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Abstract To design a more efficient plasticizer for PLA
based on PEG derivative, the miscibility enhancement of
PLA/PLAx-PEGy-PLAx blends were investigated by both at-
omistic and mesoscale simulations. Flory-Huggins interaction
parameters (χij) of PLAx-PEGy-PLAx blends, with PLA block
fractions = 0.1–0.5, were calculated using molecular dynamic
(MD) simulation to determine the miscibility of PLA/PLAx-
PEGy-PLAx blends and compared with PLA/PEG blends
(Takhulee et al. J Polym Res 24:8, 2017). Based on the calcu-
lated χij and radial distribution functions, PLA/PLAx-PEGy-
PLAx showed better miscibility compared to PLA/PEG. The
values of χij for PLA/PLAx-PEGy-PLAx blends are always
lower than those for PLA/PEG blends at the same PEG com-
position. For PLA/PLAx-PEGy-PLAx blends, χij increased as
a function of PLA block fractions. Mesoscale properties of
PLA/ PLAx-PEGy-PLAx blends were then determined using
dissipative particle dynamic (DPD) simulation. Smaller PEG
domain in PLA/PLAx-PEGy-PLAx blends was observed,
compared to that in PLA/PEG blend. Miscibility behavior of
PLA/PLAx-PEGy-PLAx blends was investigated by experi-
ments at selected conditions based on the simulation results.
By differential scanning calorimetry measurements, accelera-
tion of the crystallization of PLA matrix by blending PLAx-
PEGy-PLAx was observed. Although PLA/PEG 70/30 (wt/wt)

blend was phase separated when slowly cooled from the melt,
due to the crystallization of PEG component, this phenome-
non was not observed in PLA/PLAx-PEGy-PLAx blends. The
melting temperature (Tm) depression of PLA/PLAx-PEGy-
PLAx blends was also more pronounced. From dynamic me-
chanical analysis, the storage (G′) and loss moduli (G′′) curves
in terminal region were determined. The slope of G′ curves for
PLA/PEG 75/25 and 70/30 (wt/wt) was less than 2 while this
deviation was found only at 70/30 (wt/wt) for PLA/PLAx-
PEGy-PLAx. These results indicate that PLAx-PEGy-PLAx is
better miscible with PLA.

Keywords PLA . Triblock copolymer . Blends .Molecular
simulation

Introduction

Poly(lactic acid) (PLA) is a biodegradable polymer which has
attracted considerable research efforts in the variety applica-
tions. However, because of its inherent brittle nature and low
thermal stability, PLA needs to be modified to be suitable for
use in various applications where mechanical properties are
important. There have been a considerable number of studies
on toughening PLAwith the goal of balancing and increasing
tensile strength, impact strength and modulus while retaining
the biocompatible and biodegradable nature [1–6].

One of the most efficient methods for toughening
PLA is plasticization with low molecular weight poly-
mers such as polyethylene glycol (PEG) which has been
intensively studied for using as the plasticizer because
of its low cost, biocompatible, and non-toxicity.
However, the promising mechanical properties of PLA/
PEG blends disappear with time due to the slow phase
separation and crystallization of PEG component from
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homogeneous blends [7, 8]. To minimize the migration
and phase separation of plasticizers in the blend, usage
of block copolymers, for which one part of block seg-
ment is identical or miscible within polymer matrix and
another part is a chemical acting as plasticizer, have
been proposed. The end block of copolymer has several
molecular effects. First, the interface tension between
the phases is lowered, which reduces the driving force
for the phase separation. Secondly, the presence of the
end block of copolymer at the interface reduces the
tendency of the domains to coalesce. [9, 10]. There
have been some past experimental investigation regard-
ing the use of block copolymers as plasticizer [11–13].

It is widely accepted that phase behavior of block
copolymer/homopolymer blends is quite complicated
even homopolymer and one component of block is the
same polymer. It is quite difficult to find optimum con-
dition for good plasticizer by experimental study alone.
Molecular simulation gains acceptance as a reliable
technique to analyze the microscopic and mesoscopic
insights into the phase morphology and interfacial be-
haviors of multiphase polymer systems. Molecular sim-
ulation provides a bridge between model and experi-
ments, as the method is using mathematical models to
perform an analysis by computers. For example, several
MD simulation techniques were applied to calculate
polymer-polymer interactions in order to predict the
miscibility of polymer blends [14, 15]. However, the
broad range of time scales and underlying structures
prohibits the fully atomistic simulation method that cap-
tures all of these processes. The coarse-graining model
or mesoscale method has been successful in extending
of the scope. In this model about four to five of carbon
atoms in a polymer chain are grouped into a single bead
and thus many states can be easily generated and equil-
ibrated. One example is the dissipative particle dynam-
ics (DPD), a mesoscale simulation technique developed
to model Newtonian and non-Newtonian fluids [16]. It
is capable to investigate the phase morphology and in-
terface properties of multiphase systems.

This work is the second report following our previous pub-
lication on simulation of PLA/PEG system supported by ex-
periments at selected conditions [17]. The organization of this
paper is as follows: First, MD and DPD simulations are
employed to predict the miscibility and morphology of
PLAx-PEGy-PLAx systems. Then, preparation and character-
ization of PLAx-PEGy-PLAx block copolymer and PLA/
PLAx-PEGy-PLAx blends are reported. The characteristics of
PLAx-PEGy-PLAx triblock copolymer were evaluated by
NMR spectroscopy and gel permeation chromatography
(GPC). Thermal and rheological properties of PLA/PEG and
PLA/PLAx-PEGy-PLAx blends are then investigated to eval-
uate the miscibility of the blends.

Simulation and experimental methods

Molecular dynamic simulation

Miscibility of PLA/PLAx-PEGy-PLAx blends were investigat-
ed using Discover Molecular Dynamic Simulation module
(Materials Studio Version 4.0, Accelrys). All polymer chains
were built based on the rotational isomeric state (RIS) model
[18] to describe the conformational characteristics of polymer
chains. The cubic simulation boxes were then constructed
using the Amorphous Cell module based on the packing tech-
nique of Theodorou and Suter [19] and Meirovitch scanning
method [20]. The polymer density in a simulation box corre-
sponds to the bulk density of each polymer, i.e., PLA and PEG
are 1.206 and 1.127 g/cm3, respectively. To avoid long simu-
lation time, the appropriate chain lengths for PLA and PEG
were determined by finding the solubility parameter (δ) as a
function of chain length. The optimized length for PLA and
PEG were 30 and 50 of repeating units, respectively [21, 22].
It should be noted that these chain lengths are not the ones
used in the Experimental Section but long enough for fully
atomistic MD simulation to obtain reliable results for misci-
bility prediction. In this respect, PLA3-PEG50-PLA3, PLA11-
PEG50-PLA11 and PLA25-PEG50-PLA25 (denoted as BL1,
BL3 and BL5, respectively) corresponding to the PLA block
fraction (fPLA) of 0.107, 0.306 and 0.500 were selected to
explore the miscibility behavior with PLA. MD simulated
systems of PLA/PEG and PLA/PLAx-PEGy-PLAx blends
are presented in Table 1.

After amorphous bulk polymer structure was constructed,
energy minimization was subsequently carried out to elimi-
nate the local non-equilibrium structures with the convergence
threshold of 0.001 kcal/mol Å. Then NPT-MDwas performed
at 500 K and 1 bar for 2 ns to ensure that polymers are in the
molten (amorphous) state (melting temperatures of PLA, PEG
and PLAx-PEGy-PLAx are 433–453 K, 333 K and 333-453 K,
respectively). In order to further relax local hot-spots and to
allow the system to achieve equilibrium, the structures were
subjected to 10-circle thermal annealing from 300 to 1000 K
and then back to 300 K with 50 K intervals. At each temper-
ature, 100 psNPT-MD simulation was performed at 1 bar with
the time step of 1 fs. After this 10-circle annealing, then
2 ns NVT-MD simulation was carried out. At the last
stage, 1 ns NVT-MD simulation was performed to col-
lect data and trajectories were saved every 1 ps and
used for analysis. In this work, the COMPASS
(Condensed phase Optimized Molecular Potentials for
Atomistic Simulation Studies) force field which is the
first ab initio force field used for modeling interatomic
interactions and specially optimized to provide accurate
condensed phase equation of state and cohesive proper-
ties for molecules containing a wide range of functional
groups was used [23].

178 Page 2 of 10 J Polym Res (2017) 24: 178



Dissipative particle dynamics

Dissipative Particle Dynamics (DPD) [24], is a mesoscale
method for simulation of coarse-grained systems over a longer
length and time scales than MD. In DPD simulation, several
atoms or repeating units are grouped together into a single
bead. The polymer chains in DPD can be considered to consist
of number of beads (NDPD) calculated by:

NDPD ¼ MP

MmCn
¼ N

Cn
ð1Þ

where NDPD is number of beads, Mp is polymer molar mass,
Mm is molar mass of repeating units, Cn is the characteristic
ratio and N is number of repeating units. Cn can be calculated
using Synthia module in Materials Studio software. (3.40 and
4.98 for PLA and PEG, respectively).

The force acting on each bead is a sum of three pairwise
contributions, conservative force (fC), dissipative force (fD)
and random force (fR):

f i ¼ ∑
j≠i

f Cij þ f Dij þ f Rij
� �

ð2Þ

where the sum runs over all other particles within a certain
cutoff radius (rc). As this is the only length-scale in the
system, we use the cutoff radius as our unit of length,
rc = 1. The different parts of the forces are given by the
following Equations.

f Cij ¼ aij 1−rij
� �

eij
0

�
rij < 1
� �
rij≥1
� � ð3Þ

f Dij ¼ −γωD rij
� �

vijeij
� �

eij ð4Þ

f Rij ¼ σωR rij
� �

ζijΔt
− 1
2eij ð5Þ

where rij = ri - rj, rij = |rij|, eij = rij/rij, and vij = vi - vj. ξij is a
random number with zero mean and unit variance. Aij is a

constant which describes the maximum repulsion between
interacting beads. ωD and ωR represent r-dependent weight
functions for the dissipative and random forces, respectively,
and vanish for r > rc = 1.

The bead interactions (aij) can be mapped through the χ-
parameter [25] as:

aij ¼ aii þ 3:27χij ð6Þ

χij ¼
Vij δi−δ j

� �2
RT

ð7Þ

where Vij is the arithmetic average of molar volumes of beads i
and j. δi and δj are the solubility parameters of beads i and j,

Table 1 Systems of MD
Simulation of PLA/PEG and
PLA/PLAx-PEGy-PLAx blends

System LA
units

EG
units

Block
units*

Number of
chains

Composition
(wt% PLA)

Density
(g/cm3)

PLA 30 – – 1 PLA 100 1.206

PEG – 50 – 1 PEG – 1.127

PLA/PEG
50/50

30 50 – 1PLA/1PEG 50 1.167

PLA/BL1
50/50

30 – 56 5PLA/5BL1 50 1.190

PLA/BL3
50/50

30 – 72 5PLA/5BL3 50 1.198

PLA/BL5
50/50

30 – 100 5PLA/5BL5 50 1.206

*Atomistic model of PLA3-PEG50-PLA3, PLA11-PEG50-PLA11 and PLA25-PEG50-PLA25 are denoted as BL1,
BL3 and BL5 for fPLA = 0.107, 0.306 and 0.500, respectively

Table 2 The interaction parameters of PLA-PEG beads for 50/50 wt%
PLA/PLAx-PEGy-PLAx blends. Two types of PLA were denoted as
PLAH (PLA homopolymer) and PLAB (PLA block in copolymer)

PLAB PEG PLAH

PLA/PLA3-PEG37-PLA3

PLAB 25.00 30.79 25.00

PEG 30.79 25.00 28.17

PLAH 25.00 28.17 25.00

PLA/PLA12-PEG37-PLA12

PLAB 25.00 29.94 25.00

PEG 29.94 25.00 28.17

PLAH 25.00 28.17 25.00

PLA/PLA27-PEG37-PLA27

PLAB 25.00 28.17 25.00

PEG 28.17 25.00 28.17

PLAH 25.00 28.17 25.00

*The numeric subscripts are denoted to number of DPD beads for PLA3-
PEG37-PLA3, PLA12-PEG37-PLA12, and PLA27-PEG37-PLA27 (equiva-
lent to fPLA = 0.126, 0.280, 0.469 respectively) corresponding to experi-
mental studies
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respectively, which were depend on the chemical nature of
each species. The interaction parameter between the same type
beads aii equals 25. The procedure for calculating χij param-
eter is described in MD simulation section. This χij parameter
is put into the Eq. (7), for the interaction in DPD simulation.

DPD simulations of the mixtures of PLA/PEG and PLA/
PLAx-PEGy-PLAx were performed with a bead density (ρ) of
3. The influence of the simulation box sizes (from
20 × 20 × 20 to 50 × 50 × 50) was also investigated but there
was no apparent finite size effect for the box size of
30 × 30 × 30 or bigger. Therefore, DPD was performed in a

cubic box of size 30 × 30 × 30 with 3D periodic boundary
conditions. The simulations were performed at reduced tem-
perature (kBT) = 1, which allows a reasonable and efficient
relaxation for each binary blend. A total of 105 time steps with
step size (Δt) = 0.05 in DPD reduced units were performed for
equilibration.

PLA, PEG and PLAx-PEGy-PLAx block copolymers with
the molecular weight of 100,000, 8000 and 9440–125,936 g/
mol which correspond to experimental studies were used. The
number of DPD beads (NDPD) for PLA, PEG and PLAx-
PEGy-PLAx were considered from the molar mass of poly-
mers, molar mass of repeat units, degree of polymerization
and the characteristic ratio as described in Eq. (1). One DPD
bead is equivalent to 3 PLA or 5 PEG repeating units. For
PLA/PEG blends, number of DPD beads per chain for
PLA = 408 and PEG = 37. For PLA/PLAx-PEGy-PLAx

blends, PLA3-PEG37-PLA3, PLA12-PEG37-PLA12, and
PLA27-PEG37-PLA27 (subscripts here at PLA and PEG are
the number of DPD beads), with different PLA block fraction
(fPLA = 0.126, 0.280, 0.479 closed to 0.107, 0.306, 0.500 for
BL1, BL3 and BL5, respectively, used in previous MD simu-
lation) were selected to blend with PLA homopolymer. The
composition of PLA in PLAx-PEGy-PLAx blend was set at
50 wt% with respect to PEG content. The Gaussian chain
models and the bead-bead pair interactions parameters aPLA
− PEG for PLA/PLAx-PEGy-PLAx blends are presented in
Table 2. The interaction between PLA and PEG beads in
PLA/PLAx-PEGy-PLAx blends can be divided into two kinds
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i.e. (1) the intrachain PLA-PEG bead interaction within the
block copolymer and (2) the interaction between PLA homo-
polymer and PEG block in copolymer. The magnitude for
each interaction is depended on PLA and PEG composition.

Experiment

Materials

The commercial grade PLA (PLA2002D, Nature Work) was
used as polymer host for preparing the PLA/PEG and PLA/
PLAx-PEGy-PLAx blends and PEG (8000 g/mol) was used as
the reference plasticizer [17] and also used for preparing block
copolymers. Triblock copolymers of lactide (3, 6-Dimethyl-1,
4-dioxane-2, 5-dione, D, L-lactide) and PEG (8000 g/mol)
were synthesized via ring opening polymerization using
Sn(Oct)2 as the catalyst (all chemicals from Aldrich). To pre-
vent crystallization of PLA block, D, L-lactide (DLLA), were
used to synthesize PLAx-PEGy-PLAx with various PLA block
fractions (fPLA). Molecular weights of these block copolymers
were controlled by varying the ratio of DLLA monomer to
PEG polymer. Block copolymers of PLA36-PEG187-PLA36,
PLA72-PEG187-PLA72 and PLA87-PEG187-PLA87 were syn-
thesized. All blends were prepared by solution mixing
methods using dichloromethane as the solvent.

Characterization

Proton Nuclear Magnetic Resonance (1H–NMR) spectrome-
try (JEOL instrument) was used to determine the structure and
molecular characteristics of the synthesized block copoly-

mers. Molecular weight (Mw and Mn ) and molecular
weight distribution (MWD) were determined using
Shimadzu LC 20A gel permeation chromatography
equipped with the reflective index detector (RID-10A).
A PLgel 5 mm MIXED-D column, with a guard column
was used. The eluent used was tetrahydrofuran (THF).
Calibration was accomplished using polystyrene (PS)
standards with molecular weight = 451,000, 186,000,
42,900 and 6390 g/mol. Different ia l Scanning
Calorimeter (DSC) thermograms of polymers were re-
corded on Pyris Diamond (Perkin-Elmer) with nitrogen
as the purge gas. An indium standard was used for the
calibration. The viscoelastic properties of polymers were
measured using Anton Parr MCR300 rheometer,
equipped with parallel plate geometry (8 mm ϕ). To
compare with the data for PLA/PEG in the previous
study at the terminal region, measurements are carried
out at 180 °C. Linear viscoelastic region was deter-
mined by performing an amplitude sweep and then fre-
quency sweep measurements are performed.

Results and discussion

MD simulation

Flory-Huggins parameters

Miscibility of polymer blends can be predicted using examin-
ing the Flory-Huggins parameter (χAB) defined as

χAB ¼ ΔEmix

RT

� �
Vm ð8Þ

where Vm is the molar volume of the repeating unit chosen as a
reference (57.7 cm3/mol for PLA), R is the molar gas constant
and T is the temperature in Kelvin. The energy of mixing,
ΔEmix can be calculated by

(a) PLA/PEGa

(b) PLA/PLA3-PEG37-PLA3

(c) PLA/PLA12-PEG37-PLA12

(d) PLA/PLA27-PEG37-PLA27

Fig. 3 Morphologies (left) and iso-density surfaces of PEG segment
(right) of 50/50 (wt/wt) PLA/PEG and PLA/PLAx-PEGy-PLAx blends
from DPD simulation
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ΔEmix ¼ ϕA
Ecoh

V

� �
A
þ ϕB

Ecoh

V

� �
B
−ϕmix

Ecoh

V

� �
mix

ð9Þ

where the terms in parenthesis represent the cohesive energies
(Ecoh/V) of pure polymers (A and B) and the blend (mix), ϕA
and ϕB represent volume fractions of polymers in the blend,
ϕA + ϕB = 1.

A positive χAB should indicate immiscibility for
blends of high molecular weight polymers. In addition,
one can compare χAB with the critical χ-parameter (χc)
to predict the blend miscibility.

χc ¼
1

2

1ffiffiffiffiffi
nA

p −
1ffiffiffiffiffi
nB

p
� �2

ð10Þ

where nA and nB are the degrees of polymerization of pure
polymers. If χAB < χc, the blend is miscible. If χAB is slightly
larger than χc, the blend exhibits partial miscibility. For larger
f χAB, it should be completely immiscible.

Figure 1 presents the variation of χ versus PEG weight
fraction for PLA/PEG and PLA/PLAx-PEGy-PLAx blends.
The MD-calculated χ was increased from −1.01 to 1.77 for
PLA/PEG blends. For 90/10, 80/20 and 70/30 wt% PLA/PEG
blends, χPLA-PEG is clearly below χc line, indicating miscibil-
ity only at these compositions. It is apparent that the χ-param-
eters of 50/50 wt% PLA/PLAx-PEGy-PLAx blends are always
lower than those of PLA/PEG blends and these χ-parameters

are also well below the χc line. Thus, miscibility was en-
hanced by blending with PLAx-PEGy-PLAx block copolymer.
The higher PLA block fraction, the better miscibility.

Radial distribution function

Radial distribution function g(r) is commonly used to charac-
terize the molecular structure which gives the probability of
finding a particle at the distance r from another particle. It can
be defined as:

gAB rð Þ ¼ 1

ρAB4πr2δr

∑
k

t¼1
∑
j¼1

NAB

ΔNAB r→r þ δrð Þ

NABk
ð11Þ

where NAB is the total number of atoms of A and B in the
system, k is the number of time steps, δr is the distance inter-
val, ΔNAB is the number of B (or A) atoms between r to r + δr
around anA (or B) atom and ρAB is the bulk density. If a binary
system is miscible, the intermolecular g(r) of A-B pairs be-
tween two different polymers is larger than those of AA and
BB pairs.

For 50/50 wt% PLA/PLAx-PEGy-PLAx blends, g(r) for the
carbon atomic pairs of PLA-PLA, PEG-PEG and PEG-PLA
are presented in Fig. 2a–c. As expected, g(r) of PLA-PLA are
higher than those of PEG-PEG and PLA-PEG for all systems
indicating that PLA chains prefer to interact with PLA rather
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than PEG. Interestingly, g(r) of PEG-PEG is always lower
than that of PLA-PEG for all PLA/PLAx-PEGy-PLAx blends.
This phenomenon points toward better dispersion of PEG
segments in PLA matrix.

DPD simulation

Figure 3 shows DPD results for the morphologies and iso-
density surfaces of PEG component (fixed at 50 wt% compo-
sition), for PLA/PEG, PLA/PLA3-PEG37-PLA3, PLA/PLA12-
PEG37-PLA12 and PLA/PLA27-PEG37-PLA27 (here, sub-
scripts at PLA and PEG are the number of DPD units) The
bicontinuous-like structures of PEG domain observed in PLA/
PLA3-PEG37-PLA3 and PLA/PLA12-PEG37-PLA12 are grad-
ually change to rod/spherical-like structures in PLA/PLA27-
PEG37-PLA27. The size reduction of PEG domain is because
the aggregated PEG components tend to break up and PLAx-
PEGy-PLAx can be more disperses in the PLA matrix. The
density profiles of PLA homopolymer (PLAH), PEG and PLA
components of PLAx-PEGy-PLAx (PEGB, PLAB) in the
blends are displayed in Fig. 4. It is seen that PLA segments
in block copolymer are located at the interface between PLA
homopolymer and PEG components. This indicates that PEG
segments can be distributed more in PLA phase contributed to
PLA end blocks. Figure 4a–c also show the bead density pro-
files of PLAH, PEGB and PLAB in PLA/PLAx-PEGy-PLAx

blends. Apparently, the density profiles of each species
in PLA/PLAx-PEGy-PLAx exhibit the characteristics of
phase separation. In contrast, the density profiles of
PLAH, PEGB and PLAB in PLA/PLA27-PEG37-PLA27

are relatively constant, in different from other blends,
indicating that PLA27-PEG37-PLA27 can be most dis-
persed in PLA matrix. In addition, the magnitude of
χPLAB−PEGB

is very close to χPLAH−PEGB
in PLA/PLA27-

PEG37-PLA27, suggesting that PEG component is pref-
erably more dispersed into the PLA matrix.

Characterization

Nuclear magnetic resonance

There are three main group of peaks in 1H–NMR spectra of
PLAx-PEGy-PLAx (Figure not shown here). The peak at δ ≈
4.37 ppm is the α-methylene protons of PLA block
connecting to EG units (PLA-COO-CH2-), together with CH
protons of the hydroxylated lactyl end units. Resonances in
the range of 5.20–5.14 ppm (−CH) and 1.5–1.4 ppm (−CH3)
are belonged to PLA blocks. Signal at δ ≈ 3.6 ppm is the
characteristics of main chain methylene units within PEG
blocks. The signals of carboxylated lactyl end units
and free lactide of which methine protons should appear
in the 5.0–4.9 ppm and at 4.03 ppm are not observed
indicating that homo-polymerization of lactide is
neglectable at this condition [26, 27].

1H–NMR technique was also utilized to evaluate molecular

weight (Mn ) of block copolymer using the relationship in
Eqs. (12) and (13).
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Table 3 Characteristics of PEG, PLA, and PLAx-PEGy-PLAx with
different block composition and PLA stereochemistry

Sample 1H–NMR GPC fPLA

LA/EG DP(PLA) Mn Mn Mw/Mn

PEG – – – 8.23 1.24 –

PLA2002D (PLA) – – – 58.32 3.32 1

PLA36-PEG187-PLA36 0.38 36 13.42 11.38 1.35 0.28

PLA72-PEG187-PLA72 0.78 72 18.62 17.13 1.45 0.44

PLA87-PEG187-PLA87 0.93 87 20.78 21.81 2.36 0.48

DP of PEG = 187. fPLA is calculated from 1H–NMR and Mn is repre-

sented in kg/mol
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Mn PLA−PEG−PLAð Þ ¼ Mn PEGð Þ þ 2Mn PLAð Þ þ 18 ð12Þ

where Mn(PLA) can be calculated as:

Mn PLAð Þ ¼
DP PEGð Þx LA=EGð Þ

2
ð13Þ

The mole ratio of LA and EG in block copolymer can be
deduced from integration of NMR resonances of PLA (δ ≈
5.20 ppm) and PEG blocks (δ ≈ 3.65 ppm) [27]. The charac-
teristics of synthesized copolymer are summarized in Table 3.

Gel permeation chromatography

Figure 5 depicts chromatograms of PEG and PLAx-PEGy-
PLAx with various composition for each PLA stereochemis-
try. From these chromatograms, single peak was observed for
each sample and the peak shift indicates that block copoly-
mers were effectively obtained. However, since the lower mo-
lecular weight edges of chromatograms are overlapped so that
we cannot neglect the existence of residual PEG and/or PLA
homopolymer from GPC analysis alone. Together with
the NMR results, we can safely assume that residual
PEG and/or PLA homopolymer are negligible and do
not affect the results in this study. Molecular weight
and molecular wright distributions determined from
these GPC results are presented in Table 3.

Thermal characterization of PLA/PLAx-PEGy-PLAx blends

Figure 6 shows the subsequent second heating DSC thermo-
grams of PLA/ PLA36-PEG187-PLA36 to PLA/PLA87-

PEG187-PLA87 blends. It is clear that there is no endothermic
melting peak of PEG component in all these blends (see Fig. 5
in ref. [17]). An increased Tg for LA component is observed
for PLA/PLA87-PEG187-PLA87 blend while PLA/PLA36-
PEG187-PLA36 and PLA/PLA72-PEG187-PLA72 exhibit lower
Tg. To further investigate the influence of copolymer content
on thermal properties of the blends, PLA72-PEG187-PLA72

was chosen for further studies. DSC thermograms of PLA/
PLA72-PEG187-PLA72 with different blend composition (10,
20, 30 and 50 wt% of PLA72-PEG187-PLA72 content) are pre-
sented in Fig. 7. The enthalpies change (ΔH) of cold crystal-
lization and subsequent melting suggest that the quenched
PLA/PLA72-PEG187-PLA72 are amorphous similar to PLA/
PEG blends. Both cold crystallization and glass transition

Table 4 Thermal properties of PLA/PLAx-PEGy-PLAx blends at a heating rate of 10 °C/min

Sample Tg (°C) Cold crystallization Melting

Tc (°C) ΔHc (J/g) Xcc (%) Tm (°C) ΔH (J/g) Xc (%)

PEG PLA**

PLA 51.8 – – – – 149.8 0.47 0.50

PEG – – – – 66.7 – – –

PLLA/B01 70:30 22.8 99.0 −30.0 32.1 – 141.4(149.2) 35.8 38.2

PLLA/B02 70:30 15.3 97.5 −23.1 24.7 – 138.4(149.7) 27.2 29.1

PLLA/B03 70:30 43.6 122.1 −10.9 11.6 – 146.3 10.3 11.0

PLLA/B02 90:10 41.6 116.5 −18.7 20.0 – 146.4 19.5 20.8

PLLA/B02 80:20 26.8 105.3 −33.2 35.5 – 142.2(149.4) 33.0 35.3

PLLA/B02 70:30 16.7 97.5 −24.2 25.9 – 138.4(149.4) 26.6 28.4

PLLA/B0250:50 −0.29 99.2 −32.0 34.2 – 136.0(147.6) 40.1 42.8

*All PLA are denoted to PLLA2002D

**xxx.x(yyy.y) refer to the first and second Tm peaks of PLA

***Symbols of B01, B02 and B03 are denoted as PLA36-PEG187-PLA36, PLA72-PEG187-PLA72 and PLA87-PEG187-PLA87, respectively
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Fig. 7 Subsequent heating DSC thermograms of quenched PLA/ PLA72-
PEG187-PLA72 with different compositions (a) 90/10 wt/wt, (b) 80/20 wt/
wt, (c) 70/30 wt/wt and (d) 50/50 wt/wt obtained with a heating rate of
10 °C/min. Arrows indicate the position of Tg
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temperature are decreased for higher PEG content in the
blends. Furthermore, the crystallinity of PLA is increased as
shown in Table 4. PLA/PLA72-PEG187-PLA72 blend exhibits
only a single Tg implying that B02 is miscible with PLA.
Figure 8 shows that, at the same PEG composition, Tg of
PLA/PLA72-PEG187-PLA72 is always higher than PLA/PEG
blends. This may seem that PEG is better plasticizer than
PLA72-PEG187-PLA72; however, PLA/PEG at 50:50 wt% ac-
tually exhibits phase separation [17]. In addition to Tg criteria,
the melting point depression can also be used as an indicator
for miscibility of the blends containing crystallizable compo-
nents. Figure 9 illustrates the melting temperature (Tm) of PLA
in the blends as a function of PEG content. Compared to PLA/
PEG, Tm of PLA component in PLA/PLA72-PEG187-PLA72 is
apparently lower implying that PLA72-PEG187-PLA72 should
hinder PLA crystallization better than PEG. This is typical
characteristics for miscible blends composed of an amorphous
and crystallizable polymers.

Rheological characterization

The corresponding G′ and G′′ for these blends are shown in
Fig. 10. As expected, BothG′ andG′′ are decreased for higher
plasticizer concentration. All polymer samples exhibit the rhe-
ological behavior of typical polymer melts (G′ < G′′), though
the frequency dependence of G′ is slightly lower than 2. All
samples show common frequency dependence for dynamic
moduli except for G′ of 30 wt% PLA72-PEG187-PLA72 at
lower frequency region, where the elastic modulus significant-
ly deviates from the slope close to 2. The elastic modulus
enhancement was reported in many studies for immiscible
polymer blends [28, 29] and it is generally attributed to the
shape change of the discrete phase in polymer matrix during
an oscillatory shear deformation, namely shape relaxation
(Ferry, 1980). On the other hand, the loss moduli of all blends
did not show sign of shape relaxation.

The deviation of G′ data from the terminal region behavior
for 30 wt% PLA72-PEG187-PLA72 is similar to those observed

for PLA/PEG (PEG content of 25 and 30%) blends at the low
frequency region in the previous work. As already discussed
in [17], such behavior of G′ can be attributed to either phase
separation or strong concentration fluctuation near the phase
separation point. Compared with the same PEG content blend,
we can conclude that PLA72-PEG187-PLA72 is less contribut-
ed to phase separation than PEG plasticizer, indicating that
PLA72-PEG187-PLA72 is better miscible with PLA.

10
-1

10
0

10
1

10
2

10
0

10
1

10
2

10
3

10
4

10
5

(rad/s)

G
'(

P
a)

PLA

10 wt% PLA72-PEG187-PLA72

15 wt% PLA72-PEG187-PLA72

20 wt% PLA72-PEG187-PLA72

25 wt% PLA72-PEG187-PLA72

30 wt% PLA72-PEG187-PLA72

(a)

10
-1

10
0

10
1

10
2

10
0

10
1

10
2

10
3

10
4

10
5

PLA

10 wt% PLA72-PEG187-PLA72

15 wt% PLA72-PEG187-PLA72

20 wt% PLA72-PEG187-PLA72

25 wt% PLA72-PEG187-PLA72

30 wt% PLA72-PEG187-PLA72

(rad/s)

G
'' 

(P
a)

(b)

Fig. 10 Frequency (ω) dependencies of (a) storage modulus (G′) and (b)
loss modulus (G′′) of PLLA/PLA72-PEG187-PLA72 with different PLA72-
PEG187-PLA72 contents at 180 °C

10 20 30 40 50
140

145

150

155

PLA/PLA
72

-PEG
187

-PLA
72

 PLA/PEG

T m
(O

C
)

PEG content (wt %)

Fig. 9 Melting temperature (Tm) of PLA/PLA72-PEG187-PLA72 and
PLA/PEG blends [17] as a function of PEG content

10 20 30 40 50

0

10

20

30

40
PLA/PLA

72
-PEG

187
-PLA

72

 PLA/PEG

T g
(O

C
)

PEG content (wt %)

Fig. 8 Glass transition temperature (Tg) of PLA/PLA72-PEG187-PLA72

and PLA/PEG blends [17] as a function of PEG content

J Polym Res (2017) 24: 178 Page 9 of 10 178



Conclusion

Atomistic and mesoscale simulations were employed to pre-
dict the miscibility and morphology of PLA/PLAx-PEGy-
PLAx blends. For PLA/PLAx-PEGy-PLAx with PLA block
fractions = 0.1–0.5, χij-parameters of PLA and PEG for all
PLA/PLAx-PEGy-PLAx are lower than those of PLA/PEG
blends. Χij of PLA/PLAx-PEGy-PLAx is decreased for higher
PLA block fractions. The radial distribution functions of inter-
molecular carbon atomic pairs of PLA-PEG, PLA-PLA and
PEG-PEG also indicate that PLA/PLAx-PEGy-PLAx is better
miscible. Based on mesoscale simulation, the PEG domain in
PLA/PLAx-PEGy-PLAx blends is smaller than that in
PLA/PEG blend. This implies that the PLA end blocks
should cont r ibute to misc ib i l i ty enhancement .
Experimental results based on thermal and rheological
analysis also confirm better miscibility for PLA/PLAx-
PEGy-PLAx compared to PLA/PEG blends in consistent
with the prediction by molecular simulation.
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