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POLYMERS

A synthetic polymer system with
repeatable chemical recyclability

Jian-Bo Zhu, Eli M. Watson, Jing Tang, Eugene Y.-X. Chen*

The development of chemically recyclable polymers offers a solution to the
end-of-use issue of polymeric materials and provides a closed-loop approach

toward a circular materials economy. However, polymers that can be easily and
selectively depolymerized back to monomers typically require low-temperature
polymerization methods and also lack physical properties and mechanical strengths
required for practical uses. We introduce a polymer system based on y-butyrolactone
(GBL) with a trans-ring fusion at the o and g positions. Such trans-ring fusion
renders the commonly considered as nonpolymerizable GBL ring readily polymerizable
at room temperature under solvent-free conditions to yield a high—-molecular

weight polymer. The polymer has enhanced thermostability and can be repeatedly
and quantitatively recycled back to its monomer by thermolysis or chemolysis.
Mixing of the two enantiomers of the polymer generates a highly crystalline

supramolecular stereocomplex.

arious approaches (I-5) have been pursued

to address the unsustainable annual gener-

ation and disposal of several hundred million

metric tons of synthetic polymers, with the

goal of a circular plastics economy (6). The
use of renewable resources as feedstock materials
(7, 8) generally does not address materials’ end-of-
use problems. The development of biodegradable
polymers (9) for biological recycling (10) also pro-
vides a partial solution but fails to recover valuable
building block chemicals. Degraded materials,
especially those that only partially degrade, can
also cause unintended environmental consequences.
Mechanical reprocessing (77) tends to degrade the
quality of the polymers. In contrast, chemical re-
cycling (12, 13) can allow for recovery of the precur-
sor building block chemicals via depolymerization
or creative reuse or repurposing through the gener-
ation of value-added materials (14-16). With spe-
cifically designed monomers, reaction conditions
can be used to select the direction of the monomer-
polymer equilibrium or the closed-loop chemical
cycle, with low temperatures and bulk or high
monomer concentrations favoring polymeriza-
tion and high temperatures or dilution trigger-
ing depolymerization. Several classes of recently
designed recyclable polymers operate under this
thermodynamic principle, such as poly[2-(2-
hydroxyethoxybenzoate)] (17, 18), poly(B-methyl-
8-valerolactone) (19), and a polycarbonate (PC)
derived from copolymerization of CO, with a meso-
epoxide (20). Poly[2-(2-hydroxyethoxybenzoate)]
exhibited relatively low glass (~27°C), melting
(~69°C), and decomposition (~146°C) temper-
atures; the thermostability of the PC was also
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limited (below 260°C), and its depolymerization
underwent decarboxylation.

However, the chemical recycling approach still
faces challenges, including the selectivity in-
volved in chemical recycling processes and circu-
lar monomer-polymer-monomer cycles, as well
as trade-offs between polymers’ depolymeriz-
ability and properties. A notable example for
depolymerization selectivity is biodegradable
poly(i-lactide) [P(1-LA)], which produces a mix-
ture of many products upon thermolysis (21) or
a mixture of LA stereoisomers and cyclic oligo-
mers upon chemolysis with an Sn catalyst (22),
thus requiring substantial separation and puri-
fication before the recovered 1-LA can be reused.
Polymers with a low ceiling temperature (7%)
(23, 24) are readily depolymerizable under mild
conditions, but they typically do not have robust
enough physical and mechanical properties to be
useful for most common applications. For exam-
ple, poly(y-butyrolactone) (PGBL), synthesized via
catalyzed ring-opening polymerization (ROP) of
the renewable, nonstrained, thermodynamically
highly stable five-membered y-butyrolactone (GBL)
(25, 26), can be selectively and quantitatively de-
polymerized back to GBL upon heating of the bulk
material at 260° or 300°C, depending on PGBL
topology (27, 28). However, the synthesis of PGBL
requires energy-intensive, industrially undesirable
low-temperature conditions (typically -40°C), and
PGBL exhibits limited thermostability and crys-
tallinity, with a low melting transition temperature
(Tyn) of ~60°C. Another example of a completely
recyclable polymer was produced through the
chemoselective ROP of bioderived o-methylene-
y-butyrolactone; however, not only was a low tem-
perature (-60°C) required for the polymer synthesis,
but the resulting polymer was also a noncrystalline
amorphous material (29).

Room temperature, solvent-free
polymerization to high—molecular
weight polymers

To design monomer and polymer structures that
can deliver desired properties, it is advantageous
to keep the highly stable, five-membered GBL core
so that the complete chemical recyclability of the
designed polymers can be preserved (for both
thermodynamic and Kinetic reasons). We reasoned
that the ring strain of the parent (nonstrained five-
membered GBL), or the thermodynamic polymer-
izability, can be tuned via suitable substituents
and substitution patterns on the GBL ring. trans-
Hexahydro-2(3H)-benzofuranone [i.e., 4,5-trans
six-membered ring-fused GBL (4,5-T6GBL)] was
found to be polymerizable even at 40°C by typ-
ical anionic initiators but not by a coordination
polymerization catalyst such as tin(II) octoate,
whereas the cis-fused isomer is completely inert
toward ROP (30). However, the resulting pro-
duct was reported to be only an oligomer, with a
number-average molecular weight (M) up to only
6.2 kg/mol [by gel permeation chromatography
(GPC)] or 2.6 kg/mol [by nuclear magnetic reso-
nance (NMR)]. We hypothesized that removing
the substituent at the 5 (or y) position of the GBL
ring could not only further enhance the thermo-
dynamic polymerizability (by increasing the ring
strain) and rate of polymerization (by releasing
the steric pressure at the ester -OC,H), thus af-
fording useful high-molecular weight polymers
in short time periods, but also render polymers
with possibly high crystallinity assisted by ordered
secondary structures and/or OC,H-O=C hydrogen
bonds (31-33) between polyester chains. Guided by
these hypotheses, we arrived at 3,4-T6GBL (IM1),
where the cyclohexyl ring is trans-fused to GBL
at the o and B positions and the y position is left
unsubstituted to enhance polymerizability, reac-
tion rates, and H bonding. This monomer can be
prepared on relatively large scales from commer-
cially available trans-1,2-cyclohexanecarboxylic
acid anhydride (34).

The polymerizability of M1 was probed via
measuring the thermodynamics of its ROP with
a discrete molecular catalyst, yttrium complex
Y1 (35) (Fig. 1A), which is known to be effective
for the ROP of the parent GBL (27), revealing
standard-state thermodynamic parameters of
AH®}, (change in enthalpy of polymerization) =
-20 kJ mol ' and AS°}, (change in entropy of poly-
merization) = —72 J mol™ K (figs. S9 and S10).
The T, was calculated to be 0° 62° or 88°C for
an initial M1 concentration ([M1],) of 1.0, 5.0,
or 8.2 (bulk) M, respectively. These data showed
that M1 exhibits much higher thermodynamic
polymerizability than GBL, as indicated by a much
larger negative change in enthalpy and a sub-
stantially elevated 7.: AH®, = -20 kJ mol " versus
-5.4kJ mol™' and T = 0°C (1.0 M) versus -136°C
(1.0 M) for the ROP of M1 and GBL, respectively.
Accordingly, we chose the solvent-free, bulk con-
dition to perform the polymerization at room tem-
perature, as summarized in table S1. Quantitative
conversion of M1 was achieved even with common
anionic initiators such as potassium tert-butoxide
and TBD (1,5,7-triazabicyclo[4.4.0]dec-5-ene), but
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the product was not that of a polymer; instead,
M1 was isomerized under the basic conditions to
its cis isomer, which is nonpolymerizable, as
verified by its independent synthesis and sub-
sequent polymerization surveys with different
catalysts and conditions (table S2). To overcome
this isomerization issue, we used a coordinative-
insertion ROP catalyst, La[N(SiMe3),15 (where
Me is methyl) (Lal), as La is more earth abundant
and less expensive within the lanthanide series
(36) and was demonstrated to be effective for the
ROP of GBL (27). Lal exhibited high selectivity
and activity toward the ROP to afford poly-M1
[P(M1)], achieving greater than 80% conversion
with 0.2 or 0.1 mole % (mol %) catalyst loading.
For example, with a monomer (M)/catalyst (cat)/
initiator (I) ratio of [M1]/[Lal]/[Ph,CHCH,OH]
(where Ph is phenyl) = 500/1/3, the ROP occurred
rapidly to reach 73% M1 conversion in under
1 min. At 82% conversion, the isolated P(IM1) was
measured by a GPC instrument equipped with
multi (18)-angle light scattering and differential
refractive index detectors to have a medium M,
of 21.0 kg/mol and an extremely low dispersity
index (P) value of 1.01; this measured M, is close
to the calculated M, of 19.4 kg/mol, thus indicat-
ing a high initiation efficiency of 92%. Lowering
the catalyst loading to 0.1 mol % (1000/1/3 ratio)
still achieved a relatively high conversion of 84%,
producing P(M1) with M, = 46.0 kg/mol and P =
1.01. To further increase the molecular weight of
the resulting P(QM1), the M/cat/I ratio was increased
to 5000/1/3 with a catalyst loading of 0.02 mol %,
affording P(M1) a further enhanced M,, (67.9 kg/
mol) and a still low D (1.01) at 45% conversion.

The absolute molecular weight measured by GPC
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(M, = 21.0 kg/mol, D = 1.01) (table S1, run 2) was
close to both the M, of 19.4 kg/mol calculated
on the basis of the [M1]/[I] ratio (table S1) and
the M, of 19.9 kg/mol calculated on the basis of
the chain ends of the polymer characterized by
NMR (figs. S11 and S12), the latter of which also
revealed a linear structure {linear PQVI1) [/-P(M1)]}
and showed high end-group fidelity. The lin-
ear structure of the P(M1) produced by Lal
with ROH (where R is Ph,CHCH,0) was further
confirmed by matrix-assisted laser desorption/
ionization-time-of-flight mass spectroscopy
(MALDI-TOF MS) of a low-molecular weight
sample. Specifically, the MS spectrum (fig. S13)
consisted of only one series of molecular ion
peaks, with the spacing between the two neighbor-
ing molecular ion peaks corresponding to the
exact molar mass of the repeat unit, M1 [mass/
charge ratio (m/z) = 140.18], as shown by the
slope (140.14) of the linear plot of m/z values
(y axis) versus the number of M1 repeat units
(« axis). The intercept of the plot, 221.8, repre-
sents the total mass of chain ends plus the mass
of Na* [Mpnq = 198.3 (Ph,CHCH,O/H) g/mol +
23.0 (Na") g/mol], corresponding to linear struc-
ture Ph,CHCH,O-[M1],,-H

With the demonstrated ability of Lal to form
PGBL with a cyclic structure when no initiating
ROH is added (27), we explored the possibility of
producing cyclic polymer ¢-P(M1) by using Lal
alone. The polymerizations with different cata-
lyst loadings (1.0 to 0.05 mol % Lal) were rapid
and achieved relatively high monomer conversions,
from 79 to 84%. Unlike the controlled polymeriza-
tion with Lal and 3ROH, where the [M1]/[Lal]
ratio could determine the M,, while maintain-
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(3,4-T6GBL)
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ing a low P value of 1.01 for all the -P(M1)
materials produced (table S1), the polymeriza-
tions with Lal alone afforded polymers with
similar M, values in a narrow range of 73.0 to
85.5 kg/mol coupled with higher D values from
1.34 to 1.48, despite a 20-fold change in the [M1]/
[Lal] ratio and a 7-fold change in the reaction
scale (table S1). These observations indicated that
possible cyclization reactions occurred under the
neat and room temperature conditions used once
a certain chain length was reached, which would
create a cyclic polymer structure, c-P(M1). Con-
sistent with this proposed scenario, no end
groups were detected from the NMR spectra of
the polymers produced by using Lal alone (figs.
S14 to S16). Analysis of a low-molecular weight
sample by MALDI-TOF MS (fig. S17) also revealed
no end groups (the linear plot of m/z values versus
the number of M1 repeat units gave an inter-
cept of 23, corresponding to the mass of Na*).
The cyclic structure of ¢c-P(M1) was further con-
firmed by GPC analysis with triple detection by a
light-scattering detector, a refractometer, and a
viscometer. A double-logarithm (Mark-Houwink-
Sakurada) plot of intrinsic viscosity [n] versus
absolute weight-average molecular weight (M)
in the lower molecular weight regime (Fig. 1B)
showed a lower intrinsic viscosity for ¢-P(M1),
due to a smaller hydrodynamic volume, than for
-P(M1). The [M]eyaic/[Mhinear ratio was found to
be 0.7, which is in agreement with the theoretically
predicted value for this ratio and the experimen-
tally observed value for other cyclic polymers (37).
Expanding to an optically active cyclic polymer
structure, we synthesized two chiral polymers with
similar M, values from the ROP of (R)-M1 with

Fig. 1. Structures,
intrinsic viscosity,
and elution behavior.
(A) Structures of the
monomer, catalysts,
and the resulting
linear and cyclic
polymers. RT, room
temperature; t-Bu,
tert-butyl; THF,
tetrahydrofuran; 'Pr,
isopropyl. (B) Double-
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logarithm (Mark-
Houwink-Sakurada)
plots of intrinsic
viscosity [n] versus
absolute M,, of linear
(blue) and cyclic
(red) P(M1) produced
by Lal with ROH and
*e Lal alone, respec-

e tively. (C) Logarithm

. plots of M,, versus

°e the elution volume

LI of optically active linear
and cyclic P[(R)-M1]
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produced by Lal with
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Fig. 2. Thermostability and

chemical recyclability of 100

3.5

P(M1). (A) TGA curves

for c-P(M1) obtained with
[M1]/[Lal] = 2000/1 (red)
and /-P(M1) obtained with
[M1]/[Lal]/[Ph,CHCH,0H] =
500/1/3 (blue) and a
comparative example for the
linear PGBL obtained with
[GBL]/[Lal]/[Ph,CHCH,0H] =
400/1/3 (black). (B) Overlays 0
of DTG curves for /-P(M1)
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Lal and ROH and with Lal alone. The logarithm
plots of M, versus the elution volume revealed
that the chiral polymer P[(R)-M1] obtained in the
absence of ROH was eluted later than the poly-
mer obtained in the presence of ROH (Fig. 1C). By
analogy to achiral PQVI1), it can be likewise assigned
to a cyclic structure because its hydrodynamic
volume is smaller than that of its linear analog.
The synthesis of pure cyclic polymers with
appreciable (medium to high) molecular weights,
which are critical for polymer topology-property
relationship studies, still presents a challenge for
many types of polymers. This problem has led to
substantial interest in developing synthetic meth-
odologies for cyclic polymers (38, 39), such as the
ring-opening metathesis polymerization route
to cyclic polyethylene (40) and the N-heterocyclic
carbene-mediated zwitterionic polymerization
route to cyclic polylactide (41) and poly(a-peptoid)s
(42). The cleaner formation of ¢-P(M1) than of cy-
clic PGBL (27), as demonstrated by the NMR, MS

spectra, and [N]eyelie/ [Ninear ratio, is noteworthy.
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As the molecular weight of the cyclic polymer
is limited by the propensity to cyclize once a
certain chain length is reached during the poly-
merization, we explored other catalyst-initiator
systems that could further increase the molecu-
lar weight of -P(IM1). In this context, we arrived
at discrete yttrium complex Y1 supported by the
tetradentate amino-bisphenolate ligand bearing
a pendant ether group, which has been shown
to be highly efficient in the ROP of lactide and
lactones (43, 44). With Y1 as the catalyst and
catalyst loading as low as 50 parts per million
(ppm), we achieved relatively high M1 conver-
sions of 80 to 91% (table S1). Thus, in a 10-g polym-
erization, a high-molecular weight P(M1) with
M, = 1.11 x 10° g/mol (P = 1.09) was readily pro-
duced under neat and room temperature con-
ditions with only 50 ppm Y1. Furthermore, the
molecular weight of the resulting polymer could
be readily controlled by the addition of the ROH
(Ph,CHCH,OH) initiator; thus, with the [M1]/
[Y1] ratio of 10000/1 held constant, the equiva-

lent of ROH added (relative to Y1) was varied
from 25 to 50 to 100, affording -P(M1) with corre-
spondingly reduced M, values from 49.2 kg/mol
(P =1.01) to 18.4 kg/mol (P = 1.01) to 11.6 kg/mol
(b =1.01) (table S1). These M, values were close
to the M, values calculated on the basis of the
[M1]/[ROH] ratio and M1 conversion data, thus
demonstrating a high initiation efficiency of >96%.
Overall, Y1 brings about “immortal” ROP (45, 46)
of M1 in the presence of ROH, producing well-
defined /-P(M1) materials with near ideal dis-
persity (1.01) in a catalytic fashion (affording up to
100 polymer chains per Y1).

An environmentally more benign and earth-
abundant zinc catalyst, 2,6-diisopropylphenyl-
substituted B-diiminate zinc isopropoxide complex
[(BDD)ZnOPr] (Znl) (47), was also examined for
the ROP of M1 at room temperature under neat
conditions. The results, summarized in table S1,
showed that Zn1 is also highly effective for this
polymerization. For example, with catalyst loading
of 0.02 mol %, the ROP achieved 82% conversion
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Fig. 3. Thermal transitions
and spectroscopic
properties. (A) DSC
first-heating-scan curves

(©) " 10°C/min). (B) DSC
second-heating-scan curves
[5°C/min for (a) and (b)

(b) or 1°C/min for (c), after
first cooling at 10°C/min].
(C) Overlays of FTIR spectra

(a) in the carbonyl stretching
region. str, stretching

frequency. (D) Powder XRD
profiles. In all cases, [-P(M1)
polymers were prepared
with [M1]/[Y1] = 1000/1:
I-P[(S)-M1] (a, red),
I-P[(R)-M1] (b, blue), and
1:1 I-P[(R)-M1]-/-P[(S)-M1]
blend or sc-P(M1) (c, green).
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in 3 hours, producing P(M1) with a high M,, of
307 kg/mol and an extremely narrow D of 1.01.
Comparing these data with those obtained with
Y1—12 hours, 87% conversion, M, = 363 kg/mol,
and D = 1.15—under the same conditions shows
that, under this set of conditions (room temper-
ature, neat conditions, 0.02 mol % catalyst), the
Zn catalyst performed better than the Y catalyst
in terms of its higher polymerization activity and
lower polymer dispersity.

Thermostability, chemical recyclability,
and circular M1-P(M1)-M1 cycle

The thermostability of both linear and cyclic P(VIT)
materials was examined by thermogravimetric
analysis (TGA) in terms of onset decomposition
temperature 73 (defined by the temperature of
5% weight loss) and maximum decomposition
temperature Ty, [defined by the peak value in
the relative derivative thermogravimetry (DTG)].
Comparing TGA curves of the cyclic and lin-
ear polymers revealed that c-P(M1) produced
with Lal alone had a noticeably higher T4
(337°C) than [-P(M1) obtained with [M1]/[Lal]/
[Ph,CHCH,OH] = 500/1/3, with T4 = 316°C (Fig.
2A), although the T, values were similar (390°
versus 394°C) (figs. S22 and S23). The T3 and
Timax Of I-P(M1) were 115° and 176°C higher, re-
spectively, than those of the linear PGBL (ob-
tained with [GBL]/[La1]/[Ph,CHCH,OH] = 400/
1/3), which had a T3 of 201°C and a Ty, of 218°C.
The -P(M1) produced by Y1 ([M1]/[Y1] = 2000)
was even more thermally robust, with a high T4
of 342°C and a Ty,ax of 391°C (Fig. 2B). The Ty
(344°C) of the physical blend of 1:1 P[(R)-M1]-

P[(S)-M1] was found to be about 17 to 21°C

Zhu et al., Science 360, 398-403 (2018) 27 April 2018

2 theta (degrees)

higher than those of the respective enantiomeric
polymers (figs. S25 to S29), whereas the Ty,ax
values varied only slightly (Fig. 2B).

The chemical recyclability of P(IM1) materials
was examined by both thermolysis at high tem-
peratures and chemolysis in the presence of a
catalyst at milder temperatures. An /-P(IM1) sam-
ple (M, = 46.0 kg/mol, P = 1.01) prepared with
[M1]/[Lal]/[Ph,CHCH,OH] = 1000/1/3 was
heated in a sealed tube at =300°C for 1 hour;
gravimetric and NMR analyses (figs. S30 and
S31) of the resulting colorless liquid showed that
monomer M1 was recovered in a pure state at a
quantitative yield. Likewise, heating a c-P(M1)
sample (M, = 82.0 kg/mol, D = 1.43) prepared
with [M1]/[Lal] = 100/1 at =300°C for 24 hours
also afforded the recycled monomer in a pure
state (figs. S32 and S33) at a quantitative yield.
To reduce the energy input in the recycling pro-
cess, the chemical recyclability of P(M1) was
also investigated by chemolysis with a catalytic
amount of a simple metal salt (ZnCl,) at 120°C.
Thus, subjecting either /-P(M1) (figs. S34 and
S35) or c-P(M1) (Fig. 2C and figs. S36 and S37) to
the above-listed mild chemolysis conditions also
demonstrated the full chemical recyclability.

The circular monomer-polymer-monomer
cycle was examined through three consecutive
polymerization-depolymerization cycles on a
multigram scale. Thus, pure M1 was first polym-
erized by Zn1 to well-defined P(M1) (P = 1.01)
after achieving 85% conversion, which is the
typical conversion achieved under the ambient
temperature and neat conditions used (the un-
reacted monomer can be recovered). The iso-
lated and purified P(IM1) was then subjected to

chemolysis in the presence of a simple metal salt
(ZnCl,, 2 mol %) at 180°C under vacuum pres-
sure (0.01 torr); the collected colorless liquid was
confirmed to be pure M1 by '"H NMR analysis
(figs. S38 to S44). The recovered monomer (97%
isolated yield) was repolymerized directly with-
out further purification by Zn1 to produce well-
defined P(M1) (D = 1.02), achieving the same
conversion (85%). This process was repeated
three times, and the mass balance of the re-
generated polymer product and the recovered
monomer was tracked over the three consecutive
polymerization-depolymerization cycles, show-
ing essentially quantitative recovery of pure M1
(96 to 97% isolated yield) after each cycle. This
recovered M1 can be directly repolymerized
without a decrease in the subsequent monomer
conversion and polymer quality.

Physical blending to yield highly
crystalline stereocomplexed material

Physical blending of enantiomers of certain chi-
ral polyesters in a stoichiometric ratio offers a
powerful strategy to generate crystalline stereo-
complexed (sc) materials that often exhibit much
enhanced materials properties, such as increased
T, and crystallization rate, compared with their
constituent enantiomers (48-52). In this context,
a 1:1 physical blend of enantiomeric isotactic
polymers (table S3 and figs. S48 to S53) derived
from enantiomeric monomers, either linear enan-
tiomers /-P[(R)-M1] and /-P[(S)-M1] produced
with [M1]/[Y1] = 1000/1 or cyclic enantiomers
¢-P[(R)-M1] and ¢-P[(S)-M1] produced with
[M1]/[Lal] = 500/1, showed substantially dif-
ferent thermal properties and solubility as well
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Fig. 4. Mechanical and
rheological properties.

(A) Overlay of storage
modulus E" and loss modulus
E" for sc-P(M1) measured
by DMA (tension film

mode, 0.05% strain, 1 Hz,
3°C min™). (B) Stress-strain
curves for rac-P(M1) and
sc-P(M1) measured by
tensile testing (5.0 mm/min,
room temperature, with

the break point indicated

by x). (C) Rheology master
curve (dynamic storage
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modulus G" and loss modulus
G" versus angular frequency
w) for rac-P(M1), reported

as a time-temperature
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at reference temperature
215°C. (D) Dynamic shear
viscosity of rac-P(M1)

as a function of the shear
rate measured at 215°C.
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as noticeably different spectroscopic features
from the parent enantiomers. Differential scan-
ning calorimetry (DSC) curves for the first heat-
ing scans (Fig. 3A) of the linear enantiomeric
polymers, previously crystallized from CHCl;, dis-
played a crystalline peak with 77, = 126°C (heat of
fusion AH,,, = 28 to 32 J/g), but the 1:1 blend pro-
duced much higher melting and heat of fusion
values, with 7;, = 203°C and AH,,, = 53 J/g. More
notably, on the second heating scans (after cooling
at 10°C/min) only the physical blend continued to
show a melting peak of T, = 188°C (7. = 108°C),
whereas the enantiomeric polymers became amor-
phous, displaying only a glass transition temper-
ature T, of ~49°C (Fig. 3B). These results indicate
that these enantiomeric polymers have relatively
low crystallization rates and that stereocom-
plexation in the blend markedly enhanced not
only the crystallinity but also the crystallization
rate. Linear enantiomeric polymers produced
by the [Lal]-3[Ph,CHCH,OH] system displayed
more or less the same DSC curves on the first
and second heating scans (figs. S55 and S56).
Furthermore, a comparison of DSC curves for c-
P(M1) showed the same trend: The first heating
scans revealed a T, of 127°C (AH,, = 34 t0 37J/g)
for the enantiopure polymers but a much higher
Ty of 198°C and AH,,, of 61 J/g for the c-P[(R)-
M1]-¢-P[(S)-M1] blend (figs. S65 and S66), and

the second heating scans showed a melting peak
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of Ti,, = 188°C (7, = 122°C) only for the blend
(fig. S66).

Overlays of Fourier transform infrared (FTIR)
spectra in the carbonyl stretching region (Fig. 3C
and fig. S70) revealed the red shift of the C=0
stretching frequency (vc-o) for the blend of the
two linear enantiomeric polymers to a wave num-
ber 5 cm ™' lower than that for the parent enan-
tiomers. Likewise, a red shift of 7 cm™ was also
observed for the blend of the two cyclic enantio-
mers relative to the parent enantiomers (figs. S71
and S72). These results are consistent with the
hypothesis that the blend forms a stereocomplex,
sc-P(M1), assisted by the weak to moderate
OC,H-0O=C hydrogen bonds. Powder x-ray dif-
fraction (XRD) profiles (Fig. 3D) of enantiomeric
[-P[(R)-M1] [(a) in Fig. 3D] and I-P[(S)-M1]
(prepared using [M1]/[Y1] = 1000/1), as well as
their 1:1 -P[(R)-M1]-/-P[(S)-M1] blend or sc-P(M),
all crystallized from CHCl3, revealed substan-
tially different crystalline diffraction patterns of
the blend in comparison with the parent enan-
tiomers. Chiefly, whereas the two enantiomeric
polymers showed identical patterns (consisting
of four major diffraction signals at 11.5° 16.2°
18.2° and 20.6° along with three minor peaks
at 12.8° 21.6° and 25.2°), the blend exhibited a
new, intense diffraction peak at 8.1° [d spacing
(the spacing between adjacent planes) = 1.1 nm]
and was also devoid of the two signals (major,

— —
10° 10’
Shear rate (s™)

——rr
0? 10"

11.5° and minor, 12.8°) present in the enantio-
mers, which is attributable to the formation
of the stereocomplex. Although P[(R)-M1] or
P[(S)-M1] is readily soluble in common polar
organic solvents such as CHCl;, CH,Cl,, and
N,N'-dimethylformamide (DMF), sc-P(M1) is
only partially soluble in CHCl; and insoluble in
CH,Cl,, tetrahydrofuran, and DMF. Overall, the
above corroborative evidence showed that a nano-
crystalline stereocomplex formed between the
two enantiomeric P(M1) polymers and that such
a stereocomplex exhibited markedly enhanced
crystallinity, crystallization rate, and solvent re-
sistance over those of the parent enantiomers.
In contrast, mixing of enantiomeric polymers
P[(+)-4,5-T6GBL] and P[(-)-4,5-T6GBL] (table S3)
in a 1:1 stoichiometric ratio, followed by crystal-
lization, yielded a physical blend exhibiting ther-
mal properties and spectroscopic characteristics
essentially identical to those of either the start-
ing enantiomeric polymer or the racemic polymer
P[(£)-4,5-T6GBL]. DSC curves (fig. S45) for the
two enantiomeric polymers and their physical
blend displayed the same features of an amor-
phous material, with a T, of ~72°C. FTIR spectra
(figs. S46 and S47) also revealed the same ab-
sorption features, with an identical vo_q stretch-
ing frequency of 1725 cm™" observed for all of
the three polymers (two enantiomeric polymers
and their 1:1 blend). Overall, the above collective
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evidence showed that no stereocomplexation
occurred upon mixing of these two enantiomeric
polymers, and thus no enhancement of proper-
ties occurred through blending.

Mechanical and rheological properties

The thermomechanical properties of the amor-
phous polymer derived from racemic M1 [rac-
P(M1)] prepared with Y1 (M}, = 875 kg/mol, D =
1.07) (table S1, run 19) and semicrystalline ste-
reocomplex sc-P(M1) prepared with Y1 (table
S3, runs 4 and 8) were examined by dynamic
mechanical analysis (DMA) in a tension film
mode. The thermomechanical spectra of sc-P(IMI1)
(Fig. 4A) and rac-P(M1) (fig. S83) show that, at
room temperature (the glassy state), both sc-P(IVI1)
and rac-P(M1) exhibited high storage modulus
(E") values, although E’ (1.58 + 0.44 GPa) of
sc-P(M1) was somewhat higher than that (1.47 +
0.25 GPa) of rac-P(M1). However, after the glass
transition region with similar 7, values [83 to
90°C, as defined by the peak maxima of tan 3,
the loss modulus/storage modulus ratio (E"/E")]
(fig. S84:), E’ of rac-P(M1) dropped by more than
three orders of magnitude and then quickly
went to the viscous flow state. In contrast, E' of
sc-P(M1) decreased only by approximately one
order of magnitude after T,, and the material
still maintained a high E’ in the rubbery plateau
until reaching a flow temperature of ~180°C, char-
acteristic of a semicrystalline material having a
high 7;,, 186°C by DSC).

Tensile testing of dog-bone-shaped specimens
of rac-P(M1) and sc-P(M1) yielded stress-strain
curves (Fig. 4B), revealing that semicrystalline
sc-P(M1) exhibited a much higher ultimate tensile
strength (o = 54.7 + 4.0 MPa) and Young’s mod-
ulus (£ = 2.72 + 0.25 GPa) than amorphous rac-
P(M1) (o = 26.2 + 3.2 MPa, E = 1.85 + 0.30 GPa).
As a glassy material, sc-P(M1) displayed an elon-
gation at break (eg = 6.5 £ 1.2%), and the g value
for rac-P(M1) was approximately doubled, with
ep = 13.1 £ 3.5%. Overall, the key thermal and
mechanical properties of the crystalline P(IM1)
(Tg ~ 50°C, Try,, ~ 188°C, Ty ~ 340°C; o5 ~ 55 MPa,
E ~ 2.7 GPa, €3 ~ 7%) compare well to those of
typical crystalline P(1-LA) materials (T ~ 54°
10 59°C, Tp, ~ 159° t0 178°C, T4 ~ 235° to 255°C;
op ~ 28 to 50 MPa, E ~ 1.2 t0 3.0 GPa, eg ~ 2 to
6%) (53).

The angular frequency (o) dependencies of the
dynamic storage or elastic modulus (G') and
loss or viscous modulus (G") of rac-P(M1) and
sc-P(M1) were characterized at six different tem-
peratures (165° 175°, 185°,195°, 205°, and 215°C) in
the linear viscoelastic regime (1.0% strain) es-
tablished by the strain sweeps at 215°C (figs. S85
and S86). The data obtained from frequency
sweep experiments at each temperature were
compiled to generate a master curve reported
as a time-temperature superposition curve at
reference temperature 215°C [Fig. 4C for rac-
P(M1) and fig. S87 for sc-P(M1)]. A G'and G”
crossover point where G'becomes larger than
G", indicating the transition from the terminal
(viscous) to the rubbery (elastic) region, was seen

for both rac-P(M1) and sc-P(IM1). The crossover
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frequencies measured at 165° 175°, 185° 195°
205° and 215°C for rac-P(IM1) were found to be
0.43, 0.75, 1.21, 1.95, 3.18, and 4.89 Hz, corre-
sponding to relaxation times of 2.32, 1.33, 0.83,
0.51, 0.31, and 0.21 s, respectively. The crossover
frequencies observed for sc-P(IM1) were more
than six times higher at each of the same tem-
peratures, thus giving rise to much shorter relax-
ation times, from 0.34 s (165°C) to 0.03 s (215°C).
For the high-molecular weight rac-P(M1) (M, =
875 kg/mol), the melt processability was prelim-
inarily tested by examining the dynamic melt
viscosity as a function of the shear rate measured
at 215°C (Fig. 4D), showing that shear thinning
started to develop at a low shear rate of ~0.1 s~
and became pronounced at ~1s7%

Summary

This work introduces a solution to three key chal-
lenges facing the development of chemically re-
cyclable polymers: selectivity in depolymerization,
trade-offs between polymers’ depolymerizability
and their properties and performance, and a cir-
cular monomer-polymer-monomer cycle. The
results showed that, with judiciously designed
monomer and polymer structures, it is possible
to create chemically recyclable polymers that ex-
hibit quantitative recyclability and useful mate-
rials properties and that the polymer synthesis
and recycling processes can be performed under
ambient or industrially relevant conditions.
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