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ABSTRACT: The chemical synthesis of degradable poly(f-hydroxyalkanoate) (PHA) produced by microorganisms allows the
control of the solubility, crystallinity, hydrophobicity, degradability, thermal, and mechanical properties by introducing functionality
on the side chain. Herein, we synthesized a PHA derivative containing a pendant allyl group via the anionic ring-opening
polymerization of a 4-allyloxymethyl-f-propiolactone (AMPL) monomer, which was prepared via the carbonylation of allyl glycidyl
ether. The AMPL monomer was subjected to various organocatalysts in bulk to yield poly(4-allyloxymethyl-S-propiolactone)
(PAMPL) with controllable molecular weight and dispersity. The prepared PAMPL polymers were characterized via 'H and '*C
NMR, gel permeation chromatography (GPC), differential scanning calorimetry (DSC), and matrix-assisted laser desorption/
ionization-time-of-flight (MALDI-TOF) analyses. A photoactivated thiol—ene reaction allowed the postpolymerization modification
of PAMPLs with varying substituents. Functionalized PAMPL polymers degraded under chemical and thermal conditions, and
importantly, cross-linked PAMPL films degraded during exposure to soil and seawater under a wide range of degradation kinetics.
This study provides the future potentials of the chemically synthesized and functionalized PHA for replacing conventional
petroleum-derived polymers.

B INTRODUCTION

Due to their advantageous properties, including low cost, light
weight, versatile processing, and good mechanical properties,
petroleum-based plastics have contributed to our daily life.
However, the cumulative impact of nondegradable plastics is
causing critical issues due to the limited fossil fuel resources

purposes.”® Moreover, only PHAs are completely compostable
and marine biodegradable,9 providing a potential solution to
prevent air, soil, and marine pollution. Therefore, PHAs afford
a wide range of potential applications, such as in the
biomedical, food packaging, agriculture, and energy fields.'®
However, compared to commercial petroleum-based polymers,

and environmental burden with severe accumulation of plastics
in nature, which thus has prompted the search for alternative
sources.'

To replace the existing petroleum-based polymers, biobased
and biodegradable polymers are suggested, including plant-
based polymers (e.g., starch and cellulose), biomonomer-based
polymers (e.g, polylactic acid and biopolyethylene), and
extracted biopolymers [e.g., poly(B-hydroxyalkanoate)
(PHA)]; compared to petroleum-based polymers, they afford
significantly lower carbon dioxide emission and energy
requirements.*® Among them, PHAs are well-known aliphatic
polyesters that can be produced using microorganisms, which
accumulate as intracellular granules for energy-storage

© 2021 American Chemical Society

7 ACS Publications

the widespread applications of PHAs are limited by their high
production costs associated with additional nutrients and
energy costs as well as their low production efficiency due to
extraction with organic solvents.”' ">

Therefore, chemical syntheses such as ring-opening

L. 13,14 7. . . .
polymerization, directive carbonylative polymeriza-
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Scheme 1. Synthesis and Degradation of Functionalized Poly(4-allyloxymethyl-f-propiolactone) (PAMPL) with Varying

Pendant Groups (R;—R,) and a Cross-Linked Film
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tion,">™"” and step-growth polymerization have been inves-

tigated as alternative routes to synthesize PHAs.'*™*° Among
these approaches, the controlled ring-opening polymerization
of f-lactone allows the production of high-molecular-weight
PHAs (M, > 100000) with excellent reactivity and
productivity.'»*"** This polymerization process has been
traditionally mediated by highly effective metal-based salts or
discrete metal complexes, enabling to achieve a high
stereochemical control of the microstructure or alternation
with chiral racemic p-substituted p-lactones.”>”*” More
recently, metal-free organocatalysts have been employed as
an effective approach for the ring-opening polymerization of f-
lactones under mild conditions with unique advantages, such
as cost effectiveness, high chemical tunability, high stability,
and high performance.'”**7%°

To date, most previous studies have utilized #-butyrolactone
as a representative monomer for the chemical synthesis of
polyhydroxybutyrate.”’ ~** However, these isotactic polyhy-
droxybutyrates containing methyl substituents often suffer
from poor thermal and mechanical properties, limiting their
widespread uses.**** The incorporation of other polymers into
polyhydroxybutyrates can alleviate these issues; however, they
will lose their biodegradable functionality and become less
environmentally sustainable.

To tailor the properties of PHAs, -lactone monomers with
various substituents can be prepared through nucleophlle-
catalyzed cycloadditions of ketenes with aldehydes, lactoni-
zation via the activation of the carboxylic acid with various
coupling agents,”” and the carbonylation of various epox-
ides.”®™*" Especially, -lactones containing an allyl functional
group can offer well-defined polymers with tunable properties
through postpolymerization modification (PPM), which can
provide various functional groups across a single polymer.**~*’

Therefore, the development of a monomer for the controlled
synthesis of PHA with tunable properties is highly desirable.
Herein, we propose a simple chemical synthetic strategy for
producing biodegradable poly(4-allyloxymethyl-$-propiolac-
tone) (PAMPL) containing a pendant allyl group via the
anionic ring-opening polymerization (AROP) of 4-allylox-
ymethyl-f-propiolactone (AMPL) using various organocata-
lysts in bulk (Scheme 1). The AMPL monomer, a derivative of
P-lactone, was prepared via the carbonylation of allyl glycidyl
ether (AGE) in a highly specific manner. Notably, the PAMPL
properties were highly controlled via PPM with various thiol-
bearing molecules through the photoactivated thiol—ene
reaction. An additional benefit of this study is to investigate
the biodegradable properties under various conditions. A
transparent cross-linked PAMPL film was prepared and
degraded in chemical, soil, and marine conditions, indicating
the potential applications of the chemically synthesized
PAMPL to replace the conventional petroleum-derived

polymers.

B EXPERIMENTAL SECTION

Materials. (R,S)-Allyl glycidyl ether (AGE, 99%), 1,5,7-
triazabicyclo[4.4.0]dec-S-ene (TBD, 98%), 2-tert-butylimino-2-dieth-
ylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP, 98%),
7-methyl-1,5,7-triazabicyclo[4.4.0]dec-S-ene (MTBD, 98%), t-BuP,
phosphazene base solution (0.80 M in hexane), 2,2-dimethoxy-2-
phenylacetophenone (DMPA, 99%), pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP, 95%), ethanethiol, sodium 2-
mercaptoethanesulfonate (98%), and cysteamine hydrochloride
(98%) were purchased from Sigma-Aldrich. 1,8-Diazabicyclo[5.4.0]-
undec-7-ene (DBU, 98%) was purchased from the Tokyo Chemical
Industry. 2-Mercaptoethanol (98%) was purchased from Alfa Aesar,
and all reagents were used as received unless otherwise noted. The
deuterated NMR solvents CDCl;, MeOD, and D,O were purchased
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Figure 1. Representative synthetic routes with the corresponding "H NMR spectra of (a) AGE, (b) AMPL, and (c) PAMPL (entry 2 in Table 1).

See the Experimental section for details.

from Cambridge Isotope Laboratories. AMPL was synthesized
according to the procedure reported in the literature.”® AGE and
AMPL were degassed through several freeze—pump—thaw cycles
followed by purification with CaH, via cryodistillation.
Characterizations. 'H, "*C, correlation spectroscopy (COSY),
and heteronuclear single quantum correlation (HSQC) NMR spectra
were recorded on a Bruker 400 MHz spectrometer at room
temperature. The number-averaged (M,) and weight-averaged
molecular weights (M,,) and molecular weight distribution (M,,/M,,
D) were measured via gel permeation chromatography (GPC) using
an Agilent 1200 series with tetrahydrofuran (THF) as an eluent at 25
°C at a flow rate of 1.00 mL min~" using a refractive index (RI)
detector. All calibrations were performed using polystyrene (PS)
standards. Fourier transform infrared (FTIR) spectra were recorded
on an Agilent Cary 630 FTIR spectrometer with an attenuated total
reflection (ATR) module. Differential scanning calorimetry (DSC)
(Q200 model, TA Instruments) was performed under a nitrogen
atmosphere from —80 to 200 °C with a heating rate of 10 °C min™".
Matrix-assisted laser desorption and ionization-time-of-flight
(MALDI-TOF) mass spectrometry (MS) was performed on a Bruker
Autoflex Max with a-cyano-4-hydroxycinnamic acid as the matrix.
The films’ mechanical properties were measured using a universal
testing machine (UTM, Instron 5943). The cross-linked films (0.50
mm in thickness) were cut in a dumbbell shape (24 X 16 X 0.50
mm®) using a cutting die (ASTM D412). The cross-head speed was 1
mm min~’, and the specimen was tested more than three times. The
surface morphology of the PAMPL films was analyzed via field-
emission scanning electron microscopy (FE-SEM, JEOL, IT-SOOHR).
Synthesis of the AMPL Monomer. In a glovebox, a stainless-
steel reactor was placed with p-CITPPSnCl, (113 mg, 0.12 mmol),
NaCo(CO,) (47 mg, 0.24 mmol), and THF (20 mL), and then, AGE
(4.71 mL, 40 mmol) was added. The reactor was properly sealed and
removed from the glovebox. Thereafter, it was purged thrice with CO
gas and slowly pressurized to 50 bar pressure, and stirred at 90 °C.

10905

After 16 h, the reactor was cooled at room temperature. Excess CO
gas was slowly vented. The mixture was filtered through a short
column packed with silica gel using diethyl ether. AMPLs were further
purified via flash column chromatography using hexane/ethyl acetate
(4:1, v/v) as an eluent and distillation, affording AMPL as a colorless
liquid in 2 90% yield. "H NMR (400 MHz, CDCL,): 6 5.94—5.79 (m,
1H), 5.27 (dq, J = 17.3, 1.6 Hz, 1H), 5.22—5.16 (m, 1H), 4.65 (dtd, |
=5.8,4.5, 3.0 Hz, 1H), 4.07—4.03 (m, 2H), 3.72 (ddd, ] = 16.2, 11.7,
3.7 Hz, 2H), 3.42 (dd, J = 11.3, 5.2 Hz, 2H). '*C NMR (101 MHz,
CDCly): 6 167.75, 134.0S, 117.75, 72.68, 69.47, 69.36, 39.74.
General Synthesis of PAMPL. In a glovebox, AMPL (1.00 g,
7.04 mmol) and BEMP (40.80 xL, 0.14 mmol) were added into a
flask, which was flame dried under a vacuum. Then, the mixture was
stirred in an oil bath at 40 °C. The reaction was monitored via 'H
NMR to determine the residual AMPL monomer signals during the
progress of the reaction. After the reaction was completed, the
polymerization was quenched thrice for 2 h by ion-exchange resin
(Amberlite IR-120(H)) treatment to remove the organocatalysts
used. To remove any monomer and other impurities, precipitation
was performed twice in pentane. The precipitated PAMPL polymer
was dried under a high vacuum. M, and D values were determined via
'"H NMR and GPC analyses, respectively. 'H NMR (400 MHeg,
CDCly): § 7.02—6.92 (m, 1H), 6.14—6.05 (m, 1H), 5.94—5.76 (m,
52H), 5.39—5.31 (m, 49H), 5.29—5.11 (m, 107H), 4.13 (dd, J = 4.2,
2.0 Hz, 2H), 4.08—3.89 (m, 111H), 3.63—3.46 (m, 107H), 2.76—2.59
(m, 106H). *C NMR (101 MHz, CDCl,): § 172.06, 169.55, 165.45,
14524, 134.42, 12091, 117.42, 7224, 70.16, 69.50, 68.63, 35.88.
GPC (THEF, PS standard): M, = 6520 g mol™' and D = 1.10.
General Procedure for the Thiol-Ene Reaction. Briefly, as a
representative example, the reaction with cysteamine hydrochloride
for the preparation of P is described herein. The thiol—ene reaction
between the PAMPL polymer (150 mg, 0.22 mmol) and cysteamine
hydrochloride (360 mg, 3.17 mmol; 3.0 equiv for each “ene” moiety)
using DMPA (13.60 mg, 0.05 mmol; 0.0S equiv for each ene moiety)
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Table 1. Characterizations of the Synthesized Poly(4-allyloxymethyl-$-propiolactone) (PAMPL)

entry  catalyst ~AMPL (equiv) temp. (°C) time (h) conv.” (%)
1 BEMP 50 60 6 >99
2 BEMP 50 40 7 92
3 BEMP 200 60 72 96
4 BEMP 200 40 72 80
S tBup, 50 60 6 >99
6 DBU 50 60 24 81
7 TBD 50 60 24 87
8 MTBD 50 60 24 28

M, " (g mol™)

Mo (g mol™) M, GPCd (g mol™") DP? b

|

7110 4260 4530 32 1.17
6540 5690 6520 46 1.10
27290 8960 11930 84 1.97
22740 15 640 16 870 118 1.15
7110 2700 1290 9 1.44
5760 4990 2830 20 1.17
6180 4830 4450 31 122
1990 3550 3490 25 111

“AMPL conversion as determined by the '"H NMR spectra of the crude reaction mixture. bTheoretical molar mass calculated from the relation:
AMPL (equiv) X conv.yp; X Myypy (including initiator and end group moieties), with Myyp, = 142.15 g mol™". “Determined by the 'H NMR
spectra of the isolated polymer in CDCl;. “Determined by GPC in THF using the RI signal and a PS standard.

as a photoinitiator under UV irradiation (4 = 365 nm) for 12 h was
performed according to the literature.*® The reaction was monitored
via '"H NMR to determine the complete disappearance of the alkene
peaks at 5.22 and 5.91 ppm. The reaction mixture was dialyzed against
dimethy! sulfoxide (DMSO) and then water (MWCO 1 kDa dialysis
membrane, Fisher Scientific) for 12 h; thereafter, the purified P; was
concentrated under vacuum to yield a yellow polymer. '"H NMR (400
MHz, D,0): § 5.39 (s, 1H), 3.64 (d, ] = 4.6 Hz, 3H), 3.60 (s, 1H),
322 (d, ] = 2.9 Hz, 2H), 2.85 (d, ] = 2.9 Hz, 2H), 2.78 (d, ] = 3.1 Hz,
2H), 2.64 (t, ] = 6.9 Hz, 2H), 1.91—1.80 (m, 2H).

Preparation of the Photopolymerized PAMPL Film. The
polymeric PAMPL film was produced by drop-casting the polymeric
mixture (homogeneously mixing PAMPL (250 mg, 1.76 mmol),
PETMP (0.50 mL, 1.32 mmol; 3.00 equiv for each ene moiety), and
DMPA (22.5 mg, 0.09 mmol; 0.05 equiv for each ene moiety) in dried
THF) on the glass and Y-shaped silicon mold while evaporating the
solvent under the stream of nitrogen and UV light exposure (4 = 365
nm) for 15 min. The reaction was monitored via FTIR to determine
the complete disappearance of the alkene peaks at 1645 cm™.

General Procedure for the Chemical Degradation of
Functionalized PAMPL in BEMP. BEMP (81.2 uL, 0.28 mmol)
and 153 mg of the P; (0.02 mmol) solution sample were added to
2.80 mL of dichloromethane (DCM). The reaction mixture was
stirred in an oil bath at 40 °C. The postdegradation products were
analyzed using 'H NMR, GPC, and FTIR.

General Procedure for the Thermal Degradation of the
Functionalized PAMPL. P, was thermally treated in an oil bath at
230 °C in ambient conditions. The postdegradation products were
analyzed using 'H NMR, GPC, and FTIR.

Chemical Degradation of the Polymer Films. The prepared
cross-linked PAMPL films were individually weighed. Each piece of
the film was placed in a screw-capped specimen tube. Degradation
was performed at 40 °C in 0.10 M BEMP in DCM, 0.10 M NaOH,
and 0.10 M HCI solution. Then, the films were washed with distilled
water and dried in a vacuum oven at room temperature for 24 h. The
degradation rate was determined by periodic recovery to check the
weight loss.

Biological Degradation of Polymer Films in Soil and
Seawater. The prepared cross-linked PAMPL films were individually
weighed. Three films (10 X 20 mm? 60—70 mm in thickness) were
buried in a 900 mL crystallizing dish (Duran) filled with 300 g of the
compost mixture, a commercial garden soil/compost mixture (5:5,w/
w), to facilitate airflow with the water content maintained at 50% (v/
w), and were incubated at 50 °C for 60 days.** Additionally, the films
were placed into 20 mL vials filled with 15 mL of seawater (Pohang,
the East Sea of Korea). The films were washed with distilled water
and dried in a vacuum oven at room temperature for 24 h. The
degradation rate was determined by periodic recovery to check the
weight loss.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the AMPL Mono-
mer. The AMPL monomer was synthesized via carbonylation
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of AGE with CO (50 bar) using Sn(IV) porphyrins with a
tetracarbonyl cobaltate catalyst, exhibiting exclusive selectivity
to AMPL without any side products or double carbonylation,
as developed in our previous study.*® Subsequently, AMPL was
isolated as a transparent liquid in a 90% yield. 'H, '*C, COSY,
and HSQC NMR spectra verified the monomer structure
(Figures 1la,b and S1—S3 in the Supporting Information). In
the representative 'H NMR spectra of AMPL, methylene
protons in the a-position and methine protons adjacent to the
allyloxymethyl group of the AMPL appeared at 3.75—3.82 and
4.62—4.69 ppm, respectively, indicating successful monomer
synthesis.

Synthesis and Characterization of PAMPL. PAMPL
was synthesized via the AROP of AMPL using various catalytic
systems, including BEMP, DBU, TBD, MTBD, and t-BuP,, as
organocatalysts in bulk (Table 1). For AMPL, the monomer
conversion was monitored via 'H NMR spectroscopy by
observing the reduction of methylene and methine peaks of the
P-lactones (Figure 1b,c). Purified PAMPL was obtained after
treatment with the ion-exchange resin to remove protonated
organocatalysts and precipitated in pentane.*’

Both BEMP and t-BuP,, a highly basic and bulky
organocatalyst, proved significantly more active than the
other organocatalysts. Specifically, both BEMP and ¢-BuP,
afforded the AROP of AMPL with a full conversion in 6 h
at 60 °C (entry 1 and S in Table 1). In contrast, the AROP of
DBU, TBD, and MTBD resulted in monomer conversions of
81, 87, and 28% in 24 h, respectively (entry 6—8 in Table 1),
under identical reaction conditions. Interestingly, the polymer
structures also differed depending on the type of organo-
catalyst used."”* For example, both BEMP and t-BuP, acted
as bases, whereas DBU, TBD, and MTBD displayed dual
activity as bases and nucleophiles.

As shown in Figure lc, the '"H NMR spectra of PAMPL
prepared using BEMP clearly display characteristic peaks
corresponding to crotonate initiator protons (6.05—6.14 and
6.92—7.02 ppm) and methine and methylene protons of the
polymeric backbone (5.31-5.39 and 2.61—2.74 ppm). More-
over, the MALDI-TOF mass spectrum of PAMPL demon-
strated a single mass population with a constant interval of
142.15 g mol™’, corresponding to the molecular weight of the
AMPL monomer. The molecular weight of 1159.75 and
1176.25 g mol™" corresponded to a homopolymer chain end-
capped with an allyloxymethylcrotonate initiator (141.15 g
mol™"), six monomer units, carboxylic acid groups (143.15 g
mol™!), and Na* and K' as the counterions, respectively,
suggesting a potential polymerization reaction mechanism
(Figure S4).

https://doi.org/10.1021/acs.macromol.1c01879
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Scheme 2. Proposed Mechanism for the Anionic Ring-Opening Polymerization of AMPL with BEMP as a Base
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Figure 2. PAMPL polymerization kinetics. (a) Monomer conversion—time plot, (b) summary of molar mass (by 'H NMR spectra) and dispersity
(by GPC) with respect to the total monomer conversion, and (c) evolution of the normalized GPC over time (entry 4 in Table 1).

Although the polymerization results of t-BuP, were similar
to those of BEMP (Figures SS and S6), significant deviations
were observed between the number-average molar mass
(M, Gpc) and theoretical molar mass (M,y,) along with a
broad dispersity (P) (entry 1 and S in Table 1). This is
because the more sterically demanding t-BuP, protonated in
the initiation process can be more readily separated from the
growing carboxylate chain end compared to BEMP. Thus, a
more active chain end can randomly abstract a proton from the
a-position of an AMPL monomer, undergoing a chain-transfer
reaction with the inter- and intrachain methylene groups.

Considering the NMR and MALDI-TOF results, we
propose a polymerization mechanism with BEMP (Scheme
2). The highly basic and sterically demanding BEMP base
generates a crotonate initiator by abstracting the a-hydrogen
from the AMPL monomer. Subsequently, this weak
nucleophilic crotonate attacks the S-carbon in the lactone
ring with the alkyl-oxygen bond cleavage that proceeds with
the AROP propagation, as similarly observed in the previous
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study of Kurcok et al.”” The reaction between the BEMP and
the monomer was further evaluated using '"H NMR and *'P
NMR. A clear shift of peaks corresponding to BEMP upon
protonation was observed compared to the free BEMP (Figure
S7).

Unlike BEMP and ¢-BuP,, DBU, TBD, and MTBD display
dual activity as a base and a nucleophile, involving both alkyl-
oxygen and acyl-oxygen cleavage of AMPL during the
polymerization (Scheme S1). In the polymerization mediated
by TBD, TBD-N-acyl-a,f-unsaturated species is first produced
followed by the propagation via acyl-oxygen cleavage.'” The
structures of PAMPL mediated by these organocatalysts were
clearly identified via "H NMR and MALDI-TOF mass spectra.
The 'H NMR spectra exhibited PAMPL bearing both
crotonate initiator and catalyst moieties, indicating a potential
nucleophilic nature of the organocatalysts (Figures S8—S10).

Furthermore, the MALDI-TOF spectra of PAMPL mediated
by DBU, TBD, and MTBD depicted two series of molecular
ion peaks with a constant interval of 142.15 g mol™" (Figures
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Figure 3. Postpolymerization modification of PAMPL via the thiol—ene reaction with different pendant groups (R;—R,). "H NMR spectra of (a)

PAMPL; (b) Pl) (C) Pz: (d) P3l and (e) P4'

S11—S13). One series comprised a PAMPL chain end capped
with a f-hydroxyester and organocatalyst moiety behaving as a
nucleophile, while the other series comprised allyloxymethyl-
crotonate and a carboxylic acid chain end with Na* and K" as
the counterions serving as a base. Although the three
organocatalysts afford similar activities, compared to DBU
(pK, = —10.32) and TBD (pK, = —12.03), MTBD (pK, =
—11.40) more predominantly behaved as a base than a
nucleophile due to the steric hindrance of the methyl group,
regardless of the pKj, values.

Among all organocatalysts investigated, BEMP, generating
only a single type of PAMPL polymer by exclusively acting as a
base, with a controlled molecular weight was found to be the
most suitable catalyst. However, the theoretical and exper-
imental molar mass of PAMPL mediated by BEMP at 60 °C
slightly differed possibly due to the chain-transfer reactions
(entry 1 in Table 1). Thus, the reaction temperature was
further optimized at 40 °C, yielding a better match for the
theoretical molecular weight of the PAMPL polymer, albeit
with a slightly lower polymerization rate (entry 2 in Table 1).
This indicates that the higher the reaction temperature, the
more chain-transfer reactions involving monomers can occur
either intra- or intermolecularly (Figure S14). The prepared
PAMPL polymers were characterized via 'H, 3C, COSY, and
HSQC NMR spectra (Figures 1c and S15—S17). The prepared

PAMPL polymers exhibited a narrow dispersity (D = 1.10), as
confirmed by GPC (M, gpc) (Table 1).

To determine the controlled polymerization using the
BEMP catalyst, the PAMPL polymerization kinetics was
examined via 'H NMR spectroscopy, and the total monomer
conversion was determined as a function of reaction time
(Figure 2a). At 40 °C, the monomer conversion increased with
the polymerization time, reaching 80% in 72 h (entry 4 in
Table 1). The linear increase in the molar mass (M, gpc) and a
relatively low D after the monomer conversion indicate that
the reaction was well controlled (Figure 2b). Figure 2c shows
the GPC overlay; the molar mass distribution of PAMPL shifts
to lower elution over time, indicating the chain growth during
the polymerization. The shoulder peak observed in GPC traces
is possibly originated from the adventitious water.

PPM of PAMPL Via a Thiol-Ene Reaction. After the
successful polymerization of PAMPL, the PPM of the pendant
allyl groups was performed via a photoinitiated thiol—ene
reaction. In the presence of the DMPA photoinitiator, the
pendant allyl groups of PAMPL were efficiently converted into
other functional moieties using four different thiol-based
molecules, including ethanethiol (R;), 2-mercaptoethanol
(R,), cysteamine hydrochloride (R;), and sodium 2-
mercaptoethanesulfonate (R,), leading to the synthesis of the
respective modified polymers of P,—P, (Figure 3).
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"H NMR spectroscopy confirmed the complete conversion the allyl group in the polymer side chain and the crotonate
of the pendant allyl groups with the complete disappearance of initiator peaks. New characteristic peaks corresponding to each
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functional group were observed after the PPM of the PAMPL
polymer; for example, all of the modified polymers of P,—P,
displayed the protons of the methylene groups adjacent to
sulfur (2.50—2.89 ppm, j and a) along with the unique peaks
from the respective thiol-based molecules, clearly evidencing
the successful thiol—ene reaction (Figure 3b—e). It is worth
noting that the solubility and thermal properties were
significantly altered by the introduction of the different
functional moieties. While PAMPL itself is soluble in polar
aprotic solvents, the resulting ionic polymers (e.g., Py and P,)
were readily dissolved in polar protic solvents, such as water.
Moreover, differential scanning calorimetry (DSC) studies
provided the glass-transition temperatures (T,) of the resulting
polymers: —52.6 °C (P;), —29.6 °C (P,), —10.0 °C (P;) and
47.1 °C (P,) (Figure S18).

After the successful photoinitiated thiol—ene reaction of the
PAMPL polymers was confirmed, PAMPL was subjected to
photo-cross-linking using a PETMP cross linker to afford a
cross-linked transparent PAMPL film (Figure 4a,b). FTIR
spectroscopy showed that the characteristic peaks in PAMPL
corresponding to methylene and methine (C—H stretching
vibrations) and the C=O stretching vibrations of ester
carbonyl in the polymer backbone were observed at 2918,
2854, and 1734 cm™, respectively, and the allyl (—~CH=CH,
stretching vibrations) and crotonate peaks (C=C stretching
vibrations) were observed at 3083 and 1664 cm ™, respectively.
After the photo-cross-linking, the allyl and crotonate peaks
disappeared, indicating the successful formation of the cross-
linked PAMPL film (Figure 4c). The DSC thermogram of pure
PAMPL showed a T, of —42.5 °C, which increased
significantly to —0.1 °C for a cross-linked film, indicating
that the chain segment mobility is diminished upon cross-
linking (Figure S19).

Furthermore, the mechanical properties of the cross-linked
PAMPL film were evaluated using the universal testing
machine. The stress—strain behavior of the cross-linked
PAMPL film displayed a poor strain at break up of around
10% and a tensile strength of 0.25 MPa, which is likely due to
the very low T, (—42.5 °C) of the PMAPL backbone (Figure
§20). Thus, the mechanical properties of this film need to be
improved, and research on using other cross linkers with rigid
moieties or embedding within a matrix is currently underway.

Degradation of the Functionalized PAMPL. The
degradability of the prepared PAMPL polymers was examined
under various conditions by subjecting the polymers to
chemical, thermal, and biological degradations. First, using P,
as a representative example, the functionalized PAMPL was
chemically degraded by subjecting the polymer to a BEMP
catalyst (1S equiv with respect to a functionalized PAMPL)
dissolved in DCM at 40 °C. It should be noted here that
BEMP does not degrade the polymer in the polymerization
process as it only acts as a base in the initiation process;
however, interestingly, it can be employed as a base for
degrading polymers by homogeneously reacting with a
polymer in excess. BEMP abstracts the a-proton in the
backbone of the polymer, generating a crotonyl chain end via
p-elimination (Figure Sa). The 'H NMR spectra clearly
indicated the appearance of the crotonic acids and oligomers
end-capped with a crotonate within 1 h. The crotonate peak
(6.01—6.10 and 6.87—7.06 ppm) reveals the formation of E-
crotonic acid comprising 87% of the total degraded polymer,
while the remainder corresponds to Z-crotonic acid (Figure
Sb). FTIR analyses displayed the appearance of the character-

istic crotonate peaks (—CH=CH— and C=C stretching
vibrations) at 3080 and 1660 cm™, respectively (Figure 5c). In
addition, the molecular weight measured via GPC clearly
demonstrated the successful degradation of P; from 8200 to
830 g mol™" (Figure S21). Similar degradation behaviors were
observed for P, upon treatment with BEMP (Figures $22—
S24).

We then further explored the thermal degradation of the P,
polymer at 230 °C. A random polymer chain cleavage via f-
elimination almost exclusively occurred in P, during thermal
degradation, as similarly observed in PHB degradation.”’ 'H
NMR and FTIR spectroscopy confirmed the formation of
crotonyl chain-end moieties and anhydride, which was formed
by the condensation of two carboxylic acids, as evidenced by
the increasing anhydride carbonyl stretching vibration at 1771
cm ™' (Figures S25 and S26). Furthermore, the GPC curves
showed a gradual decrease of M, cpc from 8200 to 1150 g
mol™" with a significant broadening of the molecular weight
distribution from 1.17 to 4.50 after 5.5 h (Figure S27). After 24
h of thermal treatment, however, the P; polymer turned into a
black solid that was insoluble in solvents.

Unlike the thermal degradation of P, the degradation
product of P, did not dissolve in any solvent even after 1 h of
thermal treatment, which limited further 'H NMR and GPC
characterizations. The FTIR spectra suggested similar degra-
dation behaviors, as demonstrated by the increase of the
crotonyl chain-end moiety and anhydride carbonyl peaks via
chain cleavage due to S-elimination and the condensation of
two carboxylic acid (Figure S28). Interestingly, the hydroxyl
group peak at 3200—2600 cm™' decreased, suggesting the
transesterification of the alcohol moiety in the side chain and
the ester in the P, polymer backbone (Figure S29). Note that
the degradation of a polymer backbone can be controlled
depending on the pendant groups attached to the side chain.

Degradation of the PAMPL Film. Next, to expand the
utility of the synthesized PAMPL polymer in various
conditions, the degradation behavior of the prepared film
was analyzed. First, film degradation was performed in 0.10 M
BEMP, 0.10 M NaOH, and 0.10 M HCI to chemically
accelerate the degradation (Figure S$30). By measuring the
weight loss, the degradation rates under various chemical
conditions were examined for 1 month. The cross-linked
PAMPL film degraded as soon as it was placed in the 0.10 M
BEMP solution. In contrast, the cross-linked PAMPL film
degraded with a mass loss of 62 and 13% in 0.10 M NaOH and
0.10 M HCI], respectively, after incubation for 1 month.
Although the basic condition facilitated the degradation of the
polymers, the BEMP solution in DCM could more easily
access the hydrophobic cross-linked PAMPL film compared to
aqueous NaOH, which consequently significantly accelerated
the degradation of the cross-linked polymer film.

Encouraged by the successful degradation of the polymer
and cross-linked PAMPL film, we were prompted to extend the
degradation in more environmentally accessible biological
conditions (Figure 6). Therefore, laboratory biodegradation
experiments were performed in composting soil and seawater
to verify biodegradability in the natural environment. The
cross-linked PAMPL films (500 ym in thickness) were placed
in seawater and a compost and garden soil mixture (5:5, w/w)
under either ambient conditions or incubated at 50 °C with
the water content maintained at 50% (v/w). The biode-
gradation was monitored using gravimetric methods for 2
months. After 2 months, the films underwent degradation with
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Figure 6. Degradation of the cross-linked PAMPL film under
biological conditions. (a) Time-dependent weight loss of the cross-
linked PAMPL film, and (b) (left) photographic images and (middle
and right panel) SEM images of the initial and degraded films in the
compost and garden soil mixture at 50 °C and seawater after 2
months. For each experiment, three films were used to report the
average value with standard deviations.

a mass loss of 9, 7, and 14% in seawater, soil mixture under
ambient conditions, and soil mixture at 50 °C, respectively
(Figure 6a). Moreover, as estimated, the complete degradation
of the films in a soil mixture at 50 °C would take approximately
453 days, assuming the zeroth-order kinetics for the
degradation. For comparison, it has been previously demon-
strated that the PHB films were degraded with 95% mass loss
after 35 days in field soil at 28 °C with 50% moisture and 58%
mass loss after 160 days in sea.’”’

The film degraded in the soil mixture at 50 °C showed
slightly accelerated degradation rates compared to the films
degraded in the soil mixture at ambient conditions and
seawater, indicating the role of temperature in film
degradation. Furthermore, the surface morphological changes
of the degraded films were observed via SEM (Figure 6b). The
films only exhibited color change without any noticeable
damage. Interestingly, SEM observations indicated that the
surfaces of the degraded films was rougher than the surfaces of
the initial film and contained various pores. The morphology
and distribution of the pores differed depending on the
degradation condition. The difference in the rough surface
morphology was probably due to the presence of different
microorganisms in soil and seawater. Taking these results
together, we conclude that the prepared PAMPL film can be
biodegraded in natural environments.

B CONCLUSIONS

In summary, we reported the design and synthesis of
biodegradable PAMPL, a PHA derivative containing a pendant
allyl group. The AMPL monomer was prepared via the
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carbonylation of allyl glycidyl ether, and subsequently, AROP
was performed using various organocatalysts in bulk
conditions. Particularly, BEMP was found to be the most
suitable organocatalyst for producing PAMPL with a control-
lable molecular weight and dispersity without side reactions.
The photoactivated thiol—ene reaction allowed the PPM of
PAMPLs with varying substituents, influencing the solubility
and the thermal properties of the functionalized PAMPL
polymers. Furthermore, the degradability of the prepared
PAMPL polymers was examined in chemical, thermal, and
biological conditions. Most notably, the cross-linked PAMPL
films were degraded in soil and seawater under a wide range of
degradation kinetics. We anticipate that this study provides a
facile approach for synthesizing and functionalizing PHA
derivatives, presenting significant potential for future biode-

gradable plastics owing to their high biodegradability.
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