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Terpenoid-based high-performance polyester
with tacticity-independent crystallinity
and chemical circularity

Zhitao Hu,1,3 Simone N. Bernsten,1,3 Changxia Shi,1 Ainara Sangroniz,2 Eugene Y.-X. Chen,1

and Garret M. Miyake1,4,*
THE BIGGER PICTURE

Plastic pollution is currently one of

the world’s foremost

environmental problems. Single-

use plastics often end up in

landfills, as pollution, are

incinerated, or are mechanically

recycled. Mechanical recycling is a

desirable option, but it results in

degraded, lower-value materials.

Attractive approaches to

sustainable plastics involve

developing polymeric materials

that exhibit closed-loop chemical

recyclability (also known as

chemical circularity) and using

renewably sourced monomers

instead of petroleum-derived

monomers. Herein, we report a

terpenoid-derived, chemically

recyclable plastic that is

intrinsically crystalline, strong,

ductile, and thermally stable and

also exhibits barrier properties

suitable for packaging

applications. Overall, this

aliphatic polyester platform

provides promise as a renewably

sourced and chemically recyclable

plastic that exhibits material

properties comparable to, or

exceeding, those of the most

common bio-derived plastic,

poly(lactic acid) (PLA).
SUMMARY

The development of chemically circular, bio-based polymers is an ur-
gently needed solution to combat the plastic waste crisis. However,
the most prominent, commercially implemented bio-based aliphatic
polyester, poly(lactic acid) (PLA), is brittle, therefore largely limiting
its broad applications. Herein, we introduce a class of aliphatic poly-
esters produced through the ring-opening polymerization (ROP) of
(1R,5S)-8,8-dimethyl-3-oxabicyclo[3.2.1]octan-2-one (D-CamL) and
the racemic mixture (rac-CamL), which exhibit superior material
properties relative to PLA. A metal-based or organic catalyst was
used for the modulation of polymer tacticity. Notably, regardless
of tacticity, poly(CamL) exhibits intrinsic crystallinity, resulting in
polyesters with high yield stress (24–39MPa), high Young’s modulus
(1.36–2.00 GPa), tunable fracture strains (6%–218%), and high
melting temperatures (161�C–225�C). Importantly, poly(CamL) can
be chemically recycled to monomer in high yield, and virgin-quality
poly(CamL) is obtained after repolymerization. Overall, poly(CamL)
represents a new class of bio-derived and chemically circular high-
performance polyesters.

INTRODUCTION

Plastic products have become ubiquitous and irreplaceable in modern life, but linear

life cycles and poor end-of-life options result in significant environmental issues such

as waste accumulation and consumption of finite resources.1,2 Plastic recycling is

critical, but traditional mechanical recyclingmethods yield materials with diminished

properties and reduced value.3,4 To address the shortcomings of mechanical recy-

cling, alternative recycling strategies that enable the retention of material properties

are needed.5 Among these approaches, closed-loop chemical recycling is a desir-

able technology in which polymeric materials can be efficiently deconstructed into

their starting monomers or oligomers and repolymerized into chemically identical,

virgin-like polymer materials.6–10

In addition to chemical circularity, polymer sustainability can further be enhanced by

the use of bio-derived monomers and feedstocks, especially those that do not come

from food sources.11 Among chemically recyclable bio-derived polymers, poly(lactic

acid) (PLA) has become particularly prevalent given its relatively low cost,12 process-

ability,13 chemical recyclability,14,15 and generally desirable properties.16,17 The

crystalline and amorphous states of PLA are strongly dependent on the stereochem-

istry of the polymer backbone, with isotactic and syndiotactic PLA exhibiting crystal-

linity. Syndiotactic PLA has a lower glass-transition temperature (Tg) and melting
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temperature (Tm) but a higher crystallization temperature (Tc) than isotactic PLA.18

Regardless of being crystalline or amorphous, the low elongation at break

(eB < 10%) of PLA and its high water and oxygen permeability (P O2) limit the use

of PLA materials in packaging applications.17,19,20 In terms of the recycling of

isotactic poly(L-lactic acid) (PLLA), the selective depolymerization to enantiopure

monomer can be challenging.14,15 As such, the shortcomings of PLA inspired us to

explore new bio-derived polymers that may have materials properties comparable

to or exceeding those of PLA.

Several notable innovations toward chemically recyclable plastics have been

recently made. For example, 1,3-dioxolane (DXL), made from industrial feedstocks

formaldehyde and ethylene glycol, is regarded as a green building block for recy-

clable plastic and can be polymerized by cationic ring-opening polymerization

(ROP) to yield high molecular weight poly(DXL) with potential for use as a packaging

material. Poly(DXL) can be chemically recycled back to DXL, demonstrating an

example of a successful circular plastic economy.21,22 However, the low Tm of pol-

y(DXL) (�60�C) may limit its application in certain applications. Similarly, polymer

made from the bio-derived monomer d-valerolactone (VL) also has a low Tm
(�57�C). In order to make chemically recyclable, bio-based polymers that are

tolerant to higher temperatures, structural modification of commercially available

monomers can be a promising platform.23 One example of such structural modifica-

tion is the addition of geminal dialkyl (gem-dialkyl) functionality. In the case of VL,

gem-disubstitution yields a gem-diakyl-substituted polymer, poly(VLR2), possessing

a high Tm (�140�C). Additionally, poly(VLR2) has good mechanical properties

(eB could reach 322%) and a reduced ceiling temperature (Tceiling, defined as equilib-

rium temperature between polymerization and depolymerization) from 298�C for VL

to 67�C for VLR2 at 1M.24 The low ceiling temperature of poly(VLR2) makes it easier to

thermally depolymerize than unsubstituted poly(VL), which can be explained by the

fact that gem-dialkyl substitution enables harnessing of the Thorpe-Ingold ef-

fect25,26 to promote ring closure during depolymerization, thereby enabling facile

recovery of monomer. Polyhydroxyalkanoates (PHAs) are another important class

of bio-derived polyesters with the potential to serve as analogs for PLA. However,

their general thermal instability, and mechanical brittleness limit materials proper-

ties, while their propensity for a-hydrogen (H) elimination render them difficult to

efficiently depolymerize back to their starting lactones.27 Gem-dialkyl-substitution

at the a-position of poly(3-hydroxybutyrate) (P3HB) produces poly(3-hydroxy-2,2-di-

alkylbutyrate) [P3H(alkyl)2B], which exhibits the unique property of intrinsic crystal-

linity, can undergo melt processing, and can be recycled back to the corresponding

lactone by NaOH at 210�C. The eB could reach 517% after gem-disubstitution, thus

displaying significant improvement in mechanical properties relative to the unsub-

stituted polymer (eB, �4%).28 These reports demonstrate that gem-dialkyl-substitu-

tion can increase the materials properties and help realize the closed-loop recycling

of bio-based polymers under mild conditions.

In addition to the gem-dialkyl-substitution strategy applied in monomer design, a

recently developed hybrid monomer (or hybrid bicyclic monomer) strategy results

in increased ease of chemical recycling as well as increased Tm and Tg.
29–32 Hybrid

monomers combine the structures of monomers possessing a high ring-strain and

low Tceiling, where structural motifs imparting high ring-strain facilitate the facile

polymerization of the hybrid monomer, while motifs imparting a low Tceiling allow

for efficient depolymerization. It is also noteworthy that the bridged bicyclic struc-

ture of the hybrid monomer facilitates depolymerization to selectively yield the

cis-configuration monomer. With gem-dialkyl-substitution and hybrid monomer
Chem 10, 3040–3054, October 10, 2024 3041
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Scheme 1. Comparison between PLA and poly(CamL)
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design strategies in mind, we hypothesized that terpenes or terpenoids would be

suitable structures for constructing recyclable polyesters merging natural hybrid

and gem-dialkyl-substitution approaches.33,34 Terpene- and terpenoid-based poly-

mers are relatively well studied, with many polymers possessing high Tg (70�C,
130�C) or high strength at break (70 MPa), but most are amorphous even if the

isotactic polymer is obtained.35–41 As such, the structural modification of terpenes

or terpenoids for developing high-performance polymer materials is warranted. In

the realm of terpenes and terpenoids, camphor is widely used in daily life and

organic synthesis.42–44 Similar to lactide, the monomer unit of PLA (Scheme 1), opti-

cally pure D-camphor ((1R,4R)-bornan-2-one), can be isolated from biomass, while

the racemic mixture of camphor can be obtained through chemical synthesis from

a-pinene (obtained from turpentine).45 The molecular weights of previously re-

ported camphor-derived polymers by condensation polymerization have not ex-

ceeded 20 kDa and are brittle materials (eB < 15%), which limits their applica-

tion,46–48 while ROP is more successful for producing higher molecular weight

polymers.49,50 The presence of a methyl group on the bridgehead carbon in the

backbone of these polymers impedes their ability to crystallize and only amorphous

polymer is obtained, while their Tg is higher than room temperature and polymers

produced from camphor are rigid at room temperature.46

To broaden the application of terpene- or terpenoid-based polymers, we sought to

use the structural modification strategy to design a camphor-based polymer that ex-

hibited crystallinity and high-performance materials properties. We realized that the

hybrid and gem-dimethyl structural motifs naturally occurring in camphor should be

retained, but the monomethyl group on the bridgehead carbon should be removed

to enable crystallization. Ultimately, the proposed lactone, (1R,5S)-8,8-dimethyl-3-

oxabicyclo[3.2.1]octan-2-one (D-CamL) and the racemic mixture (rac-CamL or

DL-CamL) (Schemes 1 and S1), were obtained. Both D-CamL and rac-CamL were
3042 Chem 10, 3040–3054, October 10, 2024



Table 1. Polymerization results of D-CamL

Run Catalyst Time (h) Conv. (%)a Mw (kDa)b Ɖb Tg (�C)c Tm (�C)c DHf (J/g)
c cis/trans (%/%)d

1 La(N(SiMe3)2)3 2.0 68 9.80 1.30 N/A 186/216 29.0 100/0

2 Common basese 24 N/A N/A N/A N/A N/A N/A N/A

3 tBuP4 1.0 88 34.5 1.50 58 169 30.6 61/39

4 tBuP4/urea 24 37 11.1 1.31 N/A N/A N/A 70/30

5 tBuP4/TU 24 N/A N/A N/A N/A N/A N/A N/A

6 tBuP4/urea 1 1.0 89 27.5 1.48 53 161 30.2 60/40

7 tBuP4/urea 2f 20 55 16.0 2.06 59 171 21.9 77/23

8 tBuP4/urea 3 80 41 14.4 1.33 N/A 170/195 27.3 92/8

9 tBuP4/urea 4 80 48 17.8 1.60 51 164/199 26.0 88/12

10 tBuP4/urea 5 6.0 96 24.2 1.77 59 188 25.0 67/33

11 tBuP4/urea 6 3.5 91 28.6 1.80 58 174 25.3 64/36

Conditions: conducted in THF at room temperature, except Run 1 conducted in toluene at 100�C, initiated by BnO�, and monomer concentration was 100 mg

D-CamL in 200 mL THF, [M]:[BnOH]:[Cat.] = 100:1:1 except Run 1 [M]:[BnOH]:[Cat.] = 70:1:1.
aMonomer conversions determined by 1H NMR of the crude solution in CDCl3 after quenching with benzoic acid.
bWeight-averagemolecular weights (Mw) and dispersity (Ð=Mw/Mn) determined by gel-permeation chromatography (GPC) coupledwith light scattering at 40�C
in CHCl3.
cTg, Tm, and heat of fusion (DHf) measured by differential scanning calorimetry (DSC) using the second heating scan at a rate of 10ºC min�1.
dMeasured by the carbonyl region of 13C NMR in CDCl3.
eCatalysts summarized in Run 2: DBU, TBD, and tBuP2.
fReaction was stopped after 20 h because the mixture solidified. Note: 1H NMR spectra, 13C NMR spectra, thermogravimetric analysis (TGA) results, and DSC

results can be found in Figures S3–S14.
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polymerized via ROP to relatively high molecular weight. Thanks to the hybrid and

gem-dimethyl structure in the CamL repeat unit, poly(CamL) has intrinsic crystallinity

and exhibits similar thermal properties and yield stress to PLA, but with higher eB and

lower water and P O2. Furthermore, the closed-loop recycling of poly(CamL) could

be easily performed under mild conditions (Scheme 1).

RESULTS AND DISCUSSION

Monomer design and polymerization

The D-camphor-derived lactone produced directly from the Baeyer-Villiger oxida-

tion of D-camphor was not polymerizable under various conditions investigated

(Table S1). We hypothesized that the a-methyl group inhibited the polymerization,

presumably due to the steric hindrance of the methyl group in proximity to

the carbonyl group. As such, we synthesized a D-camphor lactone derivative

(D-CamL) devoid of the methyl group on the bridgehead carbon to investigate

the polymerization of this monomer.

Initial attempts at the ROP of D-CamL used tris[N,N-bis(trimethylsilyl)amide]

lanthanum [La(N(SiMe3)2)3] as the catalyst, which has demonstrated success with

benzyl alcohol as the initiator. Using La(N(SiMe3)2)3 to catalyze the polymerization

of D-CamL was only successful at elevated temperatures, achieving 68% conversion

at 100�C after 2 h (Mw = 9.80 kDa, Table 1, Run 1). Given that La(N(SiMe3)2)3 is
Chem 10, 3040–3054, October 10, 2024 3043
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slightly expensive, tin octanoate [Sn(Oct)2] was investigated as an alternative cata-

lyst. However, when Sn(Oct)2 was used for the polymerization of D-CamL at

100�C, there was no monomer conversion after 8 h (Table S2). Encouraged by the

successful initial polymerization of D-CamL by La(N(SiMe3)2)3, we explored organic

catalysts. A series of common compounds (Table 1, Run 2) were investigated for the

ROP of D-CamL, including 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU), 1,5,7-triazabi-

cyclo 4.4.0 dec-5-ene (TBD), and 1-tert-butyl-2,2,4,4,4-pentakis(dimethylamino)-

2l5,4l5-catenadi(phosphazene) (tBuP2), but none of the initial attempts at the

bases-mediated ROP of D-CamL were successful. Given that all compounds investi-

gated are basic enough to deprotonate the initiator, we hypothesized that the poly-

merization of D-CamL could only proceed when the ion pair (formed through

H-bonding) between the protonated catalyst and propagating chain ends is suffi-

ciently weak.51–53

To test this hypothesis, 1-tert-butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethyla-

mino)-phosphoranylidenamino]-2l,54l5-catenadi(phosphazene) (tBuP4, pKa, ACN =

42.7) was investigated and in 1 h successful conversion of monomer to polymer

(88%) was observed (Mw = 34.5 kDa, Table 1, Run 3), supporting the hypothesis

that the ion pair [tBuP4-H
+.O�] must be weak enough for polymerization to

proceed.

The polymerization solvent was subsequently investigated to achieve higher mono-

mer conversion and greater polymerization control. In comparing poly(D-CamL) syn-

thesized in acetonitrile (ACN), dimethylformamide (DMF), and toluene with poly(D-

CamL) synthesized in tetrahydrofuran (THF), we found that there was no conversion

of monomer in ACN, higher dispersity in DMF (Ð = 1.96 in DMF, Ð = 1.50 in THF),

and much lower conversion of monomer in toluene (51% after 1 h). Therefore, THF

was selected as the polymerization solvent moving forward (Table 1, Run 3, and

Table S3). To assess the control over the polymerization of D-CamL catalyzed by
tBuP4, monomer conversion and polymer molecular weight were monitored over re-

action time. Pseudo-first-order kinetics with respect to monomer (R2 = 0.990, Fig-

ure S15A) were observed and polymer molecular weight increased linearly as a func-

tion of conversion (R2 = 0.973, Figure S15B). Matrix-assisted laser desorption/

ionization time-of-flight (MALDI-TOF) of poly(D-CamL) (Table 1, Run 3) supported

the notion that the polymerization of D-CamL was initiated by BnO� (Figure S15C).

However, a cyclic polymer chain could be seen, with low molecular weight species in

theMALDI-TOFmass spectrum (Figures S15C and S15D) of poly(D-CamL) indicating

that intramolecular transesterification occurred during the polymerization process,

thereby limiting polymerization control and resulting in increased polymer disper-

sity. When polymerization kinetics, molecular weight trends, and polymer structural

analysis are considered collectively, the ROP of D-CamL catalyzed by tBuP4 is not

well controlled. We conclude that control was limited by secondary transesterifica-

tion reactions, where intramolecular transesterification could result in the formation

of cyclic polymer chains.

Binary catalyst system

When comparing the 13C NMR spectra of poly(D-CamL) synthesized using

La(N(SiMe3)2)3 and
tBuP4 (Figure 1A), it was deduced that the use of La(N(SiMe3)2)3

resulted in isotactic poly(D-CamL) (Table 1, Run 1) with full cis-structure, while the

use of tBuP4 resulted in atactic poly(D-CamL) (Table 1, Run 3) with a cis/trans ratio

of 61/39. The carbonyl region of the 13C NMR spectrum of poly(D-CamL) (Table 1,

Run 1) showed only one peak indicating isotactic polymer, while the 13C NMR spec-

trum of poly(D-CamL) (Table 1, Run 3) showed two separated peaks indicating
3044 Chem 10, 3040–3054, October 10, 2024



Figure 1. Properties of poly(D-CamL) prepared with different catalysts

(A) 13C NMR (CDCl3, 23
�C) spectra of the Run 1 (blue line, isotactic) and Run 3 (purple line, atactic) in CDCl3.

(B) TGA curves of the Run 1 (blue line, isotactic) and Run 3 (purple line, atactic).

(C) DSC profiles of the polymers came from Runs 1, 3, and 6–11, showing the second heating scans at 10�C/min.
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non-uniformity in the stereoregularity. We hypothesized that the formation of atactic

poly(D-CamL) resulted from epimerization of the bridgehead carbon near to the

carbonyl group in the presence of the superbase tBuP4 (Scheme S2). To test this hy-

pothesis, purified isotactic poly(D-CamL) (Table 1, Run 1) was treated with tBuP4 in

THF; after stirring for 2 h, atactic poly(D-CamL) with a cis/trans= 60/40 was produced

(Figure S16).

The thermal properties of the polymers possessing different tacticity were investi-

gated. thermogravimetric analysis (TGA) of isotactic poly(D-CamL) (Table 1, Run 1)

and atactic poly(D-CamL) (Table 1, Run 3) (Figure 1B) demonstrated that isotactic

poly(D-CamL) (Td,5 = 297�C, defined by the temperature at 5% weight loss) decom-

poses at a much lower temperature than atactic poly(D-CamL) (Td,5 = 376�C). As
such, the Td,5 of the converted atactic poly(D-CamL) from isotactic poly(D-CamL)

(Table 1, Run 1) is 370�C (Figure S16). The TGA results may be attributed to the ten-

dency of isotactic poly(D-CamL) to depolymerize to the cyclic monomer of D-CamL,

while the trans-structure present in atactic poly(D-CamL) chains impedes the forma-

tion of monomer (Scheme S3). The different thermal properties of the isotactic and

atactic poly(D-CamL) further motivated us to investigate the stereocontrolled poly-

merization of D-CamL.

We next investigated the effects of adding an epimerization inhibitor to the polymer-

ization with tBuP4. Urea, thiourea (TU), and their derivatives are commonly utilized as

epimerization inhibitors.54,55 We evaluated the effects of a series of these com-

pounds on the polymerization of D-CamL catalyzed by tBuP4. Upon polymerization,

we found that the binary catalyst system, consisting of tBuP4 and various urea deriv-

atives, allowed for the synthesis of poly(D-CamL) with varied tacticity (cis/trans ratio),

where tacticity could be altered by changing the structure of the urea derivative

added. Addition of commercially available carbonyl diamide (urea) and TU were

investigated on the polymerization of D-CamL. The addition of urea resulted in a sig-

nificant decrease in the polymerization rate (37% after 24 h) and a slight increase in

the formation of cis-repeat units over trans- (cis/trans = 70/30), poly(D-CamL)

(Table 1, Run 4). The improved cis/trans ratio indicated that urea slightly suppressed

epimerization. Conversely, the addition of TU resulted in no conversion of D-CamL

(Table 1, Run 5). We hypothesized that the lack of monomer conversion may be

attributed to the formation of H-bonding. TU possessing a lower pKa would form

a stronger H-bond with O� (active chain end) and �C=O (carbonyl group) in the

monomer compared with urea (proposed mechanism in Scheme S4). Furthermore,

the use of TU combined with tBuP4 results in significant steric hindrance, which
Chem 10, 3040–3054, October 10, 2024 3045
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may impede polymerization. Based on these results of using urea and thiourea ad-

ditives, only urea derivatives were investigated further.

Two commercially available substituted ureas, N,N0-dicyclohexylurea (urea 1) and

N,N0-diphenylurea (urea 2), were studied as additives in the polymerization of

D-CamL catalyzed by tBuP4. Upon addition of urea 1 (pKa = 26.9, Scheme S5),

89% conversion was achieved after 1 h and poly(D-CamL) (Mw = 27.5 kDa, cis/trans =

60/40, Tm = 161�C, Table 1, Run 6, Figure 1C) exhibited a lower cis/trans ratio and

Tm compared with poly(D-CamL) (Table 1, Run 3). Upon utilizing urea 2 (pKa = 20.8,

Scheme S5), the resulting poly(D-CamL) (Mw = 16.0 kDa, cis/trans = 77/23, Tm =

171�C, Table 1, Run 7, Figure 1C) had higher tacticity compared with poly(D-

CamL) produced using urea 1 (Table 1, Run 6), which suggested that the lower

pKa value of the substituted urea additive resulted in reduced epimerization. To

test this hypothesis, we further decreased the pKa of the urea additive by introducing

strongly electron-withdrawing groups (�CF3) at the para (urea 3) and meta (urea 4)

positions. The poly(D-CamL)s obtained when adding either urea 3 or urea 4 (Table 1,

Run 8 and Table 1, Run 9, respectively) have a higher tacticity (cis/trans were around

90/10) but at the cost of monomer conversion as less than 50% conversion was

observed after 80 h. The decreased monomer conversion and increased tacticity

observed when lower pKa urea derivatives were used may be explained by consid-

ering H-bonding between urea and both the O� and �C=O in the monomer. The

urea with lower pKa will have stronger H-bonding,56 resulting in reduced reactivity

and basicity of O�. The proposed mechanism is depicted in Scheme S4.

To achieve balance between tacticity and rate of monomer conversion, two asym-

metric ureas, N-Cyclohexyl-N’-phenylurea (urea 5) and N-Cyclohexyl-N’-[4-(1,1-di-

methylethyl)phenyl]urea (urea 6) were investigated as additives in the polymeriza-

tion of D-CamL. Consistent with the pKa value of urea 5 falling between that of

urea 1 and urea 2 (Scheme S5), the tacticity of the resulting poly(D-CamL) (Mw =

24.2 kDa, cis/trans = 67/33, Table 1, Run 10) was between that of poly(D-CamL) cata-

lyzed by tBuP4/urea 1 (Table 1, Run 6) and poly(D-CamL) catalyzed by tBuP4/urea 2

(Table 1, Run 7). Additionally, the polymerization catalyzed by tBuP4/urea 5 reached

96% conversion after 6.0 h, which was also between that of the tBuP4/urea 1 and
tBuP4/urea 2 catalyzed polymerization. To further decrease the time required to

achieve high monomer conversion, an electron-donating group (tert-butyl group,

�tBu) was introduced at the para position of the phenyl group in urea 5, resulting

in urea 6. The tBuP4/urea 6 system resulted in high monomer conversion in

decreased reaction time (91% after 3.5 h, Table 1, Run 11) compared with tBuP4/

urea 5 (Table 1, Run 10). These results demonstrate that a binary system comprising
tBuP4 and urea can be used to prepare poly(D-CamL) with variable tacticity.

Proposed mechanism for the modulation of tacticity

To help further explain the modulation of tacticity when the polymerization of

D-CamL is catalyzed by La(N(SiMe3)2)3,
tBuP4, and

tBuP4/urea, we proposed the

mechanism shown in Scheme 2. When the tBuP4 was used to polymerize D-CamL

without the addition of a urea, the weak interaction between the O� and [tBuP4-

H]+ enabled facile deprotonation (intra- and inter-chain deprotonation shown in

Scheme S2) of the methylene near the carbonyl group, forming a carbanion interme-

diate through which the trans-repeat unit can be formed. With the addition of a

urea cocatalyst, H-bonding occurs between the urea, D-CamL, and the O� on the

propagating polymer chain end. H-bonding between O� and urea stabilizes

the O�, thereby further lowering the probability of carbanion intermediate forma-

tion. Therefore, addition of urea would alter the relative quantity of trans-repeat
3046 Chem 10, 3040–3054, October 10, 2024



Scheme 2. Proposed mechanism of epimerization in the presence of tBuP4,
tBuP4/urea, and La(N(SiMe3)2)3
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units. In contrast to tBuP4, the La(N(SiMe3)2)3 would not deprotonate the methylene

near the carbonyl group. Therefore, isotactic poly(D-CamL) is obtained by using

La(N(SiMe3)2)3.

Material properties of poly(D-CamL)

La(N(SiMe3)2)3,
tBuP4/urea 1, and tBuP4/urea 6 were chosen as the catalyst systems

to prepare larger quantities of poly(D-CamL) required for materials property anal-

ysis because these three systems allowed for production of polymers possessing a

range of cis/trans ratios. Poly(D-CamL), catalyzed by tBuP4/urea 1, tBuP4/urea 6,

and La(NSiMe3)2)3 (Table 2, Runs 2, 3, and 1, respectively), were obtained and

the Tm increased from 169�C to 182�C and 186�C /225�C, respectively (Figure 2A),

in accordance with the cis/trans ratio change from 58/42 to 61/39 to 100/0. We

also noticed that the DHf of polymers reported in Table 2 are lower than the

DHf of the polymers reported in Table 1. This phenomenon could be attributed

to slower rates for crystallization occurring in higher molecular weight polymers

due to the reduced mobility of the chain segments; incomplete crystallization

leads to reduced DHf.

The mechanical properties of poly(D-CamL) with varying tacticity were investigated

by tensile testing of dog-bone-shaped specimens prepared from films produced by
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Table 2. Polymerization results of D-CamL with tunable cis/trans ratios

Run Monomer Catalyst Conv. (%)a Mw (kDa)b Ɖb Tg (�C)c Tm (�C)c DHf (J/g)
c cis/trans (%/%)d

1 D-CamL La(N(SiMe3)2)3 41 78.8 1.44 N/A 186/225 19.0 100/0

2 D-CamL tBuP4/urea 1 56 48.1 1.45 58 169 24.0 58/42

3 D-CamL tBuP4/urea 6 40 79.4 1.57 62 182 15.3 61/39

4 rac-CamL tBuP4/urea 1 57 78.2 1.67 63 184 18.0 62/38

Conditions: polymerizations were conducted in THF at 50�C, except Run 1, which was performed in toluene at 100�C, 12 h duration, the monomer concentration

is 1 g CamL in 1.5 mL solvent, and the feed ratio [M]:[I]:[Cat.] = 1,000:1:3 except Run 1, which [M]:[I]:[Cat.] = 1,000:1:2.
aMonomer conversions were measured by 1H NMR of the crude solution after quenching in CDCl3.
bMw and Ð (Ð = Mw/Mn) determined by GPC coupled with light scattering at 40�C in CHCl3.
cTg, Tm, and DHf measured by DSC in the second heating scan at a rate of 10�C min�1.
dcis/trans ratio measured by 13C NMR in the carbonyl region in CDCl3. Note: all TGA and DSC results can be found in Figures S17–S20.
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compression molding and quenched with water cooling. Atactic poly(D-CamL)

(Mw = 48.1 kDa, Table 2, Run 2) exhibited an eB, 218% G 24%, Young’s modulus

of E = 1.64G 0.08 GPa, and a high yield stress of 28.0G 2.2 MPa (Figure 2B). These

results revealed that atactic poly(D-CamL) catalyzed by tBuP4/urea 1 was a hard and

strong material with moderate ductility, which has higher E and comparable yield

stress to HDPE8 (E = 1.10 GPa, yield stress of around 25 MPa).

The tBuP4/urea 6 catalyzed poly(D-CamL) (Mw = 79.4 kDa, Table 2, Run 3) had a

higher tacticity than tBuP4/urea 1 catalyzed poly(D-CamL) (Table 2, Run 2) and ex-

hibited a decreased eB, 163% G 22% (Figure 2B). In contrast, the isotactic poly(D-

CamL) (Mw = 78.8 kDa, Table 2, Run 1) catalyzed by La(N(SiMe3)2)3 was brittle; the

eB was only 6% G 2%, but the yield stress was notably high at 33.8 G 2.7 MPa (Fig-

ure 2B). Overall, the results of the tensile testing for poly(D-CamL) indicate that

isotactic poly(D-CamL) has the highest yield stress but the lowest eB, while atactic

poly(D-CamL) has a higher eB for greater ductility.

The WAXD (wide-angle X-ray diffraction, Figure 2C) revealed one main peak at

2q = 15.6� for atactic poly(D-CamL) (Table 2, Run 2), whereas WAXD of atactic

poly(D-CamL) (Table 2, Run 3) exhibited a shoulder peak at 2q = 16.6� because

of the increased cis/trans ratio. Notably, the isotactic poly(D-CamL) (Table 2,

Run 1) showed two main peaks at 2q = 15.6� and 16.6�. The lack of the peak at

2q = 16.6� of atactic poly(D-CamL) (Table 2, Run 2) could be explained by crystal

defects in atactic poly(D-CamL) arising from chain disorder.57 As a result, the

isotactic poly(D-CamL) has increased crystallinity, which could be further sup-

ported by the differential scanning calorimetry (DSC) experiments, with the second

heating scans performed at different heating rates (2.5�C/min, 10�C/min, and

20�C/min) (Figure S21). The DSC results showed a decrease in the area (DHf value)

of the higher Tm peak with increasing the heating rate, suggesting the formation of

a more ordered and thicker crystallization zone after the lower Tm, resulting in the

appearance of a higher Tm in isotactic poly(D-CamL). Significantly, regardless of

tacticity, based on WAXD and DSC results, we observed intrinsic crystallinity in

all poly(D-CamL) samples. This unique property is not common in polyesters and

may be imparted by the cyclopentylene and gem-dimethyl structures in the

polymer chain.28,29 Additionally, the circular dichroism (CD) spectra (Figure S22)

of isotactic poly(D-CamL) (Table 2, Run 1) and atactic poly(D-CamL) (Table 2,

Run 2) were obtained. Isotactic poly(D-CamL) showed a stronger positive Cotton

effect than the atactic poly(D-CamL), which confirmed that the isotactic

poly(D-CamL) showed higher optical activity than the atactic poly(D-CamL). The

atactic sample also exhibited a rather weak positive Cotton effect, supporting

our conclusion that the atactic poly(D-CamL) has a decreased cis/trans ratio of
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Figure 2. Thermal, mechanical, wide-angle X-ray diffraction, and rheology characterization results of poly(D-CamL)

(A) DSC curves of the poly(D-CamL).

(B) Representative stress-strain curves of the poly(D-CamL), extension rate = 5 mm/min, ambient condition.

(C) WAXD plots of the poly(D-CamL).

(D and E) Shear viscosity plots (ṙ = 0.5 s�1) in melt of isotactic poly(D-CamL) (Mw = 78.8 kDa) and atactic poly(D-CamL) (Mw = 48.1 kDa).
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58/42 compared with the isotactic poly(D-CamL), which has a cis/trans ratio of

100/0.

Thermomechanical properties of isotactic poly(D-CamL) (Table 2, Run 1) and

atactic poly(D-CamL) (Table 2, Run 2) were evaluated using dynamic mechanical

analysis (DMA) in a tension film mode (Figure S23). Isotactic poly(D-CamL)

(Table 2, Run 1) exhibited a slightly higher storage modulus of E0 = 3,289 MPa

than atactic poly(D-CamL) (Table 2, Run 2) of E0 = 3,135 MPa in the glassy state.

After the glass-transition region with an alpha transition (Ta = 86�C and Ta =

75�C, respectively, defined by the peak maxima of tand, E00/E0), E0 of isotactic

and atactic poly(D-CamL) decreased by about one order of magnitude after Ta,

meaning that these materials still maintain a relatively high storage moduli in the

rubbery state.

To evaluate the stability of these polymers to thermal processing, rheological ex-

periments were performed using a continuous flow study at a shear rate of 0.5 s�1.

The temporal changes in shear viscosity for both isotactic poly(D-CamL) (Table 2,

Run 1) and atactic poly(D-CamL) (Table 2, Run 2) were monitored at temperatures

surpassing Tm (Figures 2D and 2E). The shear viscosity of atactic poly(D-CamL) (Ta-

ble 2, Run 2) remained nearly constant without any noticeable decline for 30 min

when exposed to temperatures ranging from 200�C to 240�C. Upon heating for

30 min at 260�C, the shear viscosity decreased from 1,063 to 769 Pa,s, while

the isotactic poly(D-CamL) (Table 2, Run 1) showed a decrease in shear viscosity,

from 4,908 to 3,850 Pa,s upon heating for 30 min at 240�C. These results demon-

strated the thermal processability of atactic poly(D-CamL) (Table 2, Run 2) but not

isotactic poly(D-CamL) (Table 2, Run 1). The shear thinning experiment (Figure S24)

also showed a rapid decrease in viscosity of atactic poly(D-CamL) (Table 2, Run 2)
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Figure 3. Thermal, mechanical, WAXD, and permeability characterization results of atactic

poly(rac-CamL)

(A) DSC trace of poly(rac-CamL).

(B) Representative stress-strain curve of the atactic poly(rac-CamL), extension rate = 5 mm/min,

ambient condition.

(C) WAXD of the poly(rac-CamL).

(D) Water vapor transmission rate and oxygen permeability of poly(rac-CamL) (a, Mw = 78.2 kDa),

PLLA (b, Mw = 162 kDa), and PET (c, intrinsic viscosity of 0.80 dL g�1 in m-cresol).
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upon its exposure to sheer strain, which is a characteristic that enhances polymer

processability.

Syndiotactic-rich polymers from rac-CamL

D-CamL used in the experiments described thus far was synthesized from natural

camphor. In contrast with natural camphor, synthetic camphor is typically available

as a racemic mixture. Given the prevalence of racemic camphor, we sought to

examine the properties of polymers derived from a racemic mixture. The racemic

monomer, rac-CamL, was synthetized according to a similar procedure to the one

used to synthesize D-CamL (Scheme S1).

Atactic poly(rac-CamL) (Mw = 78.2 kDa, Table 2, Run 4) was synthesized using tBuP4/

urea 1 for mechanical testing. The cis/trans ratio of atactic poly(rac-CamL) was 62/38

and the Tm was 184�C (Figure 3A; Table 2, Run 4,). Tensile testing (Figure 3B) re-

vealed a notably higher yield stress of nearly 40 MPa and eB, 121% G 9% than

that of isotactic poly(D-CamL) (Table 2, Run 1). Upon WAXD analysis (Figure 3C),

atactic poly(rac-CamL) exhibited two distinct sharp peaks at 2q = 16.0� and 17.9�,
which showed a slight shift in comparison to isotactic poly(D-CamL), indicating

that atactic poly(rac-CamL) may crystallize differently than poly(D-CamL). 13C NMR

analysis revealed that atactic poly(rac-CamL) (Mw = 78.2 kDa) has a higher propor-

tion of D-L linkages at 173.65 ppm than D-D/L-L linkages at 173.59 ppm (Figure S25),

indicating that atactic poly(rac-CamL) tends to be syndiotactic-rich. The discrepancy

between D-L linkage content in atactic and isotactic poly(rac-CamL) may be caused

by the larger counterion ([tBuP4-H]
+) at the polymer chain ends leading to alternating

D-L insertion, whereas the La(N(SiMe3)2)3 does not have this same effect.
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Figure 4. 1H NMR and mechanical characterization results of depolymerization of atactic poly(D-

CamL) and repolymerization of recycled D-CamL

(A) 1H NMR (CDCl3, 23
�C) spectra of the poly(D-CamL) (Mw = 48.1 kDa) and recycled D-CamL. Inset:

enlarged area from 5.2 to 3.7 ppm.

(B) Representative stress-strain curves of the poly(D-CamL) (Mw = 48.1 kDa) and the repolymerized

poly(D-CamL) (Mw = 48.4 kDa).
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To assess the potential of poly(CamL) for use as a packaging material, we conducted

barrier property tests on syndiotactic-rich poly(rac-CamL) (Table 2, Run 4). Syndio-

tactic-rich poly(rac-CamL) demonstrates a relatively low water vapor transmission

rate (WVTR) of 1.68 G 0.31 (g mm m�2 day�1), and an outstanding P O2 character

of 0.11G 0.01 Barrer. Desirable barrier properties are likely attributable to the poly-

mer’s Tg being above room temperature (63�C) and semicrystalline in nature. Both

the WVTR and P O2 are much lower than that of commercial PLLA and approach

that of commercial polyethylene terephthalate (PET), which is widely used in pack-

aging materials (Figure 3D)19,58,59; these results demonstrate that syndiotactic-rich

poly(rac-CamL) could be suitable for use as a packaging material.

Chemical recyclability and repolymerization

To investigate the thermodynamics of the D-CamL polymerization, the change in

enthalpy (DH�
p), change in entropy (DS�

p), and Tceiling were measured. The equilib-

riummonomer concentration was determined at varied temperatures and plotted as

a function of temperature to yield a van ’t Hoff plot (Figure S26). This analysis

provided the thermodynamic parameters (DH�
p = �21.0 kJ mol�1, DS�

p =

�55.5 J mol�1 K�1), while the Tceiling at [M]0 = 1.0 M was determined to be 381 K

(105�C). The low Tceiling value suggested that poly(D-CamL) could be depolymerized

to D-CamL at elevated temperature.

Due to the epimerization observed during polymerization, we hypothesized that a

sufficiently strong base would be necessary to support the onset of epimerization

during depolymerization and achieve recovery of D-CamL from atactic poly(D-

CamL). Based on this hypothesis, tBuOK was selected to depolymerize atactic

poly(D-CamL) (Table 2, Run 2). Atactic poly(D-CamL), which was homogeneously

mixed with tBuOK, was successfully converted to D-CamL (shown in Figure 4A) in

88% isolated yield in a sublimator at 200�C and 200 millitorr. The recovered

D-CamL was successfully polymerized again using tBuP4/urea 1, forming poly(D-

CamL) (48.4 kDa) with mechanical properties comparable to virgin poly(D-CamL)

(Figure 4B), demonstrating successful closed-loop recycling.
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Conclusions

Through combining hybridization and gem-dialkyl substitution strategies, a

camphor-derived, high-performance aliphatic polyester was efficiently synthesized

and selectively depolymerized back to monomer in high isolated yield. The ROP of

CamLwas catalyzed by a La complex, superbase, or a superbase/urea binary catalyst

system; these different catalyst systems allowed for the preparation of isotactic,

atactic, and syndiotactic-rich poly(CamL) materials from the optically pure or racemic

monomer. Variation in polymer tacticity modulates materials properties such as Tm,

ductility, yield stress, and Young’s modulus. Thermal and mechanical characteriza-

tion demonstrated that poly(CamL) exhibits comparable and/or enhanced proper-

ties compared with PLA, including similar Tm, Tg, and comparable yield stress, while

exhibiting better ductility and intrinsic crystallinity. Furthermore, low WVTR and low

PO2 character confirmed that poly(CamL) has the potential to be used as packaging

material. Above all, this combination strategy produced a polymer that not only

showcases the potential of bio-based polymers in reducing reliance on fossil fuels

but also emphasizes the importance of recyclability and performance in the develop-

ment of next-generation plastics.
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