denotes its T, value of 178°C; M, = 9.87 x 10* g mol™) and
PBTL;go (M, =2.28 x 10° g mol™!) were prepared by solvent casting,
followed by extensive drying in open air and a heated vacuum oven
at 100°C. Despite being highly crystalline with high T', values, both
polythioesters are ductile, with elongation at break reaching greater
than 200%: 222 + 5% for PBTL;73 and 233 + 22% for PBTL g9
(Fig. 6B). They are also hard and strong materials, with high Young’s
modulus and ultimate tensile strength of E = 2.00 + 0.18 GPa and
op = 41.4 + 3.0 MPa for PBTL;g9 and E = 1.38 + 0.17 GPa and
op = 36.3 + 3.5 MPa for PBTL,;7g. Overall, they can be characterized
as hard, strong, ductile, and tough plastics, with PBTL of the higher
MW and Ty, outperforming the one with lower values. Applying
different annealing temperatures provides another strategy to mod-
ulate the properties of PBTL to meet different application demands.
For example, annealing the above specimens at 140°C, which is
higher than their crystallization temperatures (~130°C), yielded dif-
ferent mechanical properties. Specifically, PBTL, g9, when annealed
at 140°C, resulted in a material with ~40% higher Young’s modulus
(E=2.79 £0.16 GPa) and ~19% higher tensile strength (o5 =49.1 +
3.0 MPa) compared to the material annealed at 100°C (fig. S68). DSC
measurements of the PBTL sample before and after the annealing
showed that, after the annealing, the heat fusion from the first heat-
ing scans was enhanced by 8.4 J/g and the transition for Ty also
became obscure, both observations of which point to an increase
in crystallinity after annealing.
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Fig. 5. Proposed chain growth, transfer, and reactivation mechanisms in the ROP of 22" IBTL by IMes. (A) General chain growth step following the initiation step.
(B) Intermolecular chain transfer by coupling of two growing chains and regeneration of the IMes catalyst. (C) Reactivation of small rings (represented by the smallest
possible ring) by active propagating species for cyclized chains to reenter the propagation cycle and lead to a further increase of the MW. DFT calculated energy barriers
(AG™) in toluene (kcal/mol), reported as the free energy difference between each transition state and its preceding minima.
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Fig. 6. Thermal and mechanical properties as well as intrinsic crystallinity and recyclability. (A) TGA curves of cyclic PBTL. (B) Stress-strain curves for PBTL;7g
(Tm=178°C and M, =9.87 x 10* g mol™") and PBTL1go (Try = 189°C and M, = 2.28 x 10° g mol ™). (C) Tr,, values as a function of tacticity for the cyclic PBTL materials produced
by IMes. (D) Correlation between T, and tacticity values for the cyclic PBTL materials produced by IMes in the linear region. (E) Overlays of "HNMR spectra (25°C; CDCls;
residual solvent peaks at 7.26 and 1.56 ppm for CHCl3 and H,0, respectively): (1) cyclic PBTL before depolymerization; (2) the colorless solid product recovered after
depolymerization (sublimation setup with La-N catalyst at 100°C for 24 hours); and (3) pure starting ?2"'BTL for comparison.

Thermomechanical properties of two PBTL samples with Ty, =
178°C (M, = 9.87 x 10* g mol ™) and Ty, = 213°C (M, = 3.33 x
10* g mol ") were examined by dynamic mechanical analysis (DMA)
in a tension film mode. The thermomechanical spectra of PBTL;7g
(fig. S67B) and PBTL;;3 show that both samples exhibited a high
storage modulus (E) at RT, although E’ (1.08 + 0.14 GPa) of PBTL;;3
is somewhat higher than that (0.93 + 0.06 GPa) of PBTL,75. On the
other hand, E’ of both materials only decreased by about one order
of magnitude after Ty, and the materials still maintained a high E’
in the rubbery plateau until reaching a flow temperature of above
their Ty, values, characteristic of a semicrystalline material. The
o-transition temperature, given by the maximum value of tan 3 [the
loss modulus/storage modulus ratio (E'’/E’)] measured by DMA
was 68°C for PBTL;5 and 98°C for PBTL,,;3, which is lower than
the Ty (112°C for PBTL;;3) measured by DSC.

Powder x-ray diffraction profiles of the cyclic PBTL with varying
tacticities, as reflected by different T, values, were also obtained. The
main diffraction peak of each PBTL sample was similar, appearing
at 20 of 19.1°, corresponding to a d spacing of 4.6 nm. With increas-
ing the tacticity from PBTLg3 to PBTLyg; to PBTL, 5 with perfect
tacticity, the minor diffraction peak at 11.7° grows gradually (fig. S67C),
and both peaks become somewhat sharper, consistent with increasing
the crystallinity and Ty, values. Overlays of Fourier transform infra-
red (FTIR) spectra in the carbonyl stretching region of these three
PBTL samples (fig. S67D) revealed a red shift of the C=O stretching
frequency (vc=o) for the perfectly tactic PBTL;;3 to a wave number
3 cm™! lower than that for the lower tactic PBTL samples.

Intrinsic crystallinity and chemical recyclability
A remarkable feature of the PBTL material is its intrinsic crystallinity,
exhibiting a high T\, ranging from the lowest 166°C to the highest
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213°C, regardless of topology (linear or cyclic) or tacticity (from low
20% to perfect 100%). It is worth noting here that the tacticity
further modulates the crystallinity, as shown by the dependence of
Tm values on tacticity. Taking the cyclic PBTL material as an example,
a plot of Ty, versus tacticity displays an overall upward trend (Fig. 6C),
and there shows an apparent linear correlation after the tacticity
reaches about 50% (Fig. 6D), with T, (°C) = 54.8 P, + 157.4 (R? =
0.993) and a calculated maximum Ty, of 212.2°C at 100% P,. If all
data points (including those with tacticity lower than 50%) are plotted,
then the relationship becomes: Ty, (°C) = 44.6 P, + 165.8 (R* =0.984),
giving a calculated minimum T, of 165.8°C, which can be ascribed
to the PBTL’s intrinsic crystallinity. Experimentally, considering more
than 100 PBTL samples varying in tacticity and T, values that we
have generated throughout this study, the highest and lowest Ty, ever
observed was consistently 213° and 166°C, respectively. These results
show that this class of PBTL polymers exhibits the unusual ability to
crystallize, even with a high degree of stereochemical disorder.
Another desired property of PBTL materials is their intrinsic chem-
ical recyclabilitg for a closed-loop life cycle. To quantify the polym-
erizability of (21IBTL and also guide the PBTL depolymerization
conditions, thermodynamics of the *!/BTL polymerization were
probed using the polymerization with [M]/[IMes] = 100/1 and [M], =
3.0 M in toluene-dg via variable temperature NMR. The equilibrium
monomer concentration, [M]eq, obtained by plotting [M]; as a func-
tion of time until [M] became constant, was measured to be 2.55, 2.07,
1.65, 1.32, and 1.05 M for 20°, 10°, 0°, —10°, and —20°C, respectively.
The van’t Hoff plot of In[M].q versus 1/T gave a straight line with a
slope of —1.69 and an intercept of 6.70 (fig. S73), from which thermo-
dynamic parameters were calculated to be AH®, = ~14.1 k] mol ' and
AS°p =-55.7] mol ! K. The ceiling temperature (T;) was calculated
to be 253 K (=20°C) at [M] = 1.0 M or 385 K (112°C) at [M], = 10.0 M.
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Fig. 7. Outlined one-pot synthesis of monomer 22''BTL.

The chemical recyclability of PBTL was examined by both bulk
and solution depolymerization methods. First, we used bulk depolym-
erization at 100°C in the presence of a catalytic amount of La-N via
a sublimation setup. PBTL depolymerized cleanly into pure monomer
[22UBTL with >90% isolated yield after in 24 hours (Fig. 6E). Next,
according to the above-obtained thermodynamic parameters,
T. = 303 K (30°C) at [M]o = 3.0 M and T, = 282 K (9°C) at
[M]o = 2.0 M, we investigated solution depolymerization at RT with
a catalyst. When PBTL was mixed with IMes [2.3 weight % (wt %)]
in toluene (2.0 M) at RT, after 10 min, PBTL depolymerized quantita-
tively into pure monomer *!/BTL based on '"H NMR in toluene-ds
(fig. S75). The depolymerization at a gram scale was also successfully
carried out. Since **!/BTL exists only in the cis configuration, it is
free of contamination because of absence of possible isomerization.
The recycled pure **!'BTL can then be directly repolymerized into
PBTL (table S1, run 5), thereby demonstrating a closed-loop life
cycle of the PBTL materials.

DISCUSSION

In summary, we report a unique class of polythioester materials
derived from the bridged bicyclic **!/BTL, which have both intrin-
sic chemical recyclability and crystallinity as well as an unusual set
of combined high-performance properties such as high thermal stabil-
ity, crystallinity, strength, ductility, and toughness. This discovery is
notable because accessing such a set of desired properties typically
requires composites of materials due to structure/property trade-offs.
Several notable characteristics of the current designer monomer are
responsible for its unique polymerization characteristics and per-
formances of its resulting polythioesters: (i) The bridged bicyclic
monomer framework increases not only the polymerizability and
stereoselectivity but also the chemical recyclability and selectivity
due to its enhanced ring strain and the presence of the five-member
lactone ring restricted to the cis configuration; (ii) the bridged bi-
cyclic system provides the rigidity in the polymer backbone for
enhanced thermal and mechanical properties; and (iii) the cyclo-
pentylene rings and sulfur in the polymer render tacticity-independent
intrinsic crystallinity.

MATERIALS AND METHODS

Materials

High-performance liquid chromatography (HPLC)-grade organic
solvents were first sparged extensively with nitrogen during filling
20 liters of solvent reservoirs and then dried by passage through
activated alumina (for THF and dichloromethane) followed by
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passage through Q-5-supported copper catalyst (for toluene and
hexanes) stainless steel columns. HPLC-grade N,N-DMF was degassed
and dried over CaH, overnight, followed by vacuum distillation (CaH,
was removed before distillation). Toluene-dg was dried over sodium/
potassium alloy and vacuum-distilled or filtered, whereas CD,Cl,
and CDCl; were dried over activated Davison 4-A molecular sieves.

Organic bases ‘BU-Py (~0.8 M in hexane) and IMes were purchased
from Aldrich Chemical Co. and TCI, respectively, and used as received.
La-N was purchased from Aldrich Chemical Co. and used as received.
BnOH and DBU were purchased from ThermoFisher Scientific and
Aldrich Chemical Co., respectively, which were purified by distilla-
tion over CaH, and stored over activated Davison 4-A molecular
sieves. 3-Cyclopentene-1-carboxylic acid was purchased from Accela
ChemBio Inc. and used as received, while thioacetic acid, bromo-
trimethylsilane, and tris(trimethylsilyl)silane were purchased from
Acros Organics and used as received. The monomer was purified
and dried by recrystallization in hexanes and sublimation twice be-
fore polymerization runs and stored in the glovebox for further use.

Synthesis of monomer 22''BTL

The fundamental steps involved in the synthesis of monomer
R2UBTL, are depicted in Fig. 7. Thioacetic acid (11.9 ml, 170 mmol)
was added to 3-cyclopentene-1-carboxylic acid (12.7 g, 113 mmol)
at RT. The reaction mixture was heated at 80°C for 4 hours. After
cooling to RT, 6.0 M HCl(aq) (100 ml) was added to the reaction
mixture and heated at reflux for 12 hours. After drying under vacuum,
acetic anhydride (20 ml) and trifluoroacetic anhydride (TFA) (2.0 ml)
were added to the reaction mixture, and the mixture was stirred at
RT for 6 hours. After the reaction mixture was concentrated under
reduced pressure, 200 ml of toluene and para-toluenesulfonic acid
(2.1 g,10%) was added. The reaction mixture was heated to reflux with
azeotropic removal of water, using a Dean-Stark trap. After 12 hours,
the reaction mixture was cooled to RT, and the crude product was
purified by silica gel column chromatography (1:20 EtOAc/hexanes)
to afford pure 22AlpTL (11.7 g, 81%), as a white solid (T, = 104°C).
The synthesis carried out on a 50-g scale afforded a similar yield.
"H NMR (400 MHz, CDCl3), fig. S1:  3.98 (t, ] = 3.3 Hz, 1H), 3.00
(dt, J=5.3, 1.6 Hz, 1H), 2.27 to 2.11 (m, 2H), 2.05 (dddd, ] = 12.8,
8.9, 4.1, 2.3 Hz, 1H), 2.00 to 1.88 (m, 1H), and 1.87 to 1.73 (m, 2H).
3C NMR (101 MHz, CDCly), fig. S2: 5 208.60, 51.39, 50.14, 43.48,
31.37, and 24.04.

General polymerization procedures

Polymerizations were performed in 5 ml of dried glass reactors inside
an inert gas (Ar or N,)-filled glovebox at ambient temperature (~25°C)
runs. In a typical polymerization reaction, the catalyst or initiator
was added to the vigorously stirred monomer; when BnOH was used
as the initiator, it was premixed with the catalyst before adding to mono-
mer. After a desired period of time indicated in the polymerization
tables (tables S1 and S2), the polymerization was quenched by ad-
dition of CHCl; acidified with benzoic acid (10 mg/ml). The quenched
mixture was precipitated into methanol, filtered, and washed with
methanol; this procedure was repeated three times to ensure any
catalyst residue or unreacted monomer was removed. The polymer
was dried in a vacuum oven at 80°C for 3 days to a constant weight.

Absolute MW measurements
Measurements of polymer absolute weight-average molecular weight
(M), number-average molecular weight (M,), and MW distributions
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or dispersity indices (b = M,,/M,) were performed via GPC. The
GPC instrument consisted of an Agilent HPLC system equipped with
one guard column and two PLgel 5-um mixed-C gel permeation
columns and coupled with a Wyatt DAWN HELEOS II multi (18)-
angle light scattering detector and a Wyatt Optilab T-rEX dRI de-
tector; the analysis was performed at 40°C using chloroform as the
eluent at a flow rate of 1.0 ml/min, using Wyatt ASTRA 7.1.2 MW
characterization software. The refractive index increments (dn/dc) of
the linear and cyclic PBTL were determined to be 0.1638 + 0.0097 ml/g
and 0.1516 + 0.0061 ml/g, respectively, obtained by batch experiments
using the Wyatt Optilab T-rEX dRI detector and calculated using the
ASTRA software. Polymer solutions were prepared in chloroform
and injected into the dRI detector by Harvard Apparatus pump 11
at a flow rate of 0.1 ml/min. A series of known concentrations were
injected, and the change in refractive index was measured to obtain
a plot of change in refractive index versus change in concentration
ranging from 0.5 to 5.0 mg/ml. The slope from a linear fitting of the
data was the dn/dc of the polymer.

Spectroscopic characterizations

The isolated low MW samples were analyzed by MALDI-TOF MS;
the experiment was performed on an Ultraflex MALDI-TOF mass
spectrometer (Bruker Daltonics) operated in a positive-ion, reflector
mode using a neodymium-doped yttrium aluminum garnet laser
at 355 nm and 25 kV of accelerating voltage. A thin layer of a 1%
Nal solution was first deposited on the target plate, followed by 0.6 pl
of both sample and matrix (dithranol, 10 mg/ml in 50% acetonitrile,
0.1% trifluoroacetic acid). External calibration was done using a pep-
tide calibration mixture (four to six peptides) on a spot adjacent to
the sample. The raw data were processed in the FlexAnalysis soft-
ware (version 2.4, Bruker Daltonics).

X-ray powder patterns of the polymers were obtained with a
Thermo Scintag X-2 powder x-ray diffractometer with Cu radiation.
Before analysis, specimens were cooled by liquid N, and grinded until
a fine white powder was obtained. FTIR spectroscopy was performed
on a Thermo Scientific (Nicolet iS50) FTIR spectrometer equipped
with a diamond attenuated total reflectance at RT in the range of
550 to 4000 cm ™.

NMR spectra were recorded on a Varian Inova 400-MHz (FT
400 MHz, 'H; 100 MHz, *C) or a 500-MHz spectrometer. Chemical
shifts for all spectra were referenced to internal solvent resonances
and were reported as parts per million relative to SiMey.

Measurements of thermodynamic parameters

In a glovebox under an argon atmosphere, an NMR tube was charged
with IMes (4.56 mg, 0.015 mmol) and 0.2 ml of toluene-dg. The NMR
tube was sealed with a Precision Seal rubber septum cap and taken
out of the glovebox and immersed in a cooling bath at -78°C. After
equilibration at —78°C for 10 min, **"/BTL (192 mg, 1.5 mmol,
[[22UIBTL]/[IMes] = 100/1) in toluene-dg (0.3 ml) was added via a
gas-tight syringe, and the NMR tube was brought into a 500-MHz
NMR probe precooled to the desired polymerization temperature
(20°, 10°, 0°, —10°, and —20°C, respectively). The conversion of the
monomer was monitored by '"H NMR at different time intervals
until the conversion remained constant at each temperature. The
equilibrium monomer concentration, [M]eq, was measured to be
2.55, 2.07, 1.65, 1.32, and 1.05 M for 20°, 10°, 0°, —10°, and —20°C,
respectively (fig. S72). The van’t Hoff plot of In[M]¢q versus 1/T
gave a straight line with a slope of —1.69 and an intercept of 6.70
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(fig. S73), from which thermodynamic parameters were calculated
to be AH°, = ~14.1 K] mol ™! and AS°, =-55.7] mol ™ K™}, based on
the equation In[M]eq = AHp/RT — AS°,/R. The T, was calculated
T. = -20° 30° 60° and 112°C at [M], = 1.0, 3.0, 5.0, and 10 M, re-
spectively, on the basis of the equation T. = AH®,/(AS°, + RIn[M]o).

Chemical recycling procedures

The chemical recycling experiment was performed in the presence
of a catalyst, La[N(SiMes),]3. In a glovebox under argon atmosphere,
1.0 g of pure cyclic PBTL (M, ~ 100 kg/mol) was added to a subli-
mator, and La[N(SiMe3),]3; (1.0 mol %) in 0.5 ml of toluene was
added. The sublimator was sealed, taken out of the glovebox, and
immersed in the oil bath. The mixture was heated at 100°C for
24 hours, after which the reaction mixture was cooled to RT and
colorless solid was obtained, which was confirmed to be the cleanly
and quantitatively recycled monomer (2B, by 'H NMR analysis.
Gram-scale depolymerization of PBTL was also performed at RT in
the presence of an organic base catalyst (IMes). In a glovebox, 1.28 g
of cyclic PBTL (M, ~ 100 kg/mol) and 4.0 ml of toluene were added
into a 20-ml vial, and IMes (1.0 mol%) in 1.0 ml of toluene was
added. The PBTL was completely depolymerized into (2UBTL in
10 min, monitored by "H NMR (fig. $75).

Thermal, mechanical, and rheological analysis

Melting transition temperature (T},) and glass transition tempera-
ture (Ty) of purified and thoroughly dried polymer samples were
measured by DSC on an Auto Q20, TA Instrument. All Ty, and T
values were obtained from a second scan (unless indicated other-
wise) after the thermal history was removed from the first scan. The
second heating rate was 10°C/min and cooling rate was 10°C/min.
Decomposition temperatures (T4,55) and maximum rate decompo-
sition temperatures (Ty,y) of the polymers were measured by TGA
on a Q50 TGA analyzer, TA Instrument. Polymer samples were
heated from ambient temperatures to 700°C at a heating rate of
10°C/min. Values of Tyax were obtained by the peak values from
derivative (wt %/°C) versus temperature (°C) plots, while T4 59
values were obtained by the temperatures at 5% weight loss from
wt % versus temperature (°C) plots.

Film specimens suitable for DMA were prepared via solvent cast-
ing of concentrated polymer solutions in chloroform. Polymer solu-
tions were solvent cast using a syringe into polytetrafluoroethylene
(PTFE) molds and left to dry gradually at RT in open air for 24 to
48 hours and then moved to a 70°C oven for 48 hours, after which
the films were extensively dried in a vacuum oven up to 100° or 140°C
for 12 hours.

Storage modulus (E’), loss modulus (E”), and tan & (E"/E’) were
measured by DMA on a Q800 DMA analyzer (TA Instruments) in
a tension film mode at a maximum strain of 0.3 or 0.05% and a fre-
quency of 1 Hz (complying with strain-sweep and frequency-sweep
linearity analysis performed before sample testing). Specimens for
analysis were generated via solvent casting of polymer materials in
chloroform into PTFE molds (approximately 35 mm by 15 mm by
1.5 mm), dried, and cut down to a standard width (13 mm). Specimen
length (5 to 10 mm) and thickness (0.40 to 0.60 mm) were measured
for normalization of data by Q-series measurement software (TA
Instruments). Test specimens were mounted to screw-tight grips
(maximum 2 N). The samples were heated from —50° to 250°C at
a heating rate of 3°C min'. The o-transition temperature was
calculated as the peak maxima of the 8 curve. Samples were tested
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to the point of yield (amplitude of displacement, >20 mm) with
measurements repeated for three specimens; the values reported
are averaged from the measured data.

Tensile stress/strain testing was performed by an Instron 4442
universal testing system (50 N load cell) on dog bone-shaped test
specimens (ASTM D638 standard; type V) prepared via slow-solvent
evaporation. Concentrated polymer solutions in chloroform were
solvent cast into PTFE molds (approximately 73 mm by 54 mm by
7 mm), thoroughly dried, and cut using an ASTM D638-5-IMP
cutting die (Qualitest) to standard dimensions. Thickness (0.40 to
0.60 mm) and grip length (25 to 26 mm) were measured for normal-
ization of data by the Bluehill measurement software (Instron). Test
specimens were affixed into the pneumatic grip (maximum, 2 kN)
frame at 0.208 MPa (N,). Tensile stress and strain were measured to
the point of material break at a grip extension speed of 5.0 mm/min
at RT, with the measurements repeated more than three times, and
the values reported are averaged from the measured data.

Computational details

All the DFT calculations were performed using the Gaussian 09
package (43). Geometry optimizations were performed using the BP86
GGA functional of Becke (44) and Perdew (45, 46) with the standard
split-valence basis set with a polarization function by Weigend
and Ahlrichs (SVP keyword in Gaussian) (47) for the main atoms.
Geometry optimizations were performed without symmetry con-
straints. Transition states were approached through a linear transit
procedure using the forming bond as the reaction coordinate. All
the geometries discussed in this work were confirmed as minima
or transition states by frequency calculations. Moreover, intrinsic
reaction coordinate calculations were performed to verify the con-
nectivity of all transition states with their corresponding minima.
Single-point energy calculations in solution were performed with
the triple-{ and one polarization function basis set proposed by the
Ahlrichs (TZVP keyword in Gaussian) basis set. Solvent effects were
included with the polarizable continuous solvation model using
toluene and DMF as solvent (48, 49). Reported energies are M06/
TZVP//BP86/SVP electronic energies corrected with ZPEs, thermal
energies, and entropy effects calculated at a temperature of 298 K and
a pressure of 1354 atm, as suggested by Martin et al. (50). Cartesian
coordinates were listed in table S3.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/34/eabc0495/DC1
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