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Synthesis, characterization, 
and crystallization behaviors of 
poly(D-lactic acid)-based triblock 
copolymer
Yifan Wu1, Lingtong Li1, Shaopeng chen1, Jun Qin3, Xiaolang chen1,2*, Dengfeng Zhou4 & 
Hong Wu2*

poly(D-lactic acid) (PDLA) with different polyethylene glycol (PEG) segment synthesized PDLA-
PEG-PDLA triblock copolymer through the ring-opening reaction of D-LA and PEG will be used as a 
toughening modifier. The microstructure, crystal structures and crystallization behaviors of this triblock 
copolymer were investigated by fourier transform infrared (ftiR) spectroscopy, nuclear magnetic 
resonance (NMR) spectroscopy, X-ray diffraction (XRD), differential scanning calorimetry (DSC) and 
polarized optical microscopy (POM). The triblock copolymer is synthesized from the appearance of 
cH2 stretching vibration peak at 2910 cm−1 and C-O stretching vibration peak at 1200 cm−1 from PEG 
in FTIR spectra. Moreover, the chemical shift that is about 3.6 ppm in 1H NMR and 68.8ppm in 13c nMR 
proves this matter. The results of XRD and DSC reveal that PDLA and PEG are crystallized separately, 
and are not fully compatible, and microphase separation has occurred in this triblock copolymer. PEG 
can induce the triblock copolymer to accelerate the rate of crystallization, allowing it to crystallize more 
completely in the same amount of time. When the molecular weight of PEG is 6000 or the ratio of D-LA/
PEG is 1/1, the crystallizability of PDLA-PEG-PDLA triblock copolymer is the best.

The rapid development of industry has brought great convenience to people’s lives, but the environmental pollu-
tion caused by the rapid development is also gradually exposed, coupled with the oil crisis caused by the extensive 
development and utilization of petroleum resources, the necessity and urgency of the research and development 
of degradable polymers are gradually highlighted. Among the various degradable polymers, polylactic acid (PLA) 
is the most promising as a green polymer material1–3. The biggest and most prominent advantage of PLA is that 
it can be recycled in nature4. Its raw materials are renewable biological resources, so it is no longer dependent 
on petroleum and other resources. Its wastes are completely transformed into carbon dioxide and water through 
hydrolysis and a series of biological metabolism, which is harmless to human body and non-toxic, and has no 
pollution to the environment5,6.

According to the chiral property of the structural unit, PLA can be divided into poly (L-lactic acid) (PLLA), 
poly (D-lactic acid) (PDLA) and poly (D, L-lactic acid) (PDLLA)7. However, compared with polyesters with higher 
rigidity, PLA is a semi-crystalline polymer, which usually has a slower crystallization rate without external force 
and produces some amorphous products during processing8,9. And its heat resistance is poor, which limits its 
application requirements in bioengineering, food packaging and other industries10–12.

Currently, in order to improve its physical or thermodynamic properties, PLA is modified by adding other 
substances to form composites (such as rice husk hydrochar13, lignin14, polycarbonate15, chitosan16, etc.) and 
polymerizing with other substances (such as PLA-PCVL-PLA17, SEBS-g-PLA18, etc.). Of course, there are also 
some investigations on the crystallization behavior of PLA. For example, Zhang et al.19 adds lactide-caprolactone 
copolymer (LACL) into polylactide/poly (ε-caprolactone) (PLA/PCL) blends. PCL reduces the spherulite size of 
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crystallization of PLA, and the nuclear density PLA/PCL/LACL blends is far higher than that of PLA and PLA/
PCL. The results indicate that LACL has a capacity-enhancing effect on immiscible PLA/PCL blends, thus pro-
moting the nucleation of PLA. The crystallization half-life of PLA/PCL/LACL and PLA/PCL is also lower than 
that of pure PLA, and the crystallization rate of the blends increases. Similarly, PLA, cellulose nanofibers (CNFs) 
and glycidyl methacrylate (GMA) grafted poly (lactic acid) (PLA-g-GMA) are mixed to fabricate PLA/CNFs and 
PLA/PLA-g-GMA/CNFs composites20. When 0.1 wt% CNFs are added, the crystallization rate of the composites 
is improved markedly. What’s more, the combination of plasticizer and nucleating agent (dioctyl adipate and 
ethylene bis stearic amide) can effectively improve the crystallization rate of PLA21.

Using external conditions to enhance the crystallization ability of PLA is the current research hotspot. Wang et al.22  
investigates the isothermal crystallization kinetics of a series of long-chain polylactic acid induced by shear, and 
finds that the crystallization of PLA with different degree of branched is significantly improved under shear, and 
the crystal morphology also changes from spherulite to oriented crystallization. The properties of PLA are con-
trolled by the laser flame, which induces the polymer to increase its crystallinity at lower temperatures and mainly 
forms α′ crystalline structures23.

Polyethylene glycol (PEG), a water-soluble polyether achieved by the progressive addition of ethylene oxide 
to water or ethylene glycol, has good molecular chain flexibility, non-toxicity and good biocompatibility24. It was 
found that PEG grafted onto the surface of starch resulted in PEG enriched areas around starch particles, thus 
forming a new interfacial transition layer between PLA and starch, so the elongation at break and impact strength 
of the blend could be improved25. However, there are few studies on the effect of PEG on the crystallization 
behavior of PLA.

In this work, PDLA-PEG-PDLA triblock copolymer with different PEG molecular weight and the ratio of 
D-LA/PEG was prepared by ion exchange method. PEG, as the second component, was involved in the polym-
erization reaction, which changed the microstructure of the copolymer. The effect of different PEG molecular 
weight and the ratio of D-LA/PEG on the microstructure, crystal structure and crystallization behaviors of copol-
ymer was studied by Fourier transform infrared (FTIR) spectroscopy, nuclear magnetic resonance spectroscopy 
(NMR), X-ray diffraction (XRD), differential scanning calorimetry (DSC) and polarized optical microscopy 
(POM).

experimental
Materials. Polyethylene glycol (PEG) (AR) was purchased from Chengdu Kelong Chemical Reagent 
Company (China), with molecular weights of 2000, 4000, 6000, and 8000. D-lactide (D-LA, 99%, Mw = 144.13) 
was acquired from Shanghai Macklin Biochemical Co. Ltd., China. Stannous octoate (Sn(Oct)2, 95%) was 
obtained from Shanghai Aladdin Biochemical Technology Co. Ltd., China. Dichloromethane (CH2Cl2) (AR), 
Petroleum ether (AR) and xylene (AR) was supplied by Chengdu Kelong Chemical Reagent Company (China).

Synthesis of PDLA-PEG-PDLA triblock copolymers. The PDLA-PEG-PDLA triblock copolymers were 
synthesized by ring-opening polymerization (ROP) of D-lactide using PEG as an initiator and stannous octoate 
as a catalyst26. The synthetic route is shown in Fig. 1, where n, x, y and z were the degree of polymerization of 
PEG part and PDLA part, respectively. Firstly, D-LA and PEG with different molecular weight were dried at 50 °C 
in an electric blast drying oven for 2 h. The required D-LA and PEG with different molecular weights were accu-
rately weighed by an electronic balance, then the medicine was placed in a dry three-necked flask, and nitrogen 
was passed through. After 5 minutes, the air in the flask was completely removed and the three-necked flask 
was placed in an oil bath pot and heated at a constant temperature. The temperature of the oil bath was 140 °C 
and the magnetic stirring was 15 minutes until the drug was completely dissolved. Sn(Oct)2/xylene was injected 
into the mixed solution. Dosage of Sn(Oct)2 was about 0.6 wt% of D-LA. The reaction was stirred at 160 °C for 
4 h under nitrogen atmosphere. After the reaction, the crude product was dissolved into CH2Cl2 to wash the 
unreacted drug. And then petroleum ether was used as precipitant to further purify the product and obtain pure 
PDLA-PEG-PDLA triblock copolymer after filtration. The obtained precipitates were dried under vacuum at 
room temperature for 24 h. When the ratio of D-LA/PEG was constant, a series of block copolymers were prepared 

Figure 1. Synthesis of PDLA-PEG-PDLA triblock copolymer.
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by changing the molecular weight of PEG (2000, 4000, 6000, 8000). And when PEG molecular weight was fixed, a 
series of block copolymers were obtained by changing the ratio of D-LA/PEG (1/1, 2/1, 3/1).

Measurements and characterization. Fourier transform infrared (FTIR) spectra. A Thermo Nicolet 560 
FTIR spectrometer (USA) was applied to monitor the FTIR spectra of the samples in the range of 4000–400 cm−1. 
A small amount of fully dried sample to be tested and potassium bromide were ground evenly in a mortar, then 
placed on a tablet press and pressed into translucent flakes at a pressure of 10 Mpa. The flakes were tested in a 
Fourier infrared spectrometer.

Nuclear magnetic resonance (NMR) spectroscopy. The NMR resonance spectroscopy was carried out on a Swiss 
Bruker model AVANCE400 with tetramethylsilane as the internal standard in CDCl3 at 25 °C.

X-ray diffraction (XRD). The crystal structure was measured by X-ray diffractometer (X’pert PRO, made by 
the Panalytical Company, Netherlands) with Cu-Kα radiation (λ = 0.15418) at 40 kV and 40 mA. The diffraction 
patterns were collected at 2θ between 5–60° at a scanning rate of 5°/min.

Differential scanning calorimetry (DSC). DSC thermograms were obtained with a Q20 (TA Instruments, USA). 
About 8–10 mg specimens were heated from room temperature to 200 °C at the rate of 10 °C/min, maintained at 
200 °C for 5 min to erase the thermal history. The samples after premelting were cooled to room temperature at 

Figure 2. FTIR spectra of PDLA-PEG-PDLA triblock copolymers with different PEG segments: (A) PEG 
with different molecular weights is 2000, 4000, 6000, and 8000; (B) The ratio of D-LA/PEG is 1/1, 2/1, and 3/1, 
respectively.
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a cooling rate of 10 °C/min, and then subsequently reheated to 200 °C at a rate of 10 °C/min, and the DSC curves 
were recorded. All the tests were conducted under nitrogen atmosphere.

Polarized optical microscopy (POM). The POM technology was employed to investigate the crystal morphology 
on a CX40P polarizing microscope (Ningbo Shunyu Instrument Co., Ltd., China). The samples were placed on 
a hot table at 170 °C. After the samples were completely melted, they were pressed into thin sheets with cover 
glass, and then put into an incubator with a set temperature. After crystallization for a certain period of time, the 
samples were taken out for observation.

Results and Discussion
Characterization of PDLA-PEG-PDLA triblock copolymer. In order to understand whether PDLA-
PEG-PDLA triblock copolymer is successfully synthesized, the block copolymer samples synthesized with dif-
ferent segments of PEG were characterized by FTIR, as shown in Fig. 2. As can be seen that there is a strong 
absorption peak at 3400 cm−1, corresponding to the alcoholic hydroxyl group at the end of the block copolymer27. 
The two absorption peaks at 2990 and 1600 cm−1 is due to the stretching vibration of CH3 and the antisymmetric 
bending vibration, respectively, which prove the existence of CH3 functional group28. 2910 and 2890 cm−1 can be 
observed in this figure, the two closely spaced absorption peaks represent the absorption peaks of CH and CH2, 
respectively. And in the fingerprint region, there is a 1460 cm−1 bending vibration peak of CH2 and in the range of 
1350 to 1310 cm−1 of CH bending vibration peaks. These absorption peaks prove the introduction of PEG struc-
ture in PDLA, and the presence of methyl and hypomethyl groups from PDLA and methylene groups from PEG 
in molecular chains, indicating that PDLA successfully copolymerized with PEG. The stretching vibration peak 
of C=O appears at 1760 cm−1, and the intensity of the peak is strong. Since it is connected with oxygen atoms, 
the electron absorption induction effect is greater than the conjugate effect of electron donor, which makes the 
absorption peak of the whole carbonyl group shift to the region of high wavenumber. And this is a big proof of 
the existence of ester groups. The peaks in the range from 1300 to 1200 cm−1 are strong, corresponding to the 

Figure 3. 1H NMR spectra of PDLA-PEG-PDLA triblock copolymers with different PEG segments. (A) PEG 
with different molecular weights is 2000, 4000, 6000, and 8000. (B) The ratio of D-LA/PEG is 1/1, 2/1, and 3/1, 
respectively; (B1) 2.5–0.7 ppm of B; (B2) 4.3–3.2 ppm of B and (B3) 5.35–4.8 ppm of B.
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stretching vibration peak of C-O, and the absorption peaks close to 1120 cm−1, 1100 cm−1 and 1000 cm−1 is the 
anti-symmetric stretching vibration peak of C-O-C. From the above analysis, the conclusion that PDLA-PEG-
PDLA block copolymer was synthesized successfully can be obtained preliminarily.

The composition of the synthesized PDLA-PEG-PDLA triblock copolymer was determined by NMR spectros-
copy, as shown in Fig. 3 (1H NMR) and 4 (13C NMR). Nuclear magnetic resonance (NMR) spectroscopy, which 
studies the absorption of radiofrequency radiation by atomic nuclei, is one of the most powerful tools for qual-
itative analysis of the composition and structure of a variety of organic and inorganic things29. In the 1H NMR, 
there are three groups of peaks, indicating that H atom in this copolymer has three chemical environments, and 
each group of peaks of different copolymers is roughly in the same position in both Fig. 3A,B. The chemical shift 
of methine (CH) and methyl (CH3) protons in PDLA is observed around 5.15–5.20 ppm (peak c) and 1.60 ppm 
(peak a), respectively. The methylene protons in (CH2) group of PEG are around 3.63 ppm (peak b). When D-LA: 
PEG is 1/1, the chemical displacement of absorption peak moves in the direction of decreasing in Fig. 3B. This is 
because the electron absorption capacity of C=O decreases, which increases the electron cloud density around 
the hydrogen nucleus, and the shielding effect increases. Therefore, the resonance absorption peak moves to the 
high field, and the chemical displacement decreases.

Figure 4 is the 13C NMR of PDLA-PEG-PDLA triblock copolymer. Among the isotopes of C, only 13C has 
spin phenomenon, and nuclear magnetic resonance absorption. The principle is the same as that of the hydrogen 
spectrum, but the chemical displacement range of the carbon spectrum is very wide, generally 0~250 ppm30. 
Even if the chemical environment difference of C is very small, the peak can be separated in the carbon spectrum. 
The positions of absorption peaks in Fig. 4A,B are roughly the same. The chemical shift of the absorption in the 
spectrum at 16.8 ppm (peak a) is the carbon atom of CH3 from PDLA; the chemical shift at 68.8 ppm (peak b) is 
the carbon atom of CH2 from PEG; the chemical shift peak at 70.2 ppm (peak c) is the carbon atom of CH from 
PDLA and the chemical shift at 169.7 ppm (peak d) is the carbon atom from PDLA. The absorption peak of trit-
ium chloroform was 76–77 ppm. So far, combined with the FTIR which has been analyzed before, it is a strong 
demonstration that the PDLA-PEG-PDLA block copolymer has been successfully synthesized.

Crystal structure of PDLA-PEG-PDLA triblock copolymer. XRD analysis can effectively provide the 
crystal structure information of polymer. Figure 5 shows the XRD patterns PDLA-PEG-PDLA triblock copol-
ymer with different lengths of PEG segments. In Fig. 5A, a sharp diffraction peak appears at 2θ is 16.8°, and 
the corresponding crystal lattice index is (200)/(110) of α-type of PLA structure31. Diffraction peaks appear at 
19.3° and 23.5°, corresponding to (120) and (032) crystal plane diffraction of PEG, respectively32. PDLA also 
has diffraction peaks at 19.3° is (203) crystal plane. There are also some weak diffraction peaks at 13.9° and 15.1° 
belonging to PDLA and PEG, respectively. The positions of the respective diffraction peaks are substantially the 
same, and as the molecular weight of PEG from 2000 to 6000 is increased, the intensity of the diffraction peak 
is also increased, but when the molecular weight is too large, reaching 8000, the strength is weakened. It may be 
that the over-molecular weight of PEG limits the diffusion of the molecular chain of the block copolymer, thereby 
limiting crystallization. When the molecular weight of PEG is 6000, the intensity of the diffraction peak of PDLA 

Figure 4. 13C NMR spectra of PDLA-PEG-PDLA triblock copolymers with different PEG segments: (A) PEG 
with different molecular weights is 2000, 4000, 6000, and 8000 and (B) The ratio of D-LA/PEG is 1/1, 2/1, and 
3/1, respectively.
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reaches the maximum, however, the position of the peak remains unchanged. The change of the diffraction peak 
of PEG is not obvious. The results reveal that the effect of different molecular weight of PEG on the crystallization 
of block copolymer is not significant when the content of PEG is fixed, and the crystal form does not change. It 
may be that there is little difference in the molecular chain size of PEG with different molecular weights. There 
is no significant difference in the molecular chain movement during crystallization, and the structure formed is 
the same. Only the changes in the diffraction peak intensity are shown in the XRD pattern. However, when the 
content of PEG in block copolymer is different, the structure of sample is obviously different.

In Fig. 5B, the diffraction peaks at 13.9°, 15.1°, 19.3°, and 23.5° are still present, but the intensity of the dif-
fraction peaks is different due to the difference in D-LA: PEG ratio. When the content of PDLA is low (1/1), the 
diffraction peak at 13.9° does not appear, and the diffraction peak of PEG is dominant. With more of PDLA, the 
characteristic peak (16.8°) strength of PDLA gradually increases, while the diffraction peak of PEG gradually 
weakens. This further demonstrates that PEG induces the crystallization of the copolymer. At the same time, PEG 
and PDLA exhibit respective crystal diffraction peaks, meaning that the two blocks are not completely compatible 
in the copolymer and present a state of microphase separation.

Crystallization and melting behaviors of PDLA-PEG-PDLA triblock copolymer. Figures 6 and 7 
show the DSC crystallization and melting curves of PDLA-PEG-PDLA triblock copolymers with different PEG 
segments and various ratios of D-LA/PEG, and the corresponding DSC detailed data are listed in Tables 1 and 2, 
respectively. The exothermic peak of low temperature (such as 28.8 and 31.1 °C) is the crystallization peak of PEG, 
and the exothermic peak at 80–90 °C is the crystallization peak of PDLA. When the molecular weight of PEG is 
too low (2000), there is no crystallization peak of PDLA in the DSC curves, only the crystallization peak of PEG. 
Low molecular weight PEG has no prominent effect on promoting the crystallization of block copolymer, and 

Figure 5. X-ray diffraction spectra of PDLA-PEG-PDLA triblock copolymers with different PEG segments: (A) 
PEG with different molecular weights is 2000, 4000, 6000, and 8000; (B) The ratio of D-LA/PEG is 1/1, 2/1, and 
3/1, respectively.
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the molecular chain of low molecular weight PEG does not make the molecular chain of copolymer to be more 
flexible. Moreover, when the molecular weight of PEG is increased from 2000 to 4000, the crystallization peak of 
PEG reduces significantly, and the crystallization peak of PDLA also appears. The molecular weight of PEG con-
tinues to increase, and the crystallization temperatures of PEG and PDLA also increase slightly. In Fig. 6B, when 
the content of PEG is high, we only found the crystallization peak of PEG. As the PDLA content increases, the 
crystallization peak of PDLA also arises, and the crystallization temperature of PDLA is remarkably improved. 
Thus, the addition of a certain amount of PEG can induce the crystallization of block copolymers, which may be 
because PEG as a soft segment improves the mobility of copolymers, thus making them easier to crystallize. Too 

Figure 6. DSC crystallization curves of PDLA-PEG-PDLA triblock copolymers with different PEG segments 
at a cooling rate of 10 °C/min: (A) PEG with different molecular weights is 2000, 4000, 6000, and 8000; (B) PEG 
and D-LA/PEG with various ratios of 1/1, 2/1, and 3/1.

Samples
Tc,PEG
(°C)

ΔHc,PEG 
(J/g)

Tm,PEG 
(°C)

ΔHm,PEG 
(J/g) Tc,PDLA(°C)

ΔHc,PDLA 
(J/g)

Tm,PDLA 
(°C)

ΔHm,PDLA 
(J/g)

PEG2k 28.8 28.8 50.3 25.8 — — — —

PEG4k 1.5
31.1 10.0 34.8

52.2 10.1 74.4 6.6 133.6 2.7

PEG6k 11.1
32.8 19.3 41.3

53.5 15.1 76.9 7.5 135.8 3.3

PEG8k 18.4
34.3 17.0 43.7

54.2 13.8 82.9 10.3 135.8 10.4

Table 1. DSC results for PDLA-PEG-PDLA triblock copolymers with different molecular weights of PEG 
segments. PEG with different molecular weights is 2000, 4000, 6000, and 8000, respectively.
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high PEG content or too large PEG molecular weight may entangle the molecular chains of the block copolymer. 
Too low content or too small PEG molecular weight does not significantly increase the flexibility of the molecular 
chains and does not promote the crystallization of the block copolymer. And the change of PEG content in copol-
ymer has a greater influence on the crystallization of block copolymer than the change of PEG molecular weight. 
The appropriate PEG content increases the molecular chain flexibility of the copolymer and avoids entanglement, 
which makes it easy to move in the crystallization process and form more crystals. The DSC melting curves 
expresses the same rule, as shown in Fig. 7. When the PEG molecular weight is 2000 or the PEG content is higher, 
only the PEG melting peak is found, and the PEG molecular weight increases or the PEG content decreases, 
and the melt peak tends to weaken. From the results of DSC, it is observed that the two segments of the block 

Figure 7. DSC melting curves of PDLA-PEG-PDLA triblock copolymers with different PEG segments at a 
heating rate of 10 °C/min: (A) PEG with different molecular weights is 2000, 4000, 6000, and 8000; (B) PEG and 
D-LA/PEG with various ratios of 1/1, 2/1, and 3/1.

Samples
Tc,PEG
(°C)

ΔHc,PEG 
(J/g)

Tm,PEG 
(°C)

ΔHm,PEG 
(J/g) Tc,PDLA(°C)

ΔHc,PDLA 
(J/g)

Tm,PDLA 
(°C)

ΔHm,PDLA 
(J/g)

PEG 37.0 161.9 62.4 164.1 — — — —

1/1 12.9
38.1 46.4 40.5

61.8 37.1 — — — —

2/1 11.1
32.8 19.3 41.3

53.5 15.2 76.9 7.5 135.8 3.3

3/1 — — — — 94.3 12.9 142.7 12.7

Table 2. DSC results for PEG and PDLA-PEG-PDLA triblock copolymers with different proportion of D-LA: 
PEG. The ratio of D-LA/PEG is 1/1, 2/1, and 3/1, respectively.
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copolymer retain their own independent individuals with their respective crystallization and melting peaks. This 
is also consistent with the results of XRD, suggesting that PDLA and PEG are in a state of microphase separation.

Crystal morphology of PDLA-PEG-PDLA triblock copolymer. Through POM, the effects of differ-
ent holding times on the crystallization behavior of PDLA-PEG-PDLA triblock copolymers with different PEG 
segments can be visually observed. Figure 8 shows POM micrographs of PDLA-PEG-PDLA triblock copolymers 
with different PEG segments at 100 °C for different time (0.5, 1, 2, and 4 h). The triblock copolymer can crystallize 
at 100 °C, but the difference in molecular weight of PEG has a great influence on the crystallization behavior. 
When the holding time is the same, the spherulite size increases with the increase of PEG molecular weight, but 
when the molecular weight reaches 8000, the spherulite size decreases. And no matter what the molecular weight 
of PEG is, the crystallization temperature remains unchanged, the crystallization becomes more perfect and the 
spherulite growth is complete with the extension of the insulation time. At the right temperature and holding 
time, PDLA chain segments have enough movement time and movement ability. PEG as the soft segment is 
introduced to reduce the force between and within PDLA macromolecules, weaken the hydrogen bond between 
molecules, and improve the activity and softness of molecular chains, which can be quickly arranged into the 
lattice33. It is clear that with the increase of PEG molecular weight, copolymer molecular chains become softer, 
crystallize faster and have larger spherulites.

Figure 9 shows the POM micrographs of PEG6000 and PDLA-PEG-PDLA triblock copolymers with different 
ratios of D-LA: PEG at 100 °C during the isothermal crystallization process for different time (0.5, 1, 2, and 4 h). 
The crystallization of PEG is very rapid, and the spherulite size is large. But the spherulite density is low. We find 
only one spherulite, filling the field of vision, and even the part near the nucleus can be seen at 100 °C for 0.5 h. 
As the holding time is prolonged, more crystals grow and the density of spherulites increases. As for copolymers, 
in general, the larger the PEG content, the larger the spherulite size at the same time. Moreover, the change in the 
block ratio is more pronounced than the change in the molecular weight of the PEG on the crystallization behav-
ior of the copolymer. This also fully demonstrates that PEG increases the mobility of molecular chains of block 
copolymers and induces their crystallization to some extent.

Figure 8. POM micrographs of PDLA-PEG-PDLA triblock copolymers with different PEG segments at 100 °C 
during the isothermal crystallization process. PEG with different molecular weights is 2000 (A), 4000 (B), 6000 
(C), and 8000 (D).
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conclusions
PDLA-PEG-PDLA triblock copolymers are successfully synthesized by solution method. The FTIR and NMR 
results exhibit the characteristic peaks of CH2 and C-O, chemical displacement of protons and carbon atoms, 
respectively, confirming that the copolymerization has already taken place, and PEG segment is introduced into 
PDLA successfully. In the XRD pattern, PDLA and PEG have their own diffraction peaks. When the molecular 
weight of PEG is changed, there is no large change in the position and intensity of the diffraction peak. But when 
the PEG content is large (1/1), the diffraction peak of PDLA is weak. The crystallization peak and melting peak 
of PDLA and PEG also appear separately in the crystallization and melting curves of DSC. This is similar to the 
results of XRD, indicating that PDLA and PEG are not completely compatible and present a state of microphase 
separation. The POM results reveal that the addition of PEG allows the copolymer to form crystals faster and with 
a larger grain size. This may be PEG as a soft segment, which enhances the flexibility and fluidity of the molec-
ular chain and promotes the crystallization of PDLA. In addition, compared with the change of PEG molecular 
weight, the difference of PEG content has a greater effect on crystallization behavior.

Received: 28 November 2019; Accepted: 23 January 2020;
Published: xx xx xxxx

References
 1. Ramot, Y., Haim-Zada, M. J., Domb, A. & Nyska, A. Biocompatibility and safety of PLA and its copolymers. Advanced Drug Delivery 

Reviews 107, 153–162 (2016).
 2. Pretula, J., Slomkowski, S. & Penczek, S. Polylactides-methods of synthesis and characterization. Advanced Drug Delivery Reviews 

107, 3–16 (2016).
 3. Kang, Y. et al. Crystallization, rheology behavior, and antibacterial application of graphene oxide-graft- poly(L-lactide)/poly(L-

lactide) nanocomposites. Applied Surface Science 451, 315–324 (2018).
 4. Muthuraj, R., Misra, M. & Mohanty, A. K. Biodegradable compatibilized polymer blends for packaging applications: A literature 

review. Journal of Applied Polymer Science 135, 45726 (2018).
 5. Rezaei, F., Nikiforov, A., Morent, R. & De Geyter, N. Plasma Modification of Poly Lactic Acid Solutions to Generate High Quality 

Electrospun PLA Nanofibers. Scientific Reports 8, 2241 (2018).

Figure 9. POM micrographs of PEG and PDLA-PEG-PDLA triblock copolymers with different block ratio at 
100 °C during the isothermal crystallization process. D-LA/PEG with various ratios of 1/1 (A), 2/1 (B), 3/1 (C), 
and PEG (D).

https://doi.org/10.1038/s41598-020-60458-9


1 1Scientific RepoRtS |         (2020) 10:3627  | https://doi.org/10.1038/s41598-020-60458-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

 6. Girdthep, S., Worajittiphon, P., Leejarkpai, T., Molloy, R. & Punyodom, W. Effect of silver-loaded kaolinite on real ageing, hydrolytic 
degradation, and biodegradation of composite blown films based on poly(lactic acid) and poly(butylene adipate-co-terephthalate). 
European Polymer Journal 82, 244–259 (2016).

 7. Pavlov, G. M. et al. Conformational differences of poly(L-lactic acid) and poly(D,L-lactic acid) in dilute solutions. Doklady Chemistry 
465, 261–264 (2015).

 8. Long, H. B. et al. Effect of polyethylene glycol on mechanical properties of bamboo fiber-reinforced polylactic acid composites. 
Journal of Applied Polymer Science 136, 47709 (2019).

 9. Zhu, L. X., Qiu, J. H., Liu, W. D. & Sakai, E. Mechanical and thermal properties of rice straw/PLA modified by nano attapulgite/PLA 
interfacial layer. Composites Communications 13, 18–21 (2019).

 10. Xue, B. et al. A facile fabrication of high toughness poly(lactic acid) via reactive extrusion with poly(butylene succinate) and 
ethylene-methyl acrylate-glycidyl methacrylate. Polymers 10, 1401 (2018).

 11. Raquez, J. M., Habibi, Y., Murariu, M. & Dubois, P. Polylactide (PLA)-based nanocomposites. Progress in Polymer Science 38, 
1504–1542 (2013).

 12. Castro-A, E., Iñiguez-Franco, F. M., Samsudin, H., Fang, X. Y. & Auras, R. Poly(lactic acid)-mass production, processing, industrial 
applications, and end of life. Advanced Drug Delivery Reviews 107, 333–366 (2016).

 13. Nizamuddin, S. et al. Synthesis and characterization of polylactide/rice husk hydrochar composite. Scientific Reports 9, 5445 (2019).
 14. Kim, Y. J. et al. All biomass and UV protective composite composed of compatibilized lignin and poly (lactic-acid). Scientific Reports 

7, 43596 (2017).
 15. Lin, L., Deng, C., Lin, G. P. & Wang, Y. Z. Super toughened and high heat-resistant poly(lactic acid) PLA based blends by enhancing 

interfacial bonding and PLA phase crystallization. Industrial Engineering Chemistry Research 54, 5643–5655 (2015).
 16. Gupta, A., Pal, A. K., Woo, E. M. & Katiyar, V. Effects of amphiphilic chitosan on stereocomplexation and properties of poly(lactic 

acid) nanobiocomposite. Scientific Reports 8, 4351 (2018).
 17. Huang, Y. F., Chang, R. X., Han, L. & Shan, G. R. ABA-type thermoplastic elastomers composed of poly(ε-caprolactone-co-δ-

valerolactone) soft midblock and polymorphic poly(lactic acid) hard end blocks. ACS Sustainable Chemistry & Engineering 4, 
121–128 (2016).

 18. Qi, R. R., Luo, M. N. & Huang, M. Synthesis of styrene-ethylene-butylene- styrene triblock copolymer-g-polylactic acid copolymer 
and its potential application as a toughener for polylactic acid. Journal of Applied Polymer Science 120, 2699–2706 (2015).

 19. Zhang, C. M. et al. Melt crystallization behavior and crystalline morphology of polylactide/poly(epsilon-caprolactone) blends 
compatibilized by lactide-caprolactone copolymer. Polymers 10, 1181 (2018).

 20. Nguyen, T. C., Ruksakulpiwat, C., Rugmai, S., Soontaranon, S. & Ruksakulpiwat, Y. Crystallization behavior studied by synchrotron 
small-angle X-ray scattering of poly (lactic acid)/cellulose nanofibers composites. Composites Science and Technology 143, 106–115 
(2017).

 21. Anakabe, J., Zaldua Huic, A. M., Eceiza, A., Arbelaiz, A. & Avérous, L. Combined effect of nucleating agent and plasticizer on the 
crystallization behaviour of polylactide. Polymer Bulletin 74, 4857–4886 (2017).

 22. Wang, J. Y., Bai, J., Zhang, Y. Q., Fang, H. G. & Wang, Z. G. Shear-induced enhancements of crystallization kinetics and 
morphological transformation for long chain branched polylactides with different branching degrees. Scientific Reports 6, 26560 
(2016).

 23. Stępak, B., Gazińska, M., Nejbauer, M., Stepanenko, Y. & Antończak, A. Diverse nature of femtosecond laser ablation of poly(L-
lactide) and the infuence of flamentation on the polymer crystallization behavior. Scientific Reports 9, 3069 (2019).

 24. Pourhosseini, P. S., Amani, R., Saboury, A. A., Najafi, F. & Imani, M. Effect of block lengths on the association behavior of poly(l-
lactic acid)/poly(ethylene glycol) (PLA-PEG-PLA) micelles in aqueous solution. Journal of the Iranian Chemical Society 11, 467–470 
(2014).

 25. Wang, J. W., Zhai, W. T. & Zheng, W. G. Poly(ethylene glycol) grafted starch introducing a novel interphase in poly(lactic acid)/
poly(ethylene glycol)/starch ternary composites. Journal of Polymers and the Environment 20, 528–539 (2012).

 26. Kobayashi, K., Kanmuri, S., Kimura, Y. & Masutani, K. Synthesis and properties of stereomixtures of enantiomeric block copolymers 
of polylactide and aliphatic polycarbonate. Polymer International 64, 641–646 (2015).

 27. Niu, Y. Q. et al. Synthesis, characterizations and biocompatibility of novel block polyurethanes based on poly(lactic acid) (PLA) and 
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3/4HB). Journal of Inorganic and Organometallic Polymers and Materials 25, 
81–90 (2015).

 28. Jia, L., Tong, B., Li, D. H., Zhang, W. C. & Yang, R. J. Crystallization and flame-retardant properties of polylactic acid composites 
with polyhedral octaphenyl silsesquioxane. Polymers for Advanced Technologies 30, 648–665 (2019).

 29. Ding, Y., Lu, B., Wang, P. L., Wang, G. X. & Ji, J. H. PLA-PBAT-PLA tri-block copolymers: Effective compatibilizers for promotion of 
the mechanical and rheological properties of PLA/PBAT blends. Polymer Degradation and Stability 147, 41–48 (2018).

 30. D’Ambrosio, R. M. et al. Crystallization and stereocomplexation of PLA-mb-PBS multi-block copolymers. Polymers 10, 8 (2018).
 31. Jia, L., Zhang, W. C., Tong, B. & Yang, R. J. Crystallization, mechanical and flame-retardant properties of poly(lactic acid) composites 

with DOPO and DOPO-POSS. Chinese Journal of Polymer Science 36, 871–879 (2018).
 32. Ozdemir, E. & Hacaloglu, J. Characterizations of PLA-PEG blends involving organically modified montmorillonite. Journal of 

Analytical and Applied Pyrolysis 127, 343–349 (2017).
 33. Wang, B., Hina, K., Zou, H. T., Zuo, D. Y. & Yi, C. H. Thermal, crystallization, mechanical and decomposition properties of 

poly(lactic acid) plasticized with poly(ethylene glycol). Journal of Vinyl & Additive Technology 24, E154–E163 (2018).

Acknowledgements
The authors gratefully acknowledge the research funding provided by International Science and Technology 
Cooperation Project of Sichuan (2019YFH0047), Opening Project of State Key Laboratory of Polymer Materials 
Engineering (Sichuan University) (2017-4-02), National Natural Science Foundation of China (51763002), 
International Science and Technology Cooperation Project of Chengdu (2017-GH02-00051-HZ), and Guizhou 
Provincial Higher Education Engineering Research Center [Qian Jiao He KY (2017)021]. The authors also 
acknowledge the financial support.

Author contributions
Y.F.W. prepared the samples and wrote the main manuscript text; L.T.L. and S.P.C. prepared the figures and 
guided the DSC and POM analysis; J.Q. guided the formal analysis; X.L.C. wrote-reviewed & edited this paper; 
D.F.Z. guided the FTIR and XRD analysis; H.W. guided the NMR analysis and edited this paper. All the authors 
participated in the preparation and experiment.

competing interests
The authors declare no competing interests.

https://doi.org/10.1038/s41598-020-60458-9


1 2Scientific RepoRtS |         (2020) 10:3627  | https://doi.org/10.1038/s41598-020-60458-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to X.C. or H.W.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-60458-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Synthesis, characterization, and crystallization behaviors of poly(D-lactic acid)-based triblock copolymer
	Experimental
	Materials. 
	Synthesis of PDLA-PEG-PDLA triblock copolymers. 
	Measurements and characterization. 
	Fourier transform infrared (FTIR) spectra. 
	Nuclear magnetic resonance (NMR) spectroscopy. 
	X-ray diffraction (XRD). 
	Differential scanning calorimetry (DSC). 
	Polarized optical microscopy (POM). 


	Results and Discussion
	Characterization of PDLA-PEG-PDLA triblock copolymer. 
	Crystal structure of PDLA-PEG-PDLA triblock copolymer. 
	Crystallization and melting behaviors of PDLA-PEG-PDLA triblock copolymer. 
	Crystal morphology of PDLA-PEG-PDLA triblock copolymer. 

	Conclusions
	Acknowledgements
	Figure 1 Synthesis of PDLA-PEG-PDLA triblock copolymer.
	Figure 2 FTIR spectra of PDLA-PEG-PDLA triblock copolymers with different PEG segments: (A) PEG with different molecular weights is 2000, 4000, 6000, and 8000 (B) The ratio of D-LA/PEG is 1/1, 2/1, and 3/1, respectively.
	Figure 3 1H NMR spectra of PDLA-PEG-PDLA triblock copolymers with different PEG segments.
	Figure 4 13C NMR spectra of PDLA-PEG-PDLA triblock copolymers with different PEG segments: (A) PEG with different molecular weights is 2000, 4000, 6000, and 8000 and (B) The ratio of D-LA/PEG is 1/1, 2/1, and 3/1, respectively.
	Figure 5 X-ray diffraction spectra of PDLA-PEG-PDLA triblock copolymers with different PEG segments: (A) PEG with different molecular weights is 2000, 4000, 6000, and 8000 (B) The ratio of D-LA/PEG is 1/1, 2/1, and 3/1, respectively.
	Figure 6 DSC crystallization curves of PDLA-PEG-PDLA triblock copolymers with different PEG segments at a cooling rate of 10 °C/min: (A) PEG with different molecular weights is 2000, 4000, 6000, and 8000 (B) PEG and D-LA/PEG with various ratios of 1/1, 2/
	Figure 7 DSC melting curves of PDLA-PEG-PDLA triblock copolymers with different PEG segments at a heating rate of 10 °C/min: (A) PEG with different molecular weights is 2000, 4000, 6000, and 8000 (B) PEG and D-LA/PEG with various ratios of 1/1, 2/1, and 3
	Figure 8 POM micrographs of PDLA-PEG-PDLA triblock copolymers with different PEG segments at 100 °C during the isothermal crystallization process.
	Figure 9 POM micrographs of PEG and PDLA-PEG-PDLA triblock copolymers with different block ratio at 100 °C during the isothermal crystallization process.
	Table 1 DSC results for PDLA-PEG-PDLA triblock copolymers with different molecular weights of PEG segments.
	Table 2 DSC results for PEG and PDLA-PEG-PDLA triblock copolymers with different proportion of D-LA: PEG.




