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Abstract: Big spherulite structure and high crystallinity are the two main drawbacks of poly(butylene
succinate) (PBS) and hinder its application. In this work, a new type of copolyester poly(butylene
succinate-co-butylene acetylenedicarboxylate) (PBSAD) is synthesized. With the incorporation of
acetylenedicarboxylate (AD) units into PBS chains, the crystallization temperature and crystallinity
are depressed by excluding AD units to the amorphous region. In contrast, the primary nucleation
capability is significantly strengthened, without changing the crystal modification or crystallization
kinetics, leading to the recovery of total crystallization rate of PBSAD under the same supercooling
condition. The existence of specific interaction among AD units is found to be crucial. Although it is
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1. Introduction

Poly(butylene succinate) (PBS) as one of the promising biodegradable polyesters, can
exhibit comparable mechanical properties with traditional polyolefins [1,2], showing great
potential in diversified applications of packing materials, clothing, biomedical engineering,
published maps and institutional affil- €t [3,4]. At the same time, PBS suffers some severe drawbacks, including large spherulite
{ations. structure, high crystallinity, and serious post-crystallization, which make it brittle and

weak in impact resistance [5].

Nucleating agent is usually blended into PBS matrix to improve the heterogeneous
nucleation that contributes to the reduction of spherulite size. Various nucleating agents
including organic molecules [6,7], inorganic particles [8,9], nanofillers [10,11] have been
used to effectively decrease the spherulite size and improve the mechanical performance.
Nevertheless, the problem of high crystallinity or post-crystallization behavior cannot be
avoided [12,13], which makes the PBS composites still brittle in character. On the other
conditions of the Creative Commons 1and, copolymerization is an effective approach to resolve the high crystallinity and post-
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However, in many reports, the spherulite sizes of PBS copolymers are commonly larger
than or close to that of homo-PBS [18-21]. Therefore, the simultaneous introduction of
nucleating agent and comonomer unit are required to grant the PBS-based materials with
good performance [22,23].

When special comonomer units are incorporated into the homo-polymer chains, spe-
cific pre-ordered conformation or heterogeneous aggregation will appear in the melt, such
as the incorporation of butylene fumarate (with fixed trans conformation) into PBS [24] and
diethanolamine hydrochloride (with strong ionic interaction) into poly(ethylene succinate)
(PES) [25]. The capability to nucleate was found to be promoted with or without decreasing
the crystallinity. The detailed mechanism still needs to be further clarified. For example,
is it through strengthening the melt memory effect that the nucleation is promoted upon
introducing of comonomer units?

In this study comonomers dimethyl acetylenedicarboxylate (DMAD) were copolymer-
ized with PBS to obtain a new type of copolyester, poly(butylene succinate-co-butylene
acetylenedicarboxylate) (PBSAD), which contains special and rigid C=C structure in the
main chains. The crystallization behavior of PBSAD was systematically studied and
compared with PBS. It was interesting to find that the primary nucleation capability was
significantly enhanced while the crystallinity was simultaneously lowered in PBSAD. Based
on these results, the nucleating mechanism was unveiled in detail.

2. Materials and Methods
2.1. Materials

Succinic acid (SA, AR grade), dimethyl acetylenedicarboxylate (DMAD, AR grade),
1,4-butane diol (BDO, AR grade), and the catalyst tetrabutyl titanate (TBT, AR grade) were
all purchased from Shanghai Aladdin Industrial Inc. (Shanghai, China). All reagents were
used without further purification.

2.2. Synthesis of PBS and PBSAD

PBS and PBSAD were synthesized through a two-stage reaction. For the first stage, the
desired amounts of SA, DMAD, BDO were charged into a three-necked flask under high
purity nitrogen atmosphere, and stirred with a Teflon-coated magneton. The molar ratio of
BDO:(SA + DMAD) was set constantly at 1.3:1, while the ratios of SA:DMAD were chosen
as 1:0, 0.95:0.05, 0.9:0.1, and 0.8:0.2, respectively. The system was scheduled to react with a
step heating process from 125 to 200 °C with a temperature interval of 25 °C and duration
of 60 min at each temperature step. For the second stage, TBT with 1 wt % of all reactants
was added and the temperature was heated to 225 °C for further polycondensation reaction
under high vacuum. The magneton kept rotating and slowed down with the increase
of viscosity of polyester melt. After 60 min, the magneton reached a very slow rotating
state, then the reaction was stopped. The resulting product was completely dissolved into
chloroform, and centrifuged at a rate of 10,000 rpm for 15 min to separate the insoluble
impurity. After that, the resulting clear solution was precipitated with excess amount of
cold methanol, followed by a filtration operation to obtain the final polyester, which was
further dried in a vacuum oven at 60 °C for 1 day.

2.3. Characterization

The chain compositions of PBS and PBSAD were measured on a JNM-ECA600 nu-
clear magnetic resonance spectroscopy (NMR, Tokyo, Japan) with deuterated chloroform
(CDCl3) as the solvent and tetramethylsilane (TMS) as the standard. The weight-average
molecular weights (M) and dispersity indices (D) of the synthesized polyesters were
measured by a Waters 515 HPLC gel permeation chromatography (GPC, Milford, US), and
HPLC grade chloroform was used as the eluent. The Raman spectra of polyesters were
obtained on a Horiba JY HR-800 Raman microscope system (Paris, France) and collected by
a charge-coupled device (CCD) detector (Paris, France). The laser wavelength was selected
as 532 nm, and the employed power was adjusted not to damage the testing samples. The
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Fourier infrared (FTIR) spectra of polyesters were collected on a Bruker Hyperion spec-
trometer (Karlsruhe, Germany) installed with an accessory of Linkam THMS600 hot-stage
(Surrey, UK). All samples for FTIR measurement were first prepared as a film of ~10 pm in
thickness on a CaF, wafer. Differential scanning calorimetric (DSC) test was performed on
a Netzsch-204F1 (Berlin, Germany) to unveil the non-isothermal, isothermal crystallization
behavior and the memory effect in the melt of polyesters. The temperatures for isother-
mal crystallization were selected by referring to the onset crystallization temperatures of
non-isothermal crystallization curves and using an increasing interval of 2 °C. The crys-
tal structures of polyesters were investigated on a Bruker D8 Focus X-ray diffractometer
(Karlsruhe, Germany) operated at 40 kV and 200 mA with a Cu K« radiation. The scan
was carried at a range of 15°—40° with a scanning rate of 2° /min, and the step interval was
set as 0.01°. Spherulite morphology of polyesters was observed with a Leica DM-2500P
polarized optical microscope (POM, Wetzlar, Germany) equipped with a Linkam THMS600
hot-stage (Surrey, UK). Typical morphology was captured for further discussion.

3. Results
3.1. Chain Structure

Figure 1 and S1(in the Supplementary Materials) shows the 'H NMR spectra of PBS
and PBSAD. They display the same main peaks of protons with possibly slight shift, since
no H atom exists in the alkyne (C=C) group. The peak 1# and 2#, locating at 4.09 and
1.68 ppm respectively, correspond to the H atoms in the side and central CH, groups. The
peak 3# at 2.60 ppm can be assigned to the H atoms in succinic units. It is clear that the
incorporation of acetylenedicarboxylic (AD) units into PBS chains would decrease the
intensity of peak 3# when compared with peak 1# or peak 2#. Therefore, it is possible to
calculate the molar content of acetylenedicarboxylic unit (Paop) in the copolyester chains by
using Equation (1).

Ipeak 1~ Ipeak 3#

PAD = x 100 mol% (1)
Ipeak 1#

where “I” represents the intensity of the peak in NMR spectrum.

1* 27
PBSAD-14
4 3 2 1 0

Chemical shift (ppm)

Figure 1. (a) Chemical structure of poly(butylene succinate-co-butylene acetylenedicarboxylate)
(PBSAD) and (b) the 'H NMR spectra of poly(butylene succinate) (PBS) and PBSAD-14.
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The calculated compositions are tabulated in Table 1, and the samples are named by
referring to the comonomer contents. In addition, the molecular weights and dispersity
indices are shown in Table 1 too.

Table 1. Chain compositions, weight-average molecular weights (M), dispersity indices (D),
crystallization temperatures (T.) and enthalpy (AH.), melting temperatures (Tr,) and enthalpy (AHm)
of synthesized polyesters.

Sample Pap My, (g/mol) b T.(°C) AH (/g Tn(°O AHny (J/g)
PBS 0 445 x 10* 2.48 834 68.4 114.6 70.2
PBSAD-5 5 mol% 2.07 x 10* 1.73 77.7 63.0 112.5 63.8
PBSAD-7 7 mol% 1.78 x 10* 2.14 70.5 61.8 108.4 62.7
PBSAD-14 14mol%  2.48 x 10* 1.84 61.1 49.8 101.1 50.5

The Raman and FTIR spectra were also employed to confirm the incorporation of
AD units in the polyester chains. The Raman spectroscopy is sensitive to the vibration of
nonpolar alkyne C=C structure. As shown in Figure 2a, after copolymerization of DMAD,
the characteristic absorption bands due to the stretching vibration of the triple bonds at
wavenumbers of 2226-2140 cm™! emerge [26-28] and gradually strengthen with respect to
AD content. In the FTIR spectra (Figure 2b), an additional absorption peak at ~1623 cm!
appears and its intensity increases with AD content. According to literature [29,30], such a
peak could be attributed to the stretching vibration of carbonyl (C=0) groups which are
dramatically affected by the adjacent electron-donating groups like C=C. Based on the
above results, it is clear that the copolyesters of PBSAD were successfully obtained.

(a) (b)
~ g
Eé', < | PBs
> > AN
2 2
S | PBSAD-7 . = | PBSAD-7
PBSAD-14 W /
P S N WD T R . B PBSAD-14
1000 1500 2000 250? 3000 3000 1800 1500 1200 900
Wavenumber (cm™) Wavenumber (cm™)

Figure 2. (a) Raman spectra and (b) FTIR spectra of PBS and PBSAD.

3.2. Non-Isothermal and Isothermal Crystallization

To investigate the effect of AD units on the crystallization behavior of PBS, non-
isothermal crystallization was first performed at a rate of 10 °C/min. In Figure 3a, the
crystallization peak (T.) of PBS at 83.4 °C shifts to lower temperatures with increasing AD
content, and reaches 61.1 °C for PBSAD-14 (Table 1). Meanwhile, the area of crystallization
peak becomes smaller, that is, the exothermal enthalpy (AH.) decreases. It can be concluded
that the AD units imped the crystallization ability of PBS and should be preferably excluded
to the amorphous region. During the subsequent heating process, both the melting point
(Tm) and the melting enthalpy (AH,) of polyester decline with increasing incorporation
content of AD. The Tr, and AHy, of PBSAD-14 are lowered down to 101.1 °C and 50.5] /g,
which are close to the values of other random copolymers of PBS, such as poly(butylene
succinate-co-butylene adipate) (PBSA) [31], poly(butylene succinate-co-propylene succinate)
(PBSP) [32], and poly(butylene succinatecobutylene terephthalate) (PBST) [33]. The similar
extent of decline for the thermal properties further confirms that the copolymerized AD
units are excluded out of the crystalline region.
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Figure 3. DSC thermograms of polyesters (a) being cooled from melt and (b) the subsequent heating
process at a rate of 10 °C/min.

Isothermal crystallization measurement was also carried out to demonstrate the
effect of AD unit on the crystallization ability and kinetics of PBS. The time-dependent
exothermal curves of four polyesters isothermally crystallized at suitable temperatures
are illustrated in Figure 4. As the crystallization temperature increases, the exothermal
process becomes longer. Through integrating and normalizing procedures, these curves
are transformed into a new set of S-shape plots of relative crystallinity (Xt) over time (%),
which are used for further calculation of the crystallization kinetics parameters Figure S2
(in the Supplementary Materials).
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Figure 4. The time-dependent exothermal curves of polyesters isothermally crystallized at specified

temperatures. (a) PBS, (b) PBSAD-5, (c¢) PBSAD-7, and (d) PBSAD-14.

Avrami method (Equation (2)) was employed to deduce the crystallization kinetics
parameters of PBS and PBSAD based on the relationship between X; and ¢t [34,35]:

1— X¢ = exp(—kt") 2)

where “n” and “k” correspond to the Avrami index and the crystallization rate constant.
The fitting operation is presented in Figure S3 (in the Supplementary Materials) and the
resulted data are summarized in Table 2.
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Table 2. Isothermal crystallization kinetics parameters of PBS and PBSAD.

Samples T. (°O) n k(s~") t1/2 (s)
93 1.84 933 x 107° 127
PBS 95 1.83 5.89 x 10~° 168
97 1.76 3.89 x 10~° 260
99 1.74 1.35 x 107° 510
87 1.91 224 x 1075 225
89 1.92 132 x 1073 288
PBSAD-5 91 2.15 7.76 x 10~ 586
93 2.45 295 x 108 1020
85 1.87 490 x 10~° 166
87 1.81 251 x 1075 284
PBSAD-7 89 1.97 295 x 10~6 533
91 2.15 3.02 x 1077 909
76 1.91 537 x 10~° 142
78 1.83 331 x 1075 230
PBSAD-14 80 1.84 129 x 1075 373
82 1.98 224 x 10~6 593

The Avrami indices of PBSAD remain almost the same as PBS at around 2, plausibly
implying that the all four polyesters studied here adopt the same crystallization behavior of
two-dimensional spherulitic growth with athermal nucleation mechanism. Incorporation
of AD units into PBS chains does not change the crystallization mechanism. The value of k
decreases with respect to the selected crystallization temperatures, indicating nucleation is
the more dominant factor than the diffusion of chains.

The total crystallization rates (Ga1) Of polyesters were evaluated based on the half
crystallization times (¢1 /7). The reciprocals of the half crystallization times (t; /2‘1 = Giotal)
were calculated and plotted with the corresponding supercooling degrees (AT = Ty, — T¢)
in Figure 5.

0.008} = PBs
e PBSAD-5

0.007F 4o PBSAD-7

0006F ¥ PBSAD-14
2 0005t
D [ ]
= 0.004 F

0.003 F

0.002 ¢

0.001 ¢

16 18 20 22 24 26
AT (°C)

Figure 5. The plots of total crystallization rates vs. supercooling degrees of PBS and PBSAD.

When 5 mol % AD units are incorporated into the PBS chains, the crystallization
rate declines under the same AT conditions. However, the crystallization rate recovers
and shows less decline when more AD units are incorporated, i.e., 7 mol %, which is
abnormal and different from other copolymers of PBS [19,36] and other polymers [37,38].
Since AD units are not favored in the crystalline structure and preferably excluded into the
amorphous region, the spherulite growth is supposed to be suppressed. The unexpected
recovery of total crystallization rate in PBSAD-7 presumably stems from the enhancement
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PBSAD-14 —

of primary nucleation capability. Further increase of AD content to 14 mol% leads to
slight decrease of crystallization rate, which is attributed to the balancing result of primary
nucleation and spherulite growth. Overall, the crystallization rate of PBSAD-14 is still
higher than PBSAD-5 under the same AT conditions, further implying the AD unit will
lead to enhanced primary nucleation.

3.3. Crystal Morphology and Structure

To clarify the working mechanism of AD unit on the crystallization of PBS, all four
polyesters were isothermally crystallized at 80 °C after melting at 150 °C for 3 min. The
real-time POM observation of crystallization processes was carried out, and the repre-
sentative images of morphology were captured and are shown in Figure 6. PBS displays
scattered primary nuclei after the melt reached 80 °C that further grow in typical spherulite
morphology showing Maltese cross pattern with banded and non-banded region in one
spherulite [4,39]. The nucleation density increases in PBSAD-5, while the spherulite growth
rate decreases compared with PBS, 1.67 um/s versus 3.61 um/s. Further increase of AD
units in the copolyester chains make the nucleation density increase remarkably, i.e., in
PBSAD-7 and PBSAD-14. As a result, the recovery of total crystallization rate after incorpo-
rating more than 5 mol% of AD units, as detected by DSC under the same AT conditions,
could be firmly attributed to the notable enhancement of primary nucleation.

Figure 6. POM images of polyester spherulites grown at 80 °C. (a) PBS, (b) PBSAD-5, (c) PBSAD-7, and (d) PBSAD-14. All
scale bars are 100 um in length. The melt was quickly transferred from melt to 80 °C within 1 s.

From the images of polyesters completely crystallized at 80 °C, the final nucleation
densities are estimated, and thus the average equivalent diameters (d) are obtained (Table 3).
The value of d decreases from ~151 pm to ~89 um when 5 mol% AD units are copolymer-
ized into PBS chains, and sharply drops to ~34 pm and ~21 pm in PBSAD-7 and PBSAD-14,
respectively. The diameters are even much lower than the corresponding poly(butylene
succinate-co-butylene fumarate) (PBSF) (Figure S4 (in the Supplementary Materials)). The
fumarate units in PBSF keep the same conformation in melt as in the crystalline region,
which is very beneficial for reducing entropic barrier hence promoting primary nucle-
ation [24]. It is worth emphasizing the remarkable promotion effect of AD units on the
nucleation of PBS crystals.
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Table 3. Nucleation densities (N) and average spherulite diameters (d) of PBS and PBSAD.

Sample N (pcs/mm?) d (um)
PBS ~56 ~151
PBSAD-5 ~159 ~89
PBSAD-7 ~1101 ~34
PBSAD-14 ~2963.0 ~21

The wide angle X-ray diffractograms of melt-crystallized PBS and PBSAD are depicted
in Figure 7. All PBSADs exhibit the same diffraction peaks at 26 = 19.6°, 22.0°, 22.8°, 26.1°,
29.1°, and 33.9° as PBS, indicating they all adopt the « crystal modification of PBS [6,40].
The AD units do not change the crystal structure of polyester, and the enhanced nucleation
capability is not originated from different crystal modifications.

-~
=

<

S

2 PBS

‘@

5 PBSAD-5
=

= PBSAD-7

PBSAD-14

15 20 73 30 35 40
20 (°)

Figure 7. Wide angle X-ray diffractograms of synthesized PBS and PBSAD.

3.4. Evaluation of Melt Memory Effect

Since the crystallization kinetics and crystal modification of PBSAD are consistent
with PBS and the AD units are excluded from the crystalline region, mechanism for the
significantly enhanced nucleation capability of PBSAD still remains unclear. According
to the work of Zhou's and Miiller’s groups [41,42], PBS could exhibit obvious memory
effect that result in a significant increase of nucleation density. The memory effect of chain
conformation in melt might be the key factor that promotes the formation of primary nuclei.
Hence a specially designed DSC measurement procedure (Figure 8a) was carried out for
PBS and PBSAD to evaluate the melt memory effect.

By melting samples at various setting temperatures (Ts), a series of subsequent cooling
DSC curves can be shaped. As shown in Figure 8b, when PBSAD-5 is melted at 110 °C, it
displays a broad and high T, at 98 °C. The crystallization peak becomes narrow and shifts
to lower temperature with increasing T, then remains almost unchanged after the value of
Ts exceeds 125 °C, implying the memory effect is completely eliminated. The cooling DSC
curves of other three polyesters are presented in Figure S5 (in the Supplementary Materials).

To evaluate the melt memory effect of PBS and PBSAD, the method shown in Figure
8c is used to partition the nucleation phenomenon of the samples [42]. For PBSAD-5, there
are four specific domains. Domain I is the heterogeneous nucleation domain, where the
melt is isotropic. The nucleation density during crystallization is low and constant. The
crystallization behavior is dominated by common heterogeneous nucleation, and there is
no melt memory effect or self-nucleation phenomenon. Domain II, is the self-nucleation
domain, located above the melting end temperature. At these temperatures the crystal
has been completely melted, but there are still some partially ordered segments. The
crystallization process is dominated by the homogeneous nucleation produced by the
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melt memory effect, and the nucleation density increases. Domain II, is the self-seeding
domain, located between the melting point and the melting end temperature. In these
cases, a small number of crystals have not completely melted, which act as nuclei during
the cooling process, leading to a sharp increase in the nucleation density. Domain III is the
self-nucleation and annealing domain, where only a small part of the crystals is melted.
The remaining crystals will continue to thicken or undergo an annealing process at the set
melting temperature.

200 —110°C
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e Ts, 5 min °c
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Figure 8. (a) Schematic representation of melt memory effect measurement procedure, and (b) the
cooling DSC curves of PBSAD-5 after being melted at various Ts for 5 min. (c) A typical plot of
the domains for PBSAD-5 (the red, solid line is the melting DSC curve, the solid triangles represent
the crystallization temperatures obtained after melting at different Ts). (d) The crystallization
temperature trends of PBS and PBSAD after melting at different T (the temperature intervals marked
by the dotted lines are the melt memory range of samples).

The melt memory effect can be clearly understood based on the analysis, and it only
exists in the domain II, namely the II, and II}, domains. When the selected T is in domain
11, self-nucleating will occur because of insufficient melting of crystals. The number of
nucleation will increase significantly during the subsequent cooling process, that is, the
melt memory effect will appear. The relationships between T, and T are plotted in Figure
8d, and the exact temperature ranges are listed in Table 4. With the increase of AD units in
chains, the range of domain II gradually narrows down from 15.0 °C for PBS to 6.5 °C for
PBSAD-14, indicating the gradual weakening of the melt memory effect.

Table 4. The temperature ranges of domains II, II,, and II;, of PBS and PBSAD.

Sample Domain II (°C) Domain I, (°C) Domain II, (°C)
PBS 15.0 10.5 4.5
PBSAD-5 11.0 6.5 4.5
PBSAD-7 9.0 5.0 4.0
PBSAD-14 6.5 2.3 4.2

After dividing the domain II into domains II, and II},, it is interesting to notice that
the domain II}, remains unchanged while the domain II, changes notably (Table 4). The
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Intensity (a.u.)

result suggests the self-nucleation domain narrows with increasing AD content, implying
the rigid C=C structure of AD unit does not promote the formation of partially ordered
segments in the melt. Overall, since the DSC and POM investigations are operated after
the samples melt at 140 °C or even higher temperatures, which fall in the domain I, the
melt memory effect is not responsible for the remarkable increase of nucleation density
in PBSAD.

3.5. In Situ FTIR Investigation

Since the difference between PBS and PBSAD is mainly due to the AD unit, and both
the crystalline structure and AD unit can be detected using FTIR spectrum (Figure 2b), in
situ FTIR was used to unveil the possible mechanism of enhanced nucleation capability of
PBSAD. During the melt-cooling process of PBSAD-14, the intensity of C=0O absorption
band of succinate (SU) units at 1735 cm ™! keeps unchanged, while that of AD units at
1623 cm~! grow up with decreasing temperature (Figure 9a,b). These results indicate the
existence of weak interaction among AD units, similar to the observation of hydrogen-
bonding interaction in polymer melt [43,44]. The slight shift of band 1623 cm~! also
confirms the existence of weak interaction [45]. The C=C groups in AD units plausibly
prefer to stack together or aggregate, which could reduce the electron-donating effect and
induce the blue-shift of the specific C=O absorption band at 1623 cm~!. The intensity of
this band at 1623 cm ™! is plotted against temperature to clearly visualize the rate of change
(Figure 9c). When the melt is cooled from 90 to 70 °C, crystals form as the crystalline
band at 1718 cm~! appears and the amorphous band at 1735 cm~! weakens. Meanwhile,
the rate of intensity changes for band 1623 cm~! slows down, which might be due to
the restriction exerted on the aggregation of AD units due to the crystallization process.
Polymer chains in melt are expected to be dragged during crystallization [46]. When the
sample is further cooled after crystallization, the rate of change recovers to the same level
as before crystallization. Such a recovery phenomenon confirms that the AD units are (all)
in amorphous region after the crystallization.
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Figure 9. In situ FTIR spectra of PBSAD-14 during melt cooling process at (a) wavenumbers from 1780 cem ™1 to 1690 cm ™1,
and (b) from 1645 cm ™! to 1605 cm ™. (c) The dependences of relative crystallinity of PBSAD-14 and absorption intensity of
C=0 stretching vibration in AD units are plotted as function of temperature during melt-cooling.

Consequently, a nucleating mechanism of AD units in PBSAD could be proposed
based on the study of melt memory effect and FTIR results, as sketched in Figure 10. After
the AD units are incorporated into the PBS chains, in melt they tend to aggregate because of
specific interaction between C=C groups. Such interaction is weak at temperatures above
melting point, which does not contribute to any melt memory effect. Instead, the melt
memory effect is impaired possibly due to the dilution of AD units on the PBS chains. When
the temperature is lowered, the interaction gradually strengthens and the aggregation of
AD unit becomes stable and continues to grow. The heterogeneous aggregation of AD
units, after reaching a certain extent, will induce a large number of primary nuclei to grow
in spherulites. The higher content of AD unit is incorporated, the more aggregation would
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form, therefore the higher nucleation density is resulted in, which coincides with the DSC
and POM observations.

(G

melt melt

Further

cooling

Amorphous
phase

Crystalline
phase

undercooled melt
= AD units [l Aggregate of AD

Figure 10. Schematic representation for the crystallization process of PBSAD.

4. Conclusions

Here, new copolyesters of PBSAD were synthesized by incorporating AD units into
PBS chains, and the crystallization behavior was systematically studied. Incorporation
of AD unit will lower the crystallization temperature during non-isothermal process
and decrease the crystallinity without altering the mechanism of crystallization kinetics.
However, the AD units, containing C=C groups, could significantly enhance the primary
nucleation, even at low copolymerization content. The nucleation capability continuously
improves with respect to the content of AD units, which results in the recovery of total
crystallization rate of PBSAD under the same supercooling condition, i.e., PBSAD-7 and
PBSAD-14 display higher crystallization rate than PBSAD-5. Based on the investigation of
melt memory effect and in situ FTIR spectra, the mechanism for the promoted nucleation
capability due to AD units can be reasonably speculated. Specific interaction among AD
units exists, although it is too weak to contribute to the melt memory effect at elevated
temperature. The interaction continuously strengthens as the temperature decreases,
and the heterogeneous aggregation of AD units gradually grows. When the aggregating
process reaches a certain extent, it will induce the formation of a significant amount of
crystal nuclei. By incorporating the AD units, improvement of nucleation and reduction of
crystallinity can be simultaneously achieved, which could help develop PBS materials with
good performance.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-436
0/13/3/365/s1. Figure S1: The 'H NMR spectra of PBSAD-5 and PBSAD-7. Figure S2: The relative
crystallinity development trend of PBS and PBSAD. Figure S3: Avrami plots for PBS and PBSAD.
Figure S4: The spherulites morphology of PBSFs. Figure S5: The cooling DSC curves of polyesters
after being in melted at various T for 5 min.
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