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ymers of PPC with oligomeric PBS:
with low brittle–toughness transition temperature†

Jiaxiang Qin, Limiao Lin, Shuanjin Wang, Shuxian Ye, Weikeng Luo, Min Xiao,
Dongmei Han* and Yuezhong Meng *

In order to decrease the brittle–toughness transition temperature and increase the mechanical strength of

poly(propylene carbonate) (PPC), a series of multiblock copolymers of poly(propylene carbonate)-

multiblock-poly(butylene succinate) (PPC-mb-PBS) are designed and synthesized. 1H-NMR, DOSY and

GPC results demonstrate the successful synthesis of PPC-mb-PBSs with designed multiblock sequence.

The thermal, crystalline and mechanical properties of these PPC-mb-PBSs are evaluated by DSC, TGA,

POM, tensile and tearing testing. Experiment results demonstrate that crystallinity, thermal and

mechanical properties of PPC-mb-PBSs can be readily modulated by changing the composition and

block length of PPC and PBS moieties. It is found that all the prepared PPC-mb-PBSs are semi-

crystalline polymers with a melting temperature at 93–109 �C and a Tg at around �40 �C. Both

crystallization rate and crystallinity of the multiblock copolymers increase with increasing both PBS

content and PBS block length. As a consequent, the tensile strength increases with increasing PBS/PPC

block ratios at room and lower temperatures. In conclusion, the amorphous PBS phase in the block

copolymers acts as soft segment, endowing PPC-mb-PBS copolymers with much better flexibility than

PPC at low temperature of 273 K when PPC segments are frozen.
Introduction

Aliphatic polyesters are known biodegradable polymers with
good biocompatibility, biodegradation, low immunogenicity
and non-cytotoxicity, and have been introduced as integral
components of e.g. engineered tissues, medical devices, and
drug delivery systems.1–9 Currently, there is increasing interest
in functional poly(propylene carbonate) that can be prepared
directly from carbon dioxide (CO2) and propylene oxide (PO),
represent a promising class of biodegradable polymers for
a variety of applications.10–13 However, due to the low Tg and the
amorphous nature, PPC shows highly soness and low
mechanical strength at a temperature slightly higher than room
temperature.14 Particularly, PPC exhibits a very brittle nature in
case it is used in the application of a lm material.15–17 In this
senses, the application of PPC has been severely restricted as
thermal plastic.18 To address these issues, numerous studies
have been proposed to improve the properties of PPC. One
effective approach is to introduce bulky or hard segment into
the backbone of PPC via copolymerization process.19–21

Recently, the researches focus on linking a number of distinct
ry & Energy Conservation of Guangdong
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tion (ESI) available. See DOI:
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homopolymers via covalent bonds to provide di- and triblock
copolymers.22–27 A number of typical monomers have been used
to synthesize polycarbonate-block-polyester polymers with CO2,
such as lactide,22,23 cyclohexene oxide (CHO)24 as well as cyclic
acid anhydride.25–27 Unfortunately, these strategies are only
suitable for CHO and cyclic anhydride monomers, since few
monomers are more reactive for copolymerization with PO and
CO2.23,28 The mechanical properties of copolymers could be
enhanced by copolymerizing PPC with lactide. However, due to
the small size of lactide, such random, di- and triblock copol-
ymers have a limitation in free volume, leading to no signicant
improvement in the brittle–toughness transition temperature.

On the other hand, biodegradable polymers with a multi-
block topology can be facilely prepared by coupling reaction.29–40

Through the coupling reaction, the physico-chemical properties
could be strongly complemented and easily controlled by
varying the block length and total molecular weight of the
polymer. Many biodegradable multiblock copolymers based on
poly(butylene succinate) (PBS),29,30 poly(lactide),33–35,38,39 poly-
caprolactone,38,39 poly(hydroxybutyrate),40 and poly-(ethylene
glycol)34,35,40 have been prepared to improve their physico-
chemical properties for biomaterials applications.

PBS synthesized from succinic acid (SA) and 1,4-butanediol
(BDO) is a commercially available, aliphatic thermoplastic
polyester with many interesting properties, including biode-
gradability, mechanical properties, melt processability, and
thermal resistance, thus being a promising polymer for various
This journal is © The Royal Society of Chemistry 2018
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potential applications.32–34 In our previous work, blends of PPC
and PBS were prepared to improve the thermal and mechanical
properties of PPC.41,42 However, as far as we know, there is no
report on the multiblock copolymer of biodegradable polyester
from PPC and PBS.

In this paper, we design and report the synthesis of a series
of PPC-mb-PBSs from dihydroxylated PPC (PPC–OH) and
dicarboxylated PBS (PBS–COOH) via a coupling reaction. A
carefully control over the terminal functions of the prepolymers
makes it possible to directly adjust 1 : 1 molar ratio between two
different functional groups, which results in the easy formation
of high-molecular weight PPC-mb-PBSs. The multiblock copol-
ymers show various improved properties, including process-
ability, mechanical strength, especially low brittle–toughness
transition temperature.

Experimental
Materials

Propylene oxide (PO, AR), 1,4-butanediol (BDO, AR), succinic
acid (SA, AR), tetrabutyl titanate, dimethylaminopyridine
(DMAP, AR) and N,N0-dicyclohexylcarbodiimide (DCC,AR) was
purchased from Aladdin chemicals Co., Ltd. Neat PPC with high
molecular weight was supplied by Henan Tianguan Group while
neat PBS (Bionolle #1020,Mn¼ 100 kDa) purchased from Showa
Highpolymer Co., Ltd. BDO, SA, DMAP, DCC, tetrabutyl titanate
and all the solvent was used as received.

Synthesis of high molecular weight of PPC

PO was reuxed over CaH2 and distilled under dry nitrogen gas
ow. CO2 of 99.99% purity was used as received. Zinc glutarate
were prepared according to previous work.43 PPC were prepared
by copolymerization of CO2 and PO using zinc carboxylates as
catalyst. Typically, 0.5 g catalyst and 50 mL PO were introduced
into the cleaned autoclave, pressured to 5 MPa with CO2 and
maintain at 60 �C for 40 h. The resulting polymers were dis-
solved in chloroform and then precipitated by being poured
into vigorously stirred ethanol. The nal product was ltered
and dried under vacuum at a temperature of 100 �C for 24 h.

Preparation of PPC–OH

BDO (0.57 g, 7.5 mmol) and high molecular weight PPC
synthesized from last step (5.1 g, 50 mmol) were added to
a three-necked ask (25 mL), which was connected to a mani-
fold equipped with vacuum and N2 gas lines, and equipped with
a mechanical stirrer. The ask was made oxygen-and moisture-
free by a nitrogen purge followed by use of a vacuum before was
immersed in a hot-oil bath (180 �C) and the reaction lasted for
120 min. Aer cooling to room temperature under the inert
atmosphere, the resultant PPC–OH was washed by 5% hydro-
chloric acid and water 3 times to remove the residual catalyst.

Preparation of PBS–COOH

SA (38.9 g, 0.3 mol) and BDO (32.4 g, 0.3 mol) were added into
a 150 mL three-necked round-bottom ask, which was con-
nected with gas inlet and outlet adapters. The mixture was
This journal is © The Royal Society of Chemistry 2018
immersed in a silicon oil bath and then reacted at 160 �C under
nitrogen atmosphere. It is well known that the polymerization
consisted of esterication and polymerization reactions; in the
process of esterication, H2O (0.6 mol) was collected using
a trap device and the reaction was completed for about 3 h.
Then appropriate amount of catalyst tetrabutyl titanate was
added to the system and the viscous liquid was heated to 220 �C
to undergo rst-stage polymerization at 2.0 torr for 2 h with the
removal of water generated. At the end of the rst-stage poly-
merization, the pressure in the reaction vessel was reduced to
0.5 torr, and then the second stage polymerization proceeded
for 2–6 h to further increase the molecular weight of the
resulting linear PBS. Aer the polymerization was completed,
the temperature in the reaction vessel was cooled down to
160 �C and then appropriate amount of SA was added again into
the system. The PBS polymer was then reacted with the added
SA at 160 �C for 120 min under nitrogen atmosphere. Aer the
end-capping reaction, about 100 mL of chloroform were used to
dissolve the product. The solution was precipitated into exces-
sive ethanol to obtain a white powdery polymer. The ltered
polymer was washed with ethanol and dried at 25 �C for 24 h in
a vacuum oven.

Synthesis of PPC-mb-PBSs multiblock copolymers

PPC–OH (1 mmol) and equimolar dicarboxylated PBS were
dissolved in 50mL of anhydrousmethylene chloride. DMAP (0.3
mmol) was added to the solution as a catalyst and DCC (3
mmol) was added as a coupling agent. The reaction ask was
kept in a dry nitrogen environment at room temperature while
stirring. Aer 10 min, a white dicyclohexylurea (DCU) precipi-
tate formed as a reaction by-product. Reaction conditions were
maintained for 48 h. The precipitated DCU was ltered off. The
ltrate was concentrated under reduced pressure and then
poured into a large excess amount of cold ethanol with vigorous
stirring. The precipitate product was collected and dried in
vacuum oven for 24 h. The various multiblock copolymers with
different compositions were prepared using the same
procedure.

Film preparation

Prior to measurements of mechanical properties, the lm
samples of PPC, PBS and PPC-mb-PBSs copolymers (thickness�
0.2 mm) were obtained by solution-cast method. The polyester
was dissolved in chloroform (10 wt%) and then cast on a poly-
tetrauoroethylene (PTFE) dish, followed by evaporation of
solvent at 25 �C for 24 h. The lms were further dried at 40 �C in
vacuum for 24 h.

Measurement
1H-NMR spectra of the polyesters were recorded on a Bruker
DRX-500 NMR spectrometer at room temperature. Deuterated
chloroform (CDCl3) was used as solvent, chemical shis were
expressed in ppm with respect to tetramethylsilane (TMS).
Diffusion ordered spectroscopy (DOSY) experiments were per-
formed with a Bruker DRX-600 NMR spectrometer operating at
600 MHz, using CDCl3 as solvent. Number-average molecular
RSC Adv., 2018, 8, 14722–14731 | 14723
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Scheme 2 Schematic diagram of synthesis of PBS-mb-PPC by
coupling reaction.
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mass (Mn)and polydispersity index (PDI) of the resultant poly-
mer product were measured using a gel permeation chroma-
tography (GPC) system (Waters 515 HPLC Pump, Waters 2414
detector) with a set of three columns (Waters Styragel 500,
10 000, and 100 000 A) and chloroform (HPLC grade) as eluent.
The GPC system was calibrated by a series of poly-styrene
standards with polydispersities of 1.02 standards. TGA
measurements were performed in a PerkinElmer Pyris Dia-
mond TG/DTA analyzer under a protective nitrogen atmo-
sphere. The temperature ranged from 50 to 500 �C with
a heating rate of 10 �C min�1. The glass transition temperature
(Tg) of the copolymers was measured by a DSC (Netzsch Model
204) and the measurements were carried out under nitrogen
ow from�70 to 180 �C at a heating rate of 5 �Cmin�1. Tg of the
samples was determined from the second run. The crystalliza-
tion morphologies of PBS, PPC and their copolymers were
studied using a polarized optical microscope (POM) (ZEISS, Axio
Scope A1) equipped with a temperature controller (Linkam
THMS 600). Dynamic mechanical analysis (DMA) (Netzsch
Model 242) was carried out with a tension mode at 1 Hz, 3 N of
static force and 3 �C min�1 from �60 to 70 �C. MALDI-TOF
spectra were recorded on a Bruker ultraeXtreme MALDI-TOF
spectrometer, with DHB as matrix and THF as solution. The
tensile tests were performed using a temperature-controlled
tensile tester (New SANS, Shenzhen, China) at 0 and 25 �C
with a crosshead speed of 50 mmmin�1. Five specimens of each
sample were tested, and the average results were recorded. The
Graves tear strength of the lms was measured according to
ASTM D 1004 with the same crosshead speed.
Table 1 Preparation of oligomeric precursors
Results and discussion
Synthesis and characterization

It has been well documented that the disadvantage of PPC
shows relatively low mechanical strength at a temperature
around or higher than its Tg and brittle nature at a temperature
lower than its Tg, which restrains its wide applications, espe-
cially the application in the area of packaging materials. To
address these issues, we introduce oligomeric PBS into the
backbone of PPC by the multiblock copolymerization as shown
in Scheme 1.

To obtain linear multiblock copolymers, the prepolymers
must be functionalized by reactive end groups for consecutive
coupling reactions (Scheme 2). Various dihydroxylated PPC
(PPC–OH) with different molecular weight was successfully
obtained from alcoholysis of the high molecular weight PPC,
while dicarboxylated PBS (PBS–COOH) was synthesized by the
esterication of SA and PBS, which was polymerized with BDO
Scheme 1 Schematic diagram of PBS-b-PPC copolymers.

14724 | RSC Adv., 2018, 8, 14722–14731
and SA in the presence of tetrabutyl titanate. Table 1 lists the
molecular weight and its distribution of both PBS–COOH and
PPC–OH measured by MALDI-TOF MS. The MALDI-TOF MS
patterns were shown in the ESI (Fig. S1 and S2†) indicate the
successful synthesis of the hydroxyl-terminated oligomeric PPC
and carboxyl-terminated oligomeric PBS.

A series of PPC-mb-PBS multiblock copolymers with different
block length (1200/1700, 2500/1700, 3100/1700 4000/1700, 2500/
2700, 3100/3500 and 4000/4400) were then synthesized to
investigate the effect of block composition and length on
brittle–toughness transition temperature and mechanical
properties. The prepared PPC-mb-PBSs multiblock copolymers
were characterized by 1H-NMR spectroscopy in CDCl3 (Fig. 1).
The proton resonances at 1.3, 4.2, and 5.0 ppm correspond to
CH3, CH2 and CH in polycarbonate sequence, while the peaks at
2.7 ppm are attributed to the CH2 groups in SA of butylene
succinate units. The molar ratio of PPC to PBS segment can be
calculated from 1H-NMR spectroscopy, which is consistent with
theoretical and designed ratio (Table 2). It reveals that PPC and
PBS blocks in backbone are multiblock structure. The coupling
reaction was also conrmed by DOSY NMR spectroscopy. DOSY
NMR is a two dimensional NMR technique, in which the signal
decays exponentially due to the self-diffusion behavior of
molecules. This leads to two dimensions: the rst dimension
(F2) accounts for the conventional chemical shi and the
second one (F1) for self-diffusion coefficients (D). Theoretically,
each component of a mixture can be pseudo-separated, based
on its own diffusion coefficient on the diffusion dimension.44
Oligomer precursor Mn � 103 Mw � 103 PDI

PBS–COOH 1.7 1.9 1.09
2.7 3.7 1.35
3.5 5.2 1.44
4.4 6.4 1.45

PPC–OH 1.2 2.2 1.40
2.5 3.7 1.38
3.1 4.3 1.46
4.0 6.4 1.60

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 1H-NMR spectrum of copolymers: (A) PPC, PBS and PPC-mb-PBS with the block size of 1200/1700, 2500/1700, 3100/1700 and 4000/
1700; (B) PPC, PBS and PPC-mb-PBS with the block size of 1200/1700, 2500/2700, 3100/3500 and 4000/4400.

Table 2 Characteristics of PPC-mb-PBS

Block length
(PPC-b-PBS) Yield/%

Theoretical
molar
block ratio

Measured
molar block
ratioa

Theoretical
weight
fractionb

Measured
weight
fractionc Mn

d � 104 Mw
d � 104 PDId

4000 � 1700 74 3.96 5.40 29.8 23.8 3.93 7.72 1.96
3100 � 1700 84 3.08 3.07 35.4 35.5 4.88 8.48 1.78
2500 � 1700 86 2.48 2.58 40.5 39.5 5.18 8.68 1.83
1200 � 1700 88 1.19 1.07 58.6 61.2 2.40 6.80 2.84
2500 � 2700 90 1.56 1.22 51.9 58.0 2.05 3.03 1.48
3100 � 3500 97 1.49 1.28 53.0 56.8 2.15 3.33 1.62
4000 � 4400 94 1.53 1.27 52.4 57.0 2.02 2.77 1.37

a Determined by 1H-NMR spectroscopy. b Theoretical weight fraction of PBS in the PPC-mb-PBS. c Measured weight fraction of PBS in the PPC-mb-
PBS. d Measured by GPC.
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DOSY can be considered as NMR chromatography because it is
a powerful and sensitive NMR tool for analysis of complex
mixtures. DOSY NMR of the multiblock copolymer was realized
in CDCl3 (Fig. 2). The 1H-NMR spectrum exhibits signals cor-
responding to PPC unit (d ¼ 5.0 ppm) and PBS unit (d ¼ 2.7) in
the DOSY pattern of both multiblock copolymer and the
mixture of PPC–OH and PBS–COOH. However, the diffusion
coefficients of the mixture of PPC–OH and PBS–COOH are
found to be separated, while that of the multiblock copolymer is
Fig. 2 DOSY spectrum of (A) multiblock copolymer and (B) mixture of P

This journal is © The Royal Society of Chemistry 2018
found to be a single value, which indicates that the distinct
homo-oligomeric PPC and PBS are linked via covalent bonds to
yield multiblock copolymers. The molecular weight and
molecular weight distribution of the multiblock copolymers
were further measured by GPC, listed in Table 2. As shown in
Fig. 3, GPC trace is observed to be unimodal and moves forward
aer copolymerization, which further suggests that the ob-
tained copolymer is not a mixture of PPC and PBS but a multi-
block copolymer. All these 1H-NMR, DOSY and GPC results
PC–OH and PBS–COOH.

RSC Adv., 2018, 8, 14722–14731 | 14725
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Fig. 3 GPC analysis of PPC–OH, PBS–COOH and multiblock
copolymer.
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demonstrate that PPC-mb-PBSs with multiblock sequence are
successfully incorporated into the backbone of polymer chains.

Thermal and crystalline properties

The thermal properties of PPC-mb-PBSs were examined by both
DSC and TGA techniques. The melting temperature (Tm), Tg,
and crystallinity were summarized in Table 3 on the basis of
DSC results. As shown in DSC heating curves, all the multiblock
copolymers with various block size give clear melting peak
(Fig. 4A and 5A). This is due to the presence of PBS segment
which is crystalline in nature. Compared to high molecular
weight PBS, the Tm of the multiblock copolymers decreases with
the incorporation of PPC segment. It seems that it is difficult to
correlate the Tm and the length of PPC segment (entry 1, 2, 3 and
4). However, the Tm of copolymers increases with increasing the
length of PBS segment (entry 6–10). Obviously, the melting and
crystalline behaviors of PPC-mb-PBSs are strongly inuenced by
the block length of PBS in the multiblock copolymers. Accord-
ing to the heat of fusion obtained from the areas under melting
peaks, the crystallinity, Xc, of PBS phase can be calculated from
the following formula:

Xcð%Þ ¼
�

DHm

WDH0
m

�
� 100%
Table 3 Thermal properties of PPC, PBS and copolymers

Entry Polymer Tm
a/�C Tg

a/�C

1 PPC — 22.3
2 4000 � 1700 93.6 �39.9
3 3100 � 1700 93.5 �39.0
4 2500 � 1700 93.6 �38.1
5 1200 � 1700 95.9 �39.1
6 2500 � 2700 104 �40.1
7 3100 � 3500 104 �40.0
8 4000 � 4400 108 �40.0
9 PBS 120 �40.2

a Measured by DSC. b Crystallinity was calculated from DSC method (110

14726 | RSC Adv., 2018, 8, 14722–14731
where DH0
m is the heat of fusion of 100% crystalline PBS; DHm is

the heat of fusion of the multiblock copolymers, and W repre-
sents the weight fraction of PBS component in the copolymer.
As can be seen in Table 3, the crystallinity of PBS phase is
apparently lower in copolymers than in their respective neat
PBS, and they slightly decrease with increasing the block length
of PPC segment (entry 1–4). This is because that the longer the
block length of PPC is, the greater the dimension of amorphous
region of PPC is. As a result, due to the connement and steric
effects of PPC, PBS segments are blocked to form crystalline
structure by the chain movement, leading to the decrease of
crystallinity in multiblock copolymer. From the results of entry
6–9, due to increase of the length of PBS segment, the crystal-
lization ability of PBS in the copolymers is enhanced and led to
the increase of the crystallinity of PBS phase in the copolymer.

In the DSC heating curves of melt-quenched samples (Fig. 4B
and 5B), all the multiblock copolymers show the Tg at �38 to
�40 �C, which are comparable with neat PBS. It is believed that
this is resulted from the presence of PBS segments in the
multiblock copolymer and its miscibility with PPC segments,
which will be further conrm by DMA. It should be noted that
the Tg of PPC block appears undetectable in the DSC curves
because of its less obviously change in specic heat. Moreover,
the clear cold crystallization and melting of PBS blocks are
observed in the second heating runs. However, these behaviors
are not observed in PPC-mb-PBSs with the block size of 2500/
1700, 3100/1700 and 4000/1700, indicating no crystallization
happen in both melt quenching process and second heating
process due to the low content of PBS in these PPC-mb-PBSs.
There is no cold crystallization peak for the PPC-mb-PBS with
block size of 4000/4400, but a large melting peak is observed in
the second heating curve, indicating the crystallization of PBS
segment is completed in the melt quenching process like neat
PBS (Fig. S3†). It can be deduced that the crystallization rate of
PPC-mb-PBSs depends both upon the block ratio of PPC/PBS
and block length of PBS. The higher the content of PBS in
multiblock copolymer, the higher the crystallization rate is. For
the multiblock copolymers with comparable block ratio, the
larger the PBS segment, the easier the crystallization is.

Fig. S4 and S5† show the thermal gravimetric analysis results
of the multiblock copolymers. The TGA curves of these copoly-
mers clearly indicate two terraces. Apparently, the thermal
DHm
a/J g�1 Crystallinityb/% T5%d

c

— — 159
4.95 15.0 226
8.88 22.7 233
20.2 27.5 235
20.8 32.1 270
21.5 37.4 261
23.5 40.1 242
25.7 43.8 259
52.3 47.3 328

.5 J g�1) for a 100% crystalline PBS. c Measured by TGA.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 DSC curves of PPC, PBS and PPC-mb-PBS with the block size of 1200/1700, 2500/1700, 3100/1700 and 4000/1700: (A) the first heating;
(B) the second heating runs.

Fig. 5 DSC curves of PPC, PBS and PPC-mb-PBS with the block size of 1200/1700, 2500/2700, 3100/3500 and 4000/4400: (A) the first heating;
(B) the second heating runs.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 8

/2
5/

20
24

 7
:0

2:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
stability of the multiblock copolymers is greatly improved as
compared with PPC because 5 wt% weight lost temperature
increases from 158.7 to 258.7 �C (Table 3, entry 5 and 9). The
improvement in thermal stabilities is resulted from the intro-
duction of PBS segment. This is because the activation energy of
neat PBS decomposition (180 kJ mol�1)45 is much higher than
that of neat PPC decomposition (80 kJ mol�1).46 As for the
degradation behavior of PPC, there are lots of literatures. The
most facile decomposition process was an unzipping process by
back-biting process forming many cyclic carbonate.17,47–49

Therefore, aer copolymerization with PBS–COOH, the
terminal hydroxyls of PPC were eliminated to a great extent and
back-biting reaction can be dramatically restricted. Conse-
quently, the zipper-like depolymerisation reaction of PPC can
be greatly prohibited in the presence of PBS segment.

The spherulitic morphology of neat PPC, neat PBS and their
copolymers were studied in detail with POM and presented in
Fig. 6. The average diameter of spherulites of the copolymers
increases with increasing the block size of PBS segment from
about 70 mm (Fig. 6B, PPC-mb-PBS 1200 � 1700) to 600 mm
This journal is © The Royal Society of Chemistry 2018
(Fig. 6E, PPC-mb-PBS 4000 � 4400), respectively. Moreover, the
crystallinity of PPC-mb-PBS 4000 � 4400 is the highest than that
all of PPC-mb-PBSs, which is comparable with neat PBS. The
results are shown in Table 3. The PPC-mb-PBS with the block
size of 2500/1700 and 3100/1700 shows no spherulitic
morphology (Fig. S6†), indicating that the crystalline structure
of PBS segments was restrained by PPC segments to form an
amorphous structure. These results are consistent with those
demonstrated in DSC measurements in second heating run.
Improvement of mechanical strength at low temperature

It is well known that PPC is an amorphous polymer with a Tg
around room temperature. Therefore, it is exhibits tough and
exible natures at temperatures higher than room temperature,
while rigid and brittle natures at temperatures lower than room
temperature. PBS is a crystalline polymer with a melting point
around 120 �C and a very low Tg of around �40 �C. Therefore, it
yields high mechanical strength together with excellent tough-
ness characteristic. In this connection, the multiblock copoly-
mers of PPC and PBS oligomers are expected to have low brittle–
RSC Adv., 2018, 8, 14722–14731 | 14727
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Fig. 6 Polarizing optical micrographs of polyester samples crystallized at 90 �C for 2 h. (A) PPC; (B) PPC-mb-PBS 1000� 1000; (C) PPC-mb-PBS
2500 � 2700; (D) PPC-mb-PBS 3100 � 3500; (E) PPC-mb-PBS 4000 � 4400; (F) PBS.
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toughness transition temperature and superior mechanical
properties, especially low temperature property when compared
with neat PPC. Fig. 7 shows the tensile properties of neat PPC,
neat PBS and PPC-mb-PBSs. It is apparent that all the polymers
exhibit higher tensile strengths than those of neat PPC at both
14728 | RSC Adv., 2018, 8, 14722–14731
273 K and 300 K. The reinforcement of copolymers is believed to
be the presence of crystalline PBS segment within PPC-mb-PBS.
The crystalline domains act as strong non-covalent cross-
linking domains, and greatly enhance the strength of copol-
ymer. In addition, the tensile strength displays an increasing
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Tensile property of PPC-mb-PBS copolyester films at (A) 273 K, and (B) 300 K.
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tendency with the decrease of PPC/PBS block ratios as well as
the increase of PBS block length for a certain PPC/PBS block
ratio in the multiblock copolymers. It is in consistence with the
crystallinity variation tendency of the multiblock copolymers.
On the other hand, due to the high content of PPC in the
multiblock copolyester (PPC-mb-PBS 4000 � 1700, 3100 � 1700,
3500 � 1700), the PBS segments are blocked to crystallize and
form amorphous phase as shown in Fig. S5.† The amorphous
phase is completely miscible with PPC segment to provide
larger elongation when compared with neat PPC. Particularly,
these PPC-mb-PBSs show a higher elongation at break than neat
PPC at low temperature of 273 K. A visual examination (sample
deformation shown as a short movie) of tested samples is also
available in ESI.†

For the multiblock copolymers with PPC/PBS block ratio
close 1 : 1 (PPC-mb-PBS 1200 � 1700, 2500 � 2700, 3100 �
3500, 4000� 4400), the average diameter of spherulites is found
to be large (shown in Fig. 6). The crystallinity of PBS segment is
higher than 30% and increases with increasing its block length
(Table 3). Such a large spherulite and high crystallinity restricts
the segmental motion of the copolymers, as a consequent, the
elongation of these copolymers decreases dramatically.
Fig. 8 Tear strength and elongation at break of PPC-mb-PBS poly-
ester films at 273 K.

This journal is © The Royal Society of Chemistry 2018
Moreover, low temperature tearing strength of PPC-mb-PBS
lms are investigated in detailed as shown in Fig. 8. It can be
seen that PBS lm exhibits much higher tearing strength and
toughness than neat PPC lm at 273 K. The incorporation of
PBS block can dramatically improve the low temperature
tearing properties of PPC. Amongst these copolymers, the PPC-
mb-PBS 2500 � 1700 shows the best low temperature tearing
property, which is comparable to neat PBS.

It should be noted that the simple blends of neat PPC and
PBS fail to improve the mechanical properties of PPC by intro-
ducing PBS segments. A short video (Movie 2 in ESI†) of a tensile
testing process of the PPC-mb-PBS 4000 � 1700 and the PPC/
PBS (70/30) blend clearly shows that the blend is much brittle
than the multiblock copolymer. Apparently, the covalent linked
multiblock copolymer of PPC and PBS segments can fully
combine their respective advantages and endows the multi-
block copolymers with excellent mechanical properties, making
it more potential candidate as packaging materials.
Dynamic mechanical analysis

Dynamic mechanical analysis is further performed to evaluate
the mechanical properties of the as-prepared multiblock
copolymers at different temperatures. Storage modulus E0 of the
copolymers is shown in Fig. 9A. Due to the brittle natures, neat
PPC is broken and E0 value falls sharply by loading static force
during the measurement. However, the E0 value of copolymers
increases with increasing the block size of PBS segment at low
temperature. Moreover, no tensile fracture was observed, indi-
cating that PBS can not only reinforce copolymers, but also
improve the exibility of copolymers due to the presence of
amorphous PBS segments. The E0 value of PPC-mb-PBS 1200 �
1700 is larger than other copolymers, such as 2500 � 1700 and
3100 � 1700 because of the presence of PBS spherulites. The
results can be evidenced as POM images in Fig. 6.

It is well known that DMA is more sensitive than DSC to
determine thermal transitions (such as glass transitions and
other secondary transitions). Due to the sensitive limitation of
DSC, the Tg from DSC curve is unchanged. In order to further
conrm the conclusions from DSC, the DMA was conducted.
RSC Adv., 2018, 8, 14722–14731 | 14729
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Fig. 9 The variation of storage modulus E0 (A) and tan d (B) with temperature for PPC, PBS and copolymers. The experiment is performed under
tension mode at frequency of 1 Hz, static force of 3 N and 3 �C min�1 from �60 to 70 �C.
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Fig. 9B shows the tan d peaks of different copolymers, and these
peaks correspond to their glass transition temperature, which is
consistent with the results from DSC measurements. It should
be noted that only one transition temperature can be detected,
which implies that there is no phase separation between PPC
and PBS segments. Moreover, the Tg of PPC-mb-PBS with block
size of 1200 � 1700, 2500 � 2700 and 3100 � 3500 is between
the Tg of neat PBS and PPC.50 It is believed that the copoly-
merization between oligomeric PPC–OH and PBS–COOH results
in a multiblock copolymer with very good miscibility and one
glass transition temperature and endows the PPC-mb-PBS with
low brittle–toughness transition.50 Consequently, the multi-
block copolymer exhibits improved mechanical strength, espe-
cially the highly toughness at low temperature. The Tg
determined by different method varies from the determination
condition, especially the frequency. Generally, DMA is much
sensitive compared with DSC to determine thermal transitions,
especially for secondary transitions. The Tg measured by DMA is
generally higher than that by DSC because of the frequency of
DMA is much higher than DSCmachine. The Tg from DSC curve
is unchanged mainly due to the presence of crystalline for the
copolymers.

Conclusions

Multiblock copolymers (PPC-mb-PBSs) with designed sequence
structures can be readily synthesized from lowmolecular weight
and hydroxyl end-capped PPC oligomer (PPC–OH) and carboxyl
end-capped PBS oligomer (PBS–COOH) via a coupling reaction.
The crystallinity, thermal and mechanical properties of these
PPC-mb-PBSs can be adjusted by simply changing the compo-
sition of copolymer and the block length of PPC and PBS
segments. The PBS segments in multiblock copolymers endow
the crystallinity that acts as physical cross-links and then rein-
forces the copolymer. The multiblock copolymers exhibit only
one glass transition temperature at about �40 �C because of
their miscible characteristic between PPC and PBS segments.
The extremely low Tg endows the copolymer with excellent
mechanical strength at low temperature when compared with
14730 | RSC Adv., 2018, 8, 14722–14731
neat PPC. The results demonstrate that the copolymerization
technology between PPC and oligomeric PBS can effectively
address the poor mechanical properties of PPC at low temper-
ature, which then extending the potential and practical
application.
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