


succinic acid, the top ranked chemical on the DOE’s top 12
biomass-derived compounds best suited to replace petroleum-
derived chemicals.31,32 Second, the degradation rate of its
corresponding polymer, poly(γ-butyrolactone) (PBL)a
structural equivalent of biomaterial poly(4-hydroxybutyrate)
(P4HB) produced by bacterial fermentationhas been shown
to be slower than PLGA but much faster than PLA, PCL, and
other poly(hydroxyalkanoate)s such as poly(3-hydroxybuty-
rate) (P3HB).33 Therefore, incorporation of γ-BL into other
aliphatic polyesters can modify the degradation rate to meet the
desired application demand. More importantly, the biocompat-
ibility of P4HB is shown to be better than PGA and PLGA in
vivo due to a slow release of well tolerated, less acidic
degradation products.29,33 Third, P4HB or PBL, as a flexible
thermoplastic biomaterial, has more desirable mechanical
properties.29,33 Thus, γ-BL is a suitable comonomer for
imparting flexibility to hard or brittle polymers such as PGA
or PLA and improving degradation rates of common polyesters
such as PCL, PLA, and P3HB.
Although the copolymerization behavior of γ-BL with ε-CL,

GA, δ-valerolactone (δ-VL), and LA has been reported
previously via both enzyme-catalyzed polymerization34,35 and
chemical ROP by acid (cationic) catalysts (BF3·Et2O,

36 FeCl3,
36

FSO3H,
36 SnPh4,

37,38 etc.) and coordination polymerization
catalysts (rare-earth metal complexes39,40 and [Al-
(OiPr)3]3

41,42), γ-BL incorporation was unfortunately limited
below 43% for PBL-co-PCL and 15% for PBL-co-PVL.
Furthermore, the polymer yield and molecular weight of the
resulting copolyesters decreased significantly with increasing γ-
BL incorporation. These limitations are a result of unfavorable
thermodynamics toward the ROP of γ-BL, caused by its highly
stable, commonly referred as “nonstrained” five-membered
lactone ring.43−46 Owing to the large difference in reactivity
between “nonstrained” γ-BL and relatively high-strained
lactones or cyclic esters, the synthesis of the copolyesters
with high γ-BL incorporations and high molecular weight still
remained a challenge to date. Accordingly, a comprehensive
investigation into effects of the γ-BL incorporation over the
entire composition range of copolyesters on their materials
properties and degradation behavior has yet been reported, as
all the previous studies were restricted to the copolyesters with
only low γ-BL incorporations.34,36,37

Most recently, we disclosed the first successful chemical ROP
of γ-BL into high molecular weight PBL under readily
accessible conditions (i.e., 1 atm, −40 °C) by controlling the
kinetic, thermodynamic, and processing conditions.47,48 In that
process, metal-based catalysts, La[N(SiMe3)2]3, and a yttrium
complex supported with tetradentate aminoalkoxy-bis-pheno-
late ligands and an organic catalyst, P4-phosphazene superbase
(tBu-P4), were found to promote the most effective ROP to
achieve relatively high molecular weight PBL (Mn up to 30 kg/
mol) and high monomer conversion (up to 90%). On the basis
of these findings, we hypothesized that the catalysts and
conditions employed in such an effective γ-BL homopolyme-
rization system should be the suitable candidates for synthesiz-
ing copolyesters with high γ-BL incorporations, thus addressing
the current challenges in the γ-BL-based copolyesters, which
was the central objective of this study. Accordingly, the present
work has systematically investigated characteristics of the ring-
opening copolymerization (ROC) of γ-BL with two common
cyclic esters or lactones, ε-CL and δ-VL, which vary
substantially in the monomer thermodynamic polymerizability.
By employing commercially available metal-based catalyst

La[N(SiMe3)2]3 and organic catalyst tBu-P4, we have
successfully synthesized, for the first time, a series of high
molecular weight copolyesters with a very wide range of γ-BL
incorporations (Scheme 1). This success provided the

opportunity to investigate the effects of the γ-BL incorporation
over the entire composition range on the physical properties
and degradation behavior of the copolymers, which have been
examined in detail by this study.

■ RESULTS AND DISCUSSION

Characteristics of γ-BL Copolymerizations with ε-CL
and δ-VL. Two common strained cyclic esters, ε-CL and δ-VL,
with their monomer thermodynamic polymerizability following
the order of ε-CL > δ-VL (≫ γ-BL),43,45 were employed for the
study of γ-BL copolymerizations. Table 1 summarizes the
copolymerization of γ-BL with ε-CL by both metal-based
catalyst La[N(SiMe3)2]3 and organic catalyst tBu-P4. As a
control, homopolymerization of ε-CL was examined with
La[N(SiMe3)2]3 (0.2 mol % loading) at RT, which showed an
extremely high activity by achieving 98% ε-CL conversion in 5
s, producing PCL with a Mn of 79.6 kg/mol and a relatively
broad dispersity (Đ) of 2.46 (Table 1, run 1). Switching to tBu-
P4 resulted in a lower activity (2 min, 68.1% ε-CL conversion,
Table 1, run 2), but using BnOH as initiator enhanced the
activity for the tBu-P4-promoted polymerization and rendered
quantitative ε-CL conversion in 2 min (Table 1, run 3),
producing PCL with similar Mn and Đ values to those by the La
catalyst.
Accordingly, for the γ-BL/ε-CL copolymerizations La[N-

(SiMe3)2]3 was first utilized as the catalyst. At RT with THF as
solvent, increasing the γ-BL/ε-CL feed ratio from 1/1 to 3/1
significantly enhanced γ-BL incorporation (mol %) from 17.5%
to 31.0% (Table 1, runs 4 and 5). After that, however, the
incorporation of γ-BL apparently reached a plateau as further
increasing the γ-BL/ε-CL feed ratio to 5/1 only resulted in a
slight increase of the γ-BL incorporation to 35.0% (Table 1, run
5 vs 7). Switching the solvent to relatively nonpolar toluene
noticeably enhanced the γ-BL incorporation to 35.3% (vs
31.0% achieved in THF) but led to lower monomer conversion
(Table 1, run 6 vs 5). Considering that the low polymerization
temperature condition favors the ROP of the five-membered

Scheme 1. Structures of Catalysts and ROCs of γ-BL with
Two Cyclic Esters Employed in This Study
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lactone because it overcomes the thermodynamic resistance of
the five-membered lactone to ROP by reducing the positive
contribution of the −TΔS term (i.e., entropic penalty),47−50 we
next investigated the copolymerization behavior at lower
temperatures. Indeed, fixing the γ-BL/ε-CL feed ratio of 5/1,
lowering the temperature from RT to −20 °C not only
increased the γ-BL incorporation from 35.0% to 45.0% but also
significantly enhanced molecular weight of the resulted
copolyester from Mn = 32.1 kg/mol to Mn = 59.1 kg/mol
(Table 1, run 7 vs 8). When a large excess of γ-BL in feed (γ-

BL/ε-CL = 10/1) was employed at −20 °C, the γ-BL
incorporation further increased to 53.8% but with a decreased
monomer conversion (Table 1, run 9). Notably, a high γ-BL
incorporation up to 70% was achieved, also with enhanced ε-
CL and γ-BL conversions (91.5% and 23.4%, respectively),
from the copolymerization performed at −40 °C with BnOH as
the initiator (Table 1, run 10), attributed to the in situ formed
alkoxide initiating species being a stronger nucleophile than the
corresponding amide analogue.51,52 Using Ph2CHCH2OH as
the initiator instead of BnOH, both γ-BL conversion and

Table 1. Results of Copolymerizations of γ-BL with ε-CLa

run Cat. initiator (I) M/Cat./I
temp
(°C) ε-CL/γ-BLc

time
(min) convd (ε-CL%) convd (γ-BL%) incorpd (γ-BL%)

Mn
e

(kg/mol) Đ
e

1b La 500/1/− 25 5 (s) 98.3 79.6 2.46

2b tBu-P4 500/1/− 25 2 68.1 56.1 2.02

3b tBu-P4 BnOH 500/1/1 25 2 100 72.3 2.11

4 La 500/1/− 25 1/1 2 96.9 26.7 17.5 69.5 2.05

5 La 500/1/− 25 1/3 2 92.5 17.2 31.0 40.6 2.15

6f La 500/1/− 25 1/3 2 68.8 11.4 35.3 30.2 1.91

7 La 500/1/− 25 1/5 2 82.3 10.0 35.0 32.1 1.98

8 La 500/1/− −20 1/5 5 55.6 9.10 45.0 59.1 1.90

9 La 500/1/− −20 1/10 180 51.6 6.00 53.8 58.0 1.92

10 La BnOH 500/1/2 −40 1/10 5 91.5 23.4 70.0 20.0 2.13

11 La Ph2CHCH2OH 500/1/2 −40 1/10 5 100 25.0 71.4 16.4 1.74

12g La 2000/1/− 25 1/2 2 94.0 20.0 27.1 135 1.64

13g La Ph2CHCH2OH 2000/1/3 25 1/3 2 100 18.2 33.6 44.0 1.68

14g La Ph2CHCH2OH 2000/1/2 −40 1/5 10 92.4 38.5 55.2 48.8 1.53

15g La Ph2CHCH2OH 2000/1/2 −40 1/8 10 90.0 29.6 66.0 44.4 1.46

16g La Ph2CHCH2OH 2000/1/2 −40 1/10 10 87.2 20.8 71.0 42.3 1.60

17g La Ph2CHCH2OH 2000/1/2 −40 1/15 15 80.5 17.6 76.0 31.7 1.48

18g La Ph2CHCH2OH 1500/1/2 −40 1/20 30 83.3 22.0 84.0 22.9 1.41

19 tBu-P4 BnOH 100/1/1 25 1/3 1440 72.7 22.0 42.4 5.25 1.59

20 tBu-P4 BnOH 100/1/1 −20 1/3 5 100 50.0 51.8 8.90 1.91

21 tBu-P4 BnOH 500/1/1 −40 1/4 30 32.1 20.0 74.0 16.0 1.35

22 tBu-P4 BnOH 1000/1/1 −40 1/4 60 20.8 11.0 80.0 26.0 1.43
aConditions: La[N(SiMe3)2]3 (La) = 10 μmol, tBu-P4 = 50 μmol, [ε-CL + γ-BL] = 6.67 M in THF for RT runs, [ε-CL + γ-BL] = 10.0 M in THF for
the runs at −20 and −40 °C. bLa = 10 μmol, tBu-P4 = 10 μmol, [ε-CL] = 2.0 M in THF. cMolar ratio of ε-CL/γ-BL in feed. dMonomer conversions
and γ-BL incorporations of the copolymers measured by 1H NMR spectra, γ-BL mol % = [I2.38 ppm/(I2.38 ppm + I2.30 ppm)] × 100%. eNumber-average
molecular weight (Mn) and dispersity (Đ = Mw/Mn) determined by GPC at 40 °C in DMF relative to PMMA standards. fToluene as solvent.
gCopolymerizations performed in a multigram scale, La = 50 μmol.

Table 2. Results of Copolymerizations of γ-BL with δ-VLa

run Cat. initiator (I) M/Cat./I
temp
(°C) δ-VLb/γ-BL

time
(min) convc (δ-VL%) convc (γ-BL%)

incorpc

(γ-BL %)
Mn

d

(kg/mol) Đ
d

1 La 1000/1/− 25 2 80.0 45.8 1.87

2 La 1000/1/− 25 1/0.5 2 83.2 18.2 8.00 47.4 1.90

3 La 1000/1/− 25 1/1 2 86.5 17.5 13.5 39.1 2.33

4 La 1000/1/− 25 1/10 5 60.0 3.50 40.0 34.5 1.38

5 La Ph2CHCH2OH 1000/1/2 25 1/10 5 76.5 5.40 43.5 8.00 1.52

6 La Ph2CHCH2OH 1000/1/2 −20 1/10 10 95.7 11.4 52.6 19.2 1.55

7 La Ph2CHCH2OH 1000/1/2 −40 1/10 10 91.0 5.30 34.1 26.5 1.77

8 tBu-P4 BnOH 100/1/1 25 1/1 5 94.6 26.6 19.8 10.2 1.71

9 tBu-P4 BnOH 100/1/1 25 1/3 30 90.2 14.4 23.7 5.28 1.70

10 tBu-P4 BnOH 100/1/1 −20 1/3 5 100 35.0 48.5 8.33 1.88

11 tBu-P4 BnOH 100/1/1 −40 1/3 10 100 36.1 54.0 11.5 1.71

12 tBu-P4 BnOH 100/1/1 −40 1/10 10 100 40.2 75.1 9.31 1.49

13 tBu-P4 BnOH 400/1/1 −40 1/10 10 100 30.9 71.2 20.7 1.52
aConditions: La[N(SiMe3)2]3 (La) = 10 μmol, tBu-P4 = 50 μmol, THF used as the solvent, [δ-VL] = 2.0 M for homopolymerization, [δ-VL + γ-BL]
= 6.67 M for RT runs, [δ-VL + γ-BL] = 10.0 M for the runs at −20 and −40 °C. bMolar ratio of δ-VL/γ-BL in feed. cMonomer conversions and γ-
BL incorporations of the copolymers measured by 1H NMR spectra, γ-BL mol % = (I1.96 ppm/I2.32−2.40 ppm) × 100%. dNumber-average molecular
weight (Mn) and dispersity (Đ = Mw/Mn) determined by GPC at 40 °C in DMF relative to PMMA standards.
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incorporation were further increased (Table 1, run 11). Based
on these results, copolymerizations in a larger scale under
various conditions were also carried out, enabling the synthesis
of PBL-co-PCL copolyester samples (2−5 g) with the γ-BL
incorporation and copolymer molecular weight tuned in a very
wide range, incorporation from low 27.1% to high 84.0% and
molecular weight from low Mn = 22.9 kg/mol to high Mn = 135
kg/mol (Table 1, runs 12−18). In fact, a 21 g sample of PBL-
co-PCL (Mn = 100 kg/mol, Đ = 1.58, γ-BL mol % = 26.5%) was
readily produced through this copolymerization with conditions
[γ-BL + ε-CL]/[La] = 6000/1; γ-BL/ε-CL = 2/1; concen-
tration = 6.67 M in THF; time = 400 min; ε-CL conversion% =
83.9%; γ-BL conversion% = 17.3%).
Compared to the metal (La)-based system, the ROC by tBu-

P4 (catalyst)/BnOH (initiator) at RT displayed a much lower
activity and also produced the copolymer with much lower
molecular weight (Table 1, run 19 vs 5). In sharp contrast, once
the polymerization temperature was decreased to −20 °C, the
activity of the tBu-P4/BnOH system was enhanced significantly
so that quantitative conversion of ε-CL and 50.0% conversion
of γ-BL were achieved in just 5 min (Table 1, run 20). Further
lowering the temperature to −40 °C and decreasing the
catalyst/initiator loading to 0.2% and 0.1% yielded the
copolyester with a high γ-BL incorporation of 74% (Mn =
16.0 kg/mol and Đ = 1.35) and 80% (Mn = 26.0 kg/mol and Đ

= 1.43), respectively (Table 1, runs 21 and 22). Hence, it is
noteworthy that behaving rather differently from the metal-
based system where copolyesters with high γ-BL incorporations
(γ-BL% > 50%) were realized only when a large excess of γ-BL
in feed was employed (γ-BL/ε-CL ≥ 10), the organic catalyst
system based on tBu-P4/BnOH afforded the copolyesters with
high γ-BL incorporations at a relatively low γ-BL/ε-CL feed
ratio of 3/1−4/1. It is noted here that the atom efficiency of γ-
BL used in the copolymerization study is low to moderate due
to its relatively low conversions (6−50%), especially in those
copolymerizations using γ-BL in large excess in feed to achieve
high γ-BL incorporations, but it can be easily recycled.
Switching to the less strained, six-membered δ-VL

comonomer, the γ-BL copolymerization behavior by La[N-
(SiMe3)2]3 at RT was rather similar to that observed for the γ-
BL copolymerization with ε-CL (Table 2, runs 1−5). However,
lowering the polymerization temperature did not further
enhance the γ-BL incorporation in the resulting copolyester
PBL-co-PVL, which is in sharp contrast to the γ-BL/ε-CL

copolymerization. For example, the γ-BL incorporation in PBL-
co-PVL produced at −40 °C (34.1%) was even lower than that
obtained at −20 °C (52.6%, Table 2, run 7 vs 6). Even though a
large excess of γ-BL in feed was employed, it was still difficult to
synthesize a copolyester with γ-BL incorporation higher than
52.6%. However, this problem was readily solved by employing
the tBu-P4/BnOH system that afforded PBL-co-PVL copolyest-
ers with a wide range of γ-BL incorporations from low 19.8% to
high 75.1%, simply by varying the reaction temperature and the
γ-BL/δ-VL ratio in feed (Table 2, runs 8−12). For example,
PBL-co-PVL with a high γ-BL incorporation of 71.2% andMn of
20.7 kg/mol (Đ = 1.52) was produced with γ-BL/tBu-P4/
BnOH = 400/1/1 and γ-BL/δ-VL = 10/1 at −40 °C (Table 2,
run 13). These results showed again the different kinetic
behavior (toward monomer selectivity) between the metal
(La)-based and organic tBu-P4/BnOH systems.
To verify the monomer sequence of the resultant

copolymers, kinetic studies were carried out. In the case of
the copolymerization of γ-BL with ε-CL in a γ-BL/ε-CL feed
ratio of 3/1 at 25 °C, γ-BL and ε-CL conversions increased
gradually with increasing the polymerization time from 1 to 15
min, while γ-BL incorporation decreased slightly from 37.6% to
33.4% in the first 10 min and maintained at about 33.6% at the
late stage of the copolymerization (Table S1, runs 1−6, Figures
S1 and S2). Even under the conditions (γ-BL/ε-CL = 15/1 in
feed, −40 °C) that produced the copolymers with a high level
of γ-BL incorporation (>70%), no obvious variations in γ-BL
incorporations were observed when the polymerization time
was extended from 4 to 15 min (72% vs 78%, Table S1, runs 7
and 8). Hence, both results demonstrated that the resultant
PBL-co-PCL copolymers are the statistical random copolymers
rather than the possible tapered ones. Kinetic studies of the
copolymerization of γ-BL with δ-VL also yielded similar results
(Table S1, runs 9−15).

Microstructures of γ-BL-Based Copolyesters. The
microstructures of the copolymers of γ-BL with ε-CL and δ-
VL were investigated by 1H and 13C NMR methods. Figure 1
depicts 1H NMR spectra of typical γ-BL/ε-CL and γ-BL/δ-VL
copolymers, where the peaks were assigned based on the
previous literature methods37,39 as well as by comparing peak
positions between homopolymers and copolymers with differ-
ent γ-BL contents. The monomer incorporation was calculated
by 1H NMR spectra while 13C NMR spectra provided more
detailed information about the microstructure. Taking the 13C

Figure 1. 1H NMR spectra (CDCl3): (a) PBL-co-PCL (17.5% γ-BL) (Table 1, run 4); (b) PBL-co-PVL (8.0% γ-BL) (Table 2, run 2).
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NMR spectrum (Figure 2) of PBL-co-PCL (γ-BL% = 55.2%) as
an example, the signal of the carbonyl carbon of the ε-CL ring-
opened unit is split into two peaks attributed to the CL−CL

continuous sequence and CL−BL alternating sequence. For the
γ-BL ring-opened unit, the triad sequence can be revealed by
13C NMR spectra, including CL−BL−CL and BL−CL−BL

Figure 2. 13C NMR spectrum (CDCl3) of PBL-co-PCL copolymer (γ-BL mol % = 55.2%, Table 1, run 14).

Figure 3. 13C NMR spectrum (CDCl3) of PBL-co-PVL (γ-BL mol % = 54.0%, Table 2, run 11).

Table 3. Molar Ratios of Different Sequence Linkages Determined by 13C NMR

M ring-opened unit γ-BL (B) ring-opened unit

copolymer incorp (γ-BL%) M−M (mol %) M−B (mol %) M−B−M (mol %) B−M−B (mol %) B−B−M (mol %) B−B−B (mol %)

PBL-co-PCL 17.5 66.7 15.8 11.5 4.25 1.75 0

33.6 44.2 22.2 18.6 6.52 6.15 2.33

55.2 17.7 27.2 13.0 13.0 11.0 18.1

76.0 4.63 19.3 4.71 14.4 14.5 42.5

PBL-co-PVL 8.00 84.6 7.36 5.76 2.28 0 0

23.7 57.3 19.0 14.1 4.00 3.65 1.95

54.0 32.5 13.5 8.70 8.37 15.3 21.63

71.2 17.6 11.2 3.10 9.47 58.63
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alternating sequences as well as BL−BL−CL and BL−BL−BL
continuous sequences. Similar sequence structures can also
detected in the methylene carbon adjacent to the oxygen atom
in both ε-CL and γ-BL ring-opened units. Figure 3 depicts 13C
NMR spectrum of PBL-co-PVL (γ-BL mol % = 54.0%), which
also shows similar dyad δ-VL ring-opened units and triad γ-BL
ring-opened units. The results of quantitative analysis of
sequence distributions of both PBL-co-PCL and PBL-co-PVL

copolymers with different γ-BL incorporations by 13C NMR
spectra are provided in Table 3 (Figures S3−S10). 13C NMR
analysis of both PBL-co-PCL and PBL-co-PVL copolymers
(Figures 2 and 3 and Figures S3−S10) indicated that with an
increase of γ-BL incorporation, M−M (M = ε-CL, δ-VL)
continuous sequence and M−B−M (B = γ-BL) alternating
sequence decreased, while B−M−B alternating sequence, B−
B−M sequence, and B−B−B continuous sequence increased

Table 4. Thermal Properties of γ-BL-Based Copolyesters and Control Homopolymersa

entry copolyester incorp (γ-BL %) Mn (kg/mol) Tm (°C) Tg (°C) Tc (°C) ΔHf (J/g) Td (°C)

1 PCL 0 79.6 57.6 −59.4 32.5 54.3 360

2 poly(BL-co-CL) 17.5 69.5 45.1 −63.0 19.0 50.0 n.d.

3 poly(BL-co-CL) 27.1 134.8 40.8 −59.6 10.5 47.1 312

4 poly(BL-co-CL) 33.6 44.0 36.4 −59.4 8.36 55.1 302

5 poly(BL-co-CL) 45.0 59.1 32.5 −58.7 7.21 50.4 n.d.

6 poly(BL-co-CL) 55.2 48.8 24.8 −56.4 −4.87 51.2 281

7 poly(BL-co-CL) 66.0 44.4 11.0 −65.0 −26.2 38.1 n.d.

8 poly(BL-co-CL) 71.0 42.3 17.5 −59.3 −20.4 39.5 n.d.

9 poly(BL-co-CL) 76.0 31.7 20.0 −54.4 −21.0 40.9 267

10 poly(BL-co-CL) 84.0 22.8 33.3b −48.1 11.9 46.0 231

11 PBL 100 12.0 63.5 −45.6 32.7 33.2 201

12 PVL 0 45.8 58.6 −54.6 33.8 68.2 264

13 poly(BL-co-VL) 13.5 39.1 43.0 −60.9 17.4 55.6 n.d.

14 poly(BL-co-VL) 34.1 26.5 19.2 −61.0 −14.3 35.4 283

15 poly(BL-co-VL) 54.0 11.5 14.0 −55.7 −26.1 26.1 n.d.

16 poly(BL-co-VL) 72.0 15.0 53.1 −51.6 3.68 33.8 270
aAll Tm and Tg values were obtained from the second scan after the thermal history was removed from the first scan. The first heating rate was 20
°C/min while the second heating rate was 10 °C/min and cooling rate was 5 °C/min. bCooling rate is 2 °C/min.

Figure 4. DSC curves: (a) PBL-co-PCL (γ-BL mol % = 66.0%, Table 4, entry 7); (b) PBL-co-PCL (cooling rate: 5 °C/min, γ-BL mol % = 84.0%,
Table 4, entry 10); (c) PBL-co-PCL (cooling rate: 2 °C/min, γ-BL mol % = 84.0%, Table 4, entry 10).
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(Table 3). Comparing the copolymers with ε-CL and δ-VL at
the similar level of γ-BL incorporation (PBL-co-PCL with
55.2% and 76.0% γ-BL% vs PBL-co-PVL with 54.0% and 71.2%
γ-BL%), PBL-co-PCL copolymers contain a lower content of
M−M continuous sequences in the M ring-opened unit as well
as B−B−M and B−B−B continuous sequences in the B ring-
opened units, but with a higher amount of M−B alternating
sequences in the M ring-opened units as well as M−B−M and
B−M−B alternating sequences in the B ring-opened unit,
relative to PBL-co-PVL copolymers (Table 3); these results
indicate that PBL-co-PCL has a more random structure than
PBL-co-PVL.
The reactivity ratios for both copolymerizations, rM = kM/kB

and rB = kB/kM, were evaluated by the Fineman−Ross plots
(Figure S11). The graphical plots, together with the
copolymerization data used to make the plots, as well as the
resulting reactivity ratios, are provided in Table S2. Specifically,
the kinetic study of the copolymerization of γ-BL with ε-CL by
La[N(SiMe3)2]3/Ph2CHCH2OH gave rM = 1.41 and rB =
0.076, while the kinetic study of the copolymerization of γ-BL
with δ-VL by tBu-P4/Ph2CHCH2OH gave rM = 0.86 and rB =
0.16. Thus, the product of the two reactivity ratios (rMrB ≈ 0.11
for the copolymerization of γ-BL with ε-CL and rMrB ≈ 0.14 for
the copolymerization of γ-BL with δ-VL) indicates a tendency
of monomers to form random copolymers containing
considerable alternating monomer sequences, which is in
agreement with the microstructure determined by 13C NMR
analysis.
Thermal Properties and Cocrystallization Behavior of

γ-BL-Based Copolyesters. The thermal properties of the
PBL-co-PCL and PBL-co-PVL copolymers with different γ-BL
incorporations synthesized herein were analyzed by DSC and
TGA, the results of which are summarized in Table 4.
Representative DSC curves of γ-BL/ε-CL copolymers are
depicted in Figures 4, showing a single endothermic Tm peak in
the second heating scan for all the PBL-co-PCL copolymers,
except for the copolymer with the γ-BL incorporation of 84.0%
that exhibited two melting-transition peaks, presumably caused
by the insufficient/slow crystallization due to the relatively fast
cooling rate. Indeed, decreasing the cooling rate from 5 to 2
min/°C in the cooling cycle led to mergence of the two melting
peaks into a single melting peak (Figure 4b vs 4c). Notably, γ-
BL/ε-CL copolymers maintain high crystallinity over the entire
compositional range, which is different from the common cases
for semicrystalline random A−B copolymers that their
crystallinity substantially decreases with increasing the content
of the comonomer units (Tm depression) and finally completely
disappears.54 Another common scenario for a semicrystalline
random A−B copolymer is that the copolymer remains its high
crystallinity over the whole composition range as a result of
cocrystallization of the two comonomer units (i.e., isomorphic
crystallization); for such an isomorphic copolymer system,
there typically exhibits a linear relationship between the molar
composition and Tm that spans in between the Tm’s of the two
constituent homopolymers.55−57 However, an isodimorphic
cocrystallization behavior was observed for PBL-co-PCL from
the plot of the dependence of the Tm value on the composition
or γ-BL incorporation provided in Figure 5. Thus, the Tm value
of the copolymer decreased first with increasing the γ-BL
incorporation in the copolymer, but after reaching the lowest
temperature of 11.0 °C (which is considerably lower than the
Tm of either homopolymer, 63.5 °C for PBL and 57.6 °C for
PCL), then it started to rise with further increasing the γ-BL

incorporation, revealing a unique eutectic phase behavior.
Hence, PBL-co-PCL exhibits a eutectic temperature (Teu) of
11.0 °C, at which temperature the eutectic composition (Xeu) is
with 66.0% γ-BL. Therefore, at this composition, (PBL)0.66-co-
PCL becomes a viscous liquid at RT, although the two
constituent homopolymers are semicrystalline solids at RT.
Overall, the dependence of the copolymer Tm value on the γ-

BL incorporation depicted in Figure 5 can be explained as
follows. Generally, at the eutectic composition, the A−B
copolymer can crystallize in both A and B lattices so that two
kinds of crystalline lattices coexist which are compatible on the
scale of a crystallite (but incompatible on the scale of a
monomer unit), indicative of isodimorphic cocrystalliza-
tion.57−62 When outside of the eutectic region, the A−B
copolymer crystallizes either in A lattice or in B lattice
depending on the copolymer composition, leading to one
crystalline lattice. Thus, with gradually increasing the B (γ-BL)
unit content, the structure of the crystal lattice shifts from the A
type crystal to the isodimorphic phase and then to the B type
crystal.57−62

PBL-co-PCL copolymers with different γ-BL incorporations
were also characterized by XRD and SAXS analyses of the
annealed samples (by heating the samples from RT to 80 °C at
10 °C/min and then cooling to RT (for XRD) or −10 °C (for
SAXS) with at 5 °C/min). As shown in Figure 6, PCL exhibited
the two characteristic semicrystalline diffraction peaks at 2θ of
21.6° and 23.3° (orange line), while the two peaks of PBL were
noticeably less separated (i.e., moved closer) from each other at
2θ of 21.9° and 23.1° (black line). For PBL-co-PCL
copolymers, the diffraction pattern remained similar, but the
two characteristic diffraction peaks were shifted further apart
from each other and separated more than either PBL or PCL
homopolymer, now appearing in the 2θ range from 21.4°−
21.5° to 23.6°−23.8°, with the largest separation of 2.4° (blue
curve) observed for the copolymer with the lowest γ-BL
incorporation of the series. In addition, a small broad shoulder
peak appeared at ∼22.4° for the copolymer samples.
Interestingly, microcrystalline domains of ca. 384, 84.2, 72.7,
and 135 nm, calculated from the q value at the maximum
intensity in SAXS analysis63 (Figure 7), can be observed for the
PBL-co-PCL copolymers with the γ-BL incorporation of 33.6%,
55.2%, 66.0%, and 76.0%, respectively, which decreased first
with increasing the γ-BL incorporation and then enhanced after
reaching the smallest the domain size of 72.7 nm at the eutectic

Figure 5. Plot of Tm values of PBL-co-PCL as a function of γ-BL
incorporation (Table 4, entries 1−11), showing an isodimorphic
cocrystallization behavior with a discrete eutectic temperature of Teu =
11.0 °C and composition of Xeu = 66.0% γ-BL.
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composition. In sharp contrast, no significant peaks were
detected in the SAXS profile of PCL and PBL homopolymers.
In the case of PBL-co-PVL copolymers, a similar dependence of
the Tm value on the comonomer composition was also
observed (Table 4, entries 13−16), indicative of an eutectic
behavior.
Typical TGA curves of PBL-co-PCL copolymers, together

with PCL and PBL homopolymer controls, are shown in Figure
8. PCL (Mn = 79.6 kg/mol) exhibits higher thermal stability
than the relatively low molecular weight PBL (Mn = 12.0 kg/
mol). Accordingly, the thermal stability, as defined by the
degradation temperature (Td), of PBL-co-PCL is dependent on
the γ-BL incorporation, which decreased with increasing the γ-
BL incorporation, indicating that the incorporation of γ-BL into
PCL facilities thermal degradation of the resulting copolymer.
Different from PBL-co-PCL copolymers, the Td values of
copolymers PBL-co-PVL (Td = 269.8−282.7 °C, Table 4,
entries 14 and 16) are slightly above, or similar to,
homopolymer PVL (Td = 264.0 °C, Table 4, entry 12).
Hydrolytic Degradation Profiles of γ-BL/ε-CL Copoly-

mers. The hydrolytic degradation behavior of ε-CL/γ-BL
copolymers with different levels of γ-BL incorporation as well
as the control PCL and PBL homopolymers was studied by

monitoring the weight variation of the polymer film samples
immersed in neutral, acidic, and basic aqueous solutions. Figure
9 shows the weight remaining profiles of the polymer samples
with different times (days). As can be seen from the profiles
depicted in Figure 9, the degradation rates of the polymer
samples in different aqueous solutions are substantially
different, which follow the degradation rate order of OH−/
H2O > H+/H2O > H2O. Compared with PCL and PBL-co-PCL
copolymers, the hydrolytic degradation of PBL is relatively fast,
especially in the basic aqueous solution. For example, only 4.7%
of weight remained for PBL after 1 month while PCL still had
87% weight remained. It is noteworthy that incorporation of γ-
BL into PCL can accelerate the hydrolytic degradation rate of
PCL, which increases with the γ-BL incorporation. For
instance, the PBL-co-PCL copolymer with 76 mol % of γ-BL
incorporation had 77% weight remaining after 1 month in the
basic aqueous solution decreased from 87% for PCL. Worth
noting here is the observation that the copolymer even with a
high level of γ-BL incorporation (76 mol %) still exhibited
relatively strong resistance toward hydrolytic degradation,
rendering its degradation behavior resembling more closely to
PCL than to PBL. The same phenomenon was also observed in
other types of copolymers such as such as PLGA,64 which is
presumably caused by the relatively random distribution of γ-
BL and ε-CL ring-opened units of this copolymer as indicated
by 13C NMR analysis (Table 3).

■ CONCLUSIONS

In summary, toward the goal of addressing the current
challenge in the synthesis of the bioderived γ-BL-based
copolyesters with a wide range of γ-BL incorporations across
the entire composition range needed for comprehensive
investigations into the composition-dependent physical proper-
ties and degradation behavior of the resulting copolyesters, we
successfully developed the effective copolymerization of the
nonstrained γ-BL with two common strained cyclic esters (ε-
CL and δ-VL) with very different monomer thermodynamic
polymerizability, which yielded a series of relatively high MW
copolyesters with unprecedented levels of γ-BL incorporations.
The key to this success is attributable to the carefully designed
kinetic and thermodynamic conditions: To increase the γ-BL
incorporation, on one hand, we need to enhance the
polymerizability γ-BL by performing the copolymerization
under low temperatures at −20 and −40 °C (to lessen the

Figure 6. XRD diffraction patterns of PBL-co-PCL with various
compositions and their homopolymer controls.

Figure 7. SAXS patterns of PBL-co-PCL and their homopolymer
controls. Data collected at −10 °C.

Figure 8. TGA curves of PBL-co-PCL with different γ-BL
incorporations, in comparison to homopolymers PBL and PCL.
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entropic penalty of its ROP) and high initial monomer
concentrations (by adjusting the feed ratio); on the other
hand, we also need effective catalysts and initiators that exhibit
not only good activity, especially at low temperatures, but also
monomer selectivity for incorporating γ-BL into the copolymer.
In this context, two catalyst/initiator systems, metal-based
catalyst La[N(SiMe3)2]3 and organic catalyst tBu-P4, which
showed different kinetic behavior or monomer selectivity,
coupled with judiciously selected reaction conditions, were
found to effectively compete the relatively inert “nonstrained”

γ-BL against the relatively high-strained (more reactive)
lactones toward ring-opening polymerization. As a result, this
synthetic capability enabled access to γ-BL-based aliphatic
copolyesters with their compositions tuned in a wide range:
from low to 84.0 mol % γ-BL for PBL-co-PCL and up to 75.1
mol % γ-BL for PBL-co-PVL. The copolymerization of γ-BL
and ε-CL in a multigram scale (>20 g) readily led to the
synthesis of high-MW PBL-co-PCL copolyesters with Mn up to
135 kg/mol. All of the copolyesters exhibit random copolymer
structures with considerable alternating monomer sequences, as
established by microstructure analysis with 1H and 13C NMR.
Analysis of the copolyesters across the wide composition

range revealed several intriguing or interesting thermal,
cocrystallization, and degradation properties, which can be
controlled and regulated by the copolymer composition. Such
composition-dependent properties revealed in this study
included chiefly: (a) The copolymer of γ-BL/ε-CL (and γ-
BL/δ-VL) displays the unique eutectic phase behavior with
high crystallinity maintained over the entire composition range
of PBL-co-PCL, with the eutectic temperature of 11.0 °C at the
unique composition of 66.0% γ-BL. (b) Incorporation of γ-BL
into the copolymers facilitates thermal degradation of the PCL
chain. (c) The study of hydrolytic stability showed that
incorporation of γ-BL into PCL accelerates the hydrolytic
degradation rate of PCL, which can be modulated by changing
the copolyester composition.
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Behavior of Random Copolymers: Thermodynamic Analysis of
Cocrystallization of Poly(3-hydroxybutyrate-co-3- hydroxyvalerate).
Macromolecules 1991, 24, 3888−3892.
(56) Ceccorulli, G.; Scandola, M.; Kumar, A.; Kalra, B.; Gross, R. A.
Cocrystallization of Random Copolymers of ω-Pentadecalactone and
ε-Caprolactone Synthesized by Lipase Catalysis. Biomacromolecules
2005, 6, 902−907.
(57) Pan, P. J.; Inoue, Y. Polymorphism and Isomorphism in
Biodegradable Polyesters. Prog. Polym. Sci. 2009, 34, 605−640.
(58) Storey, R. F.; Hoffman, D. C. Copolymerization of ε-
Caprolactone and δ-Valerolactone. Makromol. Chem., Macromol.
Symp. 1991, 42-43, 185−193.
(59) Jiang, Z. Z.; Azim, H.; Gross, R. A.; et al. Lipase-Catalyzed
Copolymerization of ω-Pentadecalactone with p-Dioxanone and
Characterization of Copolymer Thermal and Crystalline Properties.
Biomacromolecules 2007, 8, 2262−2269.
(60) Zhang, J.; Zhu, W. X.; Li, C. C.; Zhang, D.; Xiao, Y. N.; Guan,
G. H.; Zheng, L. C. Aliphatic−aromatic Poly(butylene carbonate-co-
terephthalate) Random Copolymers: Synthesis, Cocrystallization, and
Composition-dependent Properties. J. Appl. Polym. Sci. 2015, 132,
41952.
(61) Papageorgiou, G. Z.; Bikiaris, D. N. Synthesis, Cocrystallization,
and Enzymatic Degradation of Novel Poly(butylene-co-propylene
succinate) Copolymers. Biomacromolecules 2007, 8, 2437−2449.
(62) Arandia, I.; Mugica, A.; Zubitur, M.; Arbe, A.; Liu, G. M.; Wang,
D. J.; Mincheva, R.; Dubois, P.; Müller, A. J. How Composition
Determines the Properties of Isodimorphic Poly(butylene succinate-
ran-butylene azelate) Random Biobased Copolymers: From Single to
Double Crystalline Random Copolymers. Macromolecules 2015, 48,
43−57.
(63) Bell, C. A.; Yu, J. Y.; Barker, I. A.; Truong, V. X.; Cao, Z.;
Dobrinyin, A. V.; Becker, M. L.; Dove, A. P. Independent Control of
Elastomer Properties through Stereocontrolled Synthesis. Angew.
Chem., Int. Ed. 2016, 55, 13076−13080.
(64) Li, J.; Stayshich, R. M.; Meyer, T. Y. Exploiting Sequence to
Control the Hydrolysis Behavior of Biodegradable PLGA Copolymers.
J. Am. Chem. Soc. 2011, 133, 6910−6913.

Macromolecules Article

DOI: 10.1021/acs.macromol.7b02174

Macromolecules 2017, 50, 8469−8479

8479


