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The development of inexpensive and high-performance chemically recyclable polymers serves as a
promising strategy for solving the issues regarding plastic pollution. In the current work, we prepared a
series of aromatic monomers (DHB-R and DHN-R, R = Me, Et) derived from aromatic hydroxy acids and
epoxides. Ring-opening polymerization of these monomers afforded the semiaromatic polyesters
P(DHB-R) and P(DHN-R) (R = Me, Et) with high molecular weights and narrow dispersity. Remarkably,
these polymers showed high thermal stability with 335 °C < T4 < 350 °C. Changing the benzene ring to a
naphthalene ring on the polymer backbone led to a significant improvement in the glass transition temp-
erature (Tg), from 49 to 100 °C. P(DHB-Me) behaved as a brittle and strong material, whereas P(DHB-Et)
displayed excellent ductility with an elongation at break of 762.63 + 94.40%. More importantly, P(DHB-R)
and P(DHN-R) could be effectively and selectively depolymerized into the corresponding monomers,

rsc.li/polymers

Introduction

Since their commercial production in the mid-twentieth
century, plastics have become indispensable products in our
daily lives. However, the accumulation of consumed plastic
products has led to critical environmental problems due to
their poor degradation and recyclability."™ Extensive research
focused on chemical recycling of polymers to monomers
(CRM) has been devoted to enabling a circular plastics
economy and sustainable development.*™® In a pioneering
work, poly (y-butyrolactone) from the ring-opening polymeriz-
ation (ROP) of “non-polymerizable” butyrolactone was discov-
ered to quantitatively depolymerize into its monomer
y-butyrolactone upon being heated at 220-300 °C for one
hour,*?® manifesting the potential of its chemical recycling in
the circular plastics economy and promoting the development
of this field. However, most of the currently studied polymer
systems have involved aliphatic polyesters®” *® and chemically
recyclable aromatic polyesters have been less extensively inves-
tigated. As one of the most popular thermoplastic polyesters in
our daily lives, polyethylene terephthalate (PET) has been
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establishing a circular plastics economy.

widely utilized in fibers, resins, and filming owing to its out-
standing properties associated with the aromatic moieties on
the polymer backbone.**® However, its degradation and re-
cycling requires harsh reaction conditions and inevitably
suffers from side reactions.’’™® Moreover, it is difficult to
isolate and purify the mixed products of decomposed PET.>*™>°
Therefore, designing new chemically recyclable aromatic poly-
esters is essential.

In 2016, Shaver and co-workers reported the ROP of 2,3-
dihydro-5H-1,4-benzodioxepin (DHB) to synthesize the ana-
logues of PET (PDHB), which could be successfully recycled to
the monomer DHB in dilute solution with the catalyst salen-Al
(Fig. 1).°%°" However, the low thermal stability of PDHB (T ~
180 °C) limited its further application. In a following work,
Makwana, Lizundia and co-workers investigated the substitu-
ent effect on the meta-position of benzene ring, and revealed a
resulting P(R-DHB) showing an improved thermal stability,
specifically with a T4 in the range of 230 to 260 °C.%* In 2021,
the Li research group designed three constitutional isomers of
benzo-thia-caprolactones with great chemical recyclability to
monomers under bulk thermal conditions.®® The resulting
semiaromatic polyesters displayed Ty values ranging from 180
to 280 °C. In the meantime, our laboratory developed a facile
one-pot synthetic method for preparing a library of benzo-thia-
caprolactones with various substituents from thiosalicylic acid
and epoxides as the reactants.® The thermal and mechanical
properties of the resulting aromatic polyesters could be tai-
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Fig. 1 Representative examples of semiaromatic monomers based on
2,3-dihydro-5H-1,4-benzodioxepin (DHB).

lored by subjecting them to functionalization and stereocom-
plexation to achieve high thermal stability (285 °C < T4 <
310 °C) and polyolefin-like tensile performance.

To further develop the PDHB system to meet practical appli-
cations as chemically recyclable polymers, we aimed to
enhance its thermal and mechanical properties by leveraging
the monomer structure. Motivated by our previous monomer
design strategy based on epoxides,®*®® we were able to take
advantage of the inexpensive and bio-derived salicylic acid and
epoxides to synthesize DHB-Me and DHB-Et using a con-
venient two-step method. Furthermore, 3-substituted 2,3-
dihydro-5H-naphthodioxepin-5-ones (DHN-R, R = Me, Et) were
also prepared from 3-hydroxy-2-naphthoic acid and epoxides
(Fig. 1). To our delight, these functionalized DHB/DHN-based
monomers underwent efficient ROP and produced semiaro-
matic polyesters with excellent thermal stability (T4 > 335 °C)
and tunable thermal and mechanical properties, while main-
taining chemical recyclability.

Results and discussion

All four monomers were readily prepared on the gram scale by
using a two-step synthetic route (Scheme S1}). DHB-Me and
DHB-Et were synthesized from natural salicylic acid and
corresponding epoxides in 46-56% overall yields. Combining
the two reagents in the presence of potassium hydroxide gave
an intermediate product, which underwent cyclization when
treated with p-toluenesulfonic acid. Replacing salicylic acid
with 3-hydroxy-2-naphthoic acid afforded DHN-Me and
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DHN-Et in 44-65% yields. Owing to the commercial avail-
ability of enantiopure (R)-propylene oxide, we were able to
obtain (R)-DHB-Me and (R)-DHN-Me using a similar pro-
cedure. This synthetic method can endow polymers with
diverse functional groups and precise stereocenters.

As 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) has been
reported to be an effective organocatalyst for ROP of cyclic
esters,®”7® TBD-catalyzed ROP of monomers was first investi-
gated in bulk conditions. The polymerization of DHB-Me with
a [DHB-Me]: [TBD]: [I] ratio of 100:1:1 reached 71% conver-
sion within 1 h at 70 °C (Table 1, entry 1). As a comparison,
DHB-Et with a bulkier ethyl substituent exhibited lower reactiv-
ity, approaching 69% conversion in 3 h under similar con-
ditions (Table 1, entry 9). At an increased
[monomer]:[TBD]:[I] ratio of 500:1:1, the polymerizations
occurred with 76% and 60% conversions of, respectively,
DHB-Me and DHB-Et in 12 h (Table 1, entries 2 and 10). The
number-average molecular weights (Mys) of the resulting poly-
mers were much lower than the calculated values (My, theoS),
indicating that this TBD catalytic polymerization system was
not well controlled.

To improve the polymerization efficiency of this system, the
organometallic complex Zn1”’ was investigated as the catalyst.
Gratifyingly, Zn1 displayed improved activity for the ROPs of
DHB-Me and DHB-Et with turnover frequencies (TOFs) ranging
from 125 to 320 h™' (Table 1, entries 3, 4, 11 and 12).
Impressively, P(DHB-Et) with a high M,, of 123 kDa and rela-
tively narrow dispersity of 1.17 was obtained when using a
[DHB-Et]:[Zn1]: [I] ratio of 1000:1:1 (Table 1, entry 12). The
ROPs of DHN-Me and DHN-Et were carried out with Zn1 as a
catalyst and p-tolylmethanol as an initiator in toluene at
100 °C, due to their high melting temperatures and poor solu-
bility levels. Monomer conversions of 64% and 52% were
achieved for DHN-Me and DHN-Et at a [monomer]: [Zn1]: [I]
ratio of 1000:1:1, demonstrating TOFs of 91.4 h™' and
86.7 h™', respectively. The produced P(DHN-Me) and
P(DHN-Et) showed a range of M,s from 15.9 to 88.7 kDa and a
relatively narrow distribution of molecular weights (D < 1.25).
Additionally, enantiopure monomers (R)-DHB-Me and (R)-
DHN-Me underwent polymerization in a similar fashion as did
racemic monomers and afforded isotactic P[(R)-DHB-Me] and
P[(R)-DHN-Me] with M,s of 36.6 and 42.5 kg mol™", respect-
ively (Table 1, entries 6 and 17). Their isotactic arrangements
were confirmed using >C NMR spectroscopy, with the obser-
vation of only one set of resonances (Fig. S19 and S277).

The linear structure and high fidelity of p-methylbenzyl
terminal groups of the produced polymer were evaluated
using matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry (Fig. S34t). The MALDI-TOF
mass spectrum of a P(DHB-Me) sample prepared from a
50:1:1 ratio of [DHB-Me]:[Zn1]:[I] displayed a series of
molecular ion peaks showing a neighboring spacing of 178.38,
which was consistent with the molar mass of the DHB-Me
repeat unit. The intercept of a line fitted to the data was found
to be 145.17, matching the total mass of chain ends plus the
mass of Na* [Mynq = 122.17 (CH3C¢H,CH,OH) g mol ™" + 23

This journal is © The Royal Society of Chemistry 2023
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Entry Monomer Cat. [M]/[1)/[Cat.] Time/h Conv.2/% My, theo'/kDa M, spc’/kDa p? T,°/°C TafleC
1 DHB-Me TBD 100:1:1 1 71 12.6 9.1 1.22 — —
2 DHB-Me TBD 500:1:1 12 76 67.7 35.0 1.25 64 340
3 DHB-Me Zn1 500:1:1 2 64 57.0 45.0 1.34 65 342
4 DHB-Me Zn1 1000:1:1 6 75 134 97.6 1.19 65 343
5 (R)—DHB—Me TBD 100:1:1 1 77 13.7 10.7 1.20 60 336
6 (R)-DHB-Me Zn1 500:1:1 6 60 53.4 36.6 1.25 63 345
7 (S)—DHB—Me TBD 100:1:1 1 77 13.7 10.6 1.17 58 335
8 (S)-DHB-Me TBD 500:1:1 6 63 56.1 36.6 1.23 — —
9 DHB-Et TBD 100:1:1 3 69 13.2 12.4 1.20 — —
10 DHB-Et TBD 500:1:1 12 60 57.6 31.1 1.24 48 342
11 DHB-Et Zn1 500:1:1 1 64 61.5 73.9 1.23 49 349
12 DHB-Et Znl1 1000:1:1 4 68 130 123 1.17 50 339
13 DHN-Me Znl1 100:1:1 1 74 21.3 20.0 1.25 — —
14 DHN-Me Zn1 500:1:1 6 66 75.3 66.0 1.13 118 336
15 DHN-Me Znl1 1000:1:1 7 64 146 88.7 1.18 114 345
16 (R)-DHN-Me Zn1 100:1:1 1 74 16.9 14.9 1.38 109 -
17 (R)—DHN—Me Zn1 500:1:1 4 91 104 42.5 1.57 121 349
18 (S)-DHN-Me Zn1 100:1:1 1 71 16.2 13.1 1.39 110 —
19 DHN-Et Zn1 100:1:1 1 55 13.3 15.9 1.23 — —
20 DHN-Et Znl1 500:1:1 3 54 65.4 44.6 1.13 100 344
21 DHN-Et Zn1 1000:1:1 6 52 126 66.7 1.10 — —

“The polymerizations of DHB-Me and DHB-Et were conducted at bulk conditions, 70 °C; and the polymerizations of DHN-Me and DHN-Et were
carried out in toluene solution (2 M) at 100 °C. ” Calculated from the "H NMR spectrum in CDCly. * My, theo = MW (monomer) x [M]o/[I], * Conv.
+ MW (terminal group). ¢ Number-average molecular weight (M,) and dispersity index (B = M,,/M,,) determined from the results of size exclusion
chromatography (SEC) performed at 40 °C in THF. ° T, measured from the results of differential scanning calorimetry (DSC), specifically from the
second heating-scan curves with a cooling and second heating rate of 10 °C min™./ T4 measured from the results of thermal gravimetric analysis

(TGA) carried out at a heating rate of 10 °C min™".

(Na") g mol™"], confirming the linear structure of
CH;C¢H,CH,O-[DHB-Me],-H.

Thermal gravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) were utilized to assess the thermal pro-
perties of the produced polymers. All these polymers exhibited
excellent thermal stability—with the onset decomposition
temperature (Ty), defined as the temperature at 5% weight
loss, ranging from 336 °C to 349 °C (Fig. 2a). These values
were about 160 °C higher than that of P(DHB),*" highlighting
the significant improvement in thermal stability resulting
from including the substitutions in P(DHB).

P(DHB-Me) and P(DHB-Et) showed glass transition temp-
erature (T,) values of 65 °C and 49 °C, respectively. In contrast,
P(DHN-Me) and P(DHN-Et) showed higher T, values of 118 °C
and 100 °C (Fig. 2b), which could be attributed to the more
rigid naphthalene structures in these two polymers. The
absence of a melting transition revealed the amorphous
feature of these polymers. Initially, we hypothesized that the
lack of crystallinity was due to their atactic structures. The
thermal transitions of isotactic P[(R)-DHB-Me] and P[(R)-
DHB-Me] were subsequently investigated. Surprisingly, melting

This journal is © The Royal Society of Chemistry 2023

transitions were observed neither for P[(R)-DHB-Me] nor for P
[(R)-DHN-Me] (Fig. S43 and S467). Compared with the pre-
viously reported sulfur-containing systems,®* we inferred that
the heteroatoms in the system might be responsible for the
crystallinity of the material. We investigated the stereocom-
plexation of the polymers by mixing isotactic (R)-polymer and
(S)-polymer in a 1:1 molar ratio (approximately 100 mg in
total). Unfortunately, no stereocomplexation was observed for
either of these systems. DSC and PXRD analyses were carried
out to characterize the formation of stereocomplexes
(Fig. S567). However, melting transitions were neither observed
for the isotactic polymers nor for their blends. Additionally,
the absence of sharp peaks for (R)-polymer, (S)-polymer, and
their mixture in their PXRD patterns further confirmed the
amorphous character of the polymers.

The enhanced thermal properties of these semiaromatic
polyesters encouraged us to investigate their mechanical pro-
perties. Uniaxial tensile tests were performed on hot-pressed
dogbone-shape films at an extension rate of 10 mm min™"
(Fig. 3). P(DHB-Me) behaved as a stiff material with high
tensile strength (o = 33.69 * 5.39 MPa), Young’s modulus (E =

Polym. Chem., 2023,14, 747-753 | 749
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Fig. 2 Thermal properties of the produced semiaromatic polyesters. (a)
TGA curves of P(DHB-Me), P(DHB-Et), P(DHN-Me), and P(DHN-Et). (b)
DSC curves of P(DHB-Me), P(DHB-Et), P(DHN-Me), and P(DHN-Et).

2.17 + 0.36 GPa), and elongation at break (¢g = 10.91 + 2.15%).
In comparison to P(DHB-Me), the isotactic P[(R)-DHB-Me] and
P[(S)-DHB-Me] displayed similar tensile performances
(Table S4 and Fig. S5871). In contrast, P(DHB-Et) displayed a op
value of 3.16 + 0.57 MPa and an &5 of 762.63 + 94.40%. The dis-
tinct tensile performances of P(DHB-Me) and P(DHB-Et) mani-
fested the profound impact of pendant groups on the mechan-
ical properties of polymers. We hypothesized that the ethyl
substituents in P(DHB-Et) were more flexible than the methyl
side chain in P(DHB-Me), and that this difference in flexibility
contributed to a significant difference between the packings of
the polymer chains. Moreover, the T, value of P(DHB-Et) was
close to room temperature, which also led to the improved
ductility of the P(DHB-Et) film measured at room temperature.
P(DHN-Me) and P(DHN-Et) appeared to be brittle with an ¢p <
5% and op > 35 MPa. We believe that the strength and brittle-
ness of these polymers were due to the rigidity of their
naphthalene moieties. Interestingly, attempts to improve the
ductility of P(DHB-Me) via copolymerization with DHB-Et was
unsuccessful. A copolymer P(DHB-Me-Co-DHB-Et) with only
7 mol% DHB-Me was prepared by carrying out a one-pot copo-
lymerization of  DHB-Me and DHB-Et in a
[DHB-Me]: [DHB-Et]:[Zn1]:[I] feed ratio of 50:1000:1:1

750 | Polym. Chem., 2023,14, 747-753
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Fig. 3 (a) Images of the polymer films used for the tensile test. (b)
Stress—strain curves of the produced polymers.

(with the composition determined from 'H NMR analysis,
Fig. S32f). This P(DHB-Me-co-DHB-Et) copolymer (M, =
57.5 kDa, P = 1.13) performed as a hard and tough material
like P(DHB-Me) with o = 38.16 = 3.56 MPa and ¢z = 5.86 =
0.65%.

Prior to performing the chemical recycling study, we investi-
gated the thermodynamics of the ROP of DHB-Me at
[DHB-Me], = 2 M (Fig. S637). The thermodynamic parameters
AH; and AS; were calculated to be —14.8 k] mol™' and —43.3 ]
mol~" K™, respectively. The ceiling temperature 7. at an initial
monomer concentration of 1 mol L™" was determined to be
69 °C according to the equation Tc= AH,/(AS, + R InM],),
indicative of excellent recyclability. Chemical recycling to
monomers of these synthesized polymers were next tested in
dilute solution. With 5 mol% Zn1 loading, the depolymeriza-
tions of P(DHB-Me) and P(DHB-Et) underwent nearly quanti-
tative conversions to DHB-Me and DHB-Et in 30 minutes at
120 °C (Fig. 4 and Fig. S64t), while P(DHN-Me) and P(DHN-Et)
showed moderately lower yields of 80% and 83% at 140 °C
(Fig. S65 and S661). When 10 mol% TBD was used as a cata-
lyst, DHN-Me and DHN-Et were selectively recycled with high
conversions of 93% and 98%, respectively (Table S107). These
results demonstrated a high efficiency for the chemical re-
cycling of these synthesized polymers.

This journal is © The Royal Society of Chemistry 2023
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Conclusions

In summary, we have reported a facile synthetic route to
prepare functionalized DHB-based monomers from aromatic
hydroxy acids and epoxides. These monomers underwent
efficient polymerization and afforded semiaromatic polyesters
with high M, values and narrow dispersity. Importantly, all
these polymer products demonstrated high thermal stability
with Ty > 335 °C. The introduction of naphthalene groups into
the polymer main chain enhanced the T, values of P(DHN-R)
significantly (T, > 100 °C). Interestingly, P(DHB-Et) performed
as a flexible material with an eg of 762.63 + 94.40%, while
P(DHB-Me) appeared to be strong and brittle with o = 33.69 =+
5.39 MPa, E = 2.17 + 0.36 Gpa, and ¢ = 10.91 + 2.15%—indica-
tive of the potential applications of these polymers, from elas-
tomers to thermoplastics. We also found that the produced
polymers could be efficiently recycled, i.e., converted back to
their corresponding monomers with high yields. This
functionalization method involving introducing epoxide build-
ing blocks into the PDHB system was also found to strongly
modulate the thermal and mechanical properties of the
materials.
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