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1 | INTRODUCTION

Changxia Shi® |

Zhen Zhang® | Eugene Y.-X. Chen’

Abstract

Ring-opening polymerization (ROP) of lactones or cyclic (di)esters is a power-
ful method to produce well-defined, high-molecular-weight (bio)degradable
aliphatic polyesters. While the ROP of lactones of various ring sizes has been
extensively studied, the ROP of the simplest eight-membered lactone,
7-heptanolactone (7-HL), has not been reported using metal-based catalysts.
Accordingly, this contribution reports the ROP of 7-HL via metal-catalyzed
coordinative-insertion polymerization to the corresponding high-molecular-
weight polyester, poly(7-hydroxyheptanoate) (P7HHp). The resulting P7HHp
is a semi-crystalline material, with a T;,, of 68 °C, which is ~10 °C higher than
poly(e-caprolactone) derived from the seven-membered lactone. Mechanical
testing showed that P7HHp is a hard and tough plastic, with elongation at
break >670%. P7HHp-based polyesters with higher T,, values have been
achieved through stereoselective copolymerization of 7-HL with an eight-
membered cyclic diester, racemic dimethyl diolide (rac-8DLM®), known to lead
to high Ty, poly(3-hydroxyburtyrate) (P3HB). Notably, catalyst's strong kinetic

LMe over 7-HL in the 1/1 comonomer mix-

preference for polymerizing rac-8D
ture rendered the formation of di-block copolymer P3HB-b-P7HHp, showing
two crystalline domains with Tp,; ~ 65 °C and Ty, ~ 160 °C. Semi-crystalline
random copolymers with T, up to 164 °C have also been obtained by adjusting
copolymerization conditions. Mechanical testing showed that P3HB-b-P7HHp
can synergistically combine the high modulus of isotactic P3HB with the high

ductility of P7HHp.

KEYWORDS

aliphatic polyesters, eight-membered cyclic (di)esters, metal-based catalysts, ring-opening
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monomers such as diacids or diesters with B, monomers
such as diols, or polycondensation of AB monomers such as

Aliphatic polyesters are the most promising members of
biodegradable polymers, considered to be the more sustain-
able alternatives to petroleum-based, non-degradable com-
modity polymers such as polyolefins.'™* There are two main
pathways to produce polyesters: (1) polycondensation of A,

hydroxyacids or hydroxyesters, which demands high energy
input to continuously remove co-products such as water
and alcohols, the process of which becomes even more diffi-
cult as viscosity increases, thus limiting its ability to produce
high-molecular-weight polymers; and (2) ring-opening
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polymerization (ROP) of cyclic esters (lactones) or diesters
(lactides, diolides), which provides a kinetically fast and
structurally controlled chain-growth method to produce
well-defined, high-molecular-weight polyesters. Therefore,
the ROP of lactones of various ring sizes by metal-based,
organic or enzymatic catalysts has been extensively studied,
offering polyesters with diverse properties.”'” Moreovet,
ring-opening copolymerization of different cyclic (di)esters
has also been used to produce copolymers, and their micro-
structures (block, gradient, or random) and thus properties
can be modulated by varying the monomers ratio and/or
other polymerization conditions.'®*°

Among several different polymerization techniques,
metal-catalyzed ROP via a coordination-insertion mecha-
nism is often considered to be the most efficient method
for cyclic (di)esters polymerization.®”'* Particularly, spe-
cifically designed metal complexes that are structurally
well matched with chiral monomers could bring about
high stereoselectivity for the synthesis of stereoregular,
crystalline polymers. Take four- and eight-membered
cyclic esters as an example, the ROP of rac-
p-butyrolactone (rac-f-BL) can produce either highly syn-
diotactic poly(#-BL) (PBL) with P, (defined as the proba-
bility of racemic linkages between adjacent monomer
units) up to 0.95 using discrete yttrium complexes sup-
ported by tetradentate, dianionic alkoxy-amino-bis(phe-
nolate) [07,N,0,07] ligands,”** or iso-enriched PBL
(Pm < 0.85) with alkyl aluminoxanes,* >’ chiral initiator
by in-situ reaction of ZnEt, with (R)(—)-3,3-dimethyl-
1,2-butanediol,® chromium(III) salophen complexes,*
grafted neodymium borohydrides onto silica,*® and salan-
ligated rare-earth metal amide complexes.>" PBL is chem-
ically equivalent of poly(3-hydroxybutyrate) (P3HB), the
simplest, more important member of the large biodegrad-
able polyhydroxyalkanoate (PHA) family.**™** More
recently, catalyzed chemical synthesis of perfectly isotac-
tic P3HB has been realized via the stereoselective ROP of
the racemic eight-membered diolide (rac-8DLM®), using
racemic salen-yttrium or lanthanum catalysts 1-2.**** In
particular, Kkinetic resolution polymerization of rac-
8DLM® with enantiomeric catalysts (R,R)-1 and (S,5)-1
produced enantiomeric poly[(S)-3HB] and poly[(R)-3HB]
with a high melting temperature (T},,) of 175 °C. Moreover,
copolymerization rac-8DLM® with longer alkyl substituted
diolide monomers, rac-8DL® (R = Et, "Bu), or benzyl
substituted monomer, meso-SDLE", can produce crystalline
isotactic PHA copolymers with promising polyolefin-like
thermal and mechanical properties.***’

For lactones without stereogenic centers, semi-
crystalline polyesters can be readily obtained from the ROP
of the most common five-, six-, and seven-membered lac-
tones.” For example, five-membered y-butyrolactone (y-BL)
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with negligible strain energy can be effectively polymerized
under suitable conditions and using rare-earth metal cata-
lysts, La[N(SiMe;),]; and yttrium complex supported by tet-
radentate, dianionic alkoxy-amino-bis(phenolate) [O~,N,O,
O] ligands, producing semi-crystalline poly(y-butyrolac-
tone) (PyBL) with Ty, of ~60 °C.** A large number of initia-
tors or catalysts, encompassing virtually the entire periodic
table, have also been employed for the ROP of
e-caprolactone (e-CL), a seven-membered lactone. The
intensive investigation in this front is largely due to the fact
that the corresponding poly(e-caprolactone) (PCL) is an
important class of biodegradable and biocompatible poly-
mer that is semi-crystalline with a modest T,, of ~58 °C
and a low T, of about —58 °C and can be readily degraded
by aerobic and anaerobic microorganisms.”*>°

Although the ROP of lactones of various ring sizes has
been extensively investigated by metal-based catalysts, the
ROP of eight-membered lactone, 7-heptanolactone (7-HL),
has not been reported using this polymerization methodol-
ogy to the corresponding high-molecular-weight poly
(7-hydroxyheptanoate) (P7HHp). It should be noted here
that lipase-catalyzed ROP of 7-HL by Novozym 435 was
reported, yielding P7HHp as a semi-crystalline material
with a Ty, of 65 °C, but the number-average molar mass
(M, of P7HHp by this method reached only to 23.6 kg/mol
and the P7HHp also had a high dispersity of P = 2.8.”
Here we utilized the metal-catalyzed coordination-insertion
polymerization strategy to produce P7ZHHp with high molar
mass (M, up to ~100 kg/mol) and a Ty, of 68 °C, which is
~10 °C higher than PCL. The catalysts employed for the
ROP of 7-HL are discrete La[N(SiMe3),]s and salen-ligated
yttrium and lanthanum complexes (Scheme 1), which
have been shown to be highly active toward ROP of
lactones such as &-CL, y-BL, MBL, and so forth.**>%>°
Moreover, to increase the T, value of P7HHp-based
polyesters, thus widening application windows, the
stereoselective copolymerization of 7-HL with rac-
8DLM® was investigated to produce copolymers of
P7HHp and P3HB with T, up to 164 °C.

2 | RESULTS AND DISCUSSION

2.1 | Homopolymerization of 7-HL and
thermal and mechanical properties of
P7HHp

The catalytic behavior of complexes La[N(SiMejs),]s (La)
and 1-2 toward 7-HL polymerization (Table 1) was inves-
tigated firstly. Without benzyl alcohol (BnOH) co-initia-
tor, complex La[N(SiMe;),]; alone showed high activities
toward the ROP of 7-HL, achieving near-quantitative
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SCHEME 1 ROP of 7-HL and copolymerization of 7-HL with rac-8DL™® by metal-based complexes
TABLE 1 Results of 7-HL polymerization by precatalysts La[N(SiMes),]; and 1-2*
Catalyst [7-HL)/ Time Conv.” M, catea® M4 p?
Run (Cat) [Cat]/[BnOH] (min) (%) (kg/mol) (kg/mol) (My,/M,,)
1 La 800/1/0 2 98 33.7 26.1 2.47
2 La 2000/1/0 4 96 82.2 35.8 2.30
3 La 800/1/3 1 100 34.3 11.5 1.10
4 La 2000/1/3 4 >99 84.7 50.8 1.30
5 1 400/1/1 25 100 51.4 12.0 1.54
6 1 800/1/1 50 96 98.5 17.5 1.82
7 2 800/1/1 2 100 103 66.0 1.60
8 2 2000/1/1 4 100 256 93.4 1.48

#Conditions: 7-HL = 0.256 g (2 mmol), Vigyent = 0.76 mL, [7-HL] = 2.0 M, dichloromethane (DCM) as the solvent, BnOH as the initiator, the catalyst and
initiator amount varied according to the [7-HL]/[Cat]/[BnOH] ratio, room temperature.
Conversions of 7-HL measured by "H NMR spectra of the quenched solution in benzoic acid/chloroform.

‘M calea = MW(7-HL) X [7-HL]/[cat] x conv (%) + MW of chain-end groups.

dWeight-average molar mass (M,,), number-average molar mass (M,,), and dispersity (B = M,,/M,) determined by size exclusion chromatography (SEC)

coupled with an 18-angle light scattering detector at 40 °C in chloroform.

conversion in minutes and giving P7HHp with
M, = 26.1-35.8 kg/mol but high D values ranging from
2.30 to 2.47 (runs 1-2, Table 1). When BnOH (3 equiv.)
was introduced into the system that reacts rapidly with
lanthanide (Ln) amides via in situ alcoholysis to generate
the corresponding Ln alkoxides,*® which usually exhibit
superior performances and mediate more controllable
ROP of cyclic esters than the corresponding amido ana-
logues, the ROP produced P7HHp with lower D values of
1.10-1.30 (runs 3-4, Table 1). The salen-ligated lantha-
num complex 2 in combination with BnOH exhibited
higher activity than the yttrium analogue 1 (runs 7-8 vs
5-6, Table 1), affording P7HHp with M, up to
93.4 kg/mol. Overall, all complexes showed high activi-
ties, but the relatively broad dispersities of the resulting
P7HHp and discrepancies between calculated and mea-
sured molar mass are likely due to the transesterification
during polymerization process.

The thermal properties of P7HHp characterized by
differential scanning calorimetry (DSC) revealed a Ty, of
68 °C (Figure 1A), which is ~10 °C higher than PCL
derived from the seven-membered lactone, e-CL. The
thermogravimetric analysis (TGA) and relative derivative
thermogravimetry (DTG) curves of P7HHp showed a
high initial degradation temperature (Ty, defined by the
temperature of 5% weight loss) of 353 °C, and a Ty, (the
temperature at the maximum decomposition rate) of
397 °C (Figure 1B). Tensile testing of dog-bone-shaped
P7HHp specimens (M, = 93.4 kg/mol, prepared by
[7-HL]/[2] = 2000/1; run 8, Table 1), processed by com-
pression molding, yielded a stress/strain curve (Figure 2)
showing an ultimate tensile strength (og) of 35.3
+ 2.8 MPa, Young's modulus (E) of 628 + 4 MPa, and
impressive elongation at break (eg) of 672 + 49%. Thus,
P7HHp showed somewhat higher Young's modulus,
slightly lower tensile strength, and comparable
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FIGURE 2 Stress-strain curve (10 mm/min, ambient
temperature) of P7HHp (M, = 93.4 kg/mol). Break point indicated
by AGX”

elongation at break, when compared to PCL even with
considerably high molar mass of M, = 204 kg/mol,
which had o5 = 39.6 + 1.4 MPa, E = 587 + 19 MPa, and
eg = 698 + 30%.%°

2.2 | Copolymerization of 7-HL with
rac-8SDLM*

C,-ligated chiral complexes 1-2 have been shown to cata-
lyze stereoselective ROP of rac-8DLM® to crystalline
P3HB with perfect isotacticity (P, > 0.99, [mm] > 99%)
and high molar mass.***> Thus, these two complexes
were chosen for investigation of the copolymerizations of
7-HL with rac-8DLM®. Selected copolymerization results
and detailed conversion data are summarized in Table 2

T,=353°C

T

max

- =397°C |,

60

Weight (%)

40
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0 100 200 300 400 500 600 700
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(A) DSC curve and (B) TGA (red) and DTG (blue) curves of P7HHp produced by [La[N(SiMes),]; (run 4, Table 1)

and Table S1, respectively. The copolymerization in a
comonomer feed ratio of 1/1 by complex 1 (0.5 mol%)
and BnOH converted 94% rac-8DLM® to P3HB within
1 min, at which time the conversion of 7-HL just reached
to 1.5% (run 1, Table 2), giving a copolymer with
M, = 12.5 kg/mol and P = 1.04. Extending the copoly-
merization time to 30 min, the conversion of 7-HL
achieved 100%, obtaining a copolymer with a higher
molar mass of M, = 21.8 kg/mol (P = 1.16, run
2, Table 2). The kinetics of the copolymerization
(Figure 3A) explicitly suggested that the polymerization
rate of rac-8DLM® is significantly higher than that of
7-HL. These results indicated a block structure of the
resulting copolymer, P3HB-b-P7HHp, albeit not a perfect
block structure with some tapering, since a very small
amount of 7-HL units got incorporated into the P3HB
block (Figure 3A). However, at the 2/1 rac-8DLM¢/7-HL
feed ratio, block copolymer P3HB-b-P7HHp with non or
negligible tapering phase can be produced (Figure 3B).
Similar conversion trends of both monomers were
observed with the feed ratio of [rac-DLM® + 7-HL]/
[1] = 400/1, affording block copolymer P3HB-b-P7HHp
with a higher molar mass of M,, = 32.0 kg/mol (P = 1.16,
run 3, Table 2) after 60 min. The lanthanum analogue
2 with a larger ionic radius also exhibited similar catalytic
behavior: rac-DLM® was converted to P3HB completely
within 1 min, while 7-HL polymerization proceeded
much more slowly, achieving 85% conversion after
120 min, and thus giving a block copolymer P3HB-b-
P7HHp with high molar mass and narrow dispersities
(M, = 53.6-124 kg/mol, P = 1.01-1.15; runs 3-6,
Table 2). Varying the rac-8DLM¢/7-HL feed ratio from 2/1
to 1/2, block copolymers with different relative block
lengths were obtained (runs 7-8, Table 2). However,
much lower molar mass (M, = 21.7-52.6 kg/mol) and
higher dispersities (P = 1.29-1.37) of the resultant copol-
ymers were observed, relative to that of the copolymer
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TABLE 2 Results of copolymerizations of rac-DL™® with 7-HL?
Conv. (%)°
rac- [rac-DLM® + 7-HL]/ Time rac- M, catea” M2 pd

Run Cat DLM¢/7-HL [Cat]/[BnOH] (min) DLMe 7-HL  (kg/mol) (kg/mol) (M,/M,,)

1 1 1/1 200/1/1 1 94 1.5 16.5 12.5 1.04

2 1 1/1 200/1/1 30 100 100 30.1 21.8 1.16

3 1 1/1 400/1/1 60 100 93 58.4 32.0 1.16

4 2 1/1 800/1/1 1 100 6.5 72.3 53.6 1.03

5 2 1/1 800/1/1 8 100 61 100 60.3 1.14

6 2 1/1 800/1/1 120 100 85 113 124 1.15

7 2 2/1 800/1/1 24h 100 85 121 52.6 1.29

8 2 1/2 800/1/1 16 h 100 96 112 21.7 1.37

2Conditions: rac-DLM® + 7-HL = 1.0 mmol, Vigyene = 1.0 mL, DCM as the solvent, BnOH as the initiator, the catalyst and initiator amount varied according to

the [rac-DLM® + 7-HL]/[Cat]/[BnOH] ratio, room temperature.

Conversions of rac-DLM® and 7-HL measured by "H NMR spectra of the quenched solution in benzoic acid/chloroform.
My catlcd = MW(7-HL) x [7-HL]/[cat] x conv (%) of 7-HL + MW(rac-DL™®) x [rac-DL™®]/[cat] x conv (%) of rac-DL™® + MW of chain-end groups (BnOH).
dWeight—average molar mass (M,,), number-average molar mass (M,), and dispersities (P = M/M,,) determined by SEC coupled with an 18-angle light

scattering detector at 40 °C in chloroform.
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FIGURE 3 Time-conversion plots for the copolymerization of rac-SDLM® and 7-HL: (A) by catalyst 1 with [rac-8DLM® + 7-HL]/
[1] = 200/1 and rac-8DLM®/7-HL = 1/1 (run 2, Table 2), and (B) by catalyst 2 with [rac-8DL™® + 7-HL]/[1] = 800/1 and rac-

8DLM¢/7-HL = 2/1 (run 7, Table 2)

obtained with rac-8DLM¢/7-HL ratio of 1/1, presumably
due to transesterification side reactions occurred after a
long reaction time of 16-24 h. Noteworthy is that the rac-
8DLM¢/7-HL copolymerization in a 2/1 feed ratio by cata-
lyst 2 converted 97% rac-8DLM into P3HB in 2 min but
at which time no conversion of 7-HL was observed
(Figure 3B, run 7, Table S1), indicating that the resulting
block copolymer had a negligible tapering phase.
Considering that the much higher polymerization
rate of rac-8DLM® than that of 7-HL led to the formation
of block copolymer P3HB-b-P7HHp with the rac-
8DLM¢/7-HL feed ratio from 2/1 to 1/2, a much lower
feed ratio (i.e., higher 7-HL loading) must be employed to
possibly obtain random copolymer P(3HB-co-7HHp).

In addition, to avoid the formation of block segments, the
copolymerization must be terminated before reaching full
conversion of rac-8DLM®. From the polymerization
results summarized in Table 3, when the polymerization
time was extended from 10 min to 12 min, during which
time the rac-DLM® conversion was increased from 96 to
97%, the copolymerization of rac-8DLM® and 7-HL in a
1/5 molar ratio and rac-8DLM¢/1 = 200/1 gave random
copolymers P(3HB-co-7HHp) with 7-HL incorporations
ranging from 18.0 to 21.8% (runs 1-2, Table 3). The
obtained P(3HB-co-7HHp) exhibited molar mass of 20.6-
22.3 kg/mol and a narrow dispersity of 1.06. As expected,
the random copolymer had only one T, value between
that of P3HB and P7HHp, ~154 °C. A copolymer with
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TABLE 3 Results of random copolymerizations of rac-DLM® with 7-HL?
7-HL p°
[rac-DLM¢]/ rac- Time  Conv.of rac- content® M, cared” M,° (My,/ T.f

Run Cat [Cat]/[BnOH] DLM¢/7-HL (min) DLM® (%)" (%) (kg/mol)  (kg/mol) M,) C)
1 1 200/1/1 1/5 10 96 18.0 38.6 20.6 1.06 154
2 1 200/1/1 1/5 12 97 21.8 40.4 22.3 1.06 153
3 1 200/1/1 1/10 20 92 29.8 41.8 18.5 1.05 139
4 1 400/1/1 1/5 50 93 11.1 70.1 31.2 1.04 154
5 1 400/1/1 1/10 18h 73 17.2 58.2 21.7 1.04 141
6 1 600/1/1 1/5 24 h 71 5.8 76.8 25.4 1.05 156
7 2 400/1/1 1/5 2 97 6.9 70.6 32.6 1.04 164
8 2 400/1/1 1/10 5 81 6.1 58.6 19.3 1.08 160

aConditions: rac-DLM® = 0.8 mmol, Visolvent = 0.8 mL, DCM as the solvent, BnOH as the initiator, the catalyst and initiator amount varied according to the [rac-

DLMe]/ [Cat]/[BnOH] ratio, room temperature.

Conversions of rac-DLM® measured by "H NMR spectra of the quenched solution in benzoic acid/chloroform.

¢7-HL content measured by "H NMR of the isolated copolymer.

dMn,calcd = MW(7-HL) x [7-HL]/[cat] x conv (%) of 7-HL + MW(rac-DL™®) x [rac-DLM¢]/[cat] x conv (%) of rac-DLM® + MW of chain-end groups (BnOH).
“Weight-average molar mass (My,), number-average molar mass (M,,), and dispersities (P = M/M,) determined by SEC coupled with an 18-angle light

scattering detector at 40 °C in chloroform.
"Measured by DSC with the cooling and second heating rate of 10 °C/min.

FIGURE 4 'H NMR spectra
(CDCLy) of (A) random copolymer P
(3HB-co-7HHp) with 7-HL
incorporation of 29.8% (run

3, Table 3), and (B) block
copolymer P3HB-b-P7HHp with
P7HHp content of ~50% (run

2, Table 2)
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higher 7-HL incorporation of 29.8% and thus correspond-
ingly lower Ty, of 139 °C was accessible via copolymeriza-
tion with a lower rac-8DLM¢/7-HL feed ratio of 1/10
(M, = 18.5 kg/mol, D = 1.05; run 3, Table 3). To increase
the molar mass of the resulting copolyester, lower cata-
lyst concentrations ([rac-8DLM®]/[cat] = 400/1-600/1)
were employed to afford P(3HB-co-7HHp) with
M, = 25.4-31.2 kg/mol and P = 1.04-1.05, but lower
7-HL incorporation of 5.8-17.2% (runs 4-6, Table 3).
Switching to lanthanum complex 2 resulted in faster
polymerizations but lower 7-HL contents (6.1-6.9%) in

& (ppm)

the P(3HB-co-7HHp) copolymer (runs 7-8), which can be
ascribed to its relatively more pronounced rate enhance-
ment by catalyst 2 for rac-DL™® than that for 7-HL.

2.3 | Microstructures and thermal and
mechanical properties of copolyesters

The microstructures of the copolymers of rac-DLM® with
7-HL were investigated by 'H and >C NMR methods.
Figure 4 depicts '"H NMR spectra of typical random
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FIGURE 5 'C NMR spectra (CDCls) of (A) random copolymer P(3HB-co-7HHp) with 7-HL incorporation of 29.8% (run 3, Table 3), and
(B) block copolymer P3HB-b-P7HHp with P7HHp content of ~50% (run 2, Table 2)

3HB-3HB 3HB-3HB FIGURE 6 '>C NMR spectra (CDCl3) in
} carbonyl and oxygen-alkyl regions of (A) random
copolymer P(3HB-co-7HHp) with 7-HL
incorporation of 29.8% (run 3, Table 3), and
(B) block copolymer P3HB-b-P7HHp with P7ZHHp
content of ~50% (run 2, Table 2)
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copolymer P(3HB-co-7HHp) and block copolymer P3HB- provided more detailed information about the micro-
b-P7HHp, from which no difference could be observed structures (Figures 5-6). For the '*C NMR spectrum
besides the monomer incorporation or composition in (Figures 5-6A) of random copolymer P(3HB-co-7HHp),
the copolymer. On the other hand, *C NMR spectra  the expanded carbonyl resonances (169.2-173.8 ppm)

85U8017 SUOWILLIOD aAIe1D 8(qeoljdde ayy Aq peusenob afe saole VO ‘85N JO Sa|Nn 10} ARIq1T8UIUO A8]IA UO (SUONIPUOD-PUe-SUWLBYWI0D" A8 | ARe.q1|Bu L {UO//:SdNL) SUORIPUOD pue sWie 1 8y} 88s *[9202/50/20] Uo AkiqiTauliuo A(IM ‘(sed) Ansiweyd JO aiminsul A 8T#02Z02 10d/200T 0T/I0p/u0o" A8 1M ARIq Ul |Uo//Sciy WOy pepeoiumod ¥Z ‘220z ‘69Tvzroz



TANG ET AL.

JOURNAL OF

were resolved into four groups of peaks, arising from
different diad sequences of 3HB and HL units (3HB-3HB,
169.2 ppm; 3HB-HL, 170.2 ppm; HL-3HB, 172.8 ppm;
and HL-HL, 173.8 ppm). A similar resolution of reso-
nances (64.4-67.7 ppm) for the carbon atom that linked
to the oxygen atom was also observed. The presence of
3HB-HL and HL-3HB alternating sequences further con-
firmed the insertion of 7-HL into the resulting copolymer
P(3HB-co-7HHp). Importantly, the carbonyl region of
block copolymer P3HB-b-P7HHp in the ">*C NMR spec-
trum (Figures 5-6B) also showed the peaks for 3HB-HL
and HL-3HB alternating sequences, but with much lower
intensity, suggesting the copolymer is a block copolymer
but not a mixture of P3HB and P7HHp. To provide fur-
ther evidence for the formation of copolymer P3HB-b-
P7HHp, not a mixture of P3HB and P7HHp, solvent
extraction method was performed to isolate the possible
potential mixture of P3HB and P7HHp. Since isotactic
P3HB has poor solubility in tetrahydrofuran (THF) while
P7HHp can dissolve in THF well, THF (80 mL) was uti-
lized to extract the block copolymer P3HB-b-P7HHp
(200 mg) prepared with rac-8DL™¢/7-HL = 1/1 and [rac-
8DLM® + 7-HL]/[1] = 200/1 (run 2, Table 2). After stir-
ring in THF for 8 h, 168 mg (84 wt%) of insoluble fraction
was collected, which showed a similar 'H NMR spectrum
(Figure S2a) with the original polymer (Figure 4B). This
result suggested the P7HHp was indeed covalently linked
with P3HB, making it insoluble in THF. While the solu-
ble fraction (16 wt%) showed a 'H NMR spectrum
(Figure S2b) with a much higher P7HHp content (97%),
the presence of the long P7HHp block but short P3HB
block segment made it soluble in THF. We also examined
the block structure of P3HB-b-P7HHp by DOSY NMR
analysis, the spectrum of which (Figure S3) showed a sin-
gle diffusion coefficient for the observed signals, thus pro-
viding additional evidence for the block copolymer
structure as a single component. These results confirmed
that the resulting copolymer prepared with rac-
8DLM¢/7-HL = 1/1 is indeed that of block copolymer.
The thermal properties of the block copolymer P3HB-
b-P7HHp and random copolymers P(3HB-co-7HHp) were
analyzed by DSC and TGA. When the copolymerization
of rac-8DLM® and 7-HL (1/1) was terminated before gen-
erating the P7HHp block (run 1, Table 2), one crystalline
temperature (T,.) of 79.0 °C and one T, of 162 °C for the
isotactic P3HB segments was observed on the first cooling
and second heating scan of DSC curve (Figure S4a). After
extending the polymerization time to full conversion of
both monomers (run 2, Table 2), the resulting copolymer
exhibited two Ty, endotherm peaks at 64.8 and 162 °C
(Figure 7A), corresponding to the P7HHp and P3HB
block, respectively. Likewise, the block copolymer P3HB-
b-P7HHp with a higher molar mass by catalyst

POLYMER SCIENCE —W[ LEYM

2 (run 6, Table 2) also showed two T, values of 42.8 and
68.6 °C and two T, values of 63.6 and 165°C
(Figure 7B). A similar pattern peaks on DSC curves
(Figure S5) but with different relative intensity was
observed with the block copolymers P3HB-b-P7HHp pre-
pared with different rac-8DL™¢/7-HL molar ratios of 2/1
and 1/2 (runs 8-9, Table 2).

For the random copolymers P(3HB-co-7HHp), gener-
ally, copolymers with higher 7-HL incorporations exhib-
ited lower, but single, Ty, values, as shown in Figures 8
and S6-S11. Noting that all the copolymers prepared with
8DLM¢/7-HL molar ratios of 1/5 by catalyst 1 showed a
similar T,, of 153-156 °C (Figures 8A, S6-S7, and S9),
although their 7-HL contents varied in a wide range. This
observation indicated that higher 7-HL incorporation
occurred at the late polymerization stage with lower rac-
DLM® concentration, resulting in higher 7-HL incorpora-
tion at the end of the copolymer chain, which has little
effect on the T, value of the resulting copolymer. The
copolymers obtained with rac-8DLM¢/7-HL molar ratios
of 1/10 by catalyst 1 exhibited lower Ty, of 139-141 °C
(Figures 8B and S8). In addition, the copolymers by cata-
lyst 2 have lower 7-HL incorporations and thus higher
Ty, values of 160-164 °C (Figures S10-S11).

TGA and DTG curves (Figures 9A and S12) of block
copolymers P(3HB-b-HL) prepared with different rac-
8DLM®/7-HL molar ratios displayed two degradation
steps, attributable to P3HB degradation at the lower ini-
tial degradation temperature and P7ZHHp degradation at
the higher temperature. As expected, the ratio of the sec-
ond degradation step contributed by P7HHp block
increased with the decrease of the rac-8DL™®/7-HL molar
ratio from 1/1 to 1/2, which was consistent with the
P7HHp content in the block copolymer. On the other
hand, random copolymer P(3HB-co-7HHp) prepared by
rac-8DLM¢/7-HL = 1/5 with catalyst 2 and the 7-HL
incorporation of 6.1 mol% (run 8, Table 3) showed one
degradation step with Ty of 259 °C and Ty.x of 293 °C
(Figure 9B), suggesting its random structure. However,
for the copolymers with higher 7-HL incorporations pre-
pared by catalyst 1, there was a small, second-
degradation step occurred at higher temperature
(Figures S13-15). This phenomenon was also observed in
analogous random copolymers P(3HB-b-CL),*” and it can
be attributed to the fact that the higher 7-HL incorpora-
tion occurred at the later stage of the polymerization dur-
ing the prolonged time with much lower rac-DLM®
concentration. This scenario would produce the nonuni-
form copolymer chains, with much higher 7-HL incorpo-
ration at one end of the copolymer chain, accounting for
the higher degradation temperature step.

Tensile testing of dog-bone-shaped P3HB-b-P7HHp
(prepared by [rac-8DLM® + 7-HL]/[2]/[BnOH] = 800/1/1;
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DSC curves of the block copolymers P3HB-b-P7HHp: (A) prepared by catalyst 1, P7HHp% = 50% run 2, Table 2); and

(B) prepared by catalyst 2, P7ZHHp% = 46% (run 6, Table 2)
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FIGURE 8 DSC curves of the random copolymers P(3HB-co-7HHp) produced by catalyst 1 with different 7-HL incorporations:

(A) P7HHp% = 18.0% (run 1, Table 3); and (B) P7ZHHp% = 29.8% (run 3, Table 3)
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FIGURE 9 TGA (red) and DTG (blue) curves of (A) block copolymer P3HB-b-P7HHp (P7HHp% = 44 mol%; run 6, Table 2) and (B) the

random copolymer P(3HB-co-7HHp) with 7-HL incorporation of 6.1 mol% (run 8, Table 3). Both copolymers shown here were produced by

catalyst 2
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FIGURE 10 Stress-strain curve (10 mm/min, ambient

temperature) of P3HB-b-P7HHp prepared with [rac-
8DLM® + 7-HL]/[2]/[BnOH] = 800/1/1 (run 6, Table 2). Break
point indicated by “x”

run 6, Table 2) and P(3HB-co-7HHp) (prepared by [rac-
8DLM¢]/[1]/[BnOH] = 200/1/1 and rac-8DLM¢/7-HL = 1/5;
run 2, Table 3) specimens were performed to characterize
their mechanical performance. From the stress/strain curve
(Figure 10) of P3HB-b-P7HHp, it exhibited an o of
14.0 MPa, E of 1.52 GPa, and &g of 231%, suggesting a com-
parably high Young's modulus but a much larger elonga-
tion at break as compared to isotactic P3HB (E ~ 3 GPa,
eg ~ 3%),"" and higher Young's modulus than P7HHp.
Therefore, the block copolymer P3HB-b-P7HHp can com-
bine the advantages of high Young's modulus of isotactic
P3HB and large elongation at break of P7HHp, making it a
hard and tough plastic. However, the random copolymer P
(3HB-co-7HHp) (Figure S23) just showed a comparable ulti-
mate tensile strength of 11.9 MPa, but a much lower
Young's modulus of 486 MPa and elongation at break of
only 8.4%, due to its lower molar mass (M, ~ 20 kg/mol)
and 7-HL content (~20%).

3 | CONCLUSIONS

The eight-membered lactone 7-HL was studied for the
first time via metal-catalyzed coordinative-insertion poly-
merization, achieving semi-crystalline P7HHp with a Ty,
of 68 °C, which is ~10 °C higher than PCL derived from
the seven-membered lactone. Notably, P7HHp is shown
to be a hard and tough plastic with an ultimate tensile
strength of 35.3 + 2.8 MPa, Young's modulus of 628
+ 4 MPa, and elongation at break of 672 + 49%. This lac-
tone can be readily copolymerized with rac-8DLM® to pro-
duce block copolymer P3HB-b-P7HHp or random
copolymer P(3HB-co-7HHp) in a one-pot fashion,
depending on the polymerization conditions, particularly
the rac-8DLM¢/7-HL molar feed ratio. When the

copolymerization was conducted with the feed ratio from
2/1 to 1/2, block copolymer P3HB-b-P7HHp with M,, up
to 124 kg/mol and P = 1.15 was obtained, owing to cata-
lyst's strong kinetic preference for polymerizing rac-8DLM®
over 7-HL. On the other hand, random copolymer P(3HB-
co-7HHp) was produced with the feed ratio of 1/5 ~ 1/10,
when the copolymerization was quenched before reaching
LM, The 7-HL incorporation into
the random copolymer can be tuned from 6.1 to 29.8%, giv-
ing random copolymers P(3HB-co-7HHp) with T, = 139-
164 °C, M,, = 18.5-32.6 kg/mol, and P = 1.04-1.08.

All block copolymers, P3HB-b-P7HHp, display two
crystallization temperatures and thus exhibit two crystal-
line domains with the first T, around 65 °C for the
P7HHp block and the second T, around 162-167 °C for
the isotactic P3HB block. In addition, block copolymers
also display two degradation steps, corresponding to the
P3HB block degradation at a lower initial degradation
temperature (Tyq ~ 234 °C) and the P7HHp block degra-
dation at a higher temperature (T4 ~ 390 °C). In contrast,
random copolymer P(3HB-co-7HHp) shows only one T,
and one Ty, the values of which are dependent on the
rac-8DLM®/7-HL feed ratio and thus 7-HL incorporation
in the copolymer, and displays one degradation step with
a Ty of 232-259 °C and a Ty, of 259-293 °C. Notably,
the block copolymer P3HB-b-P7HHp is a hard and tough
plastic with an ultimate tensile strength of 14.0 MPa,
Young's modulus of 1.52 GPa, and elongation at break of
231%. Therefore, the block copolymer combines the
advantages of high modulus of isotactic P3HB and large
elongation at break of P7HHp.
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