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Abstract

Bio-based poly(butylene succinate-co-dodecylene succinate) (PBDSs) were successfully synthesized by adjusting the content
of 1,12-dodecanediol (DD) using melt polycondensation method. The chemical structure, thermal behavior, crystallization
properties, mechanical properties, and rheological properties were characterized. FTIR, ' H NMR, and '* C NMR showed the
successful synthesis of polymers with the expected structure. The synthesized polymers have high number-average molecular
weight (32500-64200 g/mol). The copolyesters were random copolymers. The relationship between melting temperatures
and composition was basically V-shaped distribution, which is a typical characteristic of isodimorphism behavior. Thermo-
gravimetric analysis (TGA) showed that the thermal stability of the synthesized copolyesters was good, with no significant
weight loss until 320 °C. The synthesized polymers were all semi-crystalline polymers. When the amount of dodecylene
succinate unit in the product is 80%, the copolyester has good mechanical properties (tensile strength: 34.5 MPa, elongation

at break: 3489%) and processing properties, so it may be more suitable for making films.

Keywords 1,12-Dodecanediol (DD) - Poly(butylene succinate) (PBS) - Bio-based polyester - Isothermal crystallization -

Mechanical properties

Introduction

Owing of the economy’s fast growth, petroleum have now
become an indispensable resource for people’s daily life and
production. Due to the excessive exploitation of petroleum,
it is now facing resource depletion. At the same time, non-
degradable materials have brought serious environmental
pollution and other problems. Therefore, more and more
research focuses on the development of materials derived
from biomass [1-7]. Poly(butylene terephthalate) (PBT),
poly(propylene terephthalate) (PTT), and poly(ethylene
terephthalate) (PET), are mainly synthesized from petro-
leum. However, bio-based polyesters can be produced from
biomass (starch, polysaccharides, or stover) [8—10], such as
poly(lactic acid) (PLA) [11-13], poly(hydroxyalkanoate)
(PHA) [14-16], and poly(butylene succinate) (PBS)
[17-19]. Among them, polylactic acid (PLA) can be derived
from starch and has high tensile strength and low elongation
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at break [20]. Additionally, poly(butylene succinate) (PBS)
has been applied in large quantities due to its excellent pro-
cessing properties, and relatively low price [21-23]. The
prospect of PBS is considerable because PBS is renewable
and biodegradable [24-26]. However, PBS has poor tough-
ness due to its high crystallinity and large spherical crystals.

Copolymerization is often used to improve the toughness
of PBS. Poly(butylene succinate-co-methyl propylene suc-
cinate)s (PBMS) were synthesized with 2-methyl-1,3-pro-
panediol (MPO) as the commoner [27]. The crystallinity
dropped from 45.12 to 38.2%, and the size of the spher-
ules also shrank. The shift from brittle fracture to ductile
fracture was realized by the rise in PBMS’s impact strength
from 3.9 to 24.6 kJ/m? and the elongation at break from
10.5 to 71.2%. Shuyi Wu [28] synthesized poly[(butylene
succinate)-co-poly(tetramethylene glycol)]s (PBSTMG)
with various poly(tetramethylene glycol) (PTMG) contents
in order to increase the toughness of PBS. High PTMG con-
tent caused the spherulite size to shrink, and increased tear
strength. The copolymer’s elongation at break and impact
strength have significantly increased due to the phase sepa-
ration structure and decreased crystallinity. The impact
strength of the copolymer with the addition of 10 mol%
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PTMG increased to 4.5 times that of PBS. The biodegra-
dability of the copolymer was considerably enhanced by
the addition of soft segments. Yue Ding [29] synthesized
poly(butylene succinate-co-diethylene succinate) (PBSD).
The copolymer’s elongation at break was higher than 700%,
and its tensile strength is 15 MPa. Yan Zhang [30] synthe-
sized poly(butylene succinate-co-10-butylene hydroxyde-
canoate)s (PBHs) from 1,4-butanediol (BDO), 1,4-suberic
acid (SA), and 10-hydroxydecanoic acid (HDA). PBHs had
molecular weights between 24,947 and 45,921 g/mol. With
an increase of HDA, PBHs’ melting temperature, crystalliza-
tion temperature, and Young’s modulus dropped, but their
thermal stability and toughness dramatically increased. In
addition, aromatic monomers were also used to improve
the properties of PBS. High elongation at break (660%)
was obtained due to the decrease in crystallinity when the
amount of FDCA was 40%.

Since the diols with long chain contain long methylene
chains, they can promote increased molecular mobility,
which leads to lower glass transition temperatures, improved
crystallization kinetics and ductility [31, 32]. 1,12-Dodecan-
ediol (DD) is a kind of renewable diol that can be obtained
by whole-cell biotransformation in E. coli [33]. 1,12-Dode-
canediol has many broad applications, it can be used as
lubricant and surfactant, advanced coatings, plasticizers,
and suspending agents, and it can replace 1,6-hexanediol
(HDO), while it can provide greater resistance and less water
absorption when used in the synthesis of polyesters or polyu-
rethanes [34, 35].

Compared with the diols with short chain, 1,12-Dode-
canediol (DD) has 12 methylene groups, which is more
suitable for improving the toughness of PBS. In this work,
poly(butylene succinate-co-dodecylene succinate) (PBDSs)
with different 1,12-dodecanediol contents were synthesized
from 1,4-suberic acid (SA), 1,4-butanediol (BDO) and
1,12-dodecanediol (DD). Second, the raw materials can be
derived from biomass. The impact of 1,12-dodecanediol on
the microstructure, thermal properties, crystallization kinet-
ics and mechanical properties were characterized.

Experiments
Materials

1,4-Succinic acid (SA, 99%) was purchased from Nanjing
Chemlin Chemical Industry Co., Ltd. 1,4-Butanediol (BDO,
99%) and tetrabutyl titanate (TBT, >99%) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
1,12-Dodecanediol (DD, >99%) was purchased from TCI
Chemical Industry Development Co., Ltd.

Synthesis of PBS, PDS and PBDSs

PBS, PDS and PBDSs polyesters were successfully synthe-
sized by direct esterification and polycondensation reactions.
First of all, SA, TBT and BDO/DD were fed into a reactor
with a mechanical stirrer. For PBS and PBDSs, the amount
of SA was 0.2 mol and the amount of TBT was 60 uL. The
molar ratio of (BDO+ DD)/SA is 1.1:1. The molar ratio of
DD/(BDO +DD) in feed is summarized in Table 1. An elec-
tromagnetic stirrer IKA C-MAG HS 7 is used for heating.
The reaction was continued under N, for 4 h when the tem-
perature was raised to 200 °C. Next, raise the temperature
to 260 °C while maintaining vacuum for the polyconden-
sation reaction. 2XZ-2 rotary vane vacuum pump is used
for remove the diols. The polycondensation reaction was
stopped when the rod climbing phenomenon appeared. The
stirring speed was modulated by 30 rpm and the vacuum was
maintained. The vacuum pump stopped when the tempera-
ture cooled to room temperature to prevent the degradation
of the synthesized polyester at the high temperature.

For PDS, the amount of SA was 0.15 mol and the amount
of TBT was 45 pL. The molar ratio of diol/SA is 1.1:1. The
reaction was performed at 200 °C under N, for 4 h. However,
the polycondensation reaction at 260 °C was slow. In the
process of polycondensation reaction, the reactor is heated
to 260 °C under vacuum for about 8 h, and then heated to
280 °C to speed up the reaction rate. The polycondensation
reaction was stopped when the rod climbing phenomenon
appeared. The copolymer was named PBDS¢qp, and g%

Table 1 Microstructures and Sample @pginfeed 'HNMR CNMR '*CNMR M, M, PDI
molecular weight of PBS, PDS (mol%) . ' —————————— (gmol) (g/mol)
and PBDSs &g inprod- Ppginprod- L,gs L,ps R
uct (mol%)  uct (mol%)
PBS 0 0 0 - - - 32,500 66,400 2.0
PBDS31 25 31 29 312 152 1.0 36,100 124,400 3.4
PBDS57 50 57 58 1.58 248 1.0 70,400 172,600 2.5
PBDS80 75 80 83 1.14 582 1.0 46,700 162,500 3.5
PDS 100 100 100 - - - 64,200 168,800 2.6

@ Springer



4992

Journal of Polymers and the Environment (2023) 31:4990-5002

is the molar percentage of dodecylene succinate units in the
copolymer.

Characterization

Gel permeation chromatography (GPC): The molecular
weight of the polyesters was determined using size exclu-
sion chromatography with a Waters 1525 HPLC pump and a
Waters 2414 refractive index detector at 30 °C. Chloroform
is the eluent. Polystyrene is the calibration material. A flow
rate is 1 mL/min.

Fourier Transform Infrared Spectroscopy (FTIR): Thermo
Fisher IS5 FT-IR spectrometer was utilized to analyze the
polyester sheets from 4000 to 400 cm™! with a resolution of
4 cm~! and 32 scans per sample.

Nuclear magnetic resonance: 600 MHz Bruker system
was utilized to measure ! H NMR and ' C NMR, and the
samples were solubilized in 0.5 mL CDCl;.

Differential Scanning Calorimetry (DSC): 5-10 mg sam-
ples were weighed and tested with a DSC TA Q20 instru-
ment in N, atmosphere at a speed of 50 ml/min. The cooling
scan was used to determine the melt crystallization tempera-
ture (7,) and enthalpy (H,). PBS, PDS, and PBDSs were
heated a second time using DSC to determine their melt tem-
perature (7,,,) and melt enthalpy (H,,), cold crystallization
temperature (7,.), and cold crystallization enthalpy (H.).
A primary ramp-up was performed to heat the temperature
from — 80 to 160 °C at a velocity of 10 °C/min, dwell for
3 min, then cool down to — 80 °C at a tempo of 10 °C/min
and continue a secondary ramp-up to 160 °C at a rate of
10 °C/min.

Thermogravimetric analysis (TGA): The TGA curves
were studied using a TGA TA Q50 instrument under N,
atmosphere. The samples were weighed 3—5 mg and heated
from 50 to 600 °C at a rate of 10 °C/min.

Wide-angle X-ray diffractometer (WAXD): XRD spectra
were recorded on an Ultima IV 2036E102 spectrometer. The
scanning speed is 5° min~! and the scanning range is 5—-60°.

Tensile properties: The microcomputer-controlled elec-
tronic universal testing equipment was used to evaluate the
tensile characteristics of the test specimens. They were hot
pressed into sheets with 1 mm thick plates, and then they
were cut into dumbbells (4 mm width) using a cutting knife.
The crosshead speed was 50 mm/min. Five specimens were
tested for each sample. Table 3 displays the data connected
to tensile properties.

Rheological properties: The samples were hot pressed
into sheets (25 mm diameter, 1 mm thick). Using a TA
ARES-G2 rheometer in oscillation mode in a N, atmosphere
at an angular frequency of 10 rad/s, a strain of 1.25%, and a
heating rate of 3 °C min~'. The samples’ rheological char-
acteristics were assessed.
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Results and Discussion

Synthesis and Chemical Structures of PBS, PDS
and PBDSs

The molecular weights of the synthesized polymers was
determined by GPC (Fig. 1). According to Scheme 1, bio-
based copolymers were synthesized using a two-step esteri-
fication condensation process from BDO, SA, and DD. PBS,
PDS and PBDSs had high molecular weights, and the data
are listed in Table 1, indicating that the esterification reac-
tion was easily carried out and DD and BDO were able to
perform good esterification with SA. Because the by-prod-
ucts are BDO with low boiling point and/or DD with high
boiling point, the polycondensation reaction was carried out
under evacuation which would draw out the excess diols.
DD with high melting temperature was easy to solidify in
the distillation tube and blocked the distillation tube, so the
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Fig. 1 GPC traces of PBS, PDS and PBDSs

distillation tube was heated to help the polycondensation
to be completed successfully during the polycondensation
reaction.

The chemical structures of PBS, PDS, and PBDS were
examined by FTIR, ! H NMR and '* C NMR. Figure 2 dis-
plays the FTIR spectra. Asymmetric and symmetric stretch-
ing vibration of C—H in the.

—CH,_ is 2930 and 2850 cm™!, respectively. With an
increase in the amount of DD, Peak I (2850 cm™!) stead-
ily rises. The stretching vibration of the carbonyl group is
a distinct absorption peak (1755-1670 cm™'). The non-
cyclic ester group’s stretching vibration spans the range of
1740-1710 cm™!, and the peak is at 1710 cm™!, suggesting
that all polyesters exhibit the ester groups. In-plane bending
vibration of C-H, the stretching vibration of C-O, and the
stretching vibration of C—C are the main vibrations in the
range of 1470—1160 cm™!. Bending vibration of methylene
appears at 1460 cm™!. The absorption peaks at1210 cm™! (II)
and 1160 cm™! correspond to the stretching vibration of C-O
in butylene succinate unit (BS), and 1260 cm™! is the stretch-
ing vibration of C-O in the ester group. Out-of-plane bend-
ing vibration of C-H in the —CH,_ is responsible for the
weaker absorption peak (920 cm™!). However, an in-plane
bending vibration of -CH,_, which is indicative of the exist-
ence of long carbon chains, makes up the absorption peak
in the III region (725 cm_l). This shows that PBS, PDS, and
PBDS were synthesized.

Figure 3 displays the ! H NMR spectra of PBS, PBDS,
and PDS. The results show that there are almost no impurity
peaks in the synthetic polyesters. For PBS, the chemical shift
of CH, in the succinate unit was 2.64 ppm (s). The chemi-
cal shift of CH, in the butylene unit was 4.13 ppm (a,) and
1.72 ppm (b,). The chemical shifts of s, a;, and b, were pre-
served for PBDSs. Meanwhile, a few more chemical changes
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emerged: CH,—~O-C =0 in the DD unit at 4.09 ppm (a,),
CH,-CH,~O-C=0 at 1.63 ppm (b,), and (CH,),~O-C=0
(where X=3-6) at 1.28 ppm (d, e, f, g). For PDS, only the
chemical shifts (s, a,, b, and d, e, f, g) were included.
Figure 4 shows !> C NMR spectra of PBS, PBDSs,
and PDS. For PBS, the chemical shift of CH, in the suc-
cinate unit was at 29.02 ppm (t,;), the chemical shift of
C=0 was at 172.29 ppm (c;), and the chemical shifts
of CH, in the butylene unit were at 64.17 ppm (h,) and
25.21 ppm (j,). For PBDSs, the chemical shifts h; and j,;
were retained and the chemical shifts t and ¢ were shifted.
Since both BDO and DD are diols with aliphatic chain
and they are structurally similar, the shifts of the chemi-
cal shifts were small. However, some new chemical shifts
appeared: in BSD unit, the chemical shifts of CH, and
C =0 of succinate unit near butylene unit were 29.10 ppm
(t,) and 172.31 ppm (c,), respectively. The chemical shifts
of CH, and C=O0 of succinate unit near dodecylene unit
were 29.19 ppm (t;) and 172.37 ppm (c3), respectively.
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Fig. 4 13 ¢ NMR spectra of PBS, PDS and PBDSs (A: the whole spectra, B, C and D: magnification of chemical shifts c, h, t and j)

In dodecylene unit, the chemical shifts of CH,—~O-C =0,
CH,-CH,-O-C =0, CH,-CH,-CH,-0O-C =0, and
(CH,),—O-C =0 (where X=4-6) is 64.89 ppm (h,), 28.57
ppm (j,), 25.87 ppm (k), and 29.53 ppm (I, m, n), respec-
tively. For PDS, the chemical shifts of h,, j,, k, I, m, and
n were retained, and the chemical shifts of CH, and C=0
in succinate unit were shifted to 29.25 ppm (t,) and 172.39
ppm (c,), respectively. Equation (1) were used to calculate
molar percentage of DD in the product (®pg) from ' H
NMR spectra [36]. The following Eqgs. (2, 3, 4) were to
determine the molar percentage of DS unit in the prod-
uct (Ppg), the average length of the sequences (L, g5 and
L, ps), and the randomness of the copolymer (R) according
to '3 C NMR spectra [37].

Dpg(mol%) =1,/ (1, + 1) X 100% 1)

@ Springer

®ps(mol%) = I, /Uy, + ) X 100%

Ligs= 1+ 2101/(102 +Ic3)

Ln,DS =1+ 2104/(102 + 103)

R=1/L,gs+1/L,ps

@

&)

“
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I,, and I, are integral intensities of a; and a,, respec-
tively. The mole ratio of dodecylene succinate unit (DS) is
listed in Table 1. It can be seen that the molar ratio of DS in
the product is higher than the molar ratio in the feed due to

the higher boiling point of DD.
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Table2 Thermal properties. of Sample Cooing 2nd heating Tys0 Ty
PBS, PDS and PBDSs obtained (o’C) (o’C)
by DSC and TGA T.°C) AH.(/gpy T,(°C) AH,(J/lgy T.(°C) AH_ (/g
PBS 76.0 55.0 114.1 58.3 96.3 6.0 330 388
PBDS31 352 33.7 83.8 29.8 - - 340 403
PBDS57  38.6 49.2 60.1 56.2 - - 347 406
PBDS80  50.0 54.5 73.5 62.3 - - 351 408
PDS 58.3 75.2 79.0 80.0 - - 306 407

The integrals of hy, h,, ¢, ¢,, ¢;, and ¢, are abbreviated
as Iy, Iy, 1.y, 1y, 15, and I, respectively. Table 1 provides
information about the calculated average sequence lengths
and randomness. @ calculated by ' H NMR and > C NMR
are nearly identical. As the content of DD increases, L, gg
decreases and L, g increases. The study also demonstrates
that the copolymer’s randomness is close to one, indicating
the synthesized copolymers have random structures [38].
Based on the results of FTIR, ' H NMR and '* C NMR
spectra, PBDSs with the expected chemical structures were
successfully synthesized.

Thermal Transition Behaviors and Thermal Stability
of PBS, PBDSs and PDS

Figure 5 shows the DSC curves of PBS, PBDSs, and PDS
and Table 2 shows the thermal information. The thermal
behaviors and melt crystallization behaviors of the copoly-
mers affect the physical properties, processing properties
and applications of the copolymers. The thermal behavior of
PBDSs depends largely on their components. When the con-
tent of dodecylene succinate units in product was less than
50%, T, of PBDSs decreased with the increase of @pg. AH,,
and AH_ also decreased. When the content of dodecylene
succinate units in product was between 57 and 100%, T, and

A: Cooling B: Second heating scan at 10 °C/min
na
PDS PDS
. Y
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g ~ PBDS80
| | PBDS80 E ﬁ/
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Fig.5 DSC curves (A: Cooling, B: Second heating) of PBS, PDS and PBDSs and (C) the relationship between T, (T},) and @&p,q in product
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Fig.6 TGA (A) and DTG (B) curves of PBS, PDS and PBDSs under dynamic N, atmosphere

T, increased with the increase of @pq. As @pq increased, the
chain regularity of PBDS57, PBDS80 and PDS gradually
increased, so their crystallization ability enhanced and the
enthalpy increased. PBS shows good crystallization abil-
ity during cooling and second heating. In the cooling scan,
there was a high enthalpy of melt crystallization at 76.0 °C
(AH_=55.01/g), and in the second heating scan, there was
a high enthalpy of melt at 114.1 °C (AH,,=58.3J/g) and a
weak cold crystallization peak at 96.3 °C (AH,., = 6.0 J/g).
The relationship between T, (1) and composition is basi-
cally V-shaped distribution, which is a typical characteristic
of isodimorphism behavior. Similar phenomena have been
observed in many other copolyesters [39, 40]. When the
minor component is completely rejected from the crystalline
structure of the major component, the melting temperatures
and enthalpies are strongly depressed as the content of the
minor component increases in the random copolymer [41].

In the cooling and second heating scan, all polymers
showed cold crystallization and melt peaks, indicating that
the copolymers have good crystallization ability. In the
second heating scan, the copolymers showed significant
melt peaks at 83.8 °C (AH,, = 29.8 J/g), 60.1 °C (AH,
= 56.2 J/g) and 73.5 °C (AH,, = 62.3 J/g), respectively.
Compared with PBS, PDS also exhibited significant semi-
crystalline properties. In the second heating scan, its melt
peak and cold crystallization peak appeared at 79 °C (AH,,
=801J/g) and 58.3 °C (AH, = 75.2 J/g), respectively. How-
ever, PDS shows better crystallization ability and crystal-
lization rate than PBS because DD is a long-chain diol
and PDS has higher flexibility. PBS can crystallize rela-
tively fast, as evidenced by the fact that the glass transi-
tion temperature (Tg) of PBS could not be determined at
the second heating scan at 10 °C/min. This is also true
for other polymers since the addition of the chains with

@ Springer

long CH, makes the chains more flexible and promotes
crystallization more quickly. Only PBS presents T, while
others do not. This phenomenon has been observed in the
DSC curves of PBS in other literature [42]. Compared
with PBDS and PDS, PBS contains denser ester bonds and
the movement of molecular chains is more difficult due to
its shorter BS units, which leads to the possibility that PBS
may not crystallize completely during the cooling scan.
Therefore, the amorphous region of PBS crystallized and
T,. was observed during the second heating.

For PBS, PDS, and PBDSs, Fig. 6 depicts the TGA
and DTG curves in N,. The decomposition temperatures
at 5% weight loss (T 5¢) and the highest decomposition
rate (T4 ) are listed in Table 2. For PBS, PBDS31,
PBDS57 and PBDS80, it’s clear from Fig. 6A that they all
show no significant weight loss until 300 °C, indicating
that they have very good thermal stability. And it is only
when the temperature reaches 350 °C that they undergo
significant weight loss. For PDS, it starts to lose weight
at around 250 °C because PDS contains long chain diols,
so it has the best chain flexibility, leading to its poorer
thermal stability than the other four polymers, and also
to the lower temperature at which it starts to lose weight.
The maximum decomposition temperature of all the syn-
thesised polymers was close to 400 °C, with PBS having
a Ty 59 and Ty ., of 330 and 388 °C, respectively. They
were comparable to those found in the literature [43—-45].
Ty59 and Ty ., of PDS were 306 and 407 °C, respectively.

Isothermal Crystallization Behavior
DSC was used to further examine the isothermal crystalliza-

tion kinetics of the samples at various isothermal crystal-
lization temperatures (7). The temperature was first raised
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Fig.7 Isothermal crystallization temperatures (7,,) versus semi-crys-
tallization time (%, 5) for PBS, PDS and PBDSs

from 25 to 140 °C at a rate of 50 °C/min and maintained for
3 min, and then the temperature was cooled to T, at a rate
of 50 °C/min and maintained for a certain period of time.
Finally, the temperature was raised again from 7 to 140 °C
at a rate of 10 °C/min. All samples’ crystallization periods
tend to lengthen as T, rises. This suggests that the ability
to crystallize is impeded and gradually weakened at higher
temperature.

The half-crystallization time (#,s) was created to com-
pare the variance in isothermal crystallization rate in order
to more clearly examine the isothermal crystallization rate
[46]. Figure 7 illustrates the connection between ¢, 5 and 7.
For all samples, ¢, 5 rises as T rises, indicating a slower iso-
thermal crystallization rate at higher 7. Because the process
of the nucleus formation controls the crystallization rate at
chosen temperatures and a rise in T is unfavorable for the
nucleus formation. When ¢, 5 is close, the crystallization rate
is close, so a smaller degree of under cooling (A7) indicates
better crystallization ability. AT is obtained by the following
equation.

AT =T, -Tc (6)

T? is the equilibrium melting temperature of the sam-
ple and T is the isothermal crystallization temperature of
the sample. AT of PBS, PBDS31, PBDS57 and PDS were
obtained by the above equation as 33.5, 59.1 34.5 and
14 °C, respectively. Since the crystal structures of PBS and
PBDS31, PBDS57 and PDS are similar, PBS has better
crystallization ability than PBDS31, while PDS has better
crystallization ability than PBDS57.

Equilibrium Melting Temperature

It is necessary to further investigate the impact of the con-
tent of DS unit on the equilibrium melting temperature (77).
After the samples had entirely crystallized at a certain T,
the T, values of the samples were acquired by the heating
procedure. Figure 8A and B depicts the melting behavior of
the PBS and PBDS31 after crystallization and there are two
melting peaks. It is clear that as T, of PBS, PDS and PBDSs
rises, the first melting peak shifts toward higher tempera-
ture and the area gradually increases. However, the position
of the second melting peak nearly stays the same for PBS
and PBDS31. The mechanism of melting-recrystallization-
remelting may be used to explain this [47, 48]. Figure 8C-E
depicts the melting behavior of PBDS57, PBDS80 and PDS
after crystallization. They have only one melt peak.

The Homan—Weeks method is widely used to determine
T? [49]. The equilibrium melting temperature in Fig. 8(F)
was obtained by the first melting peak, and the intersection
of the extension line and the diagonal line was T, because
the first melting peak originated from the melting behavior
of the original crystals formed during isothermal crystalliza-
tion. The T values of PBS, PBDS31, PBDS57, PBDS&0,
and PDS are 125.5, 114.1, 81.5, 77.2, and 83.0 °C, respec-
tively. The equilibrium melting temperature of PBS is simi-
lar to that of literature [45].

Crystal Structures of PBS, PDS and PBDSs

The principles of WAXD and SAXS are basically the same,
but WAXD is mainly concerned with crystal structure,
crystallinity and molecular chain orientation, while SAXS
is mainly concerned with information on the long period
of the crystal. In order to measure the crystal structure and
crystallinity of polymers, we use WAXD to characterize
them. Figure 9 shows the crystal structures of PBS, PDS
and PBDSs further obtained by WAXD patterning. First, all
the samples were melted at 130 °C and then they were hot
pressed at 50 °C for 1 h to obtain crystalline samples.

The obtained PBS, PDS and PBDSs are semi-crystalline
polymers. The main diffraction peaks of PBS appear at
19.6°, 21.9° and 22.5°, which can be attributed to the (020),
(021) and (110) crystal planes [50, 51]. The weak diffrac-
tion peaks of PBS were observed at 25.9° and 28.8°, and
these peaks are in agreement with that in references [52-55].
From the literature, these diffraction peaks are mainly from
a-crystals of PBS. The diffraction peaks of PBDS31 are in
agreement with those of PBS, proving that PBDS31 also
exhibits a-crystals of PBS. However, PBDS57, PBDS80,
and PDS have the same diffraction peaks when the content
of DS units is greater than 50%, indicating that they have
the same crystal structure. It suggests that when the content
of DS units rises, the crystal structure alters. The diffraction
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Fig.8 A-E Melting behaviors at 10 °C/min after isothermal crystallization at 7, and (F) the relationship between equilibrium melting tempera-

ture and T,

peak of PBDS57 is stronger than that of PBDS80. PBDS57
has a smaller molecular weight than PBDS80, so the molec-
ular chain of PBDS57 has stronger mobility and is easier to
crystallize. The diffraction peak of PDS is the strongest for
the following reason: All polymers can crystallize at 50 °C,
but PDS is the most crystallizable because PDS has the high-
est chain flexibility. With the content of BS unit increases,
the copolyester’s ability to crystallize is impeded.

@ Springer

Mechanical Properties

The samples’ tensile strength (s,,), yield strength (o) and
elongation at break (g,) were assessed (Table 3). The sam-
ples’ stress-strain curves are displayed in Fig. 10A. As illus-
trated in Fig. 10B, the crystallinity of the tensile samples
was examined using WAXD because the mechanical prop-
erties are influenced by the crystallinity. The mechanical
properties (6,,=37.8 MPa, ¢, =672%) of PBS in this study
can be compared to that of commercial PBS [56]. Moreover,
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the elongation at break is significantly higher due to higher
molecular weight (M, = 32,500 g/mol). Compared with
tensile strength of PBS, tensile strength of PBDSs dropped
as the content of DS unit increased. However, elongation
at break of PBDSs was much greater than that of PBS. At
the same time, for PBDS31, PBDS57, and PBDS80, tensile
strength and elongation at break increased with the content
of DS unit increased, which was consistent with the changes
of molecular weight and crystallinity. They also showed
crisp and similar peaks, and the strength of the diffraction
peaks steadily rose as the DD content increased, showing
that these materials are more crystalline than the stretched
samples, which also show a crystalline condition. PDS has a
low elongation at break, which may be due to the formation
of large crystals. PBS and PBDS31 displayed similar dif-
fraction peaks in the stretched samples” WAXD, suggesting
that their crystal structures were similar, while PBDS31 was
less crystalline than PBS. But PBDS31°s molecular weight
is larger than that of PBS and its tensile strength (17.0 MPa)

50
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declines dramatically, indicating that tensile strength is
mostly impacted by the crystallinity.

Rheological Properties

The processing of the polymers is strongly influenced by
temperature, and Fig. 11 shows the rheological curves. The
material’s viscosity is represented by the loss modulus.
Additionally, storage.

modulus evaluates the material’s elastic properties.
Complex viscosity, loss modulus, and storage modulus
decrease with increasing temperature. Compared with
dodecylene succinate unit (DS), butylene succinate unit
(BS) is more rigid due to the presence of shorter methylene
groups. PBSDS80 with rigid BS and flexible DS is more
prone to entanglement than PDS with the flexible DS.
Therefore, PBSDS80 have a higher complex viscosity than
PDS. The elasticity is waning with increasing tempera-
ture, as evidenced by the drop in storage modulus. Storage
modulus and loss modulus of the copolyester are higher
than those of PBS and PDS. The elastic characteristics of
copolyesters are more obvious than those of homopolyes-
ters, which may be due to the fact that the addition of DS
units breaks the regularity of molecular chains, making

Table 3 Tensile strength, yield strength and elongation at break of
PBS, PDS and PBDSs

Sample o,, (MPa) o, (MPa) &, (%)
PBS 37.8+3.6 36.0+1.3 672+113
PBDS31 17.0+0.7 15.1+14 861+ 135
PBDS57 220+14 11.6+0.6 3233+380
PBDS80 34.5+4.0 16.5+0.6 3489 +447
PDS 23.3+2.6 233+2.6 47+5
s
2
3 | PBDSS7

PBDS31 A

PBS .V

s 10 15 20 25 30 35 40 45 50
26(°)

Fig. 10 A Representative stress—strain curves and B WAXD curves of tensile samples
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the copolyester more structurally stable and have stronger
resistance to deformation. The viscous characteristics of
copolyesters are more prominent, likely owing to the fact
that the addition of DS units cuts down the flexibility of
the molecular chains, resulting in increased resistance to
the movement of the chain segments. Due to the better
chain flexibility of PDS than PBDS80, the chain segment
motion resistance of PBDS80 increases, resulting in a bet-
ter complex viscosity of PBDS80 than PDS.

Conclusions

We have successfully prepared poly(butylene succinate-
co-dodecylene succinate) from DD, SA, and BDO. DD,
SA, and BDO are potential bio-based monomers. As the
DD content increases, L, g5 decreases and L, pg increases.
The copolymers synthesized have random structures. They
have high thermal stability. PBS and PBDS31 have the
same crystalline structure. However, PBDS57, PBDS80,

@ Springer

and PDS have the same crystalline structure. The tensile
results demonstrated the copolyesters had good toughness
due to lower crystallinity. PBDS80 has superior mechani-
cal properties (tensile strength: 34.5 MPa, elongation at
break: 3489%) and it may be more suitable for making
films.
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