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The miscibility of poly(ethylene oxide) (PEO)/poly(vinyl chloride) (PVC) blends are investigated by
atomistic molecular dynamics and mesoscale dissipative dynamics simulations. The specific volumes of
three PEO/PVC blends (with weight ratio at 70/30, 50/50 and 30/70) as well as pure PEO and PVC are
examined as a function of temperature. The glass transition temperatures are estimated to be 251, 268,
280, 313 and 350 K for pure PEO, PEO/PVC 70/30, 50/50, 30/70 and pure PVC. Among different energy
contributions, the torsion and van der Waals energies exhibit pronounced kinks versus temperature. The
Flory–Huggins parameters determined from the cohesive energy densities and the radial distribution
functions of the inter-molecular atoms suggest that PEO/PVC 70/30 and 30/70 blends are more miscible
than 50/50 blend. This is further supported by the morphologies of PEO/PVC blends, in which the 50/50
blend exhibits segregated domains implying a weak phase separation. Hydrogen bonds are found to form
between O atoms of PEO and H atoms of PVC, with a larger degree in PEO/PVC 70/30 and 30/70 blends
than in 50/50 blend. The addition of PVC into PEO suppresses the mobility of PEO chains, which is
consistent with the experiment observation of decreased crystallization rate as well as crystallization
temperature of PEO.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(ethylene oxide) (PEO) is one of the most commercially used
polyethers and also known as poly(ethylene glycol) (PEG). While PEO
and PEG contain the same repeat unit [CH2–O–CH2], oligomers with
molecular weight below 20,000 g/mol are historically called PEG or
otherwise called PEO. In recent decades, there has been considerable
interest in using PEO or PEG as membrane material for CO2 capture
because of the strong affinity of PEO segments for CO2 [1,2]. However,
pure PEO tends to crystallize and fails to form homogenous and
defect-free membranes [1]. In additional, it cannot be used at high
temperatures and pressures due to weak mechanical property [3,4].
As a consequence, modified PEO membranes by cross-linking,
copolymerization or blending become more attractive, such as
photo-polymerized PEO network from mono- and dimethacrylate
PEG oligomers [5,6], PEO/polyimide copolymers [7,8], PEO blends
with cellulose nitrate [9] or cellulose acetate [10,11].

Poly(vinyl chloride) (PVC) has a high mechanical strength and
wear-resistance [12]. It is a common plastic and widely used in
construction sector, food package and toy factory. Compared to
All rights reserved.
polyimides and celluloses, PVC is relatively cheaper and ideal for
the formation of PEO/PVC blends. It has been demonstrated that the
addition of PVC into PEO improves the mechanical property of PEO
membranes [13] and suppresses the crystallization of PEO [14–16].
PEO/PVC membrane is thus a potential commercial product for gas
separation. The performance of PVC/PEG4000 dense membranes
with PEG weight contents (wt%) of 20% and 30% was found to be
above the Robeson’s selectivity/permeability upper-bound for CO2/
N2 and CO2/CH4 mixtures [17].

Intuitively, PEO/PVC blends are miscible based on the factor that
the O atoms in EO units can form hydrogen bonds (H-bonds) with the
H atoms in CHCl group of PVC [15,18]. Furthermore, the electron-rich
O atoms in PEO may act as donors and have attractive interactions
with the electron-deficient Cl atoms in PVC [14,19,20]. A number of
experiments were conducted in the past to investigate the compat-
ibility of PEO and PVC with various compositions and two conclu-
sions were usually reported. By dynamic mechanical analysis,
differential scanning calorimetry and optical microscopy, Margaritis
and Kalfoglou [21] observed that PEO and PVC were miscible for PVC-
rich blends. Marco et al. [15] had a similar conclusion by 13C NMR
study that PEO/PVC blend was thermodynamically stable at PVC
wt%> 40%. In contrast, Castro et al. [14] pointed out that PEO/PVC
blends were miscible at PVC wt%< 60 wt% by determining the
crystallization rate and crystallization temperatures of pure PEO and
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PEO/PVC blends. By inverse gas chromatography (IGC) to detect the
interaction parameters in various solvents at 373 K, Etxeberria et al.
[18] found that the blends were more miscible at high PVC content
(80 wt% PVC) or PEO content (80 wt% PEO), while the two polymers
were less compatible at PEO/PVC composition of 50/50.

Despite the above-mentioned experimental studies, the misci-
bility of PEO/PVC blends remains elusive. With the ever-growing
computational power and resource, molecular simulations have
played increasingly important role in materials modeling and
subsequent technology development, as they can reveal the micro-
scopic pictures of underlying mechanisms that are otherwise
experimentally inaccessible or difficult to obtain. In this work, we
investigate the thermodynamic, structural and dynamic properties of
PEO/PVC blends as well as pure PEO and PVC using molecular
simulations. Following this Section, the simulation models and
protocols are described in Section 2 with fully atomistic scale
molecular dynamics (MD) and mesoscale dissipative particle
dynamics (DPD) simulations. In Section 3, the glass transition, Flory–
Huggins parameter, radial distribution functions, hydrogen bonds,
and dynamics of polymer chains are presented and discussed in
detail for polymer blends and pure polymers. In addition, the
morphologies of blends are also examined.
2. Simulation models and protocols

2.1. Molecular dynamics

MD simulations were performed to study the atomistic models
of PEO/PVC blends using Material Studio [22]. Polymer chains were
first built from EO and VC repeat units, and then cubic simulation
boxes were constructed with the Amorphous Cell module based on
the packing technique of Theodorou and Suter [23,24] and Meir-
ovitch scanning method [25]. Table 1 lists the PEO/PVC blends of
different weight compositions (including pure polymers) examined
in the MD simulations. The number of units, chains and atoms,
initial densities, and box lengths are also summarized in Table 1. For
each system, 100 configurations were constructed and COMPASS
[26–28] force field was used for the MD simulations. The total
potential energy (Epot) was expressed as

Epot ¼ Ebond þ Enonbond þ Ecross
¼ Eb þ Eq þ Ef þ EvdW þ ECoulombic þ Ecross

(1)

where Eb is the bond stretching energy, Eq is the angle bending
energy, Ef is the dihedral torsion energy; the sum of these three
items is the bonded energy (Ebond). EvdW is the van der Waals
energy, Ecoulomb is the Coulombic energy; and the sum is the non-
bonded energy (Enonbond). Ecross is the energy of cross terms
Table 1
PEO/PVC blends of different compositions considered in MD Simulations.

PEO/PVC
compositions

Number of
EO units

Number of
VC units

Number
of chains

Initial
density
(g/cm3)

Number
of atoms

Box
length
(Å)

100/0 90 – 2 PEO 1.125a 1264 22.71
70/30 90 54 2 PEO/

1 PVC
1.21 1590 24.94

50/50 142 100 1 PEO/
1 PVC

1.26 1598 25.42

30/70 90 150 1 PEO/
1 PVC

1.31 1534 25.64

0/100 – 100 2 PVC 1.39b 1204 24.63

a From the product catalogue of Sigma–Aldrich Inc. The density of PEO is
1.07 w 1.27 g/cm3.

b From Ref. [12], the density of PVC is 1.37 w 1.43 g/cm3. Other densities were
calculated by the weight average of PEO and PVC.
between any two of the bonded items, such as the bond-angle cross
term and the bond-bond cross term.

To eliminate the unfavorable contacts, the 100 initial configura-
tions were subjected to 50,000 steps of energy minimization by
the Forcite module with the energy convergence threshold of
1�10�4 kcal mol�1 and the force convergence of
0.005 kcal mol�1 Å�1. The Ewald summation was adopted for the
Coulombic interactions with an accuracy of 0.01 kcal mol�1, and the
atom-based summation was applied for the van der Waals interac-
tions with a cutoff distance of 9.5 Å, a spline width of 1 Å, and a buffer
width of 0.5 Å. For pure PEO and PVC systems, the first 6–7 config-
urations with the lowest energy were chosen for subsequent MD
simulations. For PEO/PVC blends, the configurations with the lowest
energy were examined to ensure sufficient contacts of the two
polymers by calculating the inter-molecular radial distribution
functions g(r) of the carbon atoms between PEO and PVC. If the g(r)
was lower than that of pure PEO and PVC which indicated the two
polymers were not mixed well, the configuration was discarded and
another with a relative higher energy was further considered.

For each system, all the chosen configurations were subject to
a 10-circle thermal annealing from 300 to 1000 K and then back to
300 K with 50 K intervals. At each temperature, 10 ps MD simulation
was performed at constant pressure (1 bar) with a time step of 1 fs.
The temperature and pressure were maintained by the Berendsen
method [29]. At a very high temperature, the annealing might
terminate if the energy deviation between two successive steps was
larger than a specified value 5000 kcal mol�1, especially in PEO-
containing systems. At this situation, the last configuration was
further subject to a 50,000-step energy minimization and followed
by annealing. After the 10-cirle annealing, equilibrium MD simula-
tion was performed at 500 K and 1 bar for 1 ns. Then the system was
cooled down stepwise to 120–200 K at 20 K intervals. At each
temperature, 100 ps equilibrium was carried out at constant volume
and then 250 ps simulation at 1 bar. Trajectories were saved every
5 ps and the final 50 ps configurations were used for analysis.

2.2. Dissipative particle dynamics

DPD is a mesoscale method for the simulations of coarse-grained
systems over long length and time scales. In DPD several atoms or
repeat units are grouped together and presented by a single bead,
thus the algorithm increases simulation scale by several orders of
magnitude compared to atomistic simulation. A polymer chain in
DPD can be considered to consist of nDPD beads

nDPD ¼
Mp

MmCn
¼ n

Cn
(2)

where Mp is the molar mass of the polymer, Mm is the molar mass of
repeat unit, n is the number of repeat units, and Cn is the charac-
teristic ratio of the polymer and used to determine how many
repeated units should be grouped into one bead. Based on the
connectivity indices for polymer chain as proposed by Bicerano [30],
Cn can be evaluated using the Synthia module in Materials Studio.
For PEO and PVC, Cn were estimated to be 4.98 and 6.86, respec-
tively. The chain lengths of the three blends (PEO/PVC 70/30, 50/50
and 30/70 blends) considered in our study are listed in Table 2.

The motion of beads in DPD is governed by a force function as
[31]

fi ¼
X
jsi

�
FC

ij þ FD
ij þ FR

ij

�
þ f S

i þ f A
i (3)

where FC
ij is the conservative repulsive force representing excluded

volume, FD
ij is dissipative force representing the viscous drag

between moving beads, and FR
ij is the random force representing



Table 2
Parameters in DPD simulations at kBT¼ 1.0 corresponding to an atomic temperature
T¼ 300 K.

PEO/PVC
compositions

Chain length
of PEO

Chain length
of PVC

cAB aAB

70/30 23 10 �0.12 24.580
50/50 20 10 0.17 25.595
30/70 10 12 �0.17 24.405

b

a

Fig. 1. Density and solubility parameter as a function of chain length for (a) PEO and
(b) PVC.

120 160 200 240 280 320 360 400 440 480
0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

 pure PEG 
 70/30
 50/50
 30/70
 pure PVC 

V
 (c

m
3 /

g)

T (K)

Fig. 2. Specific volume as a function of temperature. The glass transition temperature
Tg is estimated at 251, 268, 280, 313 and 350 K for pure PEO (-), PEO/PVC 70/30 (C),
50/50 (:), 30/70 (;), and pure PVC (=).
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stochastic impulse. Both FD
ij and FR

ij act together as a thermostat for
the beads. The remaining terms are bonded interactions: springs (S)
controlling the bond stretching and angles (A) representing angle
bending. All forces are short-ranged and effective within a cutoff
radius rc, which is usually set as a unit length. Similarly, the bead
mass m is assumed as a unit mass and the thermal energy kBT as
a unit energy. All other properties are scaled accordingly with respect
to rc, m, and kBT.

By studying a pure liquid system in which each molecule was
presented as a DPD bead, Groot and Warren [32] first developed
a relationship for the conservative force parameter a, density r, and
pressure p as p¼ rkBTþ aar2 at r> 2, where the coefficient
a¼ 0.101. This implies that the compressibility could be given by
k�1¼1þ2aar/kBT. Based on the compressibility for water k�1¼16
at 300 K, they proposed a¼ 75kBT/r. In principle, the density chosen
in DPD simulation is a free parameter, but the system with a larger r

requires a longer computational time. Groot and Warren [32] sug-
gested that r¼ 3 and hence a¼ 25kBT are reasonable parameters for
liquids. Moreover, they studied binary mixtures A and B presenting
monomers and polymers. By assuming aAA¼ aBB for AA and BB
contacts, they found a linear relationship between AB contacts aAB

and the Flory–Huggins interaction parameter c as aAB¼ aAAþ 3.50c.
The c value could be measured experimentally or calculated from
atomistic simulations. In this work, the DPD simulations for the
three PEO/PVC blends were conducted using Materials Studio. For
each blend, the total number of beads was 2.4�104 in a simulation
cell 20� 20� 20. The production run was 2�105 steps with a time
step 0.05. The thermal energy kBT¼ 1 was used to maintain the
default values of dissipation parameter 4.5 and spring constant 4.0
as well as aAA and aBB.

3. Results and discussion

In the literature, short oligomers with ten or slightly more
repeated units were usually used to simulate the miscibility of
polymers [33–36]. Such short chains might lead to end effects and
cannot represent the real systems accurately. On the other hand, one
also wants to avoid using very long chains because of demanding
simulation time. To determine the appropriate chain lengths for PEO
and PVC in our study, the density and solubility parameter were
examined as a function of chain length. As shown in Fig.1, the density
of PEO or PVC increases with increasing chain length; in contrast, the
solubility parameter decreases. For PEO, when the number of
monomers reaches 40, the density and solubility parameter are
almost constant; thus 40 repeat units are sufficient to present a PEO
chain. For PVC, the solubility does not change significantly for
50-mers and longer chains. Therefore, PVC with length of 50 is
reasonable to present a polymer. In our study, the chain lengths for
different systems are listed in Table 1.

3.1. Glass transition

At glass transition temperature Tg, there is a characteristic
change in the motion of polymer chains. The occurrence of Tg can
be used as a rule of thumb to determine the compatibility of blend.
If a binary blend is miscible, only a single Tg appears [37]. Other-
wise, two Tg’s could be detected and each Tg indicates the frozen
temperature of one component [38]. Fig. 2 shows the specific
volume (reciprocal of density) as a function of temperature for
pure PEO and PVC as well as their blends. A distinct kink in each
curve indicates the occurrence of glass transition. For each system,
only one Tg is observed. Thus it could be preliminarily concluded
that PEO/PVC blends are miscible at the three compositions 70/30,
50/50 and 30/70 considered. The estimated Tg’s are 251, 268, 280,
313, and 350 K for pure PEO, PEO/PVC 70/30, 50/50, 30/70 and pure
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Fig. 3. Energy per repeat unit as a function of temperature. The legends are the same as in Fig. 2.

Table 3
Solubility parameters of pure PEO and PVC at different temperatures.

T (K) dPVC dPEO (dPVC� dPEO)2 Vmono
a c from

Eq. (5)

480 16.13� 0.32 15.19� 0.69 0.88 46.38 0.010
460 16.38� 0.35 15.53� 0.46 0.72 45.86 0.0086
440 16.37� 0.37 15.93� 0.56 0.19 45.63 0.0024
420 16.66� 0.49 16.45� 0.51 0.04 44.89 0.0006
400 16.80� 0.55 16.95� 0.51 0.02 44.36 0.0003
380 16.93� 0.40 17.30� 0.54 0.13 43.67 0.0018
360 17.18� 0.51 17.88� 0.45 0.49 43.12 0.0071
340 17.35� 0.54 18.35� 0.34 1.00 42.65 0.015
320 17.47� 0.53 18.99� 0.34 2.32 42.18 0.037
300 17.61� 0.45 19.41� 0.46 3.22 41.80 0.054
280 17.72� 0.43 19.95� 0.25 4.94 41.49 0.088
260 17.86� 0.46 20.35� 0.41 6.21 40.92 0.12
240 17.98� 0.46 20.53� 0.45 6.52 40.67 0.13
220 18.10� 0.48 20.81� 0.43 7.39 40.33 0.16
200 18.13� 0.46 21.10� 0.39 8.82 40.05 0.21

a Vmono was calculated from MD simulation for 50/50 PEO/PVC at 1 bar.
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PVC, respectively. The experimental Tg for pure PEO with a high
molecular weight is around 158 w 233 K [39]. Faucher et al. found
that Tg of PEO decreases from 256 to 200 K upon its molecular
weight changing from 6000 to 200,000 g/mol [40]. Tg of pure PVC
is about 360 K experimentally measured [12]. Thus our MD simu-
lation results for the Tg of pure PEO and PVC are consistent with
experimental data. To the best of our knowledge, no experimental
Tg data are currently available for PEO/PVC blends.

To closely examine the energy contributions at Tg, Fig. 3 shows
the energy per repeat unit as a function of temperature for the
blends and pure systems. The bond stretching energy appears
almost identical for all the five systems. The angle bending, dihedral
torsion, non-bonded and Coulombic energies decrease with
increasing PVC composition, while the van der Waal energy
exhibits the opposite trend. With decreasing temperature, the bond
stretching and angle bending energies decrease linearly and there
is no discernible kink. The non-bonded energy does not show
obvious kink; however, after decomposed into Coulombic and van
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der Waals energies, the kink is observed in the van der Waals
energy. Despite the absence of kink, the Coulombic energy
contributes largely to the non-bonded energy. Fig. 3 reveals that the
torsion and van der Waals energies behave similarly to the specific
volume in terms of temperature variation and play a dominant role
in the glass transition. The occurrence of kink is due to the sudden
‘‘frozen’’ of the chains, which considerably decreases the degree of
freedom in the torsion and van der Waals interactions; in contrast,
the bond stretching and angle bending remain largely unperturbed.

3.2. Solubility and Flory–Huggins parameters

Solubility parameter is one of the important quantities for
polymers and it characterizes the strength of attractive interac-
tions. The solubility parameter d is defined as:

d ¼
ffiffiffiffiffiffiffiffiffi
Ecoh

V

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Evac � Ebulk

V

r
¼

ffiffiffiffiffiffiffiffiffi
CED
p

(4)

where Ecoh is the cohesive energy per mole obtained from the energy
difference between the molecule in vacuum (Evac) and in amorphous
bulk state (Ebulk). V is the mole volume and Ecoh/V is the cohesive
energy density also called CED. Empirically, if (dA� dB)2 between two
polymers A and B is less than 4 J/cm3 [41,42], the two polymers
would be expected miscible. This approach is only useful to judge the
miscibility of simple systems in which the specific interactions (such
a

Fig. 5. Radial distribution functions of the intra-molecu
as H-bonds) or non-combinatorial entropy effect (such as volume
change induced by packing) do not play a dominate role. Flory–
Huggins parameter c could be estimated from

c ¼ Vmono

RT
ðdA � dBÞ

2 (5)

where Vmono is a monomer unit volume per mole. R is gas constant,
and T is temperature. For PEO/PVC blends, Vmono was calculated by
dividing the total volume of mixture by the number of repeat units
in the system. Estimated from eq. (5), c is always positive. As we
shall discuss, this is not exactly correct.

If a binary blend is sufficiently equilibrated, the energy change of
mixing could be calculated [43],

DEmix ¼ fA

�
Ecoh

V

�
A
þfB

�
Ecoh

V

�
B
�
�

Ecoh

V

�
mix

(6)

where DEmix is the energy change of mixing per unit volume, fA and
fB are the volume fractions of polymer A and B, fAþ fB¼ 1. The
subscript ‘‘mix’’ denotes that the CED is for mixture. The Flory–
Huggins parameter is thus evaluated by [43]:

c ¼
�

DEmix

RT

�
Vmono (7)

Unlike Eq. (5), Eq. (7) gives either positive or negative c. A positive c

does not necessarily indicate that the blend is immiscible. Based on
the Flory–Huggins theory, cc at the critical point is

xc ¼ 1=2
�

1ffiffiffiffiffiffi
nA
p þ 1ffiffiffiffiffiffi

nB
p

�2

(8)

where nA and nB represent the number of repeat units of polymer A
and B, respectively. If c� cc, the blend is considered to be miscible.

Table 3 lists the solubility and Flory–Huggins parameters as
a function of temperature. With decreasing temperature, (dA – dB)2

becomes larger and the calculated c from Eq. (5) also increases,
which implies that the blend is less miscible at a lower tempera-
ture. Eq. (5) only considers the difference in the CEDs between two
polymers by assuming that the polymers with similar solubility
parameters are mutual miscible. Alternatively, c of blends can be
evaluated by Eq. (7) assuming that realistic mixing or demixing
systems are well generated. Fig. 4 shows c as a function of
temperature calculated by both Eq. (5) and Eq. (7). The large error
bars were associated with the large fluctuations in the calculations
of CEDs. It can be seen that PEO/PVC 50/50 blend has a positive c in
the whole temperature range and c increases as temperature
decreases, which is consistent with the result calculated by Eq. (5).
b

lar carbon atoms of (a) PEO and (b) PVC at 300 K.



Fig. 6. Radial distribution functions of the inter-molecular carbon atoms of (a) PEO and (b) PVC at 300 K.
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In contrast, PEO/PVC 30/70 and 70/30 blends have negative c,
which changes marginally with temperature. Thus, our results are
consistent with Etxeberria et al. [18], in which PEO/PVC 50/50 was
found to be less compatible than the blend rich in PEO or PVC. The
estimated c values for the PEO/PVC 70/30 and 30/70 blends at
300 K are �0.12 and �0.17, respectively; consistent with experi-
mental data ranging from�0.02 to�0.3 [14–16,19,44]. For PEO/PVC
50/50 blend, c is approximately 0.17 evaluated from MD simulation
and higher than measured result �0.02 [14,18]. The deviation
between simulation and experimental c could attribute primarily
to two reasons. First, the polymers used in simulations were rela-
tively shorted compared to real samples. Second, the force field
used may not be able to capture all the detailed interactions.

3.3. Radial distribution functions and hydrogen bonds

Radial distribution function g(r) is commonly used to charac-
terize molecular structure. This function represents the probability
of finding a pair of atoms at a distance r with respect to the bulk
phase in a completely random distribution. It is defined as,

gABðrÞ ¼
1

rAB4pr2

PK
t¼1

PNAB
j¼1 DNABðr/r þ drÞ

NAB � K
(9)

where NAB is the total number of atoms of A and B in the system, K
the number of time steps, dr the distance interval, DNAB the number
of B (or A) atoms between r to rþ dr around an A (or B) atom, rAB the
bulk density. Note that A and B could be the same type of atoms. It
has been observed that if a binary system is compatible, the inter-
molecular g(r) of AB pair between two different polymers are larger
than those of AA and BB pairs [45].

Fig. 5 shows g(r) of the intra-molecular carbon atoms of PEO and
PVC in the pure and blend systems. For PEO chain, the highest peak
a b

Fig. 7. Radial distribution functions of the inter-molecular carbon–c
is at 1.5 Å, which simply indicates bond connectivity. The atomic
pairs without connectivity have the spatial vicinities at 2.4 Å for the
first adjacent pairs and at 3.7 Å for the second adjacent pairs. As the
PEO composition decreases from 100% to 30%, the peaks become
higher which is caused primarily by the decrease of PEO bulk
density in the denominator of Eq. (9). For PVC chain, the peaks
illustrating bond connectivity, the first adjacent and the second
adjacent atomic pairs are located at 1.5, 2.6 and 3.9 Å, respectively.
Similar to PEO, the peak values also increase with increasing PVC
composition.

The g(r) of the inter-molecular atomic pairs could indicate the
interactions of polymer chains. Fig. 6 shows the g(r) of the inter-
molecular carbon atoms of PEO or PVC chains themselves in pure
and blend systems. For pure PEO, there is a distinct peak at 4.4 Å
and the second peak is located at 8.6 Å. The value of g(r) decreases
with decreasing PEO composition, which implies that the adjacent
interactions between different PEO chains become weaker upon
adding PVC. The change tendency of g(r) for PVC chains is very
similar. The first peak is located around 6.3 Å and the value
decreases as decreasing PVC composition. The second peak appears
beyond 12 Å for PVC, but not obvious because of relatively small
simulation box used.

We also calculated the g(r) of the inter-molecular carbon atomic
pairs of PEO-PVC, PEO–PEO and PVC–PVC chains in the three
blends. As shown in Fig. 7, the g(r) of PEO-PVC is higher than those
of PEO–PEO and PVC–PVC in all the three blends, particularly in
PEO/PVC 70/30 and 30/70 blends. More interestingly, the first peak
in the g(r) of PEO-PVC for 50/50 blend is about 0.95 and smaller
than those of another two blends (about 1.1). This confirms that the
g(r) of the unlike-component is usually higher than that of like-
component in a miscible system [45–47]. Thus, the g(r) of the inter-
molecular carbon atomic pairs also indicates that PEO/PVC blends
are more miscible when they are rich in PEO or PVC.
c

arbon pairs of like and unlike components in PEO/PVC blends.



g
r

r r r

ba c

Fig. 8. Radial distribution functions between O atoms in PEO, Cl atoms in PVC, and O–Cl pairs in PEO and PVC.
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Fig. 8 further shows the g(r) between O atoms in PEO and the Cl
atoms in PVC, as well as the O–O pairs of PEO and the Cl–Cl pairs of
PVC. The O–Cl pairs have a higher g(r) than those of O–O and Cl–Cl
pairs in all the three blends. This is attributed to the factor that O is
electro-rich in PEO chains, while Cl in PVC chains is electro-defi-
cient; therefore, they form attractive electrostatic interactions
[14,19,20]. This indicates the preferential O–Cl interactions in the
blends over the O–O and Cl–Cl interactions. In addition, the g(r) of
O–Cl pairs in PEO/PVC 30/70 and 70/30 blends has larger values
than in 50/50 blend. Again, this confirms that 30/70 and 70/30
blends are more miscible than 50/50 blend.

Hydrogen bonds between the donor C atoms (CHCl groups) of
PVC and the acceptor O atoms in PEO were also examined. The
formation of H-bond should satisfy three criteria in this study: first,
the distance between proton and acceptor is less than a specific
cutoff; second, the angle among donor C, H proton and acceptor O is
greater than 90�; third, acceptor O only receives one proton and an
H proton only forms an H-bond with one O. Table 4 lists the
percentage of H-bond at two different cutoff (rcut) 2.5 and 3.0 Å,
respectively. The percentage was calculated in terms of the number
of formed H-bonds divided by total number of O atoms (for proton-
rich system) or H atoms (for acceptor-rich system). PEO and PVC
indeed form weak H-bonds with a percentage larger than 2.2%
within rcut� 2.5 Å, while the percentage increases to over 9.9% at
rcut¼ 3.0 Å. The probability of H-bonding is higher in PEO/PVC 70/30
and 30/70 blends compared to that in 50/50 blend. Consistent with
the above findings, this reveals that 70/30 and 30/70 blends are more
miscible.

3.4. Dynamics of polymer chains

Recently, Lodge and McLeish proposed a novel method to
describe the local dynamics in a miscible polymer blend [48]. The
method accounts for the self-concentration effect, that is, the local
composition of a monomer is always higher than the macroscopic
composition as a direct consequence of chain connectivity. There-
fore, the local segmental dynamics (relaxation time) of polymer
chains in a blend would exhibit different temperature and
composition dependences. This method has been successfully used
to analyze the segmental dynamics in polymer mixtures [49,50].
Table 4
Percentage of H-bond between O atoms in PEO and H atoms of CHCl group in PVC.
rcut is the cutoff distance between O and H atoms.

PEO/PVC ratio rcut¼ 2.5 Å rcut¼ 3.0 Å

70/30 3.45� 1.58% 15.57� 3.62%
50/50 2.20� 0.53% 9.90� 1.86%
30/70 2.54� 0.74% 11.59� 2.75%
In order to investigate the dynamics of PEO and PVC chains in
our study, the mean-squared displacements (MSD) were estimated
from the last 100-ps trajectory in MD simulations,

MSD ¼
���rðtÞ � rð0Þj2

	
(10)

where r(t) and r(0) are the positions of the centre of mass of
molecules at time t and 0, respectively. Fig. 9 shows the MSDs of
PEO and PVC in pure PEO and PVC as well as their blends. Compared
to pure PEO, the addition of PVC decreases the mobility of PEO
chains in all the three blends. In contrast, the mobility of PVC chains
increases as its composition decreases from 100% to 30%. The
results are consistent with the crystallization experiment of PEO/
Fig. 9. Mean-squared displacements of (a) PEO and (b) PVC in pure PEO and PVC and
their blends.



Fig. 10. Morphologies of PEO/PVC blends from DPD simulations. PEO: red, PVC: green.
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PVC, which indicates that adding PVC into PEO would decrease the
relaxation rate of PEO chains, thus suppresses PEO crystallization
rate as well as crystallization temperature [14–16]. Our simulations
also imply that the enhanced mobility of PVC is due to the decrease
in the crystallization rate of PEO.

3.5. Morphologies

From the fully atomistic MD simulations, c values at 300 K are
estimated to be �0.12, 0.17,�0.17 for PEO/PVC 70/30, 50/50 and 30/
70 blends, respectively. The c value for 50/50 blend is larger than the
critical value cc ¼ 1

2ð1=
ffiffiffiffiffiffiffiffiffi
142
p

þ 1=
ffiffiffiffiffiffiffiffiffi
100
p

Þ2 ¼ 0:017. Therefore, as
discussed earlier, phase separation might occur in 50/50 blend. To
further explore the possible phase transition in the three blends,
DPD simulations were performed with aAB values listed in Table 2.
Fig. 10 illustrates the morphologies of the three blends after 2�105

time steps. By visualization, PEO and PVC mix fairly well in 70/30
and 30/70 blends, whereas PEO and PVC-rich domains are observed
in 50/50 blend. This demonstrates the weak phase separation occurs
in the 50/50 blend.

4. Conclusions

Fully atomistic MD and mesoscale DPD simulations have been
adopted to investigate the miscibility of PEO/PVC blends. It is found
that 40 repeat units are sufficient to represent a PEO chain and 50 for
a PVC chain. Based on the temperature dependence of specific
volume, a single glass transition occurs in three blends at composi-
tions of 70/30, 50/50 and 30/70, which indicates PEO and PVC are
miscible. The glass transition temperature increases with increasing
PVC composition. The angle bending, dihedral torsion, and
Coulombic energies decrease with increasing PVC composition,
while the reverse is true for van der Waal energy. The dihedral
torsion and van der Waals energies exhibit similar behavior to the
specific volume and play an important role in the glass transition of
PEO/PVC blends. The Flory-Huggins parameter c for PEO/PVC 50/50
blend is positive in the whole temperature range and increases with
decreasing temperature. Nevertheless, c for PEO/PVC 30/70 and 70/
30 is negative and varies slightly with temperature. Our simulations
reveal that PEO/PVC 50/50 blend is less miscible than 70/30 and 30/
70 blends. The radial distribution functions of the inter-molecular
carbon atoms also indicate that 50/50 blend is less miscible. The
specific electrostatic attractions between O and Cl atoms, as well as
the H-bonds between O atoms of PEO and H atoms of PVC, contribute
to the miscibility of PEO and PVC. The morphologies obtained by DPD
simulations further demonstrate that 50/50 blend is less miscible
than 70/30 and 30/70 blends and exhibits a weak phase separation.
The dynamics of PEO chains decreases upon the addition of PVC,
which is consistent with the experimental observation that the
crystallization rate of PEO decreases in PEO/PVC blends compared to
pure PEO.
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