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ABSTRACT: Within the large poly(3-hydroxyalkanoate) (PHA)
family, C3 propionates are much less studied than C4 butyrates,
with the exception of a,a-disubstituted propionate PHAs,
particularly poly(3-hydroxy-2,2-dimethylpropionate), P3H(Me),P,
due to its high melting temperature (T, ~ 230 °C) and crystallinity
(~76%). However, inefficient synthetic routes to its monomer 2,2-
dimethylpropiolactone [(Me),PL] and extreme brittleness of
P3H(Me),P largely hinder its broad applications. Here, we
introduce simple, efficient step-growth polycondensation (SGP) of
a hydroxyacid or methyl ester to afford P3H(Me),P with low to
medium molar mass, which is then utilized to produce lactones

Dual closed-loops for P3H(Me),P

o
)5@"“
Hydrolysis or (

Depolymerization

SGPg N j
L d ROP-PHA

L Hydroxyac:d/esferJ

Hydrolysis

Lactone

methanalys/s

S

Cham -end controlled

major depolymerization selectivity SGP

Dual closed-loops controlled by chain end Lactone synthesis by SGP and depolymerization

Tunable toughness and T, (up to record 266 °C) via alkyl derivatization

through base-catalyzed depolymerization. The ring-opening polymerization (ROP) of the 4-membered lactone leads to high-molar-
mass P3H(Me),P, which can be depolymerized by hydrolysis to the hydroxyacid in 99% yield or methanolysis to the hydroxyester in
91% vyield, achieving closed-loop recycling via both SGP and ROP routes. Intriguingly, the chain end of the SGP-P3H(Me),P
determines the depolymerization selectivity toward 4- or 12-membered lactone formation, while both can be repolymerized back to
P3H(Me),P. Through the formation of copolymers P3H(Me/R),P (R = Et, "Pr), PHAs with high tensile strength and ductility,
coupled with high barriers to water vapor and oxygen, have been created. Notably, the PHA structure—property study led to

P3H("Pr),P with a record-high T, of 266 °C within the PHA family.

H INTRODUCTION

Poly(3-hydroxyalkanoate)s (PHAs), a family of aliphatic
polyesters, are naturally accumulated via biological pro-
cesses' "' or chemically synthesized using molecular cataly-
sis.'”””'° Among them, a C4 butyrate PHA, poly(3-hydrox-
ybutyrate) (P3HB), attracts the most attention, but its lack of
melt processability, mechanical brittleness, and unrealized
chemical recyclability has limited its broader application. To
address these issues, many studies have put forward innovative
solutions.'”~** Notably, Coates et al. chemically synthesized a
nature-inspired poly(3-hydroxy-2-methylbutyrate) (PHMB)>
by ring-opening polymerization (ROP) of 4-membered lactones
derived from 2-butene and CO, and also uncovered tacticity-
independent crystallinity and excellent mechanical properties of
PHMB.>**’ Coincidently, we reported that a,a-dimethylated
P3HB, poly(3-hydroxy-2,2-dimethylbutyrate) [P3H(Me),B],
also exhibits tacticity-independent crystallinity and thus is
always semicrystalline, regardless of its tacticity.”®*’ Impor-
tantly, it is mechanically tough, melt-processable, and chemically
recyclable; it can be readily scaled up to hundreds of grams with
a solvent-free polymerization using a commercial organic
catalyst.”® Recognizing step-growth polycondensation (SGP)
that is commonly practiced in the production of industrial
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polymers,”>*" we previously attempted SGP of a hydroxyacid
(HA), 3-hydroxy-2,2-dimethylbutyric acid, to produce P3H-
(Me),B, but it primarily yielded oligomers (8—9 repeating
units).”® This limitation arises due to the secondary alcohol in
the HA monomer of butyrate PHA, which impedes the
efficiency of polycondensation.

In comparison, C3 propionate PHAs are much less studied,
except for a,a-disubstituted propionate PHAs, particularly
poly(3-hydroxy-2,2-dimethylpropionate), P3H(Me),P, which
has been studied since 1970s to reveal a higher melting-
transition temperature (T,, = 220—230 °C) than the parent
poly(3-hydroxypropionate) (P3HP, T,, = 70—80 °C) and even
isotactic (it-) P3HB (T,, = 170—180 °C).**~** Moreover, a
more impressive feature of the P3H(Me),P prepared in this
work and crystallized from the melt is its high degree of
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Figure 1. A summary of properties and challenges of P3H(Me),P, and key achievements of this work. (A) Favorable thermal properties (high T, and
crystallinity) and three unmet challenges facing P3H(Me),P. (B) This work (i) achieved chemical circularity through dual SGP and ROP closed-loops;
(ii) found unique chain-end controlled depolymerization selectivity; (iii) solved brittleness via copolymer formation; and (iv) discovered a PHA,

P3H("Pr),P, with a record-high T,

crystallinity (~76%), which is comparable to that of linear
polyolefins crystallized at high crystallization temperature.*> ™’
This observation indicates efficient crystallization and a high
regularity of the structure. Base-catalyzed depolymerization of
P3H(Me)2P (obtained by the ROP) was reported in a 2-page
patent,”® but no information on the polymer used and
characterizations of the resulting condensed product (which
was assumed to be pivalolactone or 2,2-dimethylpropiolactone
(Me),PL) was disclosed. Pyrolysis of P3H(Me),P was
investigated extensively by mass spectroscopy, revealing
formation of a distribution of cyclic oligomers.””** Thermal
degradation of P3H(Me),P having pivalate and carboxylate
chain ends was interrogated by two independent mechanisms,
reverse polymerization™* and random chain scission degrada-
tion.*> Cyclooligomerization of pivalolactone in dilute solution
with alkali metal alkoxides is also a suitable strategy for the
synthesis of macrocyclic oligomers as a mixture, from Wthh the
tetramer was isolated and structurally characterized.*® The
structure of the trimer or triolide, [ (Me),PL];, obtained in 8%
yield from cyclization of a hydroxy diester, was also reported.””
However, the current P3H(Me),P also faces three challenges to
broaden its commercial implementation and application (Figure
1A). First, it is primarily synthesized from ROP of (Me),PL. 832
The preparation of (Me),PL typically involves the use of
hazardous and difficult-to-handle or explosive reagents such as
ketenes.*® In this context, a better method involving
regioselective carbonylation of isobutylene oxide was developed
by Coates et al."”*° Second, P3H(Me),P is a brittle material and
lacks the ductility typically required for many applications.
Third, toward achieving a circular plastics economy,” ™7 it
would be desirable to demonstrate closed-loop chemical
recycling of P3H(Me),P.

To address the above known issues (Figure 1A) associated
with P3H(Me),P, we hypothesized that developing an efficient
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SGP route to access P3H(Me),P, with even low to medium
molar mass, coupled with its selective depolymerization to the
lactone for high-molar-mass PHA production, could effectively
solve the above problems. First, the HA monomer for SGP, 3-
hydroxypivalic acid or formally 3-hydroxy-2,2-dimethylpro-
pionic acid [3H(Me),PA], is readily (commercially) available
and contains the reactive primary alcohol and, additionally, this
a,a-dimethylated PHA is devoid of a-protons, thus suppressing
potential side reactions such as dehydration and cis-elimination
at high SGP temperatures. Worth noting here is that SGP is not
effective in PHA synthesis involving HAs bearing secondary
alcohols, as the polymerization is terminated by a series of side
reactions.”™*” Second, the resulting SGP-P3H(Me),P should be
hydrolytically depolymerized back to the HA or depolymerized
via base catalysis to the lactone, either 4-membered (Me),PL or
potentially 12-membered [(Me),PL];, depending on the chain
end of the PHA, thereby closing both SGP and ROP loops in
chemical recycling (Figure 1B). A potential challenge in closing
the ROP loop via [(Me),PL]; is the low reactivity of this
medium-size lactone, as the trimeric -butyrolactone ([-BL];)
obtained from the depolymerization of P3HB can only be
repolymerized to oligomers with a low molar mass (M, ~ §
kDa).*>°! We showed in this work that, remarkably, the ROP of
recycled (Me),PL afforded high absolute weight-average-molar-
mass (M,, = 232 kDa) PHA, and even the recycled [(Me),PL],
can be repolymerized to obtain P3H(Me),P with M, up to 71.4
kDa (vide infra). Third, through copolymerization to incorpo-
rate repeating units with Me/Et or Me/"Pr substituents, thermal
and mechanical properties of the resulting PHA copolymers
could be readily tailored to potentially achieve balanced
performance properties. Guided by the above three hypotheses,
this work is focused on P3H(Me),P and its alkyl derivatives,
aiming to solve these three key challenges.

https://doi.org/10.1021/jacs.4c11920
J. Am. Chem. Soc. 2024, 146, 29895—-29904
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B RESULTS AND DISCUSSION

SGP Route to P3H(Me),P. SGP has long been a favored
polymerization method to produce polyesters, especially those
[A, + B,]-type, high-melting polymers such as poly(ethylene
terephthalate) (PET), due to its simplicity and cost-effective-
ness. However, PHA synthesis using SGP of AB-type HAs
containing a secondary alcohol to produce PHAs bearing acidic
a-protons (« to the carbonyl), which hinder the reactivity of the
HAs and promote dehydration of the HAs and PHAs at high
temperatures, is largely ineffective. In this context, the SGP route
to the high-T,, P3H(Me),P with appreciable molar mass
appears especially attractive and feasible, as its corresponding
AB monomer, 3H(Me),PA, contains the more reactive primary
alcohol and, additionally, the PHA is devoid of a-protons. The
a,a-dimethyl substitution in P3H(Me),P also synergistically
suppress cis-elimination, thereby enhancing the PHA thermal
stability.”®

Accordingly, we investigated the SGP of 3H(Me),PA and its
methyl ester, methyl 3-hydroxy-2,2-dimethylpropanoate (M3H-
(Me),P), in the presence of catalysts such as Ti(O"Bu), and
B(C4Fs); typically employed for SGP processes. As summarized
in Table 1, the efficient synthesis of P3H(Me),P has been

Table 1. Results of SGP of 3H(Me),PA and M3H(Me),P“

(0] O
HO/>(U\OH HO/YLOMe
Me Me Me Me
3H(Me),PA M3H(Me),P
yield M,* p° (M,/
run monomer catalyst (%)" (kDa) M,)
1 3H(Me),PA  Ti(O"Bu), 92 264 226
2 3H(Me),PA  B(CGF,), 87 29.1 1.39
3¥  3H(Me),PA  Ti(O"Bu), 63 342 1.50
4 M3H(Me),P Ti(O"Bu), 95 17.7 172

“Conditions: monomer (30 mmol), [monomer]/[catalyst] ([M]/
[Cat]) = 100/1. “Isolated yield. “Weight-average molar mass (M,,)
and dispersity (P = M,/M,) determined by size exclusion
chromatography (SEC) at 40 °C in hexafluoroisopropanol (HFIP,
(CF;),CHOH) coupled with a Wyatt Technology miniDAWN
TREOS multiangle light scattering detector and a Wyatt Technology
Optilab T-rEX differential refractometer for absolute M,,. “[M]/[Cat]
= 1000/1.

achieved, thanks to the structures of the HA and P3H(Me),P
that mitigate crotonate end-group formation through trans-
esterification and elimination/termination due to the absence of
a-hydrogens, the two types of side reactions commonly
encountered in the previous PHA synthesis via SGP. More
specifically, the SGP of 3H(Me),PA and M3H(Me),P, when
catalyzed by Ti(O"Bu), or B(C4Fy)s, afforded P3H(Me),P with
M,, ranging from 17.7 to 34.2 kDa. This SGP process is readily
scalable, as shown by a 666-g laboratory scale that produced
P3H(Me),P with a comparable molar mass and no alkene end
groups revealed by 'H NMR spectra (Figures S1 and S2).
Noteworthy is that similar thermal properties are observed for
the P3H(Me),P materials produced by SGP and ROP routes
(vide infra), underscoring the practical usability of the SGP-
produced P3H(Me),P.

Chain-End Controlled Depolymerization Selectivity.
On the basis of the gem-disubstitution Thorpe—Ingold effect,

which has been shown to promote ring closure from the ring-
opened form by stabilizing the strained rings,">"% we
envisioned a synergistic benefit of a,a-dimethyl substitution in
P3H(Me),P, which not only enhances thermal stability (vide
supra) but also renders chemical recyclability by direct
depolymerization to the lactone monomer. In our initial
experiments (Figure 2, Table S1), a P3H(Me),P sample,
synthesized via SGP of 3H(Me),PA, was subjected to
depolymerization conditions (S wt % NaOH, 250 °C, ~ 200
mTorr) using a sublimation setup, affording solid products in
~90% yield. Through recrystallization, the pure product (53%
yield) was identified by NMR (Figure S3), LCMS (Figure S4),
and single-crystal X-ray diffraction analyses (Figure 2) to be the
12-membered trimeric lactone [ (Me),PL];*” (Table S1,Run 1),
while other compounds in the crude solid product mixture
contained various oligomers. Notably, when NaOMe was
utilized instead of NaOH, the [(Me),PL]; content increased
to 70%. Additionally, using a distillation setup recovered the 4-
membered lactone (Me),PL in 9% yield. This depolymerization
process was again performed on a 3.9-g scale, affording 2.6 g of
pure [(Me),PL]; in 66% isolated yield after recrystallization
(Table S1, Run 3).

More interestingly, when a P3H(Me),P sample obtained
from SGP of methyl ester M3H(Me),P was subjected to
depolymerization conditions (S wt % NaOH, 230 °C, ~ 0.2
Torr), the recovered pure product is monomeric lactone
(Me),PL in 53% isolated yield (Table S1, Run S). The use of
NaOMe mixed with the same P3H(Me),P also resulted in pure
(Me),PL in 58% isolated yield (Table S1, Run 6, and Figure SS).
Additional depolymerization runs consistently produced both
(Me),PL (52% isolated yield) and [(Me),PL]; (35% isolated
yield) (Table S1, Run 8). Notably, the distillation setup can
completely separate these two lactones: the low-boiling liquid
(Me),PL is condensed in the receiving flask at the end, but the
solid [(Me),PL]; is precipitated as crystals on the distillation
head.

The above disparate product outcomes observed in the base-
catalyzed depolymerization of P3H(Me),P with different chain
ends (which are predetermined by the monomer source, HA vs
its ester), prompted us to rationalize mechanistic scenarios
outlined in Figure 3 that can explain these intriguing findings. It
is noted first that both chain ends in P3H(Me),P-CO,H (with
the carboxylic acid and hydroxyl chain ends), derived from the
SGP of the HA 3H(Me),PA, can initiate the depolymerization
process, albeit with a significantly faster initiation rate for a
carboxylate anion (Figure 3, rate (route 2) > rate (route 3 or 4)).
This distinction is evident in the shorter depolymerization time
of P3H(Me),P-CO,H compared to that of P3H(Me),P-
CO,Me (with the methyl ester chain end), derived from the
SGP of M3H(Me),P. Second, the depolymerization of P3H-
(Me),P-CO,H exhibits two distinct pathways. One pathway
involves backbiting of the carboxylate to form (Me),PL (Figure
3, route 1) or its trimer (Figure 3, route 2). However, due to the
challenges associated with the carboxylate anion attacking the
C—O bond through SN, and the high ring strain of (Me),PL,
generating (Me),PL under this path would be more difficult.
Consequently, the main product is the more thermally stable
[(Me),PL];. The second pathway involves a decarboxylation
reaction (Figure 3, route S), which can occur under high
temperature and base conditions, leading to the formation of
isobutylene—a byproduct (Figure S6) alongside (Me),PL and
[(Me),PL];. Third, the utilization of P3H(Me),P-CO,Me,
which lacks the carboxylic acid chain end, effectively mitigates

https://doi.org/10.1021/jacs.4c11920
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Figure 2. Production of 4- and 12-membered lactones (for ROP to PHA with higher molar mass) through chain-end controlled, base-catalyzed
depolymerization of P3H(Me),P prepared by SGP. Top row: schematic synthetic pathways; middle row: photos of the reaction setup, physical state of
starting P3H(Me),P (solid) and (Me),PL (liquid), and stacked NMR spectra of the starting PHA, recycled (Me),PL, and virgin (Me),PL; bottom
row: photos of the reaction setup, physical state of starting P3H(Me),P (powder) and [(Me),PL]; (crystalline solid), and single-crystal X-ray structure

of [(Me),PL], formed via base-catalyzed depolymerization.

COZ+>=
(e}

3,
0
o/%o (Me)PL o oﬁ(go

P3H(Me),P-CO,Me 64.3% (58%) ©  35.7% (33%)

Figure 3. Proposed pathways to different products for base-catalyzed
depolymerization of P3H(Me),P with different chain ends. For the sake
of clarity, the anionic forms of the carboxylic acid and hydroxyl chain
ends are invoked here under base catalysis. The isolated yields are
indicated in parentheses.

the formation of isobutylene, making the depolymerization
process initiated by the alkoxy chain end the predominant
pathway. This alkoxy-initiated pathway also generates (Me),PL
and its trimer (Figure 3, routes 3 and 4). Importantly, the higher
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propensity of the alkoxy to attack the ester carbonyl, forming the
lactone, makes the ring closure to (Me),PL more favorable
compared to the depolymerization process of the PHA with the
carboxylate (route 4 is much more favorable than route 1).
Hence, the PHA with the ester chain end significantly improves
its depolymerization selectivity toward the formation of the
desired (Me),PL. The preorganized geometries depicted on the
left column of Figure 3 imply a much higher energy pathway for
the unobserved dimeric (8-membered) lactone.

Dual ROP and SGP Closed-Loop Recycling of P3H-
(Me),P. As described above, the base-catalyzed bulk depolyme-
rization of P3H(Me),P afforded the monomeric 4-membered
lactone (Me),PL or trimeric 12-membered lactone [(Me),PL],
as the major product, depending on the PHA chain ends.
Subsequently, we investigated the ROP of these lactones in
detail, aiming to close the chemical recycling loop via ROP. We
noted here that, besides the above depolymerization pathway to
produce (Me),PL, it can also be obtained through a
straightforward one-step lactonization of commercially available
3H(Me),PA or 3-chloropivalic acid in 63—93% yields (see
Supporting Information). This lactonization method was also
extended to the synthesis of other alkyl-substituted 4-membered
lactone derivatives (R),PL (R = Et, "Pr, "Bu).

At the outset, the ROP of (Me),PL was explored by
employing different organic base catalysts and reaction
conditions (Table 2). Given the insolubility of highly crystalline
P3H(Me),P in common organic solvents, the ROP was carried

https://doi.org/10.1021/jacs.4c11920
J. Am. Chem. Soc. 2024, 146, 29895—-29904
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Table 2. Selective Results for the ROP of (Me),PL and [(Me),PL];

run monomer catalyst [M]/[Cat]/[1] temp. (°C) time (h) conversion (%) M, (kDa) M,¢ (kDa) p° (M,/M,)
1 (Me),PL TBD 400/1/1 70 1 98 206 17.6 117
2 (Me),PL TBD 3200/1/1 70 1 62 647 4.1 1.54
3 (ME)ZPL DBU 1600/1/1 70 1 920 74.1 47.8 1.5§
4 (Me),PL DBU 3200/1/1 70 1 58 110 65.5 167
s (Me),PL ‘Bu-P, 400/1/1 70 1 100 23.0 207 111
6 (Me),PL Bu-P, 1600/1/1 70 1 100 86.7 587 148
7 (Me),PL Bu-P, 6400/1/1 70 1 100 232 162 143
8 [(Me),PL]; Bu-P, 100/1/1 120 12 100 312 10.5 2.97
9 [(Me),PL], La(OBn), 200/1 120 12 75 215 122 1.77
10 [(Me),PL];  La(OBn), 800/1 120 12 62 714 19.3 3.70

“Conditions: monomer (1.0 mmol for (Me),PL, 3.0 mmol for [(Me),PL],), initiator (I) = BnOH. *Conversion determined by "H NMR in HFIP-
d, or mesitylene (internal standard) in CDCl,. “See Table 1 footnote ¢ for definitions.
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Figure 4. Thermal properties and crystallinity of P3H(R),P. (A) DSC thermograms (10 °C/min) for P3H(Me),P (M,, = 232 kDa, M, = 162 kDa)
obtained by ROP (black) and P3H(Me),P (M,, = 26.4 kDa, M, = 11.7 kDa) obtained by SGP (purple). Exothermic crystallization peaks (T) obtained
from the first cooling scan and endothermic peaks (T,) from the second heating scan. (B) WAXS profiles of P3H(Me),P prepared by ROP (black) and
SGP (purple), showing identical diffraction patterns and peak intensities (thus the same crystal structure and the degree of crystallinity). (C) A
compilation of T,, and Ty values for P3H(Me),P obtained by SGP (M,, = 26.4 kDa, M, = 11.7 kDa) and P3H(R),P (R = Me, Et, "Pr, "Bu) obtained by
ROP. Numbers included in the parentheses on x-axis are M, values. (D) DSC thermogram (10 °C/min) for P3H("Pr),P: T, = 243 °C (obtained from
the first cooling scan); T, = 266 °C (obtained from the second hearing scan); T,=75°C (by DMA, Figure S24).

out in solvent-less, bulk conditions and optimized at 70 °C. [(Me),PL]/['Bu-P,]/[BnOH] ratio of 6400:1:1, the solvent-
Organic superbase ‘Bu-P, (1-tert-butyl-4,4,4-tris- free ROP at 70 °C achieved 99% conversion in 1 h, yielding
(dimethylamino)-2,2-bis[ tris(dimethylamino)-phosphoranyli- P3H(Me),P with M, = 232 kDa and D = 1.43 (Table 2, Run 7).
denamino]-24°44%-catenadi(phosphazene)) exhibited both Other less basic organic catalysts such as TBD (1,S,7-
high polymerization activity and efficiency, affording high- triazabicyclo[4.4.0]dec-S-ene) and DBU (1,8-
molar-mass P3H(Me),P. For example, employing a diazabicyclo[5.4.0]undec-7-ene) are less effective, achieving
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the highest M,, of 110 kDa (Table 2, Runs 1—4). The recovered
(Me),PL was repolymerized through the ‘Bu-P, mediated ROP
([(Me),PL]:['Bu-P,] = 6400:1) at 70 °C, affording P3H(Me),P
with a similar M,, (M,, = 187 kDa) to that of the virgin polymer.
Notably, heating ROP-P3H(Me),P (M,, = 23.0 kDa), obtained
with [(Me),PL]:['Bu-P,]:[BnOH] = 400:1:1, mixed with S wt
% NaOMe at 230 °C for 24 h under vacuum (~0.2 Torr)
distilled off (Me),PL in 51% isolated yield and [(Me),PL]; in
35% isolated yield (Table S1, Run 7), achieving 86% total
recovery of the monomer and trimer. In comparison, the
depolymerization of P3H(Me),P by employing other con-
ditions (5 wt % sodium pivalate, 306 °C, ~ 0.1 Torr)*® achieved
a quantitative polymer conversion, but the resulting products
were a mixture of (Me),PL (21%) and [(Me),PL]; (2%), plus
CO, and isobutene as the major side products.

The ROP of the 12-membered lactone [(Me),PL]; was also
investigated. Given the lower reactivity of this trimer, we
resorted to high-temperature polymerization under melt and
neat conditions. With a ratio of [(Me),PL];/['Bu-P,]/[BnOH]
0f 100:1:1, the ROP achieved quantitative conversion after 12 h,
affording P3H(Me),P with M,, = 31.2 kDa and D = 2.97 (Table
2, Run 8). However, increasing the ratio of [(Me),PL];/['Bu-
P,]/[BnOH] failed to produce a higher molar mass polymer.
Next, the metal-based catalyst La(OBn); was tested. Employing
a [(Me),PL];/[La(OBn),] ratio of 800:1, the ROP achieved a
62% conversion after 12 h, producing P3H(Me),P with M,, =
71.4 kDa (Table 2, Run 10). In addition, the direct
repolymerization of (Me),PL and [(Me),PL]; as a 3:1 mixture
{(Me),PL:[(Me),PL],:[Zn]-PrOH = 300:100:1:1, 160 °C, 12
h, [Zn] =Zn(HMDS), + L, Table S2, run 26} achieved 96% and
51% conversion for (Me),PL and [(Me),PL];, respectively,
yielding P3H(Me),P with M,, = 36.6 kDa.

The above ROP results demonstrated that the SGP of
3H(Me),PA can be used to obtain oligomers or polymers with
low to medium molar mass, which are effectively depolymerized
to form the lactone (Me),PL for rapid ROP to high-molar-mass
PHAs. In the second closed loop for the recycling of
P3H(Me),P, hydrolytic depolymerization of P3H(Me),P
samples obtained from both ROP and SGP processes readily
afforded the corresponding HA in quantitative yield (Table S3).
For example, base-catalyzed hydrolysis of a ROP-produced
P3H(Me),P sample (M,, = 23.0 kDa) with aq. NaOH in THF/
MeOH at 80 °C for 24 h afforded pure 3H(Me),PA in 99%
isolated yield (without chromatographic purification). The same
condition is also efficient for depolymerization of the SGP-
derived sample to pure 3H(Me),PA (Figure S13) in 99% yield.
Notably, even for the high-molar-mass P3H(Me),P (M,, = 232
kDa), 3H(Me),PA can still be obtained in 99% yield (Table S3,
Run 7). Additionally, a methanolysis study demonstrated that
SGP-P3H(Me),P can be converted back to M3H(Me),P in
82% vyield at 250 °C performed in an autoclave without a
catalyst. Even the high-molar-mass P3H(Me),P (M, = 232
kDa) allowed for the recovery of M3H(Me),P in 91% yield
(Table S4). This closed-loop recycling of P3H(Me),P via the
HA-PHA-HA or (HA-ester)-PHA-(HA-ester) loop is notable
because of the near quantitative hydrolysis or methanolysis yield
and similar thermal properties between the SGP- and ROP-
produced P3H(Me),P materials (vide infra).

Thermal Properties and Crystallinity of P3H(R),P.
Installation of the a,a-dimethyl substituents to P3HP increased
the T,, from ~80 °C for its parent P3HP to 232 °C (AH;= 126
J/g) for the resulting P3H(Me),P (M,, = 232 kDa) obtained
from the ROP, as shown by their differential scanning

calorimetry (DSC) thermograms (Figures 4A and S16).
Worth noting here is that the T, of the P3H(Me),P produced
by SGP with a much lower molar mass (M, = 26.4 kDa) is
similarly high, 220 °C, also accompanied by a high AH;0f 112 J/
g for a high degree of crystallinity (Figures 4A and S14). Hence,
SGP offers an alternative, convenient pathway to yield
P3H(Me),P with comparable thermal properties. However,
the T, of the P3H(Me),P with a low molar mass of M, = 2.22
kDa (by NMR) prepared by SGP of 3-hydroxypivalic acid using
H,PO, was reported to be only 106 °C.%”

Wide angle X-ray scattering (WAXS) profiles of the ROP-
produced P3H(Me),P (M, = 232 kDa) show three major
diffraction peaks centered at 260 = 11.7, 15.6, and 18.1°,
accompanied by other minor diffraction peaks of lower
intensities at higher 26 values (Figure 4B). After the background
baseline and the scattering halo of the amorphous phase
(obtained by heating the sample above its T,,) were subtracted
from the whole diffraction profile, the degree of crystallinity (x.)
was calculated to be x, = 76% for P3H(Me),P (Figure S17). Also
noteworthy is that essentially identical WAXS profiles were
observed for the P3H(Me),P samples produced from SGP and
ROP (Figure 4B), indicating the same crystal structure and the
degree of the crystallinity. Owing to its high crystallinity, the
glass-transition temperature ( Tg) of P3H(Me),P was not
observable from its DSC thermogram. Alternatively, its T, was
measured to be 70 °C from the tan § peak maxima by dynamic
mechanical analysis (DMA, Figure S23).

Other dialkyl-substituted PHAs, P3H(R),P (R = Et, "Pr, "Bu),
were readily synthesized via the ROP of their corresponding
lactones (Table S2). The thermal properties of these PHAs
samples were analyzed by DSC and thermogravimetric analysis
(TGA) and then compared. Impressively, the decomposition
temperature (T4 the temperature at 5% weight loss) of
P3H(Me),P (M,, = 232 kDa) reached to 373 °C, with a T,
(maximum decomposition temperature) of 435 °C,** high-
lighting the much-enhanced thermal stability compared to a
typical Ty value of 250 °C for PHAs without the a,a-
disubstitution such as P3HP and P3HB.

Effects of the alkyl chain length in P3H(R),P on their T, and
T, values have been examined, and the results are summarized in
Figure 4C. Three interesting trends in the effects of different
substituents are noteworthy. First, there is an increase in T}, for
P3H(R),P with increasing the chain length of the dialkyl groups
form Me to Et and eventually to "Pr, leading to the highest T/, of
266 °C (Figure 4D, T, = 75 °C, Figure $24) for P3H("Pr),P
(Figures S18—22). To the best of our knowledge, this T, values
represents the highest T, within the PHA family. Further
increasing the T,, of PHAs to reach that of PET and nylons (T},
> 250 °C) typically used in the textile industry would expand
their potential use in high-temperature applications, such as
PHA fibers as PET and nylon alternatives for textiles. The
differences in T, values with changing alkyl substituents in
P3H(R),P are likely due to the crystallization of different crystal
structures. The increase in T, with R going from Me to Et to "Pr
may be indicative of a more efficient and denser crystal packing
achieved with longer substituents. The study and analysis of the
crystal structures of P3H(R),P with different R substituents will
be reported elsewhere. Second, all of the P3H(R),P displayed
excellent thermal stability with T4 generally >310 to 373 °C
(Figures 4C and $25-31). Third, the molar mass has a
significant effect on the T4 of P3H(Me),P, but it hardly affects
T,,. For example, when the M,, of P3H(Me),P prepared by ROP
was increased from 23.0 to 232 kDa, the Ty was enhanced by 51
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°C from 322 to 373 °C, but the T, was changed only slightly (by
8 °C).

Mechanical and Rheological Properties of P3H(R),P.
Owing to their fast crystallization and high degree of
crystallinity, the a,a-dialkylated derivatives P3H(Me),P (M,
= 232 kDa), P3H(Et),P (M, = 99.6 kDa), and P3H("Pr),P
(unknown M,, due to its insolubility in SEC solvents, even in
HFIP) are highly brittle, with a low &, value <5% (Figures SA
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Figure S. Mechanical and rheological properties of P3H(R),P. (A)
Representative stress—strain curves of P3H(Me),P (M, = 232 kDa,
blue), P3H(Et),P (M,, = 99.6 kDa, pink), P3H(Me/Et),P (M,, = 82.4
kDa, black), and P3H(Me/"Pr),P (orange). (B) Overlays of shear
viscosity in the melt (shear rate i = 1s7'): P3HB (M,, = 118 kDa, red),
P3H(Me),P (M,, = 117 kDa, blue), P3H(Me/Et),P (M,, = 99.6 kDa,
black), and P3H(Me/"Pr),P (orange).

and S34). However, this mechanical brittleness can be overcome
by forming a Me/Et (50/50) or Me/"Pr (50/50) random
copolymers, P3H(Me/Et),P and P3H(Me/"Pr),P (Table S2,
Runs 18, 20, Figures S35 and $36). These copolymers maintain
high T,, values (216, 251 °C, Figures S19 and S21). More
significantly, the semicrystalline PHA copolymer P3H(Me/
Et),P is ductile and tough with ultimate tensile strength (c) =
38.2 + 2.0 MPa, elastic modulus (E) = 720 + 30 MPa, and ¢, =
335 + 8% (Figures SA and S37, Table S6). Furthermore, with
incorporation of more flexible di(n-propyl) groups, copolymer

P3H(Me/"Pr),P exhibits further enhanced ductility with &, =
434 + 46%, while maintaining a good modulus of E = 460 + 20
MPa (Figures SA and S38, Table S7). We also tested the
mechanical recyclability of copolymer P3H(Me/"Pr),P through
repeated melt-processing. After five cycles, the tensile properties
did not change significantly (Figure S39), confirming the
thermal stability and mechanical recyclability of the copolymer
under repeated processing conditions.

To examine the melt processability of P3H(R),P, we
monitored the shear viscosity change over a period of 30 min
for P3H(Me),P, P3H(Me/Et),P, and P3H(Me/"Pr),P at
temperatures above their T, values in a continuous flow mode
at a shear rate of 1 5! (Figure SB). A reference sample, it-P3HB
(M,, = 118 kDa, T,,, = 170 °C), was also subjected to the same
shear viscosity test in melt (180 °C), which showed a 76%
decrease in its shear viscosity after 30 min.** In sharp contrast, as
shown in Figure SB, the shear viscosities for all of the P3H(R),P
samples, P3H(Me),P, P3H(Me/Et),P, and P3H(Me/"Pr),P,
remained constant without obvious decrease over 30 min at 240
or 250 °C, which are well above their corresponding melting
temperature. Overall, the studies in shear viscosity presented
here consolidate the effectiveness of the strategy of removing the
a-protons from the PHA repeating units for enhancing their
thermal stability and enabling their melt processability.

On the other hand, in the presence of a base catalyst, the high-
T, P3H("Pr),P obtained through ROP can be effectively
depolymerized at 245 °C (below its T,,) with S wt % NaOH,
recovering a 70% yield of ("Pr),PL (Table SS, Figure S40).
Notably, in contrast to the depolymerization of P3H(Me),P, no
trimeric [("Pr),PL]; was observed during the depolymerization
of P3H("Pr),P. This differing depolymerization behavior is
ascribed to the significantly larger steric hindrance in the
possible [("Pr),PL]; than that in [(Me),PL];, as indicated by
computational simulations (Figure S41). Additionally, the
copolymer P3H(Me/"Pr),P can also be effectively depolymer-
ized under the current standard conditions, yielding (Me),PL
and ("Pr),PL in a 1:1 ratio with a 67% isolated yield (Figure
S42).

Barrier Properties. Barriers of P3H(Me),P (M,, =232 kDa)
and P3H(Me/Et),P (M,, = 82.4 kDa) toward permeation of
water vapor and oxygen have been investigated, compared to
representative commercially available barrier polymers, and are
summarized in Figure 6 (Tables S8 and S9). Both homopolymer
P3H(Me),P and copolymer P3H(Me/Et),P showed a good
barrier to water vapor, with a relatively low water vapor
transmission rate (WVTR) of 2.72 + 0.71 and 2.35 + 0.25 g-
mm-m™>day ™", respectively. These values are significantly lower
than biodegradable poly(i-lactide) (PLLA) (5.7 + 0.50 g-mm-
m~%day™!) and poly(butylene adipate-co-terephthalate)
(PBAT) (12.76 + 0.34 gmm'm >day™') (Figure 6A).
However, the WVTR of these two P3H(R),P samples is
somewhat higher than that of PET, low-density polyethylene
(LDPE), and pure it-P3HB.

Regarding oxygen permeability (PO, ), P3H(Me),P displayed
an impressively low value of only 0.058 =+ 0.007 Barrer, which is
much lower than that of LDPE (5.42 + 0.18 Barrer), PLLA
(0.26 + 0.01 Barrer), and PBAT (0.89 + 0.01 Barrer) and even
lower than that of PET (0.09 + 0.0 Barrer). The PO, value of
copolymer P3H(Me/Et),P (0.16 + 0.0002 Barrer) is somewhat
higher than that of P3H(Me),P, but it is still considerably lower
than that of LDPE, PLLA, and PBAT (Figure 6B). On the other
hand, it-P3HB exhibited the lowest PO, value of 0.01 + 0.003 in
this series of barrier polymers investigated.
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Figure 6. Barrier properties of two representative P3H(R),P samples,
compared with commercially available barrier polymers LDPE, PET,
PBAT, PLLA, and P3HB. (A) Water vapor transmission rate (WVTR)
of P3H(Me),P and P3H(Me/Et),P. (B) Oxygen permeability
coefficient (PO,) of P3H(Me),P and P3H(Me/Et),P. The error bars
correspond to the s.d. of at least five (WVTR) or at least two (PO,)
replicates.

Overall, P3H(R),P showed significantly better water vapor
and oxygen gas barrier properties than did PLLA, PBAT, and
LDPE (PO,). Although P3H(R),P samples displayed somewhat
higher permeability than it-P3HB, they exhibit balanced
mechanical and transport properties, which make them
interesting candidates for packaging applications. Particularly,
P3H(R),P offers similar or even higher oxygen barriers relative
to commercial barrier polymers LDPE and PET, highlighting
potential as a more sustainable alternative to LDPE and PET.

B CONCLUSIONS

In summary, despite extensive research on the high-T,, and
highly crystalline P3H(Me),P, an efficient synthetic method to
this PHA with low to high molar mass, overcoming the extreme
brittleness and closed-loop chemical recycling, remained elusive
until this report. This work not only solved the aforementioned
three challenges but also led to a new PHA with record-high T.,..
Four key results are noteworthy. First, the convenient SGP of
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the HA, 3H(Me),PA, and its methyl ester, M3H(Me),P,
afforded P3H(Me),P with low to medium molar mass but still
high T, and crystallinity, while the efficient ROP of the lactone
monomer (Me),PL led to P3H(Me),P with high molar mass
(M,, = 232 kDa) and higher T, (232 °C). The successful
application of SGP in P3H(Me),P synthesis is attributed to the
absence of a-hydrogens, which suppresses the side reactions,
and the presence of a primary alcohol in the HA, which ensures
sufficient reactivity. Second, through formation of PHA
copolymers P3H(Me/R),P (R = Et, "Pr), PHAs with both
high tensile strength and ductility (thus toughness), coupled
with high barriers to water vapor and oxygen (superior to
commercial LDPE, PLLA, and PBAT), have been created.
Third, base-catalyzed depolymerization of P3H(Me),P-
CO,Me, obtained from SGP of M3H(Me),P, yields the desired
4-membered lactone monomer (Me),PL as the major product,
while the depolymerization of P3H(Me),P-CO,H, obtained
from SGP of 3H(Me),PA, affords the 12-membered lactone
trimer [(Me),PL]; as the major product. Both lactones can be
repolymerized back to the PHA, closing the ROP loop, while
hydrolytic depolymerization to the HA closes the SGP loop.
Fourth, the PHA structure/property study led to P3H("Pr),P
with an exceptionally high T, of 266 °C which, to the best of our
knowledge, represents the highest T, value reported for the
PHA family.
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