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Abstract

:

Novel multi-component composites composed of the biodegradable polymer poly(ethylene adipate) (PEA), the water-soluble polymer poly(ethylene oxide) (PEO), poly(vinyl acetate) (PVAc), and a supramolecular-like inclusion complex (IC) made by α-cyclodextrin (α-CD) and poly(ε-caprolactone) (PCL) (coded as PCL–CD–IC) are discussed in this work. The PCL–CD–IC was used to increase the crystallization rate of the miscible PEA/PEO/PVAc ternary blend that crystalized slower than neat PEA. Higher resolution SEM and TEM images displayed that PCL–CD–IC did not assemble notably in the quaternary composites. For the results of isothermal crystallization, the analysis of the Avrami equation demonstrated that the rate constant k increased with the addition of PCL–CD–IC in the composites, suggesting that PCL–CD–IC provided more nucleation sites to promote the crystallization rate. The nucleation density increased with the addition of PCL–CD–IC, and the amount of spherulite also increased. Wide angle X-ray results showed that the composites displayed similar diffraction patterns to neat PEA, meaning PEO, PVAc, and PCL–CD–IC would not change the crystal structures of PEA in the composites. The PCL–CD–IC, the supramolecular nucleation agent, demonstrated its superior ability to enhance the multi-component composites of biodegradable polymer in this study.
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1. Introduction


Biodegradable polymers can be biodegraded to form simpler compounds and then redistributed through elemental cycles such as carbon and nitrogen [1,2,3,4,5,6]. Thus, they are more sustainable and environmentally friendly than traditional plastics. Poly(ethylene adipate) (PEA) is a biodegradable aliphatic polyester made from glycol and diacid. However, PEA shows a slower crystallization rate and poor thermal stability, which limits its application [7,8]. The crystalline properties of PEA can be enhanced by blending it with several nucleation agents [7,8]. It has been reported that graphene oxide (GO), as a nucleation agent, has good dispersion in a PEA/GO composite. Graphene oxide not only enhanced the nucleation density of PEA but also improved its spherulite growth rate [7]. Tang et al. [8] used a diamide derivative, N,N’−ethylenebis(12−hydroxystearamide) (EBH), as a nucleation agent to promote the crystallization of PEA. It was found that the addition of EBH significantly reduced the crystallization time of PEA; moreover, the crystallization rate was accelerated. Addition of a nucleation agent is a useful way to modify the crystallization of PEA for its future applications.



Poly(ethylene oxide) (PEO) is a water-soluble polymer with low toxicity and good biocompatibility [9]. It can be used as a plasticizer to produce a plasticizing effect that can increase the chain mobility to enhance polymer crystallization. It has been reported by Eom et al. [10] that the addition of PEO can improve the ductility, hydrophilicity, and crystallinity of poly(L-lactic acid) (PLLA), and a PLLA-based film with PEO can be applied to flexible packaging materials. Poly(vinyl acetate) (PVAc) is fabricated by the free radical polymerization of vinyl acetate, which is biocompatible, non-toxic, environmentally friendly, and inexpensive [11]. The addition of PVAc can effectively improve the tensile strength, elongation at break, and Young’s modulus of a polymeric system [11,12]. For example, the addition of PVAc to PEO/PLLA blends can increase the elongation at break of the blends [12]. Moreover, in the same system of PEO/PLLA blends, the compatibility between PEO and PLLA was improved with the presence of PVAc [12]. In the literature, the compatibility behaviors of PEA/PEO, PEA/PVAc, and PVAc/PEO have been discussed, and they all showed good compatibility [13,14,15]. Woo et al. [13] have discussed the compatibility and spherulite morphology of PEA/PEO blends. In thermal analysis results, a single glass transition temperature was presented for proving the good compatibility of the PEA/PEO blends. Lin et al. [14] studied the compatibility of PEA/PVAc blends. The PEA/PVAc blends were revealed showing a single homogeneous phase at the molten state, accompanied with a single glass transition temperature (Tg) for each composition [14]. For the compatibility between PVAc and PEO, relevant studies have been performed by Wu et al. [15], and they reported that the blending system of PVAc/PEO was compatible. According to the relevant information, it was shown that the blends PEA/PEO, PEA/PVAc, and PVAc/PEO were compatible.



Cyclodextrins (CDs) are products that can be extracted from the natural environment. In addition, they are also biocompatible, biodegradable, and safe for the environment. Generally, CDs can be divided into three types based on their chemical structures, which are called α-CD, β-CD, and γ-CD. α-Cyclodextrin, β-CD, and γ-CD have different chemical structures, showing 6, 7, and 8 glucopyranose units, respectively. They can also be used as potential additives to functional polymers such as biodegradable polymers [16]. Cyclodextrins can form inclusion complexes (ICs) with polymers, and ICs have supramolecular features in structure and function [17,18,19]. For example, α-CD can form ICs with poly(ε-caprolactone) (PCL) and exhibit high α-CD coverage on the PCL backbone [18]. It was reported that the IC made by α-CD and PCL (PCL–CD–IC) may promote the crystallization behaviors of poly(butylene adipate) (PBA) with the effect of nucleation [19].



Supramolecular compounds, such as the stereocomplex of PLLA and poly(D-lactic acid) (PDLA) can be added to polymer-composite system as a nucleation agent to enhance the crystallization rate [20,21]. In this study, the novel PEA/PVAc/PEO/PCL–CD–IC quaternary composite was fabricated and discussed. The PCL–CD–IC was used as the supramolecular nucleation agent of the PEA/PVAc/PEO/PCL–CD–IC quaternary composite. Adding the PCL–CD–IC in the composite may increase the nucleation ability so that the crystallization behavior of the PEA/PVAc/PEO/PCL–CD–IC composites can be promoted. In this study, the composites with good compatibility when the relative weight ratio of PEA/PVAc/PEO = 80/10/10 were selected as the typical samples for discovering the effect of adding PCL–CD–IC in the composites. The influence of the nucleation effect of PCL–CD–IC on the crystallization kinetics of the composites was the main subject discussed in this work.




2. Materials and Methods


2.1. Materials and Preparation


Poly(ethylene adipate) (PEA, Mw = 10,000 g/mol), poly(ethylene oxide) (PEO, Mw = 200,000 g/mol), poly(ε-caprolactone) (PCL, Mw = 80,000 g/mol), and α-cyclodextrin (α-CD) were purchased from Sigma–Aldrich (Sigma–Aldrich, St. Louis, MO, USA). Poly(vinyl acetate) (PVAc, Mw = 184,000 g/mol) was purchased from Scientific Polymer Products (Scientific Polymer Products, New York, NY, USA). α-Cyclodextrin was vacuum degassed and dried overnight at 80 °C before using.



The preparation for the inclusion complex of PCL and α-CD (PCL–CD–IC) was using the solution mixing method. The PCL (~0.2 g) and α-CD (~1.0 g) were dissolved separately in acetone (60 mL) and distilled water (10 mL), respectively. After PCL and α-CD were completely dissolved, PCL solution was added to the α-CD solution and stirred vigorously at 60 °C for 3 h for the complexation process. The entire complexation process was carried out by further stirring the solution overnight at room temperature, and PCL–CD–IC was obtained as the precipitate in the solution. After filtrating out the PCL–CD–IC from the solution, the PCL–CD–IC was also washed with acetone and distilled water several times to remove the uncomplexed PCL and α-CD, respectively. The PCL–CD–IC after washing away the uncomplexed PCL and α-CD was vacuum dried at 45 °C for one week before using. A similar method to prepare PCL–CD–IC has also been reported in the literature [18].



The quaternary PEA/PEO/PVAc/PCL–CD–IC composites were fabricated by the solution blending method. To prepare a PEA/PEO/PVAc/PCL–CD–IC solution, PCL–CD–IC was first dispersed in chloroform by ultrasonic treatment (20 min) to make the PCL–CD–IC solution, and then a certain amount of it was added to a PEA/PEO/PVAc solution (with chloroform as the solvent), continuously stirring for 10 min. It should be noted that the concentration of the PEA/PEO/PVAc/PCL–CD–IC solutions was approximately 3 wt %. For the content of PEA, PEO, PVAc, and PCL–CD–IC in the solutions, it was presented by their relative weight ratio, for example, PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/0.5. The PEA/PEO/PVAc/PCL–CD–IC solutions were casted by evaporating the solvent at 40 °C and vacuum drying for 2 days at 45 °C. The obtained specimens were used for the following characterizations and measurements.




2.2. Investigations on Thermal and Crystallization Behaviors


We studied the thermal properties and crystallization behaviors with a differential scanning calorimeter (DSC, PerkinElmer DSC-8500, PerkinElmer, Waltham, MA, USA). In order to detect the general thermal behaviors of the specimens, a scan rate of 20 °C/min was used. Regarding the isothermal crystallization treatment of PEA/PEO/PVAc/PCL–CD–IC composites, the specimens were first heated and kept at 100 °C for 3 min to erase thermal history, and then rapidly cooled to various crystallization temperatures (Tc = 16, 18, 20, 22 °C) to complete crystallization. Relevant information about isothermal crystallization was recorded for further analysis.




2.3. Structural Identification with 1H Nuclear Magnetic Resonance (1H NMR) Spectra


To identify the structure of PCL–CD–IC, the 1H nuclear magnetic resonance (1H NMR) spectra were measured by the Varian Unity Inova 400 (Agilent, Santa Clara, CA, USA). The solvent of DMSO-d6 was selected to dissolve the specimens. The signal of DMSO-d6 at δ = 2.5 ppm was used as the internal standard for our characterization.




2.4. Studies of Fourier-Transform Infrared Spectroscopy (FTIR) Spectra


Fourier-transform infrared spectroscopy (FTIR) spectra of the composites were recorded with the PerkinElmer FrontierTM (Perkin Elmer, Waltham, MA, USA) at wavenumbers from 400 to 4000 cm−1. The samples for FTIR measurements were prepared on KBr disks using the solution-casting method. The resolution of each measurement was 2 cm−1.




2.5. Discussions on Crystalline Structures with Wide-Angle X-ray Diffraction (WAXD)


We employed wide-angle X-ray diffraction (WAXD) to discuss the crystalline structures of PEA/PEO/PVAc/PCL–CD–IC composites. A Bruker D2 PHASER diffractometer (Bruker, Billerica, MA, USA) with Cu-Kα radiation (λ = 0.154 nm) was applied. The samples used for the WAXD studies were crystalized isothermally at 22 °C before the measurements. The WAXD experiments were performed at a scan rate of 1°/min between 2θ = 5° and 50°.




2.6. Morphological Observation


Scanning electron microscopy (SEM, Hitachi S3000, Hitachi, Tokyo, Japan) and transmission electron microscopy (TEM, JEM-1400, JEOL, Tokyo, Japan) were used to study the dispersion and morphology of the PCL–CD–ICs in composites. The samples for SEM were coated with gold so that the conductivity could be increased. The samples for TEM were prepared on copper grids by solution casting. The spherulite morphology of PEA in the composites was also discussed and observed through a polarization optical microscope (POM, Olympus CX41, Olympus, Tokyo, Japan) equipped with a Linkam THMS-600 hot stage. Prior to POM observation, the specimens were melted at 100 °C for 3 min and then crystalized isothermally at 30 °C.





3. Results


Figure 1 shows the DSC thermograms of neat PCL, α-CD, and PCL–CD–IC. Obviously, for PCL–CD–IC, the melting transition of PCL was diminished. This result indicates that the crystallization of PCL was affected because of the formation of inclusion complexes between PCL and α-CD. The crystallization of PCL was restricted because most of the PCL chains were covered by α-CD during the formation of the PCL–CD–IC.



The stoichiometry of PCL–CD–IC was estimated from the 1H NMR spectra shown in Supplementary Materials Figure S1. According to the spectra in Figure S1, the molar ratio of PCL repeating unit to α-CD and the coverage ratio of PCL–CD–IC can be related to the ratio of the integral intensity of 4.8 ppm (CH of α-CD) to the integral intensity of 1.5 ppm (CH of PCL). Similar identifications and estimations have also been mentioned in the literature [22,23]. The molar ratio of the PCL repeating unit to α-CD was estimated to be 1.15, and the coverage ratio of PCL–CD–IC was approximately 76%. The related results show that most of the PCL chains in the PCL–CD–IC were covered by α-CD. The FTIR spectra of neat PCL, α-CD, and PCL–CD–IC are demonstrated in Figure S2 in the Supplementary Materials. We found that the hydroxyl-stretching band of α-CD (3367 cm−1) was different with that of PCL–CD–IC (3391 cm−1). In addition, the carbonyl-stretching band of PCL (1725 cm−1) was different than that of PCL–CD–IC (1739 cm−1). The shifts of the hydroxyl-stretching band and the carbonyl-stretching band revealed by FTIR spectra further indicate the presence of inclusion between PCL and α-CD and the interactions between the hydroxyl groups of α-CD and the carbonyl groups of PCL in the PCL–CD–IC. Similar spectral features have also been shown to characterize the occurrence of inclusion in the literature [24,25].



The miscibility of the PEA/PEO/PVAc/PCL–CD–IC quaternary composite was confirmed by a DSC thermal scan, and the typical result of the PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/1 composite is shown in Figure S3 in the Supplementary Materials. As shown in Figure S3, a single glass transition temperature (Tg) was found for the PEA/PEO/PVAc/PCL–CD–IC composite, demonstrating the miscibility of the composite. The isothermal crystallization kinetics of the PEA/PEO/PVAc/PCL–CD–IC quaternary composites were thoroughly investigated in this study. Figure 2 displays the DSC measurements of neat PEA and the PEA/PEO/PVAc/PCL–CD–IC quaternary composites at different crystallization temperatures (Tc’s). The typical results of PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/x composites are presented herein. It should be noted that the “x” values were 0, 0.5, 1, and 2, which represent the relative weight ratio of PCL–CD–IC in the composite. Firstly, it was found that for PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/0 specimen without adding PCL–CD–IC, the crystallization peak moved to a longer crystallization time. This result means that the presence of PEO and PVAc in the composite would slow down the isothermal crystallization of PEA. On the other hand, adding PCL–CD–IC can further promote the isothermal crystallization of PEA in the composites. As shown in Figure 2a–d, we found that under the same Tc, the crystallization time of PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/x composites decreased noticeably with the increase in PCL–CD–IC content. The addition of PCL–CD–IC effectively enhanced the isothermal crystallization of PEA in the composites. The isothermal crystallization kinetics of the composites can be described by the Avrami equation [26,27]. The analysis method using the Avrami equation is described in detail in the Supplementary Materials. Figure 3 demonstrates the Avrami plots of neat PEA and the PEA/PEO/PVAc/PCL–CD–IC quaternary composites. It is clear that all curves in the Avrami plots show good linearity. The evaluated values obtained through the analysis are presented in Table 1. We found that the n values of neat PEA and PEA/PEO/PVAc/PCL–CD–IC quaternary composites were similar and between 2 and 3, which implies that the crystallization mechanism of PEA would not be significantly influenced with the addition of PEO, PVAc, and PCL–CD–IC. The values of rate constant k and 1/t0.5 tended to increase with an increase in the PCL–CD–IC content in the composites, indicating that PCL–CD–IC increased the crystallization rate of the composites. The PCL–CD–IC can be an effective nucleation agent for the crystallization of PEA in the quaternary PEA/PEO/PVAc/PCL–CD–IC composites.



The typical SEM and TEM images of the composite are demonstrated in Figure 4a,b. The images were acquired from the measurements of the PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/1 composite, with SEM and TEM magnifications of 2000× and 25,000×, respectively. As shown in the SEM image of Figure 4a, we found that the PCL–CD–IC was well dispersed in the composite, and there was no obvious agglomeration between each other, showing particle sizes of approximately a few micrometers. In addition, as shown in Figure 4b, the PCL–CD–IC can also be observed by TEM, and a particle size of approximately 3–5 μm at the submicron scale was confirmed.



Figure 5 shows the POM morphologies of neat PEA and quaternary PEA/PEO/PVAc/PCL–CD–IC composites with different quaternary compositions. All samples were crystalized at 30 °C. It was found that the addition of PCL–CD–IC increased the number of spherulites of PEA in the composites. With the presence of PCL–CD–IC, the composite can obtain more nucleation sites, and the nucleation density can also be increased. The PCL–CD–IC is an effective nucleation agent to promote crystallization in PEA/PEO/PVAc/PCL–CD–IC composites.



Figure 6 presents the WAXD results of neat PEA and PEA/PEO/PVAc/PCL–CD–IC composites. The quaternary compositions of the PEA/PEO/PVAc/PCL–CD–IC composites shown here were 80/10/10/0 and 80/10/10/1. Due to the reflection from the (111), (110), and (020) crystalline planes [28,29,30], neat PEA presented three main diffraction peaks at 2θ = 20.4°, 22.3°, and 24.7°, respectively. We found that PEA had no peak shift after forming the composite. The WAXD patterns of PEA were very similar to those of the PEA/PEO/PVAc/PCL–CD–IC composites, which means that PEA will not change its crystalline structures after adding of PEO, PVAc, and PCL–CD–IC. In addition, since the X-ray reflections of the quaternary composite seem to be less pronounced, the crystallinity of the quaternary composite should be slightly lower.




4. Conclusions


The novel quaternary biodegradable polymer composites of PEA/PEO/PVAc/PCL–CD–IC were investigated in this study. In studies of quaternary biodegradable polymer composites, this work was the first to use supramolecular inclusion complexes in enhancing the crystallization behaviors. An inclusion complex of PCL–CD–IC was successfully prepared and studied by DSC, FTIR, and 1H NMR. The PCL–CD–IC was further used to promote the crystallization rate of quaternary PEA/PEO/PVAc/PCL–CD–IC composites. We found that PCL–CD–IC can be well-dispersed in the quaternary composites of PEA/PEO/PVAc/PCL–CD–IC. In the analyses of isothermal crystallization by the Avrami equation, the rate constant k was increased when the content of PCL–CD–IC was increased. By this result, it can be indicated that PCL–CD–IC promoted the crystallization rate of PEA in the composite. According to the WAXD results, the quaternary composites of PEA/PEO/PVAc/PCL–CD–IC displayed similar diffraction patterns to neat PEA. The POM observations revealed that the nucleation density of the quaternary composites can be significantly increased with the presence of PCL–CD–IC. The PCL–CD–IC with a supramolecular structure can effectively promote the crystallization of the novel biodegradable polymer composites composed of PEA, PEO, PVAc, and PCL–CD–IC. The composites investigated in this study may have the potential to be applied in biodegradable plastics and materials for biomedical and agricultural end uses.
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Figure 1. Differential scanning calorimeter (DSC) thermograms of neat poly(ε-caprolactone) (PCL), α-cyclodextrin (α-CD), and a PCL–CD–inclusion complex (IC). 
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Figure 2. DSC measurements of neat poly(ethylene adipate) (PEA) and PEA/poly(ethylene oxide) (PEO)/poly(vinyl acetate) (PVAc)/PCL–CD–IC = 80/10/10/x composites at (a) Tc = 16 °C, (b) Tc = 18 °C, (c) Tc = 20 °C, and (d) Tc = 22 °C. The x values are the relative weight ratios of the PCL–CD–ICs in the composites, which were 0, 0.5, 1, and 2, respectively. 
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Figure 3. The Avrami plots derived from DSC measurements of (a) neat PEA, (b) PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/0, (c) PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/0.5, (d) PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/1, and (e) PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/2 composite. 
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Figure 4. (a) SEM and (b) TEM images of the PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/1 composite. 
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Figure 5. The polarization optical microscope (POM) graphs of (a) neat PEA, (b) PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/0, (c) PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/0.5, (d) PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/1, and (e) PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/2 composite. All samples were crystalized at 30 °C. 
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Figure 6. The wide-angle X-ray diffraction (WAXD) results of neat PEA and PEA/PEO/PVAc/PCL–CD–IC composites crystalized at 22 °C. The quaternary compositions of the PEA/PEO/PVAc/PCL–CD–IC composites shown here were 80/10/10/0 and 80/10/10/1. 
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Table 1. The Avrami parameters derived from DSC measurements for neat PEA and PEA/PEO/PVAc/PCL–CD–IC = 80/10/10/x composites. The x values are the relative weight ratios of PCL–CD–ICs in the composites and were 0, 0.5, 1 and 2.
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	PEA/PEO/PVAc/PCL–CD–IC

(Relative Weight Ratio)
	Tc (°C)
	n
	k (min−n)
	t0.5 (min)
	1/t0.5 (min−1)





	100/0/0/0
	16
	2.70
	2.62
	0.61
	1.64



	
	18
	2.70
	1.42
	0.77
	1.30



	
	20
	2.68
	0.87
	0.92
	1.09



	
	22
	2.65
	0.52
	1.11
	0.90



	80/10/10/0
	16
	2.52
	0.67
	1.01
	0.99



	
	18
	2.64
	0.31
	1.37
	0.73



	
	20
	2.84
	0.14
	1.75
	0.57



	
	22
	2.84
	0.09
	2.03
	0.49



	80/10/10/0.5
	16
	2.52
	3.48
	0.53
	1.90



	
	18
	2.57
	2.53
	0.60
	1.66



	
	20
	2.61
	1.93
	0.68
	1.48



	
	22
	2.88
	1.34
	0.80
	1.26



	80/10/10/1
	16
	2.55
	3.98
	0.50
	1.99



	
	18
	2.62
	3.05
	0.57
	1.76



	
	20
	2.75
	2.33
	0.64
	1.55



	
	22
	2.92
	1.80
	0.72
	1.39



	80/10/10/2
	16
	2.54
	5.82
	0.43
	2.31



	
	18
	2.50
	3.55
	0.52
	1.92



	
	20
	2.56
	2.78
	0.58
	1.72



	
	22
	2.73
	2.16
	0.66
	1.52
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
PEA/PEO/PVAc¢/PCL-CD-IC=
T.=16°C

(a)

100/0/0/0

8010/ 1070

80/10/10/0.5

Endothermic heat flow (offset scale) —

80/10/10/1
80/10/10/2
lIlIlIlIIIII]IIII‘I]I
g 1 3 3 4 5§ & 7 8 % 1v
Time (min)

T | PEAPEOPVACPCL-CD-TC- (c)

% T,=20°C 100/0/0/0

& r\/'

wn

2

w 80/10/10/0

=

| e

z 80/10/10/0.5

=

-

=

= 80/10/10/1

-

- S0/

> 0/10/10/2

=

—

=

=

=

=
IIII’IIIIIIIIII'II‘III
0 1 2 3 4 5 6 7 8 9 10

Time (min)

Endothermic heat flow (offset scale) —

Endothermic heat flow (offset scale) —

PEA/PEO/PVAc/PCL-CD-IC=
T,=18°C

(b)

100/70/0/0

S0/10/10/0

80/10/10/0.5

80/110/710/1

80/10/10/2

l LI l L) l L| l L ] LI l L} 1 Ll l L] l L] I L|

® 1 2 3 & 5 & 7 8B % M
Time (min)

PEA/PEO/PVAc/PCL-CD-IC= (d)

i,=a25% 100/0/0/0

8010/10/0

80/10/10/0.5

80/10/710/1

80/10/10/2

e
-

I =

=

[
(- —
(o)
i, —
th ==

-
(=

Time (min

S’






nav.xhtml


  crystals-10-01137


  
    		
      crystals-10-01137
    


  




  





media/file2.png
Endothermic heat flow (offset scale) —

neat PCL

a-CD

PCL-CD-IC

L
-60 -40

L L
20 0 20
Temperature (°C)

!
40

!
60

80





media/file5.jpg





media/file3.jpg
1[rearrorvacrcrcnic @] I [rearrorvacrcicnics (b)
| i wonoe | Z[T.18°C 100000
H ] 50101

- -

B soionons| £ s0101003]
H H

k] wawit]. —
H H

H sownen|  § s
2 2

T
678 910

T

012348

Tims o

1 [marrorvara oot ©] I [ramorvacra e @)
2 oo I 1ovonn
g ]
] soavno|  E son
3 3
z smnoaons| satoons
H H
H H
£ swowr| £ sovnon]
H H






media/file1.jpg
Endothermic heat flow (offset scale) —

neat PCL

PCL-CD-IC

I I A LI B R
60 -40 20 0 20
Temperature (°C)

LI
40 60

80





media/file7.jpg
(b)





media/file10.png
O F /it \ v el
~

- el 3

- 'TE od “\ :‘ -
a3 -~ > -

,,f - -..' » \\ o W
t(‘ . r ‘r‘,;s- 3 ¥ WG
5 . 4 'f - ‘e
’ i o514 1 -

-t \* F f,/,, _\J‘r | ,

5 AL T FYTAY ' .~

& - ~ N . ] 7 i

.:) . » X 5 ji, e J." 1.

. - ' e r .

o}!t) \_ <3 , - WA / - (“\

o :. - ;;'., N 4[’/[: ‘;<"l"
o) e N7 el
el Cof MW ”~r "

» - > P 3

‘/,"' N o pes
{ - / : 4 »

T 7 L7 SR AN :
’.* ’) //‘ \ \e’ ) .

{' N 5 £ ‘\\ _‘_" ,

{‘rr'_ \ oy : o’ o’

e SNt 1 . \’/
L ‘ _— .“1! : %

: s T ¥
. % s g 5
ey ..‘ -
sy ¥ 8
™ 4 - A, %
. 5

. “ o v
.. .. . - A

? 3

oA

. 5
<

N
-~ y

» A X .\
- .

.
o R
. - 8
AN > :
A 4 L
c..' n. »
‘) '
fa B
L A
) SR
.2 > Pg -
- . - A
% < r 2"
N AN
e S -
Y e » g
. » ‘-...‘ N
- . -~ "
5 q:‘ ’
s ) >
e R
g &
’ \-'\ <
» - >
A Ly
5
()
a
:
' 4
»

.(/
A
\
»
“r

™
»
.
\I
o ™
’
s
.
ol e
¢
©
T

-
>J ,
10
» L%
AL+
S A
pnt oy N






media/file12.png
Intensity (a.u.)

(110)
(111)  (020)

To=22°C

Neat PEA

e

Ma_

PEA/PEO/PVAc/PCL-CD-IC

”A\—JL = 80/10/10/0

PEA/PEO/PVAc/PCL-CD-IC

NU\_ = 80/10/10/1

10

20

30 40
20 (degree)





media/file9.jpg





media/file0.png





media/file8.png
(b)





media/file11.jpg
y (a.u.)

Intensi

(110)
111y (020)

T¢=22°C

Neat PEA

PEA/PEO/PVAc/PCL-CD-IC

=80/10/10/0

PEA/PEO/PVA¢/PCL-CD-IC

10

=80/10/10/1
T T T T T T
20 30 40

20 (degree)





media/file6.png
log[-In(1-X¢)]

0.4

0.2

0.4 0.4
{(a) 024 (b) 024 (€)
- — 0 - — 0 —
—
- T 0.2 = 0.2
| En | PEA/PEO/PVA¢/PCL-CD-IC E‘O ] PEA/PEQ/PVAC/PCL-CD-IC
- neat PEA = -0.4 =80/10/10/0 = -0.4 = 80/10/1010.5
| ® T¢=16°C i ® Tc=16°C i ® Tc¢=16°C
|| Te =18°C m T =18°C [ | Te¢ =18°C
_ A Te =20°C 0.6 — A Te =20°C -0.6 A Te =20°C
- 2 Te =22°C - P Te =22°C L 2 Te¢ =22°C
| L L L L L -0.8 1 7 L I 1 ' T ! -0.8 1 1T 1T 71T 7T TTT?
0.6 -04 -02 0 02 04 0.6 08 04 -02 O 0.2 04 06 038 1 08 -06 -04 -02 0 0.2 04
log t (min) log t (min) log t (min)
0.4 0.4
1(d) 1(e)
0.2 — 0.2
—_ 0 — 0 -
z - : -
—(
T 0.2 T 0.2
%” PEA/PEO/PVAC/PCL-CD-IC %” ] PEA/PEQ/PVAC/PCL-CD-IC
=~ (0.4 — = 80/10/10/1 = (0.4 — = 80/10/10/2
i ® Tc=16°C i ® Tc=16°C
B Tc=18°C B T¢=18°C
0.6 A T¢=20°C -0.6 A Tc=20°C
& T¢=22°C . & Te=22°C
-0.8 | T | T | ! | ! | ! -0.8 T | ! | !
-0.6 0.4 -0.2 0 0.2 04 -0.8 -0.4 0 0.4

log t (min)

log t (min)

0.6





